
 
 

ABSTRACT  

 

ATWELL, RACHEL ANNE. Optimizing Short-term Cover Crop Benefits through Genotype 

Screening and Management (Under the direction of Dr. S Chris Reberg-Horton.) 

 

 Three studies were conducted investigating winter pea genotypes for grain, forage, 

and cover crop use in the Southeast USA. Three additional studies were conducted to 

investigate herbicide-resistant weed management using cover crop mulches and XtendFlex
TM 

cotton.  

 The first study investigated winter pea grain potential. Nineteen winter pea genotypes 

were planted in monoculture and in mixture with three wheat genotypes with differing 

maturities. The growth of only one pea genotype was severely inhibited by cold. Disease 

incidence was influenced by pea genotype but not growth in monoculture or mixture with 

wheat. Pea yield was affected by pea genotype but not growth in monoculture or mixture 

with wheat. Pea yield was greater with early maturing varieties; grain potential across all pea 

genotypes was likely restricted by heat during flowering. 

The second study screened eighteen pea genotypes for forage and cover crop 

production and compared these genotypes to crimson clover and hairy vetch. All legume 

genotypes were harvested across four timings to understand the influence of maturity on 

biomass and quality. Legume cold tolerance, disease incidence, biomass production, quality, 

and N release were estimated. At the North Carolina environments, several pea genotypes 

produced similar biomass to crimson clover and hairy vetch across harvest timings. The pea 

genotypes varied considerably for quality traits, including protein, lignin, and cellulose. 

Relative forage quality declined as biomass harvest was delayed, and was generally higher 

with all pea genotypes than crimson clover or hairy vetch. These results show wide genetic 



 
 

variation in the pea genotypes screened for biomass and quality; this variation could be 

utilized in breeding efforts to enhance pea production in the region.  

 The third study investigated five pea genotypes, one crimson clover cultivar, and one 

hairy vetch cultivar in mixture with barley, oats, and wheat for cover crop potential. Legume 

cold tolerance, legume disease incidence, species competition, and species biomass 

production were estimated. Oats were more competitive in mixture with the legume 

genotypes than barley or wheat. At the Coastal Plain environments where soil residual N is 

generally low, all legume species dominated the cover crop mixture. Winter pea produced 

similar biomass in mixture as crimson clover and hairy vetch. At the Maryland and Piedmont 

environments where residual N is generally higher than in the Coastal Plain, the small grain 

dominated the cover crop mixture. Hairy vetch was the most competitive legume with the 

small grains across environments and dominated the cover crop mixture; crimson clover and 

winter pea produced a more homogenized cover crop mixture when grown with the small 

grains. The variability in total biomass composition across environments in this study 

demonstrates the importance of site specific cover crop seeding rate recommendations for 

production in mixture. 

 The fourth study investigated weed management in cotton using a cereal rye and 

crimson clover cover crop mulch. The cover crop biomass achieved did not provide season-

long weed control in the absence of herbicide use. Cotton emergence declined when cotton 

was planted directly into standing cover crop and without row cleaners engaged. The 

presence of a cover crop always reduced soil temperature and increased soil moisture 

availability. Cover crop residue management did not affect cotton lint yield when herbicides 



 
 

were used, indicating that conventional producers have flexibility in terminating cover crops 

and residue management at cotton planting. 

Two additional studies were conducted to investigate rescue Palmer amaranth control 

in XtendFlex
TM

 cotton using glufosinate and dicamba. Rescue Palmer amaranth control in 

XtendFlex
TM

 cotton is possible; a co-application of dicamba and glufosinate had greater 

efficacy on >10 cm Palmer amaranth than either chemistry alone and is preferable for 

resistance management.  
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ABSTRACT 

 

Winter pea (Pisum sativum L.) is desirable for grain production in the Southeast USA 

to increase feed protein availability; however, there has not been previous effort devoted to 

maximize pea genetics for grain production in this region. Studies were conducted at six 

environments in North Carolina to assess winter pea grain potential. Nineteen winter pea 

genotypes were planted in monoculture and in mixture with three wheat genotypes of 

differing maturities. Pea cold tolerance, biomass production, disease incidence, maturity, 

lodging, and both pea and wheat grain yield were assessed. The growth of only one pea 

genotype was severely inhibited by cold. Disease incidence was influenced by pea genotype 

but not growth in monoculture or mixture with wheat. At the environments with heavy 

Sclerotinia pressure, grain yield of all pea genotypes was severely inhibited. All wheat 

genotypes reached physiological maturity prior to any pea genotype, and the two species 

were harvested simultaneously using a combine with minimal difficulties. Winter pea yield 

was affected by pea genotype but not growth in monoculture or mixture. Pea yield was 

greater with early maturing varieties; grain potential across all pea genotypes was likely 

restricted by excessive heat during flowering. Many winter pea genotypes screened in this 

study out-yielded the current winter pea available in North Carolina. These results indicate 

that winter pea and wheat can be grown simultaneously and that regional winter pea varietal 

recommendations will help enhance pea grain yield in the Southeast USA.  
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INTRODUCTION 

 

North Carolina ranks number two in USA poultry, egg, and hog production and this 

state ranks eighteenth in USA grain production (USDA-NASS, 2016). This results in, on 

average, a 200-million-bushel-per-year feed grain deficit (Shore, 2015), and necessitates 

many livestock feed imports. Protein is an important constituent of animal feed for both 

poultry and hog production (Cromwell, 2009); collectively poultry and hogs require 

approximately 80% of the high-protein feed demand for animals in the USA (Schnepf, 2011). 

Soybean is often imported in large quantities for use as a protein source in livestock feed 

rations in North Carolina; shipping costs can result in a considerable increase in feed price.  

Pea is an excellent source of protein in livestock diets (Tao et al., 2017), and therefore 

has desirable attributes for use as a grain crop in the Southeast USA. Pea protein 

concentration can range from 15-35% (Pavek, 2012); consequently pea can serve as a 

soybean replacement in livestock feed rations (Uznn et al., 2005). Pea also contains 35-50% 

starch and 4-7% fiber (McPhee, 2003). Pea can be grown over the winter in North Carolina, 

and therefore would not be competing with soybean acreage during the summer. Unlike 

soybean, pea does not require heat processing to inactivate trypsin inhibitors prior to 

livestock consumption (Miller et al., 2005); this allows for direct feeding. Pea also contains 

high levels of tryptophan and lysine, which are deficient in small grains but are essential 

amino acids in livestock feed (Miller et al., 2005). Additionally, pea has low allergenicity 

(Warkentin et al., 2014); this is beneficial for animal consumption.  

Pea is very susceptible to the Sclerotinia disease complex which is often encountered 

in the Southeast USA (Pratt, 1988); this has been a limitation for pea production in the 
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region. There are no pea genotypes with complete Sclerotinia resistance currently, however 

genotypes with partial resistance have been identified (Porter, 2012). Disease pressure from 

other complexes, viruses transmitted by aphids, and heat stress during flowering are also 

important biotic and abiotic stresses in pea production (McPhee, 2003; Warkentin et al., 

2014). Research on the impacts of these factors on winter pea grain production in the 

Southeast USA has been limited.  

Wheat is the most commonly produced winter crop in the Southeast USA and is an 

important constituent of animal feed in the region (USDA-NASS, 2016). Growing winter pea 

in mixture with small grains for animal feed may have several advantages over growing each 

crop alone. Total grain yield is often optimized when a cereal and legume are grown together 

compared to either grown alone (Murray and Swensen, 1985; Pelzer et al., 2016). The 

complementary use of N sources by each species, with the legume fixing atmospheric N and 

the small grain utilizing mineral N from the soil, can help explain the increased grain 

production in mixture (Naudin et al., 2010). Murrary and Swensen (1985) demonstrated that 

pea grown in mixture with small grains out-yielded pea grown in monoculture.  These 

researchers attributed this to reduced Sclerotinia infection from the erect small grain keeping 

the pea off the ground where Sclerotinia pressure is intensified by wet conditions. 

Additionally, growing pea in mixture with small grains has been shown to increase the 

protein concentration of the small grain (Bedoussac and Justes, 2010). When pea is grown in 

monoculture, lodging can lead to seed yield declines (McPhee, 2003); growing pea in 

mixture with small grains has been shown to reduce pea lodging (Uzun et al., 2005). Previous 

research from other USA regions indicates that cereals and pea can be harvested 
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simultaneously with minimal crop loss due to similar growing season requirements (Murray 

and Swensen, 1985).  

 Despite the potential for winter pea as a grain crop in the Southeast USA, limited 

effort has been devoted to maximizing pea performance for grain production in the region. 

The objective of this experiment was to identify winter pea genotypes that can be grown in 

monoculture and in mixture with wheat for grain production in the Southeast USA.   
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MATERIALS AND METHODS 

 

Experiment sites and management  

 

 Experiments were conducted for two years from 2014-2016 at three locations in 

North Carolina. The locations were Central Crops Research Station in Clayton (35.67˚N, 

78.51˚W), Caswell Research Farm in Kinston (35.16˚N, 77.36˚W), and the Piedmont 

Research Station in Salisbury (35.41˚N, 80.37˚W); hereafter referred to as Clayton, Kinston, 

and Salisbury, respectively. Year will be referred to in the spring when the grain was 

harvested. The combination of year and location constituted an environment, for a total of six 

environments. The Clayton 2015 trial was conducted on Varina loamy sand (fine, kaolinitic, 

therminc Plinthic Paleudults) and the Clayton 2016 trial was conducted on a Wagram loamy 

sand (loamy, kaolinitic, thermic Arenic Kandiudults). The Kinston 2015 and 2016 trials were 

conducted on a Johns sandy loam (fine-loamy over sandy or sandy-skeletal, siliceous, 

semiactive, thermic Aquic Hapludults). The Salisbury 2015 and 2016 trials were conducted 

on a Lloyd clay loam (fine, kaolinitic, thermic Rhodic Kanhanpludults). P and K were 

applied based on recommendations from soil tests provided by the North Carolina 

Department of Agriculture and Consumer Services Agronomic Division (Raleigh, NC). No N 

fertility was applied. Preemergence herbicide applications were used at several 

environments; no postemergence herbicides were applied. 

Treatment description  

 

 Nineteen winter pea genotypes were screened; eighteen were obtained from the 

USDA-ARS winter pea breeding program at Pullman, WA. These genotypes were identified 

by the breeder as having potential for grain production in the Southeast USA. The genotypes 
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included the following twelve released cultivars: ‘CAH-11’, ‘Chelan’, ‘Common’, ‘Fenn’, 

‘Glacier’, ‘Granger’, ‘Lynx’, ‘Melrose’, ‘Racer’, ‘Romack’, ‘Specter’, and ‘Windham’. Six 

advanced ARS breeding lines, PS07300136W, PS09300095W, PS10300120W, 

PS10300121W, PS06300028W, and PS0017018W, were also included. The current winter 

pea genotype readily available in North Carolina (cv ‘Nature’s Choice’) was also screened; 

this cultivar was obtained by seed distributors in North Carolina from Columbia Grain 

(Portland, OR).  Attributes for each genotype can be found in Table 1. Each genotype was 

screened in monoculture and in mixture with early (cv ‘USG 3120’), medium (cv 

‘FeatherStone VA 258’), and late (cv ‘NC Yadkin’) maturing wheat cultivars commonly 

grown in North Carolina. The pea cultivar ‘Racer’ was not screened at the Kinston and 

Salisbury 2016 environments due to limited seed quantities. Winter pea genotypes were 

screened in monoculture at 444,600 seeds ha
-1

 and in mixture with wheat at 296,400 seeds 

ha
-1

. Winter pea seeding rates were selected considering both previous literature and limited 

seed quantity (Johnston et al., 2002; Murray and Swensen, 1985). Wheat was seeded at 

926,250 seeds ha
-1

. Plots were established using a cone planter (Hege 1000 series, 

Wintersteiger Inc., Salt Lake City, UT) with 17-cm row spacing. Plot size was 1.5 by 4.6 m. 

Dates for management activities can be found in Table 2.  

Data collection  

 

Cold tolerance. Winter pea cold tolerance was assessed visually on a 0-6 scale with 0 

corresponding to poor cold tolerance and 6 corresponding to excellent cold tolerance (Table 

2).  
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Disease. Winter pea disease was assessed visually on a 0 to 100% disease scale, with 0% 

corresponding to no disease and 100% corresponding to total death from disease (Table 2). 

Diseases were not rated individually; genotypes were scored for overall disease presence 

from a multitude of diseases that could restrict grain production. The most prevalent diseases 

across these environments included Ascochyta leaf blight (Ascochyta rabiei), powdery 

mildew (Erysiphe sp. unknown), and diseases from the Sclerotinia complex; other diseases 

were likely present. Aphids were readily present on these winter pea genotypes and were not 

controlled; aphids are vectors of viral pathogens affecting pea (McPhee, 2003) and this 

damage may have been present across these environments.  

Grain harvest. At the Clayton and Salisbury environments, winter pea grown in monoculture 

or mixed with wheat was harvested using a small-plot combine (Model Delta, Wintersteiger 

Inc., Salt Lake City, UT) with the soybean bottom sieve in place. Lodging was rated from the 

combine at grain harvest on a 0-100% scale, with 0% corresponding to no lodging and 100% 

corresponding to complete lodging. Wheat and pea mixture plots were not harvested with a 

combine at the Kinston 2015 and 2016 environments where pea grain yield was severely 

inhibited by disease; at the Kinston 2015 environment pea was harvested by hand followed 

by hand-threshing using a Wintersteiger belt thresher.  

Experimental design and statistical analysis  

 

 The study was conducted in a randomized complete block design with three 

replications per environment (228 plots total per environment). A factorial treatment 

arrangement was used with nineteen levels of Factor A (pea genotype) and four levels of 

Factor B (Mixture: monoculture vs mixture with early, medium, and late maturing wheat 
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cultivars). Statistical analyses were conducted using Proc Mixed and Proc Reg in SAS 9.3 

(SAS Institute Inc., Cary, NC). Mixed models were used to generate ANOVA results for the 

effect of pea genotype and mixture (independent variables) on cold tolerance, disease, and 

grain yield (dependent variables). Regression analyses were used to investigate the 

relationships between dependent variables. Winter pea genotype (G) and growth in mixture 

or monoculture (M) were considered fixed factors and replication and environment were 

considered random factors.  Square root transformations of pea yield were performed to 

correct for homogeneity of variance violations; means were back  

transformed for data presentation. All other data met model assumptions. Treatment means 

are reported using least square means for disease incidence and pea grain yield at each 

environment. Treatment means were separated using Fisher’s Protected LSD at P≤0.05. 

Combined analyses over four environments (Clayton 2015, Clayton 2016, Salisbury 2015, 

and Salisbury 2016) were conducted for regression analyses. The Kinston environments were 

removed from the combined analyses due to poor pea survival from severe disease pressure.   
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RESULTS AND DISCUSSION 

 

Cold tolerance: Pea genotype, but not growth in monoculture or mixture, affected pea cold 

tolerance (Table 3). All pea genotypes survived the winter with minimal damage expect for 

Racer whose growth was severely impacted by cold damage at all environments where it was 

tested (data not shown). Romack also exhibited moderate cold injury in some environments, 

but recovered (data not shown). Similarly, previous screening in Idaho indicated that Romack 

had reduced cold tolerance compared to other genotypes (Auld et al., 1983). The presence of 

a small grain in mixture with the pea did not protect the susceptible pea genotypes from cold 

injury. These results suggest that many pea genotypes will survive the North Carolina winter, 

however cold injury is possible and screening for cold tolerance is necessary prior to cultivar 

recommendation.  

Disease: Disease pressure was variable across environments. Generally pea genotype but not 

growth in monoculture or mixture affected pea disease incidence (Table 3). Late-season 

Sclerotinia pressure limited grain harvest with a combine at the Kinston environments. As 

evidenced by limited grain production in the Kinston environments, Sclerotinia remains one 

of the greatest limitations to winter pea production in the Southeast USA. The ranking of 

disease incidence among the genotypes changed within each environment (Table 4), a likely 

result of differing disease and insect pressures at each environment. Glacier, Granger, 

Melrose, PS09300095W, and Specter tended to have the greatest disease incidence across 

environments (Table 4). While these genotypes perform well for grain production in other 

USA regions, disease pressure unique to the Southeast USA may necessitate treatment for 

disease in these genotypes or the growth of alternative genotypes. PS06300028W and 
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PS07300136W generally had less disease incidence than the other pea genotypes (Table 4); 

these genotypes may be sources of disease resistance genes.  

Grain yield: All wheat cultivars reached physiological maturity prior to any pea genotype, 

demonstrating that producers have flexibility in selecting a wheat cultivar to grow in mixture 

with the winter pea genotypes screened in this study. A late-maturing wheat cultivar would 

likely be preferable to minimize wheat head sprouting while waiting for the pea to reach 

physiological maturity. Lodging was observed at the Clayton environments (data not shown); 

this lodging did not prevent grain harvest. In the Clayton 2015 and 2016 environments, pea 

genotype affected lodging (P<0.001, P<0.001). As pea biomass increased, so did the 

incidence of lodging (data now shown, Y= -25.1+12.7x, r
2
=0.16). In the Clayton 2015 

environment, lodging was also affected by pea growth in monoculture or mixture (P=0.001). 

Lodging was greatest when pea was grown in monoculture (65%) and less when pea was 

grown in mixture with wheat (40-45%). Reduced lodging has been previously reported when 

pea was grown in mixture with a small grain (Murray and Swensen, 1985). Pea genotypes 

that were semi-leafless (vs normal leaves) were less prone to lodging (P<0.001). These 

results are aligned with previous research indicating the semi-leafless characteristic reduces 

lodging and helps keep the pea upright (Uzun et al., 2005).  

Pea genotype (P=0.001) but not growth in monoculture or mixture affected pea grain 

yield in a combined analysis of four environments (Clayton 2015, Clayton 2016, Salisbury 

2015, Salisbury 2016). Across these environments pea grain yield was low compared to 

production in other USA regions (Table 5, USDA-NASS, 2017). While pea grain yields in 
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this study were low, many pea genotypes screened out-yielded the winter pea genotype 

currently available in North Carolina. This indicates that regional efforts to enhance pea grain 

yield through regional cultivar development and recommendations are appropriate.  

Interestingly, growth in monoculture or growth in mixture with wheat did not affect 

pea grain yield. Generally, as pea grain yield in monoculture increased pea grain yield in 

mixture also increased (Figure 1). Chelan was an outlier to this trend and this cultivar had 

higher grain yield in mixture with wheat than in monoculture. Romack was the highest 

yielding pea genotype both in monoculture and in mixture with wheat.  

Flower timing, an indicator of maturity, affected pea yield in a combined analysis of 

four environments (Clayton 2015, Clayton 2016, Salisbury 2015, Salisbury 2016). Pea yield 

generally declined as maturity was delayed (Figure 2a). Heat stress during flowering is a 

major abiotic stress in pea production (McPhee, 2003; Warkentin et al., 2014). There are two 

major genes that control flower timing in pea; the dominant form of one gene (Hr) will make 

the pea photoperiod sensitive while the recessive form of the other gene (lf) will allow the 

pea to flower as early as the eighth node (Alcade et al., 1999; Lejeune-Henaut et al., 2008; 

McGee et al., 2017). Combing the dominant Hr gene and the recessive lf gene will promote 

early flowering, but prevent flowering in early winter when the day length is less than 13.5 

hours and cold injury is likely (McGee et al., 2017). Pea planted in October in North Carolina 

lacking the dominant form of the Hr gene have flowered as early as 60 days after planting 

(Vann et al., observational, unpublished data); this is problematic for cold tolerance. Racer 

was the earliest flowering pea genotype screened in this experiment, and did not have the 

cold tolerance to survive the North Carolina winter. To enhance pea grain yield in North 
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Carolina, breeding efforts should focus on developing cold tolerance in early flowering 

cultivars.   

Several other factors also influenced pea grain yield. As disease incidence increased, 

pea yield declined (Figure 2b). As pea biomass increased, pea yield tended to increase 

(Figure 2c). Previous research also reported a linear increase in pea grain yield with 

increasing pea biomass (McPhee and Muehlbauer, 1999); these results would indicate that 

breeding efforts for increasing pea biomass and grain yield can be conducted simultaneously. 

Leaf type, normal vs semi-leafless, did not affect pea grain yield (data not shown).  

Wheat yield was affected by wheat cultivar across all environments where wheat was 

harvested (Table 3). Wheat yield averaged 930-1390, 310-390, 2,070-2,610, and 1,920-2,820 

kg ha
-1

 at the Clayton 2015, Clayton 2016, Salisbury 2015, and Salisbury 2016 environments, 

respectively. Wheat yield was affected by winter pea genotype across all environments where 

wheat was harvested (Table 3). A significant negative linear relationship between wheat 

yield and pea yield was observed at the Salisbury environments where wheat yields were 

higher than observed at the Clayton environments (P<0.001). At the Salisbury environments, 

generally pea yield declined as wheat yield increased. Romack was an outlier to this trend 

and produced moderate grain yield in mixture with moderate yielding wheat. The soils at the 

Salisbury environment were higher in residual nitrogen than the soils at the Clayton 

environment, and this led to high wheat yields despite low wheat seeding rates. Wheat was 

too competitive in mixture with winter pea at the Salisbury environments. These results 

demonstrate the importance of previous site management and soil fertility in determining site 

specific seeding rate recommendations for grain production in mixture. 
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Winter pea genotypes that out-perform the current winter pea cultivar readily 

available in North Carolina for grain production have been identified through this research, 

and growing winter pea and wheat simultaneously appears possible. While pea yield was less 

than achieved in other USA regions, limited research has been conducted on winter pea for 

grain yield in this region. Optimum temperature during pea flowering is 23 ˚C and when 

temperatures exceed 23 ˚C, as often encountered in the Southeast USA from April-June, it 

can lead to flower abortion (Strydhorst et al., 2015). Breeding efforts for this region should 

be focused on developing disease resistant, cold hardy pea genotypes that are early flowering 

and thus can minimize heat stress during flowering. Additional focus areas for future 

research include appropriate seeding rates, seeding dates, fertility regiments, and pest control 

for pea mixed with wheat for grain production.   
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Table 1. Attributes for pea genotypes.  

 

Genotype 

 

Year released
‡
 

Growth 

habit 

Flower 

color 

Pigmented 

seed coat§  
 

Biomass
¶
 

 

Leaf type 

Flower 

timing 

CAH-11  NA† Medium Purple Yes 3.8 Normal Medium 

Chelan  2012 Tall White No 4.8 Semi-leafless Late 

Common  1940 Tall Purple Yes 3.6 Normal Medium 

Fenn  1971 Medium Purple Yes 3.4 Normal Medium 

Glacier  1983 Short Purple Yes 2.5 Normal Late 

Granger  1997 Tall Purple Yes 4.1 Semi-leafless Late 

Lynx  2005 Short White No 2.6 Semi-leafless Late 

Melrose  1978 Tall Purple Yes 3.9 Semi-leafless Medium 

Nature’s Choice  2000’s Tall Purple Yes 3.9 Semi-leafless Late 

PS0017018W 2000 Medium White No 4.4 Normal Early 

PS06300028W  2006 Medium White No 3.7 Semi-leafless Late 

PS07300136W  2007 Short White No 3.3 Semi-leafless Late 

PS09300095W  2009 Tall Purple Yes 4.3 Semi-leafless Early 

PS10300120W  2010 Tall Purple Yes 4.6 Normal Early 

PS10300121W  2010 Medium Purple Yes 4.2 Normal Late 

Racer  NA Short Pink Yes 3.0 Semi-leafless Early 

Romack  1960 Tall Purple Yes 4.2 Normal Early 

Specter  2007 Tall White Ghost 4.0 Semi-leafless Medium 

Windham  2007 Medium White Ghost 2.7 Semi-leafless Medium 

† Abbreviations: NA, not available. 

‡ Cultivar release dates were reported to the best of the authors’ knowledge. Cultivar release date was not attainable for cvs. CAH-

11 and Racer. 

§ Ghost mottling is very faint brownish streaks in the testa and is cultivar specific for both Specter and Windham.  

¶ Biomass was assessed visually on a 0-5 scale with 0 corresponding to no biomass (complete death) and 5 corresponding to the 

greatest biomass production. 
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Table 2. Dates for plot establishment, data collection, and plot harvest.  

Environment Planting Cold tolerance ratings Disease ratings Biomass ratings Harvest 

Clayton 2015 9 Oct. 9 Jan. 5 May 5 May 9 June 

Kinston 2015 6 Oct. 9 Jan. 17 Apr. 17 Apr. 12 June 

Salisbury 2015 7 Oct. 16 Jan. 28 Apr. & 18 May 18 May 17 June 

Clayton 2016 16 Oct. 26 Jan. & 16 Mar. 16 Mar. & 6 May 26 Jan. 3 June 

Kinston 2016 15 Oct. 20 Jan. & 18 Mar. 18 Mar. & 13 Apr. 20 Jan. - 

Salisbury 2016 8 Oct. 1 Feb. & 23 Mar. 21 Apr. 23 Mar. 9 June 
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Table 3. ANOVA for the effect of pea genotype (G) and growth in monoculture or mixture with wheat (M) and their interaction on 

cold tolerance, disease incidence, pea yield, and wheat yield at individual environments.  

   Environment 

Dependent Variable Source Clayton 2015 Clayton 2016 Kinston 2015 Kinston 2016 Salisbury 2015 Salisbury 2016 

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

Cold 1 G <0.001 <0.001 <0.001 <0.001 <0.001 0.001 

 M  NS NS NS NS NS NS 

 G*M NS NS NS NS NS NS 

Cold 2 G - <0.001 - 0.001 - 0.02 

 M  - NS - NS - NS 

 G*M - NS - NS - NS 

Disease 1 G NS <0.001 <0.001 0.003 <0.001 - 

 M  NS NS NS NS NS - 

 G*M NS 0.03 NS NS NS - 

Disease 2  G - <0.001 - 0.02 <0.001 <0.001 

 M  - NS - NS 0.004 NS 

 G*M - NS - NS NS NS 

Pea Yield  G <0.001 <0.001 0.004 - 0.05 0.02 

 M  NS NS NS - - NS 

 G*M <0.001 NS NS - - NS 

Wheat Yield  G <0.001 0.05 - - 0.001 0.03 

 M  <0.001 0.01 - - 0.001 <0.001 

 G*M NS NS - - NS NS 

† Abbreviations: G, genotype; M, growth in mixture or monoculture; NS, non-significant at the 0.05 level. 

‡ Data not presented (--) because data was not obtained at that environment.  

§ Cold 1, Cold 2, Disease 1, and Disease 2 refer to rating timing which can be found in Table 2.  
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Table 4. Pea disease incidence by genotype averaged over growth in monoculture or mixture at individual environments.  

 Environment  

 Disease 1  Disease 2 

 

Genotype  

Clayton 

2015 

Clayton 

2016 

Kinston 

2015 

Kinston 

2016 

Salisbury 

2015 

Clayton 

2016 

Kinston 

2016 

Salisbury 

2015 

Salisbury 

2016 

 ----------------------------------------------------------------- % 
 
----------------------------------------------------                             

CAH-11 4 a 1 cd 20 def 5 cde 22 ef 10 abcd 20 cde 33 efg 16 def 

Chelan 19 a 4 a 28 cde 6 bcde 19 f 4 de 19 cde 33 efg 17 def 

Common 10 a 1 cd 44 bc 7 abcde 51 bc 5 cde 13 de 47 de 24 bcd 

Fenn 20 a 1 cd 66 a 3 de 47 c 4 cde 24 bcde 48 cde 20 cde 

Glacier 27 a 0 d 66 a 3 de 53 bc 18 a 29 abcd 68 abcd 19 bcdef 

Granger 33 a 1 cd 61 ab 5 cde 72 a 12 abc 22 bcde 85 a 40 a 

Lynx 13 a 0 d 20 def 5 cde 18 f 2 e 10 e 28 fg 8 f 

Melrose 18 a 1 cd 75 a 12 ab 73 a 9 bcde 44 a 75 ab - 

Nature’s 

Choice 

9 a 2 cd 32 cd 3 de 43 c 6 cde 23 bcde 43 ef 16 def 

PS0017018W 4 a 3 abc 30 cd 6 bcde 12 f 8 cde 19 cde 20 gh 17 def 

PS06300028W 1 a 1 cd 10 f 1 e 12 f 2 de 15 cde 8 h - 

PS07300136W 0 a 0 d 12 ef 1 e 11 f 1 e 14 cde 6 h - 

PS09300095W 7 a 1 cd 69 a 11 abc 67 ab 18 a 22 cde 80 ab 29 abc 

PS10300120W 18 a 3 abc 38 c 4 de 40 cde 7 cde 31 abc 65 bc 30 ab 

PS10300121W 6 a 3 abc 28 cde 6 bcde 25 def 5 cde 21 cde 39 ef 17 def 

Racer 12 a - - - - - - - - 

Romack 5 a 0 d 31 cd 13 a 42 cd 16 ab 40 ab 33 efg 24 bcd 

Specter 31 a 2 cd 78 a 6 bcde 50 bc 8 bcde 18 cde 75 ab 24 bcde 

Windham 3 a 0 d 35 cd 8 abcd 45 c 3 de 15 cde 52 cde 15 ef 

† Data not presented (--) because pea genotypes did not survive at this environment or were not evaluated.    

‡ Means are compared within each environment and means followed by the same letter are not significantly different at P≤0.05 

based on Fisher’s Protected LSD. 

§ Disease 1 and Disease 2 refer to rating timing which can be found in Table 2.  
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Table 5. Pea grain yield by genotype averaged over growth in monoculture or mixture at each environment.  

 Environment 

Genotype Clayton 2015 Clayton 2016 Kinston 2015 Salisbury 2015 Salisbury 2016 

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

 --------------------------------------------------------- 

CAH-11 351 fgh 52 e 33 b 47 cd 65 b 

Chelan 732 abc 195 bcd 14 b 202 abc 71 b 

Common 320 fgh 144 cde 11 b 28 bcd 79 b 

Fenn 234 ghi 122 de 19 b 82 bcd 69 b 

Glacier 220 hi 86 e - 180 abcd - 

Granger 343 fgh 92 e - - - 

Lynx 426 defg 134 de 11 b 43 bcd 37 b 

Melrose 256 ghi 83 e - - - 

Nature’s Choice 256 ghi 63 e 16 b 0 d 76 b 

PS0017018W 590 bcd 220 bcd 85 a 277 ab 99 b 

PS06300028W 554 cde 224 bc 49 ab 428 a - 

PS07300136W 810 a 266 b 38 b 172 bc - 

PS09300095W 785 ab 241 b - - 43 b 

PS10300120W 480 def 133 cde - 100 bcd 47 b 

PS10300121W 383 efgh 69 e 24 b 83 cd 71 b 

Racer 72 i - - - - 

Romack 769 ab 713 a  42 b 132 bcd 201 a 

Specter 443 defg 224 bcd - - 115 b 

Windham 236 ghi 268 b 30 b  - 52 b 

† Data not presented (--) because pea genotypes did not survive at this environment or were not evaluated.     

‡ Means are compared within each environment and means followed by the same letter are not significantly different at P≤0.05 

based on Fisher’s Protected LSD. 

§ Pea moisture was corrected to 13.5%. 

¶ Means are presented for pea monoculture only at the Salisbury 2015 environment due to a limited data set. 
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Figure 1. Pea yield in monoculture regressed on pea yield in mixture (averaged over wheat maturity). Treatment means are 

combined over four environments for each pea genotype (Clayton 2015, Clayton 2016, Salisbury 2015, and Salisbury 2016).  
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Figure 2. (a) Effect of flower timing on pea yield (averaged over growth in monoculture and mixture). Pea genotypes were ranked 

for flower timing from one through nineteen to perform the regression analysis. Treatment means are combined across four 

environments (Clayton 2015, Clayton 2016, Salisbury 2015, and Salisbury 2016) and represent individual pea genotypes. P value 

characterizes the linear relationship of flower timing and pea yield (P<0.001). (b) Effect of disease incidence on pea yield 

(averaged over growth in monoculture and mixture). Treatment means are combined across four environments (Clayton 2015, 

Clayton 2016, Salisbury 2015, and Salisbury 2016) and represent individual pea genotypes. P value characterizes the linear 

relationship of disease incidence and pea yield (P<0.001). c) Effect of pea biomass (averaged over growth in monoculture and 

mixture) on pea yield (averaged over growth in monoculture and mixture). Treatment means are combined across four 

environments (Clayton 2015, Clayton 2016, Salisbury 2015, and Salisbury 2016) and represent individual pea genotypes. P value 

characterizes the linear relationship of pea biomass and pea yield (P<0.001).  
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Figure 3. Effect of wheat yield (averaged over wheat maturity) on pea yield in mixture (averaged over wheat maturity).  

Treatment means combined over two environments (Salisbury 2015 and Salisbury 2016) and represent individual pea genotypes.  

P value characterizes the linear relationship of wheat yield and pea yield (P<0.001). 
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ABSTRACT 

Winter pea (Pisum sativum L.) can be used as a forage and cover crop in the 

Southeast USA; minimal effort has been devoted to maximize pea genetics for forage and 

cover crop production in this region. Studies were conducted from 2015-2017 in Maryland 

and North Carolina screening eighteen winter pea genotypes for forage and cover crop end 

uses and comparing these genotypes to crimson clover and hairy vetch. All legume genotypes 

were harvested across four timings to understand the influence of maturity on biomass and 

quality. Legume cold tolerance, disease incidence, biomass production, quality, and N release 

were estimated. Cold injury was severe with many pea genotypes at the Maryland 

environments and this restricted pea biomass production; minimal cold injury was present at 

the North Carolina environments. There was considerable variation in disease incidence 

among the pea genotypes depending on biotic stressors at each environment. At the North 

Carolina environments, several pea genotypes produced similar biomass to crimson clover 

and hairy vetch across harvest timings. At the Maryland environments, crimson clover and 

hairy vetch biomass well exceeded pea biomass. N release was estimated for each legume 

genotype; the high biomass producing peas and hairy vetch released N at similar quantities at 

three of the four harvest timings. The evaluated pea genotypes varied considerably for quality 

traits, including protein, lignin, and cellulose. Relative forage quality declined as biomass 

harvest was delayed, and was generally higher with all pea genotypes than crimson clover or 

hairy vetch. These results show wide genetic variation in the pea genotypes screened for 

biomass and quality; this variation could be utilized in breeding efforts to enhance winter pea 

production in the region.  
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INTRODUCTION 

Cover crop adoption is increasing across the United States (Wayman et al., 2016); in 

the Southeast region some states have surpassed 10% cover crop adoption on cropland 

(USDA-NASS, 2016). Farmers are using cover crops for a multitude of reasons which 

include improving soil quality, soil moisture conservation, weed suppression, insect 

suppression, and fertility provision to the subsequent crop (Grandy et al., 2006; Mitchell et 

al., 2012; Poffenbarger et al., 2015a; Schipanski et al., 2014; Vann et al., 2017). Legume 

cover crops are often used for their ability to provide substantial nitrogen (N) to the 

subsequent crop (Foote et al., 2014; Parr et al., 2011). Legumes typically have low 

Carbon(C):N ratios that allow for accelerated residue decomposition, thereby providing N to 

the subsequent crop (Wagger, 1989a). Fertility provision from legume cover crops is 

beneficial for conventional producers to reduce dependency on synthetic fertilizers and for 

organic producers who rely heavily on biological N sources for fertility management.  

Crimson clover (Trifolium incarnatum) and hairy vetch (Vicia villosa Roth) are both 

popular legume cover crops in the Southeast. Hairy vetch can produce substantial biomass 

(Mischler et al., 2010; Parr et al., 2011), but also produces hard seed which can create weed 

management challenges in the subsequent winter cash crops (Maul et al., 2011; Vann et al., 

2016). Many producers have wheat in their rotation and are reluctant to use hairy vetch as a 

cover crop for future control difficulties in their wheat crop. Crimson clover can produce 

substantial biomass and is popular with many farmers in the Southeast but can have notably 

slower N release compared to other legume cover crops and has even resulted in N 

immobilization under some circumstances (Reberg-Horton et al., 2012). Crimson clover 

growth is also very sensitive to soil type (Reberg-Horton, personal communication). Pea is 

another viable winter legume cover crop in the region.  



29 

 

 Winter pea can produce high biomass, allowing for substantial N availability to the 

following cash crop. In North Carolina, winter pea provided 70-91 kg N ha
-1

 in the Coastal 

Plain and 128-208 kg N ha
-1

 in the Piedmont regions following termination with a roller-

crimper (Parr et al., 2012). Other research conducted in the Southeast showed that winter pea 

could produce more dry matter than hairy vetch (Ranells and Wagger, 1997). Beyond 

biomass production and N provision, additional benefits of pea include easy termination and 

no hard seed (Sattell et al., 1998).  

Pea has a high nutritive concentration; 18-30% protein, 35-50% starch, and 

considerable concentrations of the amino acid lysine, which is deficient in small grains 

(McPhee et al., 2003). Pea can be grazed, cut for hay, and ensiled (Caddel and Enis, 2015; 

Uzun et al., 2005). Pea silage is more degradable in ruminant animals than barley silage 

(Mustafa et al., 2000). For these reasons, pea is also a desirable forage crop.  

There are several important requirements for winter pea to succeed in the Southeast 

as both a forage and cover crop. Biomass production is foundationally important for the 

success of a forage and cover crop. Previous research in the Pacific Northwest USA screened 

multiple entries in a grain yield trial and discovered winter pea biomass ranging from 2300-

4760 kg ha
-1

 (McPhee and Muehlbauer, 1999); similar biomass screens across multiple pea 

genotypes have not occurred in the Southeast. Winter pea is susceptible to a range of abiotic 

stresses and is most sensitive to cold injury, excessive drought, and heat during flowering 

(McPhee, 2013). Winter hardiness in pea germplasm is complex and controlled by several 

mechanisms (McGee et al., 2017). Recent efforts have focused on improving winter pea 

hardiness (McGee et al., 2017), however many winter pea genotypes, especially those 

traditionally used as green manures, have old lineage and will tolerate different levels of cold 
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stress. Winter peas are susceptible to a wide range of biotic stresses as well (McPhee, 2003). 

Significant efforts have been devoted to incorporating disease resistance in pea germplasm 

(Cousin, 1997), but these efforts have focused on addressing diseases commonly encountered 

in large pea producing regions of the USA. The presence and severity of pea diseases are 

different in the Southeast and the regions of the USA where pea is bred and produced. 

Diseases caused by the Sclerotinia complex are a restriction for pea production in the 

Southeast, and the damage from this genus is intensified during cool, wet conditions often 

encountered in the Southeast (Holderbaum et al., 1990). Pea genotype and the environment 

can both have considerable influence on protein and starch concentrations (Cousin, 1997).  

 A regional screen of winter pea genotypes has not occurred in the Southeast and 

growers are limited to using cultivars that have been developed in other USA regions. Lack 

of regionally adapted cultivars is one barrier limiting cover crop adoption in this region 

(Wayman et al., 2016).  The objective of this research was to screen and compare winter pea 

genotypes for forage and cover crop use in the Southeast to crimson clover and hairy vetch 

which are more commonly used legume cover crops in the region and use this information to 

dynamically provide information on parental selection for future crosses aimed at regional 

cultivar development.  
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MATERIALS AND METHODS 

Experiment sites and management 

 

Experiments were conducted from 2015-2016 at two sites on the USDA-ARS 

Beltsville Agricultural Research Center in Beltsville, MD (North: 39.03˚N, 76.93˚W; South: 

39.02˚N, 76.94˚W); the Central Crops Research Station in Clayton, NC (35.67˚N,78.51˚W); 

and the Caswell Research Farm in Kinston, NC (35.16˚N, 77.36˚W), and from 2016-2017 

again in Clayton, at the Upper Coastal Plain Research Station in Rocky Mount, NC 

(35.90˚N,77.68˚W), and the Piedmont Research Station in Salisbury, NC (35.41˚N, 

80.37˚W). Year will be referred to in the spring when biomass was harvested. The 

combination of year and location constituted an environment. The Beltsville North trial was 

conducted on a Hammonton loamy sand (coarse-loamy, siliceous, semiactive, mesic Aquic 

Hapludults), the Beltsville South trial was conducted on a Hatboro silt loam (fine-loamy, 

mixed, active, nonacid, mesic Fluvaquentic Endoaquepts), the Clayton 2016 trial was 

conducted on a Varina loamy sand (fine, kaolinitic, therminc Plinthic Paleudults), the 

Clayton 2017 trial was conducted on a Norfolk loamy sand (fine-loamy, kaolinitic, thermic 

Typic Kandiudults), the Kinston trial was conducted on a Johns sandy loam (fine-loamy over 

sandy or sandy-skeletal, siliceous, semiactive, thermic Aquic Hapludults), the Rocky Mount 

trial was conducted on a Goldsboro fine sandy loam (fine-loamy, siliceous, subactive, 

thermic Aquic Paleudults), and the Salisbury trial was conducted on a Lloyd clay loam (fine, 

kaolinitic, thermic Rhodic Kanhanpludults). P and K were applied based on 

recommendations from soil tests provided by the North Carolina Department of Agriculture 

and Consumer Services Agronomic Division (Raleigh, NC). No N fertility was applied. 

Preemergence herbicide applications were used at several environments; no postemergence 

herbicides were applied.  
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Treatment description  

Eighteen winter pea genotypes were investigated for forage and cover crop potential. 

Seventeen pea genotypes were obtained from the USDA-ARS winter pea breeding program 

at Pullman, WA. Eleven of these genotypes were released pea cultivars: cv.s ‘CAH-11’, 

‘Chelan’, ‘Common’, ‘Fenn’, ‘Glacier’, ‘Granger’, ‘Lynx’, ‘Melrose’, ‘Romack’, ‘Specter’, 

‘Windham’, and six were advanced ARS breeding lines: PS07300136W, PS09300095W, 

PS10300120W, PS10300121W, PS06300028W, PS0017018W. The current winter pea 

genotype readily available in North Carolina (cv ‘Nature’s Choice’ (NC)) was also screened.  

One crimson clover cultivar (cv AU Robin) and one hairy vetch cultivar (cv Purple Bounty) 

were included as a check comparison; these legume species are used more often than pea as 

winter legume cover crop in Maryland and North Carolina. Pea was drilled at 444,600 seeds 

ha
-1

. Pea size can vary considerably between genotypes (Miller et al., 2005), therefore pea 

genotypes were seeded using populations as opposed to weight. Crimson clover and hairy 

vetch were drilled at 22.5 kg ha
-1

. Seeding rates were selected based on average cover crop 

seeding rate recommendations in the region (SARE, 2007). Plots were established using a 

cone planter (Hege 1000 series, Wintersteiger Inc., Salt Lake City, UT) with row spacing at 

17 cm. Plots were planted from mid-September through mid-October (Table 1). Plot size was 

1.5 by 2.5 m.   

Data collection and analysis 

 

Pea cold injury (as a measure of cold tolerance) was assessed visually in January and 

March at the North Carolina environments and in March at the Maryland environments using 

a 0-5 scale with 0 corresponding to complete death from cold and 5 corresponding to no 

visual cold injury. Upon arrival at each environment, if no visual cold injury was present 
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across pea genotypes then cold injury was not assessed. At the 2017 environments, pea 

disease was assessed visually on a 0 to 100% scale, with 0% corresponding to no disease and 

100% corresponding to total death from disease. Diseases were not rated individually; 

genotypes were scored for overall disease presence from a multitude of diseases that would 

restrict biomass production and quality. The most prevalent diseases across these 

environments included Ascochyta leaf blight (Ascochyta rabiei), powdery mildew (Erysiphe 

sp. unknown), and diseases from the Sclerotinia complex, although other diseases were likely 

present. Aphids were readily present on these pea genotypes and were not controlled; aphids 

are vectors of viral pathogens affecting peas (McPhee, 2003). Legume maturity was 

determined by flowering timing; genotypes were ranked in order by flowering timing across 

environments and the pea genotypes were categorized into ‘early’, ‘medium’ and ‘late’ 

maturing groups.   

 Legume biomass was collected over four sampling periods beginning in mid-April 

when the first flowering pea genotype appeared, which simultaneously aligned with target 

cover crop termination prior to corn planting in North Carolina; subsequent harvests occurred 

2, 4, and 6 weeks following the initial sampling event (Table 1). Legume biomass was 

harvested from two blocks per sampling event using a 0.5-m
2
 quadrat randomly placed 

within the plot. Samples were collected and dried at 65ºC to obtain dry weight. Samples were 

then ground using a Thomas-Willy Laboratory Mill (Arthur H Thomas Company, 

Philadelphia, PA) to pass a 1-mm sieve to homogenize biomass in preparation for quality 

analysis.  

 Subsamples of the homogenized biomass (5 g) were packed into ring cups (Part # IH-

0386, FOSS North American, Eden Prairie, Minnesota). A circular NIRS Ring Cup was 
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filled ¾ full with ground samples and covered with a paper backing to secure the sample 

within the cell. The sample was then scanned on a FOSS XDS NIR system (FOSS North 

America, Eden Prairie, Minnesota, USA) in reflectance mode, using ISIscan 4.6.11 software, 

and covering both the visible and NIR regions from 400 to 2498 nm at 2 nm intervals. Each 

NIR spectrum thus had a total of 1050 data points. To avoid contamination, the ring cups 

were cleaned with a vacuum cleaner between loading the two successive samples. The 

average spectral properties were used to predict dry-matter, crude protein (CP), fat, non-

fibrous carbohydrates (NFC), acid detergent fiber (ADF), neutral detergent fiber (NDF), 

lignin, and ash. The calibration equation for mixed hay was used (16mh50-2.eqa). This was 

developed by the NIRS Forage and Feed Testing Consortium (http://nirsconsortium.org) and 

is recommended for use when a cover crop is a legume or a cover crop mixture is greater 

than 40% legume. Nitrogen concentration was estimated as “CP/6.25”. Hemicellulose and 

cellulose were estimated using NIR predicted ADF, NDF, lignin, and ash concentrations 

using the following equations: %hemicellulose=%NDF-%ADF, %cellulose=%ADF-

(%Lignin+%Ash). These equations are informed by the principles of detergent fiber analyses 

(Van Soest, 1963a, 1963b; Van Soest and Wine, 1967). IVTDMD48H (in vitro dry matter 

digestibility after 48 hours), nNDF48 (in vitro neutral detergent fiber digestibility after 48 

hours), and RUP (rumen undegradable protein) were estimated using NIR predicted 

parameters and calibrations developed by the NIRS consortium; these calibrations are 

protected under the intellectual property right law. 

  Relative forage quality (RFQ) was calculated using NIR predicted parameters and the 

following equation RFQ=DMI (% OF BW) x TD (% of DM) / 1.23. The details of this 

equation are described by Saha et al., 2017. The following RFQ forage grading system is 

http://nirsconsortium.org/
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used in the Southeast (Saha et al., 2017): Forage Quality Grade (RFQ) - Supreme(>185), 

Prime(160-185), Choice(140-160), Select(110-140), Standard(90-110), and Utility (<90). 

N release was estimated using the model developed by Caberea et al., at the 

University of Georgia. The combined mean for the dependent variables for each legume 

genotype at the North Carolina environments was used as model input. The following 

parameters were fixed in the model to estimate N release across legume genotypes: site type 

(conventional), date of cover crop termination, residue handling at termination (remaining on 

soil surface), temperature (21 ˚C for termination events one and two, 24˚C for termination 

events three and four), moisture (optimum), organic soil carbon (3%), initial inorganic soil N 

(40 lbs ac
-1

), potentially mineralizable N (30 mg N kg
-1

), and bulk density (1.5 g cm
3
). 

Parameters that varied for each genotype across termination events included: cover crop 

biomass (lbs ac
-1

), nitrogen concentration (%N), total cellulose concentration estimated as the 

sum of cellulose and hemicellulose (%), lignin concentration (%), and carbohydrate 

concentration estimated as the sum of CP, fat, and NFC. Daily predictions for N release were 

reported by the model in lbs N ac
-1

 and converted to kg N ha
-1

. 

Statistical analysis 

 

The study was conducted in a randomized complete block design with three to four 

replications per environment. Statistical analyses were conducted using Proc Mixed and Proc 

Reg in SAS 9.3 (SAS Institute Inc., Cary, NC). Data met model assumptions. Legume 

genotype was a fixed factor; replication and environment were considered random factors. 

For cold injury and disease, legume genotype response was presented by individual 

environment due to different abiotic and biotic conditions at each environment. Legume 

biomass and N content were combined over the North Carolina environments, and the 
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Maryland environments were removed from the combined analysis due to poor pea cold 

tolerance at the Maryland environments. The variance component for the genotype by 

environment interaction decreased when the Maryland environments were removed from the 

combined analysis (data not shown). All other quality parameters were analyzed in a 

combined analysis of all environments. N release was predicted using only the North 

Carolina environments. 

 Broad-sense heritability (h
2
) was estimated on an entry mean basis using the 

following equation: h
2

= σ
2

G/ (σ
2

G+ σ
2

GE/E+ σ
2

e/RE) where h
2
=heritability, σ

2
G=genetic 

variance, σ
2

GE=genotype x environment variance, σ
2

e=experimental error, R=number of 

replications, and E=number of test environments (Fehr, 1993). Heritability estimates for each 

dependent variable are available in Table 3.    
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RESULTS AND DISCUSSION  

Cold tolerance. Legume genotype affected cold injury at four environments in North 

Carolina in January (Table 4), however cold injury was not severe with any pea genotype and 

most had robust cold tolerance across environments in North Carolina. The pea genotypes 

PS0930095W and Romack expressed more cold injury at several environments (Table 4); 

these genotypes recovered visually from this injury. By March, there was not visible cold 

injury with any legume genotypes at the Rocky Mount 2017 and Salisbury 2017 

environments. The most severe cold injury in North Carolina was experienced in March at 

the Kinston 2016 environment where several pea genotypes expressed moderate cold injury 

(Table 4); CAH-11 and Fenn both appeared more cold tolerant than other pea genotypes and 

may be good sources of cold tolerance genes. All pea genotypes visually appeared to recover 

from cold injury by April, however cold injury and biomass production were correlated at the 

North Carolina environments and there was a trend in biomass increases as legume cold 

tolerance increased (Harvest 1: P<0.001, r
2
=0.28, Harvest 2: P<0.001, r

2
=0.29, Harvest 3: 

P<0.001, r
2
=0.20, Harvest 4: P=NS). Generally, crimson clover and hairy vetch had the same 

or better cold tolerance than the best pea genotype at the North Carolina environments (Table 

4). Cold injury among pea genotypes was more severe at the northernmost environments in 

Maryland. Romack was severely injured by cold in both Maryland environments (Table 4). 

Romack has reduced cold tolerance compared to other pea genotypes (Auld et al., 1983). 

Unlike the North Carolina environments where cold injury was transient, many pea 

genotypes in Maryland did not recover from severe cold injury. Lynx is a pea that was bred 

to have improved cold tolerance (McGee et al., 2013); across environments Lynx generally 

expressed less cold injury than many other pea genotypes. Cold injury and biomass 

production were significantly correlated; as cold tolerance improved there was a linear 
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increase in biomass production at the Maryland environments (Harvest 1: P<0.001, r
2
=0.65, 

Harvest 2: P<0.001, r
2
=0.52, Harvest 3: P<0.001, r

2
=0.38, Harvest 4: P<0.001, r

2
=0.42). All 

pea genotypes were more susceptible to cold injury than crimson clover and hairy vetch in 

Maryland. QTLs associated with cold tolerance in pea have been identified (Dumont et al., 

2009); breeding efforts to improve cold tolerance of pea germplasm for use in Maryland are 

underway and necessary for the success of this species in this region (Mirsky, personal 

communication).  

Disease. Legume genotype response to disease varied by environment (Table 5). Across 

environments Glacier, Granger, Melrose, PS09300095W, and Specter expressed the highest 

disease incidence (Table 5). Previous work in North Carolina screening the grain potential of 

pea also found high disease incidence in Glacier, Granger, Melrose, and PS09300095W 

(Vann et al., unpublished data). Although results were variable, PS07300136W and 

PS10300121W generally had lower disease incidence than other pea genotypes and may be 

sources of partial disease resistance. Crimson clover and hairy vetch were less susceptible to 

disease than any pea genotype. At the first harvest timing when disease pressure was 

generally less severe than later harvests, biomass production and disease were not correlated. 

As harvest was delayed, biomass production declined with increasing disease incidence 

(Harvest 2: P=0.007, r
2
=0.05, Harvest 3: P<0.001, r

2
=0.31). Biomass and disease were not 

correlated at the final harvest event; at this time it was difficult to differentiate between 

disease incidence and the physiological effects of a maturing pea. It was visually evident that 

some pea genotypes can produce high biomass in the presence of disease pressure 

(observational). The effect of disease on quality was variable. There was no consistent trend 

in nitrogen concentration as affected by disease incidence among the pea genotypes (data not 
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shown). Lignin was affected by disease, with a general increase in lignin as disease increased 

across harvest timings (data not shown). Relative forage quality was not affected by disease 

across harvest timings (data not shown). Late season disease pressure was severe across all 

pea genotypes at the Kinston 2017 environment, the Salisbury 2017 environment, and the 

Clayton 2017 environment (where the fourth harvest did not occur due to restricted biomass); 

it is possible that late season Sclerotinia pressure is a factor restricting late season biomass 

production at these environments. Further research is merited to investigate what late season 

biotic stressors are limiting biomass production in these environments.   

Legume maturity. There was a range in initial flower timing among the pea genotypes. The 

earliest flowering pea genotypes began flowering in early April; the late flowering pea 

genotypes began to flower in mid to late April. In some circumstances, disease pressure 

restricted flower initiation. The crimson clover cultivar used in this experiment was an early 

flowering crimson clover cultivar that began flowering shortly after the first flowering pea 

genotype. Hairy vetch started flowering after crimson clover, and began flowering with the 

mid flowering pea genotypes. In general, most legume genotypes were flowering by the 

second harvest timing as long as disease pressure was not restricting flowering.  

Biomass production. Broad sense heritability for biomass was between 0.50 and 0.61 (Table 

3). This is high for yield, but the broad genetic diversity associated with the evaluated 

material may explain these heritability estimates (Scully et al., 1991). While heritability was 

high, pea biomass production was drastically different at the Maryland environments where 

pea biomass was restricted by severe cold injury (Table 4); the Maryland and North Carolina 

environments were analyzed separately.  
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North Carolina: Legume genotype affected biomass at three of the four harvest timings 

(Table 6). A significant genotype by environment interaction was present at harvest timings 

one, two, and four but the size of the interaction was quite small relative to the size of the 

genotype main effect (MSG/MSG*E>3), therefore the analysis was pooled over the North 

Carolina environments. There was a wide range in biomass production among the pea 

genotypes; biomass was 2007 to 4514, 2241 to 7018, 2191 to 5135, and 1546 to 5751 kg ha
-1

 

at harvest timings one, two, three, and four, respectively (Table 7). Fenn, Granger, and 

PS09300095W were high biomass producers across all harvest timings; Romack and Chelan 

had moderate biomass production in April however by May were among the top biomass 

producers (Table 7). These are not the pea genotypes that have been commonly evaluated for 

biomass production in the region (Parr et al., 2011; Ranells and Wagger, 1997); these results 

indicate that greater pea biomass can likely be achieved than what has been reported from 

previous research conducted in the region. It is worth noting that Granger produced 

moderately high biomass (Table 7), despite relatively high diseases pressure (Table 5). Lynx 

was the lowest biomass producing pea genotype (Table 7); Lynx is a pea genotype that was 

bred for improved cold tolerance, palatability, and disease resistance (McGee et al., 2013). 

There were several pea genotypes that produced similar biomass to crimson clover and hairy 

vetch across harvest timings (Table 7). Leaf-type affected biomass at harvests one, two, and 

three (P=0.007, P=0.08, P=0.02); normal leaf type provided more biomass. These results are 

unlike previous research that documented no difference in forage yield between pea lines of 

differing leaf type (Uzun et al., 2004). While this general trend existed in the North Carolina 

environments, there were still several semi-leafless pea genotypes that were top biomass 

producers (Chelan, Granger, PS09300095W). Pea maturity did not affect biomass across 
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harvest timings. There was not consistent trend in biomass production across harvest timing 

in any pea maturity category (Figure 1); many pea genotypes provided maximum biomass 

around harvest timing two however some produced maximum biomass at the final harvest 

event. Most pea genotypes had not produced maximum biomass at the first harvest timing 

(Figure 1). PS09300095W and Romack were the earliest flowering pea genotypes and both 

had higher biomass at harvest timing four than the first harvest timing (Table 7). This would 

indicate that these are indeterminate pea genotypes, capable of simultaneously producing 

vegetative and reproductive growth. Crimson clover biomass was highest at the early harvest 

timings and declined as harvest was delayed (Figure 1); an early maturing crimson clover 

genotype was used in the experiment and may explain the reduction in biomass as harvest 

timing was delayed. Hairy vetch biomass remained relatively consistent across harvest 

timings (Figure 1).  

Maryland:  Legume genotype affected biomass at harvest timing one, two, and three in 

Beltsville (Table 6). Pea biomass production was restricted by cold injury over the winter at 

these environments (Table 4). There was a substantial range in biomass production among 

the pea genotypes; biomass was 65 to 1157, 317 to 2487, 339 to 2968, and 68 to 2580 kg ha
-1

 

at harvest timings one, two, three, and four, respectively (Table 7). This was substantially 

less biomass production than was observed at the North Carolina environments; clearly the 

abiotic and biotic stresses at the Maryland environments were more restrictive of pea 

biomass production.  There were several pea genotypes that produced moderate biomass at 

these environments despite cold injury, these include Chelan, Common, Fenn, and 

PS0017018W (Table 7). Lyxn was one of the most cold tolerant pea genotypes at this 

environment, but still produced very little biomass (Table 4); this genotype may be a good 
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source of cold resistance genes but is of limited value for biomass production as was 

observed in North Carolina. These results indicate that there are some pea genotypes that 

have a higher capacity to compensate for cold injury; utilizing this germplasm for future 

crosses could be one mechanism to enhance cold tolerance in pea germplasm. At the 

Maryland environments, biomass did increase as harvest timing was delayed for many pea 

genotypes (Figure 2). As was observed in North Carolina, Chelan and Romack were able to 

produce substantial biomass from the third to fourth harvest events (Figures 1 and 2). 

Crimson clover biomass declined as harvest timing was delayed in the Maryland 

environments and hairy vetch biomass remained relatively consistent across harvest timings; 

both consistent observations with results from North Carolina. Across harvest timings, 

crimson clover and hairy vetch produced more biomass than any pea genotype; this was 

particularly true at the early harvest timings, however crimson clover and hairy vetch still 

produced substantially less biomass in Maryland than in North Carolina (Table 7). Crimson 

clover and hairy vetch are more adapted for production in the region and efforts to enhance 

pea cold tolerance will be critical to ensure respectable pea biomass production. 

Quality. Protein concentrations of these pea genotypes were 15-20, 14-19, 12-18, and 12-18 

at harvest timings one, two, three, and four, respectively. Previous research comparing forage 

pea genotypes harvested at full flower reported a range of approximately 11-19% for protein 

concentration, with an average of 15.3% (Uzun et al., 2004). Separate analyses were 

conducted for the North Carolina and Maryland environments for N content because of the 

large differences in legume biomass production between the two regions. North Carolina N 

content: Legume genotype affected N content at harvest timings one, two, three, and was 

significant at the 0.1 level at harvest timing four (Table 6). There was a wide range in N 
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content among the pea genotypes (Figure 3), which is a function of both biomass production 

and significant variability in N concentration between the pea genotypes. At the first harvest 

timing, no pea genotype produced similar N content to crimson or hairy vetch, however by 

the second, third, and fourth harvest timings there were pea genotypes that were producing as 

much, or more, N content as crimson clover and hairy vetch (Figure 3). As harvest timing 

was delayed, crimson clover N content was reduced drastically (Figure 3). Hairy vetch 

consistently produced high N content (Figure 3). Maryland N Content: Legume genotype 

affected N content at earlier harvest timings at the Maryland environments (Table 7); N 

content was low compared to the North Carolina environments due to reduced biomass 

production in Maryland. In the Maryland environments, crimson clover and hairy vetch 

provided the highest N content across harvest timing until the final harvest when crimson 

clover N content declined (Figure 3), as was observed North Carolina.   

 Legume genotype affected many other quality traits; genotype and environment also 

interacted to affect many quality traits (Table 8). Lignin concentration was higher in hairy 

vetch than in the pea genotypes or crimson clover (Table 9). At the first harvests, crimson 

clover and hairy vetch generally had higher cellulose than the pea genotypes, however as 

harvest time progressed, many pea genotypes had higher cellulose concentrations than hairy 

vetch and crimson clover (Table 9). ADF was generally higher for crimson clover and hairy 

vetch than for any pea genotype (Table 9); ADF represents the least digestible portion of the 

forage and as ADF increases, the digestibility of the forage declines (Saha et al., 2010). 

There was a range in NDF between the legume genotypes and some peas produced more or 

less NDF than crimson clover and hairy vetch (Table 9). NDF can be used to predict dry 
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matter intake; as NDF increases, forage consumption by the animal decreases (Saha et al., 

2010). Both ADF and NDF increased as harvest timing was delayed (Table 9).  

Relative forage quality (RFQ) was affected by pea maturity across all harvest timings 

(P=0.001, P=0.002, P=0.04, P=0.003). RFQ uses intake and total digestible nutrients to rank 

forages based on their nutritive value (Saha et al., 2010). Generally the late maturating pea 

genotypes had higher RFQ than the early and medium maturing pea genotypes which had 

similar RFQ (Figure 4). All pea genotypes had higher RFQ than crimson or hairy vetch 

(Figure 4). RFQ declined across all legume genotypes as harvest timing was delayed (Figure 

4). All pea genotypes at harvest timings one and two were classified as prime or supreme 

forages based on the RFQ scale; pea RFQ was choice and select at harvest timings three and 

four, respectively (Figure 4). Crimson clover and hairy vetch were never qualified as 

supreme forage; these species were prime RFQ at harvest timing one and declined to select 

by harvest timing four (Figure 4). 

Legume N release was predicted from a combined analysis of the North Carolina 

environments. Legume N release varied among legume genotypes (Table 10, Figure 5). 

Legume N release 85 days after termination (DAT) was predicted between 31-66, 31-69, 25-

50, and 20-51 kg ha
-1

 at harvest timings one, two, three, and four, respectively (Table 10). To 

simplify data presentation, the highest biomass producing pea genotype, the highest N 

concentration pea genotype, and the highest lignin concentration pea genotype were 

compared to crimson clover and hairy vetch for N release (Figure 5). The highest biomass 

producing pea at each harvest timing was: PS09300095W (harvest one), Fenn (harvest two), 

Fenn (harvest three), and Romack (harvest four). The highest N concentration pea at each 

harvest timing was: PS06300028W (harvest one), Lynx (harvest two), PS07300136W 
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(harvest three), and Lynx (harvest four). The highest lignin pea at each harvest timing was: 

PS10300121W (harvest one), Granger (harvest two), Melrose (harvest three), and Melrose 

(harvest four). At the first harvest timing, crimson clover and hairy vetch were predicted to 

release more N than any pea genotype (Figure 5). The pea genotype with the highest N 

concentration consistently was predicted to release less N than crimson clover, hairy vetch, 

and the high biomass producing pea (Figure 5). A pea genotype that produces substantial N 

while maintaining high N concentration is desirable. Biomass and protein were generally 

significantly correlated, and there was a very slight decline in N concentration as biomass 

increased (data not shown). This relationship was not strong enough to prevent researchers 

from trying to target increasing biomass and N concentration simultaneously. By the second, 

third, and forth harvest timings, the high biomass producing pea was predicted to release N at 

the same rate as hairy vetch, and crimson clover was releasing less N (Figure 5). These 

results demonstrate that some pea genotypes can be competitive with hairy vetch and 

crimson clover for releasing N to the subsequent cash crop; a critical component of the 

success of a legume cover crop.  

 Cold tolerance will need to be enhanced for pea to be competitive with crimson 

clover and hairy vetch for biomass production and N release in the Maryland environments; 

cold injury in North Carolina was generally of minimal significance. All pea genotypes 

screened in this experiment were more susceptible to diseases than crimson clover or hairy 

vetch; while disease incidence was not always a predictor of biomass production, breeding 

efforts to enhance disease resistance in pea for production in the region is merited. There was 

considerable variation in biomass production and quality among pea genotypes evaluated in 

this study. In North Carolina, some of the pea genotypes screened can produce similar 
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biomass quantities and release as much N as crimson clover and hairy vetch. Many of these 

pea genotypes have higher RFQ than crimson clover or hairy vetch, and because they can 

produce similar biomass may make this species more desirable for forage end uses. Both 

cover crop (N Content) and forage (RFQ) quality generally declined as harvest was delayed 

beyond beginning flower in all legume genotypes, however biomass production across 

harvest timings was inconsistent. These results demonstrate that genotypic variation among 

pea genotypes can be agronomically important, and that the top performing pea genotypes 

are competitive with crimson clover and hairy vetch in environments where cold tolerance 

does not restrict biomass production. Forage quality of many pea genotypes is superior to 

both crimson clover and hairy vetch. While breeding efforts to increase biomass production 

and N concentration would be valuable, the capabilities of the genotypes currently available 

are quite good and more value would be gained from future breeding efforts emphasizing the 

development of cold tolerant pea genotypes for production in more northern regions of the 

Southeast and enhancing disease resistance for biotic stressors prevalent in the region. 
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Table 1. Dates for planting and biomass harvest.  

 Management Event 

  Harvest Timing 

Environment Planting One Two Three Four 

Beltsville North 2016 16 Sept. 24 May 7 June - - 

Beltsville South 2016 16 Sept.  2 May 16 May 31 May  13 June 

Clayton 2016 16 Oct. 8 Apr. 22 Apr. 6 May 19 May 

Kinston 2016 15 Oct. 8 Apr. 22 Apr. 6 May 19 May 

Clayton 2017 29 Oct. 7 Apr. 21 Apr. 3 May 17 May 

Rocky Mount 2017 3 Oct. 7 Apr. 21 Apr. 3 May 17 May 

Salisbury 2017 23 Oct. 13 Apr. 27 Apr. 9 May 22 May 

‡ At the Beltsville North environment, harvest was not possible at the third and fourth timing events due to poor pea survival.  
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Table 2. Attributes for each pea genotype.   

 Characteristics 

Genotype Year ABL/Released Growth Habit Flower Color Pigmented Seed Coat Leaf Type Flower Timing 

CAH-11  NA Medium Purple Yes Normal Medium 

Chelan  2003/2012 Tall White No Semi-leafless Medium 

Common  1940 Tall Purple Yes Normal Early 

Fenn  1971 Medium Purple Yes Normal Late 

Glacier  1980/1983 Short Purple Yes Normal Late 

Granger  1990/1997 Tall Purple Yes Semi-leafless Medium 

Lynx  2005 Short White No Semi-leafless Late 

Melrose  1973/1978 Tall Purple Yes Semi-leafless Medium 

NC  2000’s Tall Purple Yes Semi-leafless Late 

PS0017018W 2000 Medium White No Normal Early 

PS06300028W  2006 Medium White No Semi-leafless Late 

PS07300136W  2007 Short White No Semi-leafless Medium 

PS09300095W  2009 Tall Purple Yes Semi-leafless Early 

PS10300120W  2010 Tall Purple Yes Normal Early 

PS10300121W  2010 Medium Purple Yes Normal Late 

Romack  1960 Tall Purple Yes Normal Early 

Specter  1998/2007 Tall White Ghost Semi-leafless Medium 

Windham  1998/2007 Medium White Ghost Semi-leafless Early 

† Ghost mottling is very faint brownish streaks in the testa and is cultivar specific for both Specter and Windham.  

‡ Cultivar release dates were reported to the best of the authors knowledge. Cultivar release date was not attainable for cv. CAH-

11 and Racer.  
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Table 3. Broad sense heritability (h
2
) among pea genotypes on an entry-mean basis in a combined analysis of all environments.   

 Harvest Timing 

Dependent Variable   One Two Three Four 

 ---------------------------------------------------- h2 (%)   ---------------------------------------------------- 

Cold Tolerance (Jan)  4 - - - 

Cold Tolerance (Mar)  52 - - - 

Disease (Harvest)  6 49 74 82 

Biomass  61 59 60 50 

N Content 42 42 54 42 

RFQ 89 90 88 81 

IVTDMD48H 89 90 63 57 

RUP 63 82 50 27 

dNDF48 17 29 54 86 

N concentration (%)  84 77 83 64 

Lignin  22 31 65 38 

ADF 87 84 81 70 

NDF 85 83 85 73 

Cellulose  88 83 79 69 

Hemicellulose  83 61 69 46 

Ash  73 79 46 15 

Fat 78 85 50 39 

Mg 21 21 23 19 

K  56 14 68 1 

Ca 81 79 78 37 

P  24 15 23 20 

†Abbreviations: h
2
, heritability; RFQ, relative forage quality; IVTDMD48H, in vitro dry matter digestibility after 48 hours; RUP, 

rumen undegradable protein; dNDF48, in vitro neutral detergent fiber digestibility after 48 hours; N, nitrogen; ADF, acid detergent 

fiber; NDF, neutral detergent fiber; DM, dry matter; Mg, magnesium; K, potassium; Ca, Calcium; P, phosphorous.  

‡ Cold tolerance was visually estimated once in January (four environments) and once in March (six environments). Disease was 

estimated at harvest in the North Carolina environments.  
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Table 4. Legume cold injury in January and March at individual environments.  
 Environment 

 Cold Tolerance (January) Cold Tolerance (March) 

 

Genotype 

Clayton 

2016 

Clayton 

2017 

Kinston 

2016 

Rocky Mount 

2017 

Beltsville N 

2016 

Beltsville S 

2016 

Clayton 

2016 

Clayton 

2017 

Kinston 

2016 

Salisbury 

2017 

CAH-11 4.5  4.7  4.8 4.6  3.0  3.3  4.7  5.0  4.7  5.0  

Chelan 4.2  4.5  5.0  4.4  1.7  2.2  4.5  5.0  2.7  5.0  

Common 4.7  5.0  5.0  4.6  2.7  3.7  4.8  5.0  2.2  5.0  

Fenn 4.8  4.8  5.0  4.8  2.5  2.7  5.0  4.9  4.7  5.0  

Glacier 4.5  5.0  2.8  4.5  3.2  3.2  4.3  5.0  1.7  5.0  

Granger 4.5  4.4  4.7  4.4  1.7  2.5  3.8  5.0  2.3  5.0  

Lynx 5.0  4.9  4.7  4.9  3.7  3.2  4.2  5.0  2.1  5.0  

Melrose 4.7  4.3  4.7  4.1  1.2  2.7  3.8  4.5  2.8  4.8  

NC 4.7  4.8  5.0  4.6  2.7  3.3  4.3  5.0  4.0  5.0  

PS0017018W 4.8  4.5  5.0  4.9  2.5  2.8  4.5  5.0  4.3  4.5  

PS06300028W 4.8  4.5  4.7  3.6  1.7  2.0  4.0  4.8  4.0  5.0 

PS07300136W 4.8  4.5  4.7  4.5  2.0  1.6  2.7  4.0  3.0  4.4  

PS09300095W 4.3  4.3  5.0  4.1  1.3  2.7  4.0  4.9  4.0  5.0  

PS10300120W 5.0  4.6  5.0  4.0  1.2  1.5  4.5  5.0  3.1  4.3  

PS10300121W 4.7  3.4  5.0  4.1  1.5  2.3  4.2  5.0  4.0  5.0  

Romack 4.8  4.5  4.7  3.8  0.5  1.7  4.5  5.0  2.1  4.8  

Specter 4.8  4.6 5.0  4.5  1.8  2.5  4.2  5.0  2.7  5.0  

Windham 4.7  4.7  5.0  4.9  3.2  2.8  4.0  5.0  3.3  4.8  

Crimson Clo.  4.2  - 4.7  5.0  3.3  3.7  5.0  - 5.0  5.0  

Hairy Vetch  4.7  4.5  5.0 4.9  4.5  3.5  5.0  5.0  5.0  5.0  

P-value 0.04 0.003 <0.001 <0.001 <0.001 <0.001 0.03 0.03 0.002 NS 

LSD (0.05) 0.16 0.13 0.22 0.14 0.31 0.26 0.36 0.15 0.59 - 

Average temperature 30 d before rating (˚C) 

                                   6.3                    7.4                  10.1                  7.2                  4.4                   5.0                   12.6                 11.25                 13.2                9.2 

Average minimum temperature 30 d before rating (˚C) 

  2.2  3.1 5.6 2.4 -0.5       0.0 6.9 4.7 3.0 1.4 

Total precipitation 30 d before rating (cm) 

 12.3 11.2 11.9 10.3 9.0 9.0 2.7 5.8 4.1 5.1 
†Abbreviations: N, North; S, South; NS, non-significant at the 0.05 level.  

‡ Data not presented (--) because crimson clover did not survive at this environment.    

§ Weather data for environments where cold injury was not visible across legume genotypes: Salisbury 2017 - January (Average temperature 30 d before rating (˚C): 7.5, Average minimum temperature 30 d before rating 

(˚C): 1.8, Total precipitation 30 d before rating (cm): 14.0); Rocky Mount 2017 in March (Average temperature 30 d before rating (˚C): 10.7, Average minimum temperature 30 d before rating (˚C): 3.1, Total precipitation 30 

d before rating (cm): 8.1). 

¶ Means are compared within each environment and were separated using Fisher’s Protected LSD.  
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Table 5. Legume disease incidence as affected by genotype at individual environments.   

 Environment 

 Clayton 2016 Clayton 2017 Kinston 

2016 
Rocky Mount 2017 Salisbury 2017 

Genotype 4/22 5/6 5/19 4/7 4/21 5/3 5/6 4/7 4/21 5/3 5/17 4/13 4/27 5/9 5/22 

 ------------------------------------------------------------------------- % --------------------------------------------------------------------------- 
CAH-11 7 13 35 23 18 30 35 8 11 10 45 40 57 78 100 
Chelan 8 10 23 8 25 18 95 0 8 5 33 33 50 50 83 
Common 10 18 50 17 35 50 100 0 4 5 30 10 42 50 95 
Fenn 9 8 40 15 22 55 63 3 5 10 30 13 35 70 98 
Glacier 35 45 55 3 12 45 - 15 23 20 55 13 35 75 100 
Granger 50 40 85 18 23 53 65 23 38 8 43 10 45 55 98 
Lynx 3 6 43 28 4 50 95 10 23 8 38 23 45 80 100 
Melrose 42 30 30 10 22 70 95 5 23 5 60 70 78 83 100 
NC 6 10 25 15 28 30 85 5 10 8 25 30 25 53 100 
PS0017018W 2 5 25 13 30 18 85 5 5 5 23 45 58 48 98 
PS06300028W 1 5 35 28 38 25 35 0 8 13 35 38 18 60 100 
PS07300136W 3 8 15 11 5 15 - 3 3 8 18 20 13 10 90 
PS09300095W 18 6 35 15 23 85 75 8 35 5 45 13 15 53 90 
PS10300120W 4 8 40 10 13 65 95 10 10 5 30 50 75 45 98 
PS10300121W 10 20 45 8 16 25 60 3 10 5 35 10 48 40 100 
Romack 21 28 35 20 5 30 - 3 20 8 45 48 45 68 100 
Specter 21 23 80 8 11 83 65 8 38 5 45 63 70 73 100 
Windham 7 18 10 3 10 45 - 0 5 20 15 55 10 70 100 
Crimson Clo.  0 0 0 - - - 0 0 0 0 0 3 0 0 0 
Hairy Vetch  0 0 0 0 0 0 15 0 0 0 0 0 0 0 0 
P-value 0.02 NS 0.05 NS NS NS NS NS NS NS NS NS NS NS <0.001 
LSD (0.05) 9 - 14 - - - - - - - - - - - 4 

†Abbreviations: NS, non-significant at the 0.05 level.  

‡ Data not presented (--) because legume genotype had poor survival at these environments.     

§ Means are compared within each environment and were separated using Fisher’s Protected LSD.  
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Table 6. ANOVA for the effect of legume genotype (G), environment (E), and the legume genotype by environment (G*E) 

interaction on biomass and N content in a combined analysis of the North Carolina and the Maryland environments.  

  Biomass N Content 

  Harvest Timing 

Analyses  Source One Two Three Four One Two Three Four 

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

NC Combined G 0.001 <0.001 0.02 0.05 0.005 <0.001 0.05 NS 

 E 0.001 0.10 0.01 NS 0.004 NS 0.009 NS 

 G*E 0.001 0.005 NS 0.05 0.001 0.01 0.03 0.05 

MD Combined G <0.001 0.001 0.03 NS <0.001 0.008 NS NS 

 E 0.02 NS - - 0.04 NS - - 

 G*E 0.001 NS - - NS <0.001 - - 

† Abbreviations: G, genotype; E, environment; NS, non-significant at the 0.05 level. 

‡ Data not presented (--) because third and fourth harvest events were not possible at the Beltsville North environment and the 

results are only representative of one environment.  

§ Harvest timings are as follows: One: NC-4/7-4/13, MD-5/2-5/24; Two: NC-4/21-4/27, MD-5/16-6/7; Three: NC-5/3-5/9, MD-

5/31; Four: NC-5/17-5/22, MD-6/13.  
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Table 7. Legume biomass and N content combined over the North Carolina and Maryland environments.  

 Combined NC Biomass   Combined MD Biomass Combined NC N Content  Combined MD N Content  

 Harvest Timing 

Genotype  One Two Three Four One Two Three Four One Two Three Four One Two Three Four 

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

 ----------------------------------------------------------- 

CAH-11 4078 4158 4410 3537 834 1811 1858 718 106 103 114 76 23 44 46 17 

Chelan 3753 3636 4590 5363 504 514 828 2580 93 89 108 124 18 15 20 62 

Common 3392 4866 4279 4676 885 1269 1441 2128 91 125 114 110 25 30 40 51 

Fenn 4182 7018 5135 4214 383 476 1660 2265 120 184 134 104 15 15 41 57 

Glacier 2669 3306 2191 3126 475 743 803 1778 83 91 63 106 18 28 22 47 

Granger 3994 5940 4456 4870 772 391 770 68 106 153 116 115 41 19 19 3 

Lynx 2007 2241 2265 1546 186 184 558 978 59 66 65 52 6 6 17 29 

Melrose 3469 3834 3260 3677 688 1154 916 1117 90 91 78 95 24 34 21 26 

NC 3553 4585 4625 4629 1157 1363 2968 447 96 121 114 111 33 33 69 11 

PS0017018W 3720 4224 5102 3505 616 742 2387 1917 99 109 129 82 17 25 64 46 

PS06300028W 2074 2779 3715 2788 161 380 339 219 65 76 95 79 6 11 10 6 

PS07300136W 2763 3033 3137 3093 65 2487 405 900 84 85 93 89 2 5 12 25 

PS09300095W 4514 5632 4175 5295 517 819 967 1747 122 142 106 128 19 27 26 44 

PS10300120W 3897 4693 4656 3386 215 317 815 973 102 117 114 80 8 10 21 25 

PS10300121W 3806 4960 4720 3466 965 1272 1792 1787 111 130 123 77 27 34 43 43 

Romack 3327 4927 4587 5751 361 605 1492 1485 86 123 112 155 10 19 37 35 

Specter 4159 5307 3226 4728 495 467 575 491 112 130 81 124 18 13 14 12 

Windham 2331 2892 3324 2825 219 421 686 396 68 76 89 79 7 14 18 10 

Crimson Clo.  5795 7108 4619 4911 3823 3455 4081 2930 154 162 92 102 89 75 85 58 

Hairy Vetch  4672 5975 5357 5385 3153 3435 3612 3270 165 175 149 148 88 87 87 73 

P-value  0.001 <0.001 0.02 0.05 <0.001 0.001 0.03 NS 0.005 <0.001 0.05 NS <0.001 0.008 NS NS 

LSD (0.05) 515 677 617 713 380 701 868 - 17 18 17 - 9 15 - - 

†Means were separated using Fisher’s protected LSD.  

‡ MD biomass and N content at harvest timings three and four only represent the Beltsville South environment.   

§ Harvest timings are as follows: One: NC-4/7-4/13, MD-5/2-5/24; Two: NC-4/21-4/27, MD-5/16-6/7; Three: NC-5/3-5/9, MD-5/31;  

Four: NC-5/17-5/22, MD-6/13.  

¶ N content is calculated via multiplying biomass by N concentration.   
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Table 8. ANOVA for the effect of legume genotype (G), environment (E), and the legume genotype by environment (G*E) interaction on various quality parameters in a combined analysis of all environments.  

  Harvest Timing 

Dependent Variable Source One Two Three Four 

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

IVTDMD48H G <0.001 <0.001 0.004 0.003 

 E <0.001 <0.001 <0.001 <0.001 

 G*E NS 0.001 0.03 <0.001 

RUP G <0.001 <0.001 0.02 NS 

 E <0.001 <0.001 <0.001 <0.001 

 G*E NS <0.001 0.02 0.001 

dNDF48 G 0.03 NS 0.001 <0.001 

 E <0.001 <0.001 <0.001 <0.001 

 G*E 0.009 0.004 0.02 <0.001 

N concentration G <0.001 <0.001 <0.001 <0.001 

 E 0.002 0.001 0.006 0.006 

 G*E 0.04 0.001 0.07 0.008 

Lignin  G 0.006 <0.001 <0.001 0.001 

 E <0.001 <0.001 0.004 0.01 

 G*E NS 0.001 NS 0.005 

ADF G <0.001 <0.001 <0.001 <0.001 

 E 0.001 <0.001 <0.001 <0.001 

 G*E 0.02 <0.001 0.006 0.04 

NDF G <0.001 <0.001 <0.001 0.001 

 E 0.002 0.001 <0.001 <0.001 

 G*E 0.01 <0.001 0.02 0.002 

Cellulose  G <0.001 <0.001 <0.001 <0.001 

 E <0.001 <0.001 <0.001 <0.001 

 G*E 0.004 <0.001 0.002 0.05 

Hemicellulose  G <0.001 <0.001 <0.001 <0.001 

 E 0.001 <0.001 0.001 <0.001 

 G*E 0.005 <0.001 0.001 <0.001 

Ash  G <0.001 <0.001 0.04 0.02 

 E <0.001 <0.001 <0.001 <0.001 

 G*E 0.003 NS <0.001 <0.001 

Fat G <0.001 <0.001 0.001 NS 

 E <0.001 <0.001 <0.001 <0.001 

 G*E 0.009 NS 0.007 0.002 

Mg G <0.001 <0.001 <0.001 <0.001 

 E <0.001 <0.001 <0.001 <0.001 

 G*E 0.006 <0.001 0.001 0.001 

K  G 0.001 0.001 0.001 0.02 

 E <0.001 <0.001 <0.001 <0.001 

 G*E 0.006 NS 0.001 NS 

Ca G <0.001 <0.001 <0.001 NS 

 E 0.02 NS 0.05 NS 

 G*E 0.02 0.001 NS NS 

P  G <0.001 <0.001 <0.001 0.001 

 E <0.001 <0.001 <0.001 <0.001 

 G*E 0.003 0.01 0.005 <0.001 

† Abbreviations: IVTDMD48H, in vitro dry matter digestibility after 48 hours; RUP, rumen undegradable protein; Dndf48, in vitro neutral detergent fiber digestibility after 48 hours; N, nitrogen; ADF, acid detergent fiber; 

NDF, neutral detergent fiber; DM, dry matter; Mg, magnesium; K, potassium; Ca, Calcium; P, phosphorous. G, genotype; E, environment; NS, non-significant at the 0.05 level. 
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Table 9. Lignin, cellulose, ADF, and NDF across biomass harvest timings in a combined analysis of all environments.    

 Lignin Total cellulose ADF NDF 

 Harvest Timing 

Genotype  One  Two Three Four One  Two Three Four One  Two Three Four One  Two Three Four 

 ------------------------------------------------------------------------------------ % -------------------------------------------------------------------------------------- 

CAH-11 7.41 8.18 9.19 9.62 38.60 39.97 46.63 50.42 32.75 34.20 39.60 42.67 46.01 48.15 55.83 60.05 

Chelan 7.51 7.97 9.28 9.70 38.37 40.89 47.45 51.38 32.89 35.50 43.57 43.62 45.88 48.86 56.73 61.07 

Common 7.32 8.32 9.05 9.80 37.71 40.32 44.50 49.87 32.01 34.49 38.21 43.25 45.04 48.64 53.55 59.68 

Fenn 7.51 8.28 9.47 9.61 39.20 41.90 47.10 50.44 33.61 36.10 40.36 42.98 46.73 50.20 56.56 60.05 

Glacier 7.54 8.34 8.83 9.26 33.08 36.17 40.08 41.33 28.40 31.29 34.50 36.07 40.62 44.51 48.90 50.55 

Granger 7.44 8.47 9.86 10.46 39.10 41.05 46.56 51.87 33.63 35.63 40.98 45.42 46.51 49.51 56.42 62.42 

Lynx 7.29 7.72 8.52 8.63 32.90 35.02 41.18 43.82 28.86 30.40 36.21 37.53 40.20 42.75 49.71 52.46 

Melrose 7.50 8.23 9.89 10.15 38.36 40.66 47.75 51.26 33.09 35.04 41.70 45.31 45.86 48.86 57.65 61.41 

NC 7.68 7.93 8.92 9.63 38.36 41.24 47.00 49.25 32.42 35.06 39.72 41.60 46.04 49.17 55.92 58.86 

PS0017018W 7.34 7.96 9.20 9.53 37.87 40.72 47.30 48.98 32.21 35.00 40.46 42.49 45.21 48.68 56.49 58.54 

PS06300028W 6.94 7.57 9.10 8.97 32.78 37.09 45.08 46.06 28.36 31.65 38.26 39.04 39.71 44.66 54.18 55.03 

PS07300136W 7.22 7.56 8.75 8.91 33.43 35.14 41.83 45.07 28.67 30.20 35.57 39.12 40.67 42.70 50.58 53.95 

PS09300095W 7.64 8.20 9.53 9.65 38.83 40.76 46.14 48.03 33.62 35.45 40.03 41.60 46.48 48.95 55.68 57.61 

PS10300120W 7.80 7.78 9.28 9.76 38.76 39.34 48.18 50.37 33.56 33.86 41.36 42.73 46.56 47.12 57.46 60.17 

PS10300121W 7.76 8.18 9.39 9.49 38.50 40.87 46.68 50.06 33.11 35.43 40.04 43.13 46.26 49.05 56.06 59.58 

Romack 7.56 8.07 9.23 9.42 39.63 42.36 46.94 51.22 33.83 36.31 40.35 44.62 47.20 50.42 56.17 60.64 

Specter 7.68 8.15 9.58 10.06 37.55 41.34 45.37 47.81 32.79 36.08 40.02 41.67 45.22 49.47 54.94 57.88 

Windham 7.52 7.73 8.79 9.42 34.98 36.47 43.64 45.70 30.21 31.06 36.81 39.24 42.50 44.20 52.43 55.13 

Crimson Clo.  7.81 8.51 9.95 10.13 39.11 42.34 45.42 47.72 36.28 39.43 43.57 46.24 46.91 50.84 55.38 57.85 

Hairy Vetch  8.26 9.24 10.16 11.20 37.72 41.85 45.12 45.11 35.10 39.51 42.93 44.53 45.98 51.09 55.27 56.33 

P-value 0.005 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 

LSD (0.05) 0.18 0.20 0.21 0.28 0.82 0.86 0.96 1.34 0.68 0.75 0.87 1.25 0.88 0.93 1.05 1.44 

† Abbreviations: ADF, acid detergent fiber; NDF, neutral detergent fiber; NS, non-significant at the 0.05 level.  

‡ Means were separated using Fisher’s protected LSD. 

§ Total cellulose is calculated as the sum of cellulose and hemicellulose 
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Table 10. Predicted cover crop N release as affected by legume genotype from a combined analysis of the North Carolina 

environments across four harvest timings.  

 Harvest One (4/7-4/13) Harvest Two (4/21-4/27) Harvest Three (5/3-5/9) Harvest Four (5/17-5/22) 

 Cover Crop N Release (DAT) 

Genotype  8 15 29 57 85 8 15 29 57 85 8 15 29 57 85 8 15 29 57 85 
 ---------------------------------------------------------------------------- kg ha

-1
 -------------------------------------------------------------------------- 

CAH-11 16 25 35 43 45 15 23 33 40 42 16 25 35 40 42 10 15 20 24 25 
Chelan 14 23 32 39 41 13 20 29 35 37 14 22 31 36 37 15 23 32 38 39 
Common 14 23 33 40 41 18 28 40 49 51 16 25 34 39 41 14 21 30 34 36 
Fenn 17 28 40 48 50 26 41 58 71 74 17 27 37 43 44 13 20 28 32 33 
Glacier 14 22 32 39 41 14 22 32 39 40 10 16 21 25 26 16 25 35 41 42 
Granger 15 24 34 42 44 21 33 48 58 61 16 24 33 39 40 14 21 29 34 35 
Lynx 11 17 25 30 31 11 17 24 30 31 10 16 22 25 26 8 12 16 19 20 
Melrose 14 22 31 38 39 13 21 31 37 39 10 15 21 24 25 12 18 25 29 30 
NC 14 23 32 39 41 17 26 38 46 48 16 25 34 39 41 14 22 30 36 37 
PS0017018W 7  12 21 34 42 15 24 35 42 44 17 27 37 43 45 11 16 22 26 27 
PS06300028W 11 17 25 30 31 12 19 27 33 35 13 20 28 33 34 11 17 24 28 29 
PS07300136W 14 22 32 39 40 14 23 32 39 41 14 22 30 34 36 13 20 27 31 32 
PS09300095W 18 28 40 49 51 20 32 45 55 58 15 23 31 37 38 17 26 36 42 44 
PS10300120W 15 24 34 42 44 17 27 39 48 50 14 22 31 36 37 10 15 21 25 26 
PS10300121W 6 12 20 33 41 18 28 40 49 51 16 25 35 41 42 10 15 21 24 25 
Romack 13 20 29 35 36 16 25 36 44 46 15 23 32 37 38 19 29 40 48 49 
Specter 17 27 39 47 49 18 29 42 51 53 12 18 25 29 30 16 25 35 40 42 
Windham 11 17 24 30 31 12 19 27 33 34 13 21 28 33 34 11 17 24 27 28 
Crimson Clo.  23 36 52 63 66 22 36 51 63 66 12 18 25 30 31 13 20 28 33 34 
Hairy Vetch  21 33 48 58 60 24 38 54 66 69 20 30 42 49 50 20 31 43 50 51 

† Abbreviations: DAT, days after termination.   
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Figure 1. Biomass production across harvest timing as affected by legume genotype in a combined analysis of the North Carolina 

environments.  
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Figure 2. Biomass production across harvest timing as affected by legume genotype in a combined analysis of the Maryland 

environments.  
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Figure 3. Variation in N content as affected by legume genotype in a combined analysis of the North Carolina and Maryland 

environments.  
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Figure 4. Relative forage quality (RFQ) across harvest timings compared between the early, mid, and late maturing pea genotype 

groups and crimson clover and hairy vetch in a combined analysis of all environments. 
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Figure 5. Predicted N release from the highest biomass producing pea, highest N concentration pea, highest lignin concentration 

pea, crimson clover, and hairy vetch in a combined analysis of the North Carolina environments.    
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ABSTRACT 

 

Legume and small grain cover crops are combined in mixture to provide N fertility 

and weed suppression for the following cash crop. Some effort has been dedicated to 

developing regionally adapted crimson clover and hairy vetch cultivars for use in the 

Southeast USA; less effort has been devoted to identifying appropriate winter pea cultivars 

for cover crop use in the region. Studies were conducted from 2015-2017 in Maryland and 

North Carolina to compare winter pea to crimson clover and hairy vetch for production in 

mixture with small grains for cover crop use. Five winter pea genotypes, one crimson clover 

cultivar, and one hairy vetch cultivar were screened with barley, oats, and wheat. Legume 

cold tolerance, legume disease, species competition, and biomass production were assessed. 

Cold injury of the pea genotypes at the Maryland environments severely impacted pea 

biomass production. Peas were able to recover from cold injury at the North Carolina 

environments. A robustly growing small grain aided in legume cold tolerance at some 

environments. Oats were more competitive in mixture with the legume genotypes than barley 

or wheat. At the Coastal Plain environments where soil residual N is generally low, all 

legume species dominated the cover crop mixture and winter pea produced similar biomass 

in mixture as crimson clover and hairy vetch. At the Maryland and Piedmont environments 

where residual N is generally higher than in the Coastal Plain, the small grain dominated the 

cover crop mixture. Hairy vetch was the most competitive legume with the small grains 

across environments; crimson clover and winter pea genotypes produced a more 

homogenized cover crop mixture when grown with the small grains. The variability in total 

biomass composition across environments in this study demonstrates the importance of site 

specific cover crop seeding rate recommendations for production in mixture. 
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INTRODUCTION 

Cover crops are used by producers for a multitude of reasons (Wayman et al., 2016). 

These include improving soil quality, soil moisture conservation, weed suppression, insect 

suppression, disease suppression, and fertility provision to the subsequent crop (Grandy et 

al., 2006; Mitchell et al., 2012; Poffenbarger et al., 2015a; Schipanski et al., 2014; Snapp et 

al., 2005). Weed suppression and fertility provision are the most sought after short-term 

benefits of cover crop use (Price et al., 2012; Teasdale and Mohler, 2000; Vann et al., 2017).  

Legume cover crops have low C:N ratios compared to grass cover crops; low C:N 

ratios accelerate residue decomposition and N mineralization (Wagger, 1989a). Subsequently 

legume cover crops can provide N to the following cash crop and are recognized as the most 

reliable type of cover crop to enhance cash crop yields (Snapp et al., 2005). Cover crop 

biomass production is directly related to N availability for the following crop; as biomass 

increases, potential N provision to the following crop increases (Parr et al., 2011). Crimson 

clover, hairy vetch, and winter pea are all winter legume cover crops that can produce 

substantial biomass and total N in the Southeast (Holderbaum et al., 1990); variation between 

these species for N release can be agronomically important (Reberg-Horton et al., 2012). In 

North Carolina, crimson clover, hairy vetch, and winter pea produced 32 to 163, 55 to 230, 

and 77 to 208 kg N ha
-1

, respectively (Parr et al., 2011; Wagger 1989a). While legume cover 

crops can produce substantial N, legume monocultures typically do not produce the biomass 

levels necessary to provide season long weed suppression (Mischler et al., 2010; Reberg-

Horton et al., 2012), and may intensify early season weed pressure through rapid N release.  

Cereal cover crops can produce considerable biomass and typically have a higher C:N 

ratio, higher lignin, and higher cellulose concentrations than legumes (Ranells and Wagger, 
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1992). These attributes prevent rapid residue decomposition and limit N prevision to the 

following cash crop (Poffenbarger et al., 2015; Ranells and Wagger, 1992). Biomass 

production and residue persistence are both important factors in achieving weed suppression 

from a cover crop (Smith et al., 2011). While cereal cover crops are of limited value for 

releasing N to the following cash crop, they are widely recognized for their weed suppressive 

ability (Davis, 2010; Mirsky et al., 2013, Teasdale and Mohler, 1993).    

Cereal and legume cover crops can be produced in mixture to maximize the benefits 

of both fertility provision and weed suppression to the following cash crop (Vann et al., 

2017). Combining cereal and legume cover crops can enhance above-ground biomass 

production compared to either species produced in monoculture (Hayden et al., 2012; 

Poffenbarger et al., 2015a). Hairy vetch and cereal rye mixtures have been shown to release 

as much N to the following crop as monoculture hairy vetch (Clark et al., 1997; Ranells and 

Wagger, 1996).  Previous research indicates that hairy vetch biomass must exceed 50% of a 

cover crop mixture with cereal rye to produce similar N content as a hairy vetch monoculture 

(Poffenbarger et al., 2015a). Seeding legume and cereal cover crops in mixture often 

produces a moderate C:N ratio, compared to either species produced in monoculture; this 

slows down N release compared to a  monoculture legume and accelerates N release 

compared to a monoculture cereal (Clark et al., 2007) and can ultimately lead to improved 

synchrony of cover crop N release and cash crop demand (Poffenbarger et al., 2015a; Ranells 

and Wagger, 1996). Another important consideration is cover crop seeding costs; legume 

cover crop seed is expensive and seeding legumes in mixture with a cereal cover crop can 

reduce seeding input costs (Snapp et al., 2005). Cereal rye is a popular small grain species for 

use as a cover crop in the Southeast region due to the high biomass production potential of 
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this species (Mirsky et al., 2011; Smith et al., 2011), however barley, oats, and wheat are also 

popular cereal cover crops in the region that growers are likely to plant from remaining seed 

collected off a grain harvest of the species in the spring before cover crop planting.    

 Crimson clover and hairy vetch cultivars have been regionally developed and released 

in the Southeast. Growers are still reluctant to use hairy vetch because it can set hard seed 

and become a weed problem in their subsequent crops (Maul et al., 2011; Vann et al., 2016).. 

Crimson clover has notably slower N release than other legume species and has a narrow 

range of soil types where maximum performance is achieved (Reberg-Horton et al., 2012). 

To date, winter pea cover crop adoption in the Southeast has been limited due to lack of 

regionally adapted cultivars. The absence of previous winter pea cultivar screening efforts in 

the region may be one limitation to the wider adoption of winter pea as a cover crop. Recent 

winter pea genotype screening in the Southeast identified several superior winter pea 

genotypes for biomass production; five of these winter pea genotypes were selected for 

subsequent screening (Vann et al., unpublished data). The objective of this experiment was to 

compare five selected winter pea genotypes to well established crimson clover and hairy 

vetch cultivars in the region for use in cover crop mixtures with oats, barley or wheat.   
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MATERIALS AND METHODS 

 

Experiment sites and management 

 

 Experiments were conducted from 2015 to 2016 at two sites at the USDA-ARS 

Beltsville Agricultural Research Center in Beltsville, MD (North and South); the Central 

Crops Research Station in Clayton, NC; and the Caswell Research Farm in Kinston, NC, and 

from 2016 to 2017 again in Beltsville (South) and Clayton, at the Upper Coastal Plain 

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

Each growing season will be referred to as the year in which cover crop biomass was 

harvested. The combination of year and location constituted an environment. The Beltsville 

North 2016 trial was conducted on a Hammonton loamy sand (coarse-loamy, siliceous, 

semiactive, mesic Aquic Hapludults), the Beltsville South trials were conducted on a Hatboro 

silt loam (fine-loamy, mixed, active, nonacid, mesic Fluvaquentic Endoaquepts), the Clayton 

2016 trial was conducted on a Varina loamy sand (fine, kaolinitic, therminc Plinthic 

Paleudults), the Clayton 2017 trial was conducted on a Norfolk loamy sand (fine-loamy, 

kaolinitic, thermic Typic Kandiudults), the Kinston trial was conducted on a Johns sandy 

loam (fine-loamy over sandy or sandy-skeletal, siliceous, semiactive, thermic Aquic 

Hapludults),the Rocky Mount trial was conducted on a Goldsboro fine sandy loam (fine-

loamy, siliceous, subactive, thermic Aquic Paleudults), and the Salisbury trial was conducted 

on a Lloyd clay loam (fine, kaolinitic, thermic Rhodic Kanhanpludults). Soil residual N at 

each site was not measured, however based on previous management history and knowledge 

of each soil type the environments were classified into categories of ‘low’ and ‘high’ residual 

N. Clayton, Kinston, and Rocky Mount environments were categorized as ‘low residual N’ 

sites; these sites are deep sands with low soil organic matter that have been managed with 
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synthetic N for decades and any residual N following the previous crop likely leached out 

prior to trial initiation. The Beltsville and Salisbury environments will be categorized as 

‘high residual N’ sites. The Beltsville sites have a long-term history of manure and legume 

use. The Salisbury environment was on a clay soil following corn produced during a dry 

summer; some N fertility applied to the corn crop was likely available for the cover crop 

mixtures in the fall.  

Treatment description 

 

Five winter pea genotypes, one crimson clover genotype, and one hairy vetch 

genotype were screened in mixture with barley, oats, and wheat. The winter pea genotypes 

included four released cultivars: cv. ‘CAH-11’, ‘Common’, ‘Romack’, and ‘Nature’s Choice’ 

(‘NC’: current winter pea readily available in North Carolina). One advanced winter pea 

ARS breeding line ‘PS0017018W’ was also screened. These pea genotypes were visually 

selected from a biomass screening of nineteen pea genotypes in Maryland and North 

Carolina for biomass production. The crimson clover cultivar was cv. ‘AU Robin’ and the 

hairy vetch cultivar was cv. ‘Purple Bounty’. The barley cultivar was cv. ‘Thoroughbred’, the 

oat cultivar was cv. ‘Gerard 224’, and the wheat cultivar was cv. ‘NC Yadkin’. 

Characteristics of each legume genotype can be found in Table 1. Legume genotype quality 

was determined in a companion study where each legume genotype was screened in 

monoculture. Winter peas were drilled at 296,400 seeds ha
-1

 and crimson clover and hairy 

vetch were drilled at 14.9 kg ha
-1

. Legume seeding rates were selected based on average 

cover crop seeding rate recommendations for production in mixture (Reberg-Horton, 

personal communication). Pea size can vary considerably between genotypes (Miller et al., 

2005), therefore pea genotypes were seeded using populations as opposed to weight. Small 
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grains were seeded at 926,250 seeds ha
-1

, rather than by weight, to maintain consistency 

between species. Small grain seeding rates were conservative with the objective of 

minimizing competition with the legumes in mixture. Crops were planted using a cone 

planter (Hege 1000 series, Wintersteiger Inc., Salt Lake City, UT) with row spacing at 17 cm 

(Table 2). Plot size was 1.5 by 2.4 m.  

Data collection  

 

Legume cold tolerance was assessed visually on a 0-5 scale with 0 corresponding to 

complete death from cold and 5 corresponding to no visual cold injury. Legume disease was 

assessed visually on a 0 to 100% scale, with 0% corresponding to no disease and 100% 

corresponding to death from disease. Diseases were not rated individually, the genotypes 

were scored for overall disease pressure from a multitude of diseases that would restrict 

biomass production. The most prevalent diseases across these environments included 

Ascochyta leaf blight (Ascochyta rabiei), powdery mildew (Erysiphe sp./spp.), and diseases 

from the Sclerotinia complex; other diseases were likely present. Aphids were actively 

present on winter pea genotypes and were not controlled; aphids are vectors of viral 

pathogens affecting peas (McPhee, 2003). At the Clayton and Kinston 2016 environments 

competition in mixture was visually estimated on a 0 to 100 % scale, with 0% corresponding 

to total mixture dominance by the species not being evaluated and 100% corresponding to 

total mixture dominance by the species being evaluated. These visual estimates were 

obtained in January, March, and May. Across all environments, mixtures were harvested as 

each small grain species reached soft dough stage (Table 2). Soft dough stage is a commonly 

targeted cover crop termination stage in small grains. Mixture biomass was harvested using a 
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0.5-m
2
 quadrat. Individual species in the mixture were separated in the field and dried at 

65ºC for 3 to 5 days to obtain dry weight.  

Statistical analysis 
 

 This experiment was conducted in a randomized complete block experimental design 

with three to four replications per environment. Statistical analyses were conducted using 

Proc Mixed in SAS 9.3 (SAS Institute Inc., Cary, NC). All data met model assumptions. 

Legume and small grain species were a fixed factor and replication and environment were 

random factors. Legume cold tolerance and disease were analyzed by individual 

environment. At the Clayton 2017 environment, crimson clover survived poorly due to an 

extreme rainfall event following planting and this legume genotype was omitted from 

analyses in this environment. Analyses were pooled by region (Coastal Plain, Maryland, 

Piedmont) after examination of individual environments indicated this was an appropriate 

method of data presentation. Several interactions by environment within each region were 

significant but were small effects compared to the genotype main effect. Treatment means 

are reported using least square means for legume cold tolerance, legume disease incidence, 

competition in mixture, and biomass production at each environment. Treatment means were 

separated using Fisher’s Protected LSD at P≤0.05. 
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RESULTS AND DISCUSSION 

 

Legume cold tolerance: Legume cold tolerance was generally affected by legume genotype 

(Table 3). At some environments small grain species also affected legume cold tolerance, but 

legume genotype and small grain species did not interact to affect legume cold tolerance 

(data not shown). Legume genotype response to cold varied by environment. At the Clayton 

2016 and Kinston 2016 environments crimson clover experienced the highest cold injury in 

January; crimson clover recovered from this injury by March (Table 3). Romack was the pea 

genotype which typically expressed the highest cold injury in January (Table 3). By March 

all legume genotypes exhibited no signs of cold injury at the Clayton 2016, Clayton 2017, 

Rocky Mount 2017, and Salisbury 2017 environments, indicating that these legume 

genotypes are capable of recovering from early season cold injury. At the Maryland 

environments and at the Kinston 2016 environment, legume genotype affected legume cold 

tolerance in March (Table 3). CAH-11, Romack, and PS0017018W exhibited more cold 

injury than crimson clover and hairy vetch at the Kinston 2016 environment, although cold 

injury was not severe within these pea genotypes at this environment (Table 3). At the 

northernmost sites in Maryland, there were large differences between legume genotypes in 

cold tolerance (Table 3). In general, crimson clover and hairy vetch were less susceptible to 

cold injury than the pea genotypes (Table 3). Romack had the poorest cold tolerance at the 

Maryland environments; this is similar to what was observed in North Carolina in January. 

Compared to other pea cultivars, reductions in cold tolerance with Romack have been 

previously documented (Auld et al., 1983).   

Small grain affected legume cold tolerance at the Beltsville North 2016, Beltsville 

South 2016, and Clayton 2017 environments (P=0.008, P<0.001, P=0.03). Cold tolerance 
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declined when legumes were produced in mixture with oats at the Maryland environments 

(data not shown). Oat growth was inhibited by cold injury at the Maryland environments; it is 

possible that the protection of a well growing small grain (ie barley and wheat in Maryland) 

aided in legume cold tolerance at these environments. At the Clayton 2017 environment, cold 

injury was minimized when legumes were produced in mixture with oats which grew 

robustly in North Carolina (data not shown). Cereal rye has been shown to improve hairy 

vetch winter survival in Northern environments (Hayden et al., 2015); at the Maryland 

environments wheat and barley were the stronger small grains whereas in the Coastal Plain 

environments oats tended to be more competitive early in the season (Figure 1). Robust small 

grain growth over the winter may aid in legume cold tolerance.   

Legume disease: There were not visual differences between the small grain species for 

disease incidence, and therefore disease incidence in the small grains was not evaluated.  

Both legume genotype and small grain species affected disease in the legume genotypes at 

the Clayton 2016, Clayton 2017, Kinston 2016, Rocky Mount 2017, and Salisbury 2017 

environments (Table 4).  Legume genotype and small grain species only interacted to affect 

legume disease at the Rocky Mount 2017 environment (data not shown). The crimson clover 

and hairy vetch genotypes used in this study had superior disease resistance (Table 4). 

Among the winter pea genotypes, Romack generally had the highest disease incidence (Table 

4), however all pea genotypes had some injury from disease. Improving disease resistance is 

an important consideration for winter pea use as a cover crop in the Southeast region. 

Legumes in mixture with barley typically expressed lower disease injury then legumes in 

mixture with wheat and oats (Table 4). A reduction in pea, faba bean, and lupin disease when 

intercropped with barley has been observed previously (Hauggaard-Nielsen et al., 2007). It is 
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unclear why growth with barley reduced legume disease incidence more than growth with the 

other small grain species.   

Competition in mixture: Legume and small grain competition in mixture was generally 

affected by both legume genotype and small grain species at the Clayton and Kinston 2016 

environments (Table 5). In January, the small grain cover constituted a higher percentage of 

the mixture whereas in May the legume cover dominated the mixture (Figures 1 and 2). At 

both environments in January, oats and barley were more competitive with the legume 

genotypes than wheat (Figure 1). Oats continued to be more competitive with the legumes at 

the Kinston environment in March and May, whereas at the Clayton environment all small 

grains were similarly competitive in March and May (Figure 1). While both environments 

were low is soil organic matter and residual N from previous management, the Clayton 

environment likely had less residual N than the Kinston environment which can explain the 

more competitive success of small grains in mixture with the legumes in Kinston. Early in 

the spring, legume genotypes were similarly competitive with the small grains, however by 

May hairy vetch and crimson clover cover tended to dominate the mixture (Figure 2). Pea 

cover dominated the mixture at the Clayton environment, however pea dominance of the 

mixture in May was less pronounced at the Kinston environment (Figure 2).  Coverage 

estimates were not obtained at the Clayton and Rocky Mount 2017 environments, however 

mixture coverage was similar across all Coastal Plain environments (observational, data not 

collected). At the Salisbury 2017 environment, the small grain cover dominated all mixtures 

throughout the season except the mixture with hairy vetch where late in the season vetch 

cover dominated the mixture (observational, data not collected).  
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Biomass production: Coastal Plain: Legume biomass production in mixture was not 

affected by legume genotype or small grain species; legume biomass and small grain species 

interacted to affect legume biomass (Table 6). Averaged over small grain species, legume 

biomass production was between 3,500 and 4,500 kg ha
-1

. The lack of legume genotype 

effect on legume biomass production indicates that in some environments, winter pea can 

produce as much biomass in mixture with small grains as crimson clover and hairy vetch. 

Winter pea and hairy vetch biomass production was similar across all small grain species, 

however crimson clover biomass production was affected by small grain species. When 

mixed with barley and wheat, crimson clover was one of the highest biomass producing 

legume genotypes (4,665-4,675 kg ha
-1

), however in mixture with oats crimson clover 

biomass production declined (2,620 kg ha
-1

). Early season competition from the oats likely 

restricted clover production in mixture with this species.  

Small grain biomass was affected by both legume genotype and small grain species 

(Table 6). Small grain biomass was reduced when grown with hairy vetch (420 kg ha
-1

) 

compared to growth with the other legume genotypes (1,060-1,330 kg ha
-1

). Hairy vetch 

dominated the cover crop mixture regardless of which small grain it was grown with (Figure 

3); this was more pronounced for hairy vetch grown in mixture with wheat, which was less 

competitive early in the season than the other small grain species in the Coastal Plain 

environments (Figure 1). On sites with low residual N, hairy vetch produces more biomass in 

mixture with cereal rye than on higher fertility sites (Ranells and Wagger, 1997; Vann et al., 

2017).  Complete mixture dominance by hairy vetch is an important consideration for 

producers targeting a homogeneous cover crop mixture used for both fertility provision and 

weed suppression. Other legumes screened in this study produced similar legume biomass as 
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hairy vetch, but did not drastically outcompete the small grain and are likely more 

appropriate selections for mixing with small grains than hairy vetch. When combined over 

legume genotype, oats produced more biomass than barley or wheat at 2,080, 855, and 410 

kg ha
-1

, respectively.  

Legume genotype and small grain species interacted to affect to total biomass in the 

Coastal Plain (Table 6). Oat mixed with the legume genotypes typically provided a more 

homogenous mixture than barley or wheat; the crimson clover and oat mixture provided the 

most homogenized mixture (Figure 3). The oat and legume mixture trended towards 

providing the greatest overall mixture biomass (Figure 3). While oat mixed with the legume 

genotypes at this environment generally provided a more homogenous mixture, the legume 

still dominated total cover crop biomass across all mixtures (Figure 3). For a producer 

interested in gaining the benefits of both weed suppression and fertility provision from a 

cover crop, mixing a small grain with winter pea or crimson clover would provide a more 

homogenized mixture than mixing with hairy vetch when similar mixture proportions are 

planted as were used in this study. For those producers more interested in fertility provision 

to the following cash crop, mixing pea or crimson clover with wheat and barley would 

produce substantial N from legume dominance in mixture while still allowing for some small 

grain biomass production which may raise the C:N ratio enough to slow residue 

decomposition and N release. Small grain biomass production in mixture with hairy vetch 

was so minimal that investing the time and effort to seed both species may not be beneficial 

in the Coastal Plain when using similar seeding rates as were used in this study.  

Maryland: Legume genotype but not small grain species affected legume biomass production 

at the Maryland environments (Table 6). Hairy vetch and crimson clover produced more 
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legume biomass than the pea genotypes at 2,545, 2,680, and 170-580 kg ha
-1

, respectively. 

All pea genotypes produced similar levels of biomass at these environments despite 

differences in cold injury (Table 3). Reduced cold tolerance in the winter pea genotypes 

limited their biomass production. Both hairy vetch and crimson clover have more robust cold 

tolerance for cover crop production in this region than winter pea (Dabney et al., 2001).  

Legume genotype also affected small grain biomass (Table 6); small grain biomass 

was reduced when grown in mixture with crimson clover and hairy vetch (Figure 4). This can 

be attributed to more competition from crimson clover or hairy vetch in mixture with small 

grains compared to winter pea which produced very little biomass. It should be noted that 

regardless of what legume species was produced in mixture with the small grain, small grain 

biomass production was high (>4,000 kg ha
-1

). This is impressive biomass production 

considering the small grain was seeded at approximately 35 kg ha
-1

 and no N fertility was 

applied. This demonstrates the capacity of small grains to salvage soil residual N. This 

impressive biomass production may also be attributed to increased tillering of the small grain 

when planted at low seeding rates (Ryan et al., 2011). Oat growth was compromised by cold 

damage early in the season at the Maryland environments (data not shown), however oats 

eventually recovered from this cold injury and produced similar biomass as barley and wheat. 

At the North Carolina environments where oats survived the winter well, oats produced the 

most biomass (Figure 3).  

Total mixture biomass was affected by legume genotype at this environment (Table 

6). Total biomass was greatest where crimson clover was produced in mixture with the small 

grains (Figure 4). While hairy vetch biomass production in mixture was similar to crimson 

clover biomass production at these environments, small grain biomass was reduced by 
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growth in mixture with hairy vetch (Figure 4). This was similarly observed in the Coastal 

Plain environments (Figure 3). Unlike the Coastal Plain where the legume tended to 

constitute greater than half of total cover crop biomass (Figure 3), the small grain dominated 

total mixture biomass in Maryland across legume genotypes (Figure 4). Previous research 

has documented that cereal rye could outcompete a legume in mixture at a site with high soil 

residual N, even when the cereal rye was seeded as only 10% of the mixture (Brennan et al., 

2009; Brennan et al., 2011). While crimson clover and hairy vetch did produce more of total 

mixture biomass than the winter pea genotypes in the Maryland environments, their biomass 

production still contributed to a small portion of overall mixture biomass (Figure 4). If a 

producer was hoping to provide substantial N to the following crop cash from this cover crop 

mixture, seeding rate adjustments would be necessary. Previous hairy vetch and cereal rye 

seeding rate research indicates that maximum total N content is achieved when hairy vetch 

exceeds 50% of cover crop biomass proportions (Poffenbarger et al., 2015a). Hairy vetch and 

crimson clover generally had greater cold tolerance than the pea genotypes at the Maryland 

environments, and would be a more reliable choice for cover crop production in mixture with 

a small grain.  

Piedmont: At the Piedmont environment, wheat growth was severely inhibited by Hessian fly 

damage in the fall and therefore wheat was omitted from the analysis. Cover crop wheat is 

often planted earlier than wheat for grain in this region; if producers are going to plant their 

small grain in mixture with a legume before the Hessian fly free date they should exercise 

caution using wheat for risk of Hessian fly damage. Legume biomass, small grain biomass, 

and total biomass were affected by legume genotype but not small grain species at this 

environment (Table 6). Legume biomass was highest with crimson clover, hairy vetch, and 
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the pea genotype Romack at 3,940, 5,200, and 4,720 kg ha
-1

, respectively. Legume biomass 

production was lowest with the pea genotype currently available in this region (1,790 kg ha
-

1
). Small grain biomass was severely reduced by growth in mixture with hairy vetch (Figure 

5), as similarly observed in the Coastal Plain and Maryland; this again illustrates that while 

hairy vetch is a high biomass producing legume, other legume species can often produce 

comparable biomass and are more suitable for growth in mixture with a small grain for a 

homogeneous cover crop mixture at the tested seeding rates.  

Small grain biomass production was similar between oats and barley at this 

environment (3,780-4,395 kg ha
-1

). Small grain biomass was high in mixture with the pea 

genotype ‘NC’ (Figure 5), which produced the least pea biomass of all pea genotypes at this 

environment. Small grain biomass was intermediate in mixture with the other pea genotypes 

(Figure 5). As observed in the other environments, hairy vetch greatly reduced small grain 

biomass production (Figure 5, 940 kg ha
-1

). 

Total biomass production for all mixtures exceeded 6,000 kg ha
-1 

at this environment 

(Figure 5). Total biomass production was highest with the crimson clover and small grain 

mixtures (Figure 5); this was generally observed at the other environments and further 

validates that at the seeding rates used in this study crimson clover preforms well for 

producing a homogenized mixture. It is again worth noting the impressive small grain 

biomass production in mixture with crimson clover and the pea genotypes CAH-11 and NC 

(4,720-7,390 kg ha
-1

), as the small grain was seeded at a low cover crop seeding rate. At this 

environment, small grains in mixture with the pea genotypes CAH-11, Common, 

PS0017018W, NC, and Romack and with crimson clover provided more homogenized 

biomass production from the legume and small grain than was observed at other 
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environments; the contributions of legume and small grains in these mixtures may be ideal 

for simultaneously achieving N fertility provision and weed suppression in the subsequent 

crop.  

Results from this experiment demonstrate that in environments where winter pea can 

survive the winter without severe cold damage, some pea genotypes are capable of producing 

similar biomass in mixture with small grains as crimson clover and hairy vetch. These results 

also indicate that oats may be more appropriate than wheat or barley in mixture with crimson 

clover and winter pea because oat competitiveness early in the season allowed for a more 

homogenized mixture of the legume and small grain at cover crop termination. Across 

environments, hairy vetch produced substantial legume biomass however was too 

competitive in mixture with the small grains; this was more pronounced on sites with low 

residual N and resulted in very little small grain biomass contributions. For this reason at the 

seeding rates evaluated in this study, crimson clover and winter pea are more appropriate for 

growth in mixture with a small grain than hairy vetch. At our Coastal Plain sites, legumes 

dominated the cover crop mixture whereas at the Maryland and Piedmont sites, the small 

grain generally dominated the cover crop mixture; this underlines the importance of site 

specific cover crop seeding recommendations in mixture and aligns with previous cover crop 

mixture research documenting a heavy influence of environment on species performance in 

mixture (Brennan et al., 2011; Clark et al., 2007; Poffenbarger et al., 2015a; Vann et al., 

2017). At the Maryland sites, crimson clover and hairy vetch are currently more reliable for 

production in mixture with small grains for cover crop use. Regional cover crop breeding 

efforts are currently underway to improve the cold tolerance of winter pea germplasm for 

production in Maryland (Mirsky, personal communication). In North Carolina, several winter 
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pea genotypes can produce similar biomass as crimson clover and hairy vetch; winter pea is a 

viable alternative to these two legume species for cove crop production with small grains in 

this region.  
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Table 1. Characteristics for each legume genotype.   

Legume genotype  Flower timing Nitrogen Lignin Cellulose‡ 

  ---------------------------- % ---------------------------- 

CAH-11 Medium 2.5 9.5 47.8 

Common Early 2.5 9.5 47.5 

Crimson Clover Early 2.0 10.1 46.7 

Hairy Vetch Medium 2.7 10.6 44.9 

NCAWP Late 2.6 9.2 46.7 

PS0017018W Early 2.5 9.0 46.8 

Romack Early 2.4 9.2 49.1 

†Nitrogen, lignin, and cellulose concentrations were estimated using a companion data set where these legume genotypes were 

screened in monoculture.  

‡Cellulose is a combination of cellulose and hemicellulose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



88 

 

Table 2. Dates for planting and biomass harvest.  

 Management Event 

  Mixture Harvest
†
 

Environment Planting Barley Oats Wheat 

Beltsville North 2016 16 Sept. 26 May 8 June 9 June 

Beltsville South 2016 16 Sept.  26 May 8 June 9 June 

Clayton 2016 16 Oct. 9 May 16 May 19 May 

Kinston 2016 15 Oct. 6 May 16 May 19 May 

Beltsville South 2017 14 Sept.  10 May 19 May 31 May 

Clayton 2017 29 Oct. 3 May 17 May 17 May 

Rocky Mount 2017 3 Oct. 3 May 17 May 17 May 

Salisbury 2017 23 Oct. 9 May 22 May 22 May 

† Each mixture was harvested as the small grain reached soft dough stage.  
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Table 3. Cold tolerance by legume genotype presented at individual environments.  

 Environment 

 January Ratings March Ratings 
 

Legume Genotype 

Clayton 

2016 

Clayton 

2017 

Kinston 

2016 

Rocky 

Mount 2017 

Belts. N 

2016 

Belts. S 

2016 

Belts. S 

2017 

Clayton 

2016 

Kinston 

2016 

Salisbury 

2017 

CAH-11 5.0 a 4.8 a 4.8 b 4.5 b 3.2 bc 2.3 a 2.4 bc 4.9 a 3.7 b 5.0 a 

Common 4.9 a 4.7 ab 4.8 b 4.5 b 2.8 c 1.4 bc 3.7 b 4.8 a 4.2 ab 5.0 a 

Crim. Clover 4.2 d - 4.5 c 5.0 a 4.1 a 1.6 b 4.6 a 5.0 a 5.0 a 5.0 a 

Hairy Vetch 4.7 bc 4.4 b 5.0 a 4.9 a 3.9 b 1.9 ab 4.3 a 5.0 a 5.0 a 5.0 a 

NCAWP 4.8 ab 4.9 a 5.0 a 4.8 ab 3.2 bc 2.3 a 2.3 bc 4.7 a 4.2 ab 5.0 a 

PS0017018W 5.0 a 4.8 a 4.9 ab 4.8 ab 2.9 bc 1.7 ab 2.6 b 4.8 a 3.7 b 4.9 a 

Romack 4.6 c 4.6 ab 4.8 b 3.9 c 1.3 d 0.9 c 2.0 c 4.8 a 3.9 b 5.0 a 

P-value <0.001 0.02 <0.001 <0.001 <0.001 0.001 <0.001 NS 0.04 NS 

†
 
Abbreviations: NS, nonsignificant at the 0.1 level.   

‡ January ratings were not obtained at the Beltsville environments. There was no visual cold injury at the Salisbury 2017 

environment in January and cold tolerance ratings were not obtained.  

§March ratings were not obtained at the Clayton and Rocky Mount 2017 environments because there was no visual cold injury.   

¶ Means are compared within each environment and means followed by the same letter are not significantly different at P≤0.05 

based on Fisher’s Protected LSD.  

# Data not presented (-) because the legume genotype did not survive at that environment.  
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Table 4. Legume disease at harvest as affected by legume genotype and small grain species at individual environments.  

  Environment 

Mixture Component Genotype/Species  Clayton 2016 Clayton 2017 Kinston 2016 Rocky Mount 2017 Salisbury 2017 

  ------------------------------------------------------ % ------------------------------------------------------ 

Legume  CAH-11 27 a 37 ab 18 bc 24 c 56 a 

 Common 37 a 41 ab 37 b 30 bc 56 a 

 Crim. Clover 0 b - 0 c 0 d 0 b 

 Hairy Vetch 0 b 0 c 0 c 0 d 0 b 

 NCAWP 31 a 34 b 37 b 25 c 61 a 

 PS0017018W 35 a 43 ab 27 b 39 ab 44 a 

 Romack 26 a 50 a 82 a 48 a 57 a 

P-value  <0.001 <0.001 <0.001 <0.001 <0.001 

Small Grain Barley 14 b 22 c 16 b 6 b 30 b 

 Oats 27 a 46 a 26 b 34 a 48 a 

 Wheat 27 a 34 b 45 a 31 a - 

P-value  0.02 <0.001 0.003 <0.001 0.001 

† Disease ratings were not obtained at the Maryland environments.  

‡ Means are compared within the legume genotypes and within the small grains species at each environment. 

§ Means followed by the same letter are not significantly different at P≤0.05 based on Fisher’s Protected LSD. 

¶ Data not (-) presented because the legume genotype did not survive at that environment. 
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Table 5. The ANOVA results for the effects of legume genotype (LG), small grain (SG), and their interaction on species cover in 

January, March, and May at the Clayton and Kinston 2016 environments.  

   Environment 

Timing Dependent Variable Source Clayton 2016 Kinston 2016 

January  Legume cover LG 0.02 0.002 

  SG 0.001 <0.001 

  LG*SG NS NS 

  Small grain cover LG 0.01 0.001 

  SG 0.006 <0.001 

  LG*SG NS NS 

March Legume cover LG 0.02 0.04 

  SG NS 0.02 

  LG*SG NS NS 

 Small grain cover LG 0.04 0.04 

  SG NS 0.02 

  LG*SG NS NS 

May Legume cover LG <0.001 0.001 

  SG NS NS 

  LG*SG 0.002 NS 

 Small grain cover  LG <0.001 0.001 

  SG NS NS 

  LG*SG 0.002 NS 

†
 
Abbreviations: LG, legume genotype; SG, small grain; E, Environment; NS, nonsignificant at the 0.1 level.   
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Table 6. The ANOVA results for the effects of legume genotype (LG), small grain (SG), environment (E) and the relevant 

interactions on legume biomass, small grain biomass, and total mixture biomass for combined analysis and by individual 

environments.  

  Environments 

Dependent Variable  Source Coastal Plain Maryland Piedmont 

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

Legume Biomass  LG NS 0.001 0.08 

 SG NS NS NS 

 E 0.005 NS - 

 LG*SG 0.06 NS NS 

 LG*E 0.001 0.001 - 

 SG*E NS NS - 

 LG*SG*E NS NS - 

Small Grain Biomass LG 0.01 0.003 0.001 

 SG 0.02 NS NS 

 E NS NS - 

 LG*SG NS 0.04 NS 

 LG*E 0.06 0.04 - 

 SG*E <0.001 <0.001 - 

 LG*SG*E 0.001 NS - 

Total Mixture Biomass LG NS 0.03 0.005 

 SG 0.08 NS NS 

 E NS NS - 

 LG*SG 0.07 NS NS 

 LG*E 0.005 NS - 

 SG*E 0.001 <0.001 - 

 LG*SG*E NS NS - 
† Abbreviations: LG, legume genotype; SG, small grain; E, Environment; NS, nonsignificant at the 0.1 level.   

‡ The four Coastal Plain environments include: Clayton 2016, Clayton 2017, Kinston 2016, and Rocky Mount 2017.  

§ The three Maryland environments include: Beltsville North 2016, Beltsville South 2016, and Beltsville South 2017.  
¶ The Piedmont environment is Salisbury 2017.  

# Data not presented (--) because source pertains only to a combined analysis. 
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Figure 1. Legume and small grain biomass estimates obtained visually in January, March, and May at the Clayton and Kinston 

2016 environments averaged over legume genotype. Means are compared between small grain species and are significantly 

different at P≤0.05 based on Fisher’s Protected LSD. 
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Figure 2. Legume and small grain biomass estimates obtained visually in January, March, and May at the Clayton and Kinston 

2016 environments averaged over small grain species. Means are compared between legume genotypes and are significantly 

different at P≤0.05 based on Fisher’s Protected LSD. 
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Figure 3. Total mixture cover crop biomass as affected by legume genotype and small grain in a combined analysis of the Coastal 

Plain environments (Clayton 2016, Clayton 2017, Kinston 2016, Rocky Mount 2017). Means are compared across all mixtures and 

means followed by the same letter are not significantly different at P≤0.05 based on Fisher’s Protected LSD. 
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Figure 4. Total mixture cover crop biomass averaged over small grain species as affected by legume genotype and legume biomass 

averaged over small grain species as affected by legume genotype in a combined analysis of the Maryland environments 

(Beltsville North 2016, Beltsville South 2016, and Beltsville South 2017). Means are compared across all mixtures and means 

followed by the same letter are not significantly different at P≤0.05 based on Fisher’s Protected LSD. 
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Figure 5. Total mixture cover crop biomass averaged over small grain species as affected by legume genotype and legume biomass 

averaged over small grain species as affected by legume genotype at the Piedmont environment (Salisbury 2017). Means are 

compared across all mixtures and means followed by the same letter are not significantly different at P≤0.05 based on Fisher’s 

Protected LSD. 
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ABSTRACT 

Cover crop residue management can affect performance of the subsequent crop. This 

experiment was conducted in five environments in North Carolina from 2014 to 2016 to 

determine the effect of a cereal rye (Secale cereale) / crimson clover (Trifolium incarnatum) 

mulch on cotton (Gossypium hirsutum L.) emergence, soil temperature, soil moisture, weed 

suppression, and cotton yield under a conventional and organic weed control context. The 

cereal rye and crimson clover mixture was planted in mid-October and terminated 1 week 

prior to cotton planting using a roller-crimper or herbicide application. Cover crop residue 

management included: fertilized, rolled cover crop with row cleaners engaged at planting 

(Roll+F+RC),  rolled cover crop with row cleaners engaged at planting (Roll+RC), rolled 

cover crop (Roll), standing cover crop with row cleaners engaged at planting (Stand+RC), 

and no cover crop (BARE). Weed treatments included with and without herbicides. Cover 

crop dry biomass ranged from 3,820 to 6,610 kg ha
-1

 across environments. Fertilizing the 

cover crop enhanced cover crop dry biomass production by 250 to1,860 kg ha
-1

. Cotton 

emergence declined when cotton was planted directly into standing cover crop and without 

row cleaners engaged. Soil temperature was reduced and soil moisture was increased by the 

presence of a cover crop. Cover crop residue management did not affect late-season weed 

biomass at four of the five environments. Cover crop residue management did not affect 

cotton lint yield when herbicides were used, indicating that conventional producers have 

flexibility in terminating cover crops and residue management at cotton planting.  

Abbreviations: Roll, rolled cover crop; F, fertilized; RC, row cleaner; Stand, standing cover 

crop; BARE, no cover crop; H, herbicide use; WAP, weeks after planting.  
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INTRODUCTION 

Cover crops offer an array of short-term benefits to the subsequent cash crop. These 

include nitrogen provision (Clark et al., 1997; Spargo et al., 2016), disease and insect 

suppression (Olson et al., 2006; Snapp et al., 2005), soil moisture conservation (Mirsky et al., 

2013; Wells et al., 2014) and weed suppression (Price et al., 2012; Riar et al., 2013; Teasdale 

and Mohler, 2000). The key to achieving season-long weed control from a cover crop is high 

cover crop biomass production (Mirsky et al., 2013; Teasdale and Mohler, 2000).  

Cereal rye is a popular cover crop choice for a mulch to suppress weeds because it is 

capable of producing a high quantity of biomass (Reberg-Horton et al., 2012; Smith et al., 

2011). Several management strategies that enhance cereal rye biomass production and 

subsequently weed suppression in the following crop include early cover crop establishment 

(Mirsky et al., 2011; Saini et al., 2006), high seeding rates (Mirsky et al., 2013; Reberg-

Horton et al., 2012), and fertilizing the cover crop in early spring which can enhance biomass 

production through promotion of growth and tillering (Smith et al., 2011). While a good 

choice for weed suppression in the following crop, cereal rye allowed to grow past the boot 

stage has limited value for releasing N to the subsequent crop due to a high C:N ratio 

(Ranells and Wagger, 1996). An important component of fertility management for an organic 

producer is N release from a cover crop to the subsequent crop, and therefore adding a 

legume cover crop, such as crimson clover, into a mixture with cereal rye can help maximize 

the benefits of both weed suppression and fertility provision for an organic producer 

(Reberg-Horton et al., 2012; Vann et al., 2017).  

Cover crop mulches, combined with herbicides, have been identified as one effective 

way to manage glyphosate-resistant Palmer amaranth (Amaranthus palmeri) in conventional 
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cotton production (Culpepper et al., 2010; Norsworthy et al., 2011; Wiggins et al., 2016). 

Some conventional producers will  remove the cover crop residue from the crop row to 

promote good seed-to-soil contact by spraying out cover-crop free strips (Culpepper, 

personal communication) or moving the residue with their planter (Kornecki et al., 2012). 

This system can work for conventional producers who have effective herbicides that can be 

used to control in-row weeds once the residue is removed from the crop row, but this residue 

management tactic could be problematic for organic producers who cannot affordably control 

emerged weeds in the crop row. Leaving the cover crop in the cotton row may be desirable 

for in-row weed suppression, but can lead to undesirable consequences if a clean slice in the 

residue is not possible and the residue is ‘hair-pinned’ into the seed furrow preventing good 

seed-to-soil contact (Kornecki et al., 2012).  

 Challenges for organic cotton production are abundant (Swezey et al., 2006). 

Consistent weed control is often identified as the greatest challenge for organic producers 

(Mirsky et al., 2012). Despite interest in conservation tillage by organic producers, they 

remain heavily dependent on cultivation for weed control (Smith et al., 2011), and this can 

result in inadequate weed control when adverse weather prevents timely cultivation. There is 

a demand for locally-produced organic cotton, but the growers who have attempted organic 

cotton production in North Carolina have failed largely due to weed control challenges 

associated with adverse weather preventing timely cultivation and due to difficulty 

controlling in-row weeds (Reberg-Horton, personal communication). Cover crops have been 

used successfully in other organic row crops for weed control (Mirsky et al., 2013; Reberg-

Horton et al., 2012; Vann et al., 2017), and using cover crop mulches for weed suppression 
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may offer organic producers an effective weed management strategy in organic cotton 

production to help alleviate dependency on cultivation.  

Cover crops can be terminated both chemically and mechanically. The roller-crimper 

is a tool that can be used to mechanically terminate cover crops by rolling and 

simultaneously crimping the cover crop stem, thereby promoting cover crop desiccation 

(Ashford and Reeves, 2003; Kornecki and Price, 2010). Many conventional growers do not 

have a roller-crimper and therefore may be more likely to terminate their cover crop with a 

herbicide and then plant their cash crop directly into standing cover crop.   

The objective of this experiment was to determine the effects of cover crop residue 

management at termination and during cotton planting and the subsequent effects on cotton 

emergence, soil temperature, soil moisture, weed suppression, and cotton yield under a 

conventional and organic weed control context.  
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MATERIALS AND METHODS 

Experiment sites and management 

Experiments were conducted from 2014 to 2016 at three research stations in North 

Carolina. These research stations included the Central Crops Research Station in Clayton, 

NC (2016), the Peanut Belt Research Station in Lewiston, NC (2015 and 2016), and the 

Upper Coastal Plain Research Station in Rocky Mount, NC (two sites in 2016). The 

combination of year and location constituted an environment, for a total of five 

environments. The Clayton trial was conducted on a Goldsboro sandy loam (fine-loamy, 

siliceous, subactive, thermic Aquic Paleudults) and the cropping history at this environment 

was continuous cotton. The Lewiston trial was conducted on a Norfolk sandy loam (fine-

loamy, kaolinitic, thermic Typic Kandiudults) in 2015 and a Goldsboro sandy loam in 2016. 

The cropping history at the Lewiston environments is a peanut (Arachis hypogaea)-cotton-

corn (Zea mays L.) rotation. The Rocky Mount environment A was a Rains fine sandy loam 

(fine-loamy, siliceous, semiactive, thermic Typic Paleaquults) and environment B was a 

Norfolk loamy sand. The cropping history at the Rocky Mount environments is a peanut-

cotton-corn rotation.  

Cover crop management 

 A cereal rye (cv. Wrens Abruzzi) and crimson clover (cv. AU Robin) cover crop 

mixture was drilled in mid-October (Table 1). Cereal rye and crimson clover were 

homogenized prior to planting and drilled into a clean-tilled seedbed using a John Deere 

8200 grain drill (Moline, IL), Great Plains model no. 227582 DDR4 grain drill (Assaria, 

Kansas), and John Deere 450 grain drill at the Clayton, Lewiston, and Rocky Mount 

environments, respectively. Seeding rates for cereal rye and crimson clover were 135 and 11 
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kg ha
-1

, respectively. Cover crop termination was targeted when cereal rye approached soft 

dough; Zadoks growth stage (GS) 65 (Zadoks et al., 1974). Cover crops were terminated 

approximately 1 week prior to cotton planting using a roller-crimper (I & J Manufacturing, 

Gap, PA) or paraquat application (1.12 kg a.i. ha
-1

) (Table 1). Cover crop that remained 

standing at planting and was terminated with paraquat also received one application of 

dicamba diglycolamine salt (280 g ae ha
-1

) in mid-March to aid in crimson clover termination 

without inhibiting cereal rye biomass production.  

Cotton management 

 Cotton was planted in 76 cm rows using a no-till planter (Model 7200 Max Emerge, 

Conservation Tillage, John Deere, Moline, IL) equipped with Yetter shark-tooth row cleaners 

(Yetter Profitable Solutions, Colchester, IL) and custom residue slicers (Pequea Planter LLC, 

Gap, PA) attached to an added front toolbar to aid in planting into heavy residue covers 

(Picture 1, Table 1). Cotton was planted perpendicular to cover crop drilling direction at all 

environments except Clayton 2016 where cotton was planted parallel to cover crop drilling 

direction. Cotton was planted parallel to cover crop rolling direction at all environments. 

Cotton variety ST 4946GLB2 (Bayer Crop Science, Research Triangle Park, NC) was used at 

all environments.  

Treatment description 

 Treatments were arranged in a split-plot design with six replications in all 

environments except Clayton 2016 which had five replications. Main plot factor was cover 

crop residue management and sub-plot factor was with or without herbicides. Plot size was 

3.0 m (four rows) by 12.2 m. Cover crop residue management treatments are described in 

Table 2. Cover crop was fertilized using 34 kg N ha
-1

 urea/ammonium nitrate (UAN) to 
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promote growth and tillering (Table 1). Cover crop residue was removed from the cotton row 

through engaging the row cleaners which removed 15 to 20 cm residue from the cotton row. 

Cover crop residue remained in the cotton row by floating the row cleaners and solely 

engaging the custom residue slicers. The fertilized cover crop and standing cover crop 

treatments were not tested in the Lewiston 2015 environment. Weed treatments consisted of 

with and without herbicides. The no herbicide treatments were included to represent an 

organic weed control context. Herbicide treatments included acetochlor (1,260 g ai ha
-1

) plus 

fluometuron (840 g ai ha
-1

) plus fomesafen (210 g ai ha
-1

) applied PRE and a POST herbicide 

application of glyphosate potassium salt (1,575 g ae ha
-1

) plus glufosinate-ammonium (819 g 

ai ha
-1

) as needed. The PRE herbicides were applied directly following cotton planting and 

POST applications were made when average weed size was 4 to 10 cm.  

Data collection 

Cover crop biomass was collected using a 0.5-m
2
 quadrat from every main plot 

treatment directly following cover crop termination with the roller-crimper and directly prior 

to cover crop termination with paraquat. Cover crop biomass was dried at 65ºC to obtain dry 

weight, and ground to pass a 2-mm sieve in preparation for elemental C and N analysis. 

Ground cover crop biomass was analyzed for C and N using a PerkinElmer 2400 CHN 

elemental analyzer (PerkinElmer, Waltham, MA).  

 Soil temperature was collected in each sub-plot between 8 and 11 AM at 2 and 5 

WAP in 2015 and 2, 3, and 5 WAP in 2016 using a Durac Plus bi-metallic dial soil 

thermometer placed 3 cm deep in the cotton row and allowed to calibrate for 2 minutes prior 

to recording soil temperature. Soil moisture was collected using a FieldScout TDR 300 soil 

moisture meter calibrated to measure soil moisture to a 12-cm depth (Spectrum 
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Technologies, Aurora, IL). Six soil moisture readings were obtained per sub-plot at each 

sampling event from the cotton row at 2 and 5 WAP in 2015 and 2, 3, 5, and 7 WAP in 2016.   

Visual weed coverage ratings were obtained at each environment at 2, 5, and 9 WAP. 

Crimson clover volunteer growth ratings were obtained at each environment at 2, 5, and 9 

WAP. Visual weed coverage and crimson clover volunteer growth ratings were taken on a 

percent basis, with 0% corresponding to no coverage and 100% corresponding to total 

coverage. Primary weed species at each environment can be found in Table 3. Weed biomass 

was collected 15 WAP using a 0.5-m
2
 quadrat randomly centered over rows two and three of 

each sub-plot that did not receive herbicides. All weeds within the quadrat were harvested 

and dried at 65ºC to obtain dry weight. 

Cotton emergence was measured 2, 3, and 5 WAP by counting all cotton plants in 

rows two and three of each sub-plot. Height of 20 cotton plants in rows two and three of each 

sub-plot were measured 10 WAP. Cotton was mechanically harvested (Table 1). It was not 

possible to harvest sub-plots where herbicides were not used at the Clayton 2016, Lewiston 

2016 and Rocky Mount B 2016 environments due to severe weed infestations. A seed cotton 

sample was collected from each harvested plot and was ginned to determine lint percentage.  

Statistical analysis 

Analysis of variance was conducted using PROC MIXED in SAS 9.3 (SAS Institute 

Inc., Cary, NC). Cover crop residue management and herbicide use were considered fixed 

factors and replication and environment were considered random factors. A reduced number 

of treatments were tested at the Lewiston 2015 environment and therefore this environment 

was always analyzed individually. A combined analysis across the remaining four 

environments was attempted, and when the source of interest and the environment interaction 
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were not significant or the environment by treatment effect was minimal compared to the 

treatment effect, a combined analysis occurred. Square root transformations were performed 

on crimson clover volunteer growth to correct for homogeneity of variance violations, and 

back transformed for presentation. All other data met model assumptions. Due to different 

weed communities and dynamics at each environment, weed coverage and weed biomass 

were analyzed by individual environment. Treatment means are reported using least square 

means, and means were separated using Fisher’s Protected LSD at P≤0.05. 
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RESULTS AND DISCUSSION 

Cover crop: Cover crop biomass that was unfertilized ranged from 3,280 to 6,610 kg ha
-1

 

across environments (Table 4).  Previous researchers in North Carolina documented cover 

crop biomass production ranging from 3,120 to 3,340 kg ha
-1 

with a crimson clover and 

cereal rye cover crop on a Norfolk loamy sand, however these researchers used substantially 

lower cereal rye seeding rates and collected cover crop biomass in April (Ranells and 

Wagger, 1997). This may explain the greater biomass produced in our experiment. Fertilizing 

the cover crop with 34 kg N ha
-1

 in late February or early March increased cover crop 

biomass production by 250 to 1,860 kg ha
-1

, depending on environment (Table 4). For cover 

crop mulches to provide optimum weed suppression for organic producers, cover crop 

biomass levels in excess of 8,000 kg ha
-1

 are typically necessary (Mirsky et al., 2013; 

Reberg-Horton et al., 2012). Even when the cover crop was fertilized in this experiment, our 

biomass levels did not reach the level at which we would expect to observe season-long weed 

control. The environments in which this experiment was conducted are inherently low in 

organic matter and have a history of synthetic N use; therefore it is possible that these 

constraints limited maximum cover crop biomass production.  In North Carolina there is a 

wide range of residual N levels encountered on organic farms across the state; some have low 

residual N and avoid excess N for organic tobacco production while others have high residual 

N from previous fertility management. An organic producer who has environments with a 

long-term history of manure and legume use leading to higher residual N availability 

throughout the cover crop growing season may achieve enhanced cover crop biomass 

production compared to what was observed in this experiment.  



109 

 

 An early flowering crimson clover variety was used in this experiment because the 

researchers hypothesized that the crimson clover may fertilize the cereal rye in late spring 

through early leaf senescence; however they did not anticipate that the crimson clover would 

set seed prior to cover crop termination. Preemergence herbicides used in this study did an 

excellent job controlling crimson clover volunteer growth in the summer from crimson clover 

seed produced prior to cover crop termination (Table 5). Crimson clover volunteer growth 

was observed in the absence of herbicide in the Roll+RC, Roll, and Roll+ F+RC cover crop 

residue management treatments (Table 5). By the middle of the cotton production season, 

most crimson clover volunteer growth had died presumably due to heat. Crimson clover may 

compete with cotton early in the season, and this could be a management challenge for 

organic cotton producers that may be avoided through earlier crimson clover termination or 

the use of a later flowering crimson clover variety.   

Cotton emergence: Cotton emergence was affected by cover crop management strategy but 

not herbicide use in the combined analysis at 2, 3, and 5 WAP and at Lewiston 2015 at 3 and 

5 WAP (data not shown). Similar cotton emergence trends existed at 2, 3, and 5 WAP in the 

combined analysis (data not shown). In the combined analysis and at Lewiston 2015, cotton 

emergence was always reduced when the cover crop was rolled and remained in the cotton 

row compared to when the cover crop was removed from the cotton row (Figure 1). Cover 

crop hair-pinning occurs when cover crop residue is lodged into the seed furrow, preventing 

seed-to-soil contact (Kornecki et al., 2006).  Residue conditions at planting influence severity 

of cover crop hair-pinning into the seed furrow when row cleaners are not used; where 

reductions in cotton emergence were observed in this study from floating the row cleaners, 

hair-pinning of wet cover crop residue into the seed furrow is likely responsible. The use of 
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row cleaners has increased soybean and cotton emergence in previous research (Kornecki et 

al., 2009; Mirsky et al., 2013). Stand reductions from hair-pinning of cover crop residue into 

the seed furrow and binding up of cover crop residue on the row cleaners was less severe in 

this experiment compared to previous research using the same planter with a cereal rye and 

hairy vetch cover crop (Vann et al., 2017). Cotton emergence also trended towards declining 

when cotton was planted into standing cover crop in the combined analysis (Figure 1). These 

results are similar to those observed by Kornecki et al. (2012) who noted that cotton stand 

was reduced when cotton was planted into a standing cover crop as opposed to a rolled cover 

crop. Very little cotton emergence was observed in the Lewiston 2015 environment 2 WAP 

in the treatments with a cover crop regardless of whether it remained in the cotton row or was 

removed via the row cleaners (Figure 1). At this environment, there was only 0.69 cm of 

rainfall between cover crop termination and 11 d after cotton planting, and this may have 

limited soil moisture availability where there was a cover crop. Soil moisture limitations with 

a cover crop can be problematic near cash crop planting if soil moisture recharge does not 

occur between cover crop termination and cash crop planting (Balkcom et al., 2015; 

Kornecki et al, 2010; Price et al., 2009). Between 12 to 14 d after planting, the Lewiston 

2015 environment received 2.5 cm of rainfall, and this could have recharged soil moisture 

under the cover crop mulch allowing for the observed increase in cotton emergence between 

2 and 3 WAP when a cover crop was present (Figure 1).  

Soil temperature and soil moisture: In both the combined analysis and at the Lewiston 

2015 environment 2 WAP, cover crop residue management but not herbicide use affected 

soil temperature (Table 6). In the combined analysis, regardless of cover crop residue 

management strategy, soil temperature was typically reduced by the presence of a cover crop 
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(Figure 2). At Lewiston 2015, soil temperature was lower where the cover crop was rolled 

and remained in the cotton row. Reduced soil temperature under a cover crop mulch can be 

problematic for cotton emergence and can intensify seedling diseases (Balkcom et al., 2015; 

Tyler et al., 2000), but can also reduce soil water evaporation which can be beneficial for 

moisture conservation (Daniel et al., 1999). In North Carolina soil temperature often exceeds 

the optimum soil temperature for boll retention and development (32-33˚C) (Lokhande and 

Reddy, 2014), and therefore reductions in soil temperature mid-season could be beneficial for 

reproductive development.  

 In the combined analysis at 2, 3, and 7 WAP, cover crop residue management but not 

herbicide use affected soil moisture (Table 6). Regardless of cover crop residue management 

strategy, the presence of a cover crop always enhanced soil moisture availability compared to 

no cover crop in the combined analysis (Figure 2). Soil moisture conservation from a cover 

crop mulch has been previously documented (Clark et al., 1997; Daniel et al., 1999; 

Moschler et al., 1967; Unger and Vigil, 1998), and can be an important short-term benefit of 

cover crop use in a dry year (Wells et al., 2014). At Lewiston 2015, both cover crop residue 

management and herbicide use affected soil moisture 2 WAP and only herbicide use affected 

soil moisture 5 WAP (Table 6). Soil moisture was greatest where the cover crop was absent 2 

WAP (Figure 2). This is likely attributed to the lack of rainfall between cover crop 

termination and 2 WAP restricting soil moisture recharge following an actively growing 

cover crop, and can explain the reduced cotton emergence 2 WAP observed in the treatments 

with a cover crop at this environment (Figure 1). Once soil moisture has time to recharge 

from deficits following an actively growing cover crop, moisture availability is typically 

enhanced by the presence of a cover crop by reducing soil evapotranspiration and runoff 
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during heavy rainfall events (Mirsky et al., 2013). By 5 WAP, soil moisture trended towards 

similarity between the cover crop residue management strategies and was reduced in the 

absence of herbicide use (Figure 2).  

Weed coverage and weed biomass: When herbicides were used in combination with the 

cover crop mulch for weed control, weed suppression was greater than 99% (data not 

shown). Combining cover crop and herbicide use for weed control is often effective for 

controlling problematic weeds (Price et al., 2006; Wiggins et al., 2016). In the absence of 

herbicide use, there was greater weed competition across all cover crop residue management 

strategies (Table 8). Previous researchers have demonstrated that a cereal rye cover crop 

alone provided less weed control than a cover crop mulch and herbicide combination 

(Norsworthy et al., 2011; Reeves et al., 2005).  

The effect of cover crop residue management on weed coverage and biomass in the 

absence of herbicide use was variable across environments (Table 7). At Lewiston 2015, 

weed coverage at 2, 5, and 9 WAP and weed biomass at 15 WAP were reduced by the 

presence of a cover crop compared to no cover crop (Table 8). At the Clayton, Lewiston 

2016, and Rocky Mount environments, cover crop residue management affected weed 

coverage at 5 WAP (Table 7).  Weed coverage was generally reduced by the presence of a 

cover crop (Table 8). Price et al. (2012) noted an early season reduction in weed competition 

from the presence of a cover crop mulch. Surprisingly, leaving the cover crop residue in the 

cotton row provided no benefit for weed suppression across environments, which is likely 

attributed to low cover crop biomass production. Standing cover crop also provided similar 

levels of weed suppression as rolled cover crop in the 2016 environments in the absence of 

herbicide use.  
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In the absence of herbicide use, a cover crop mulch reduced late-season weed 

biomass in only one of the five environments (Tables 7 and 8). Depending on cover crop 

biomass production, some researchers have found lack of weed biomass differences late in 

the season from a cover crop (Moore et al., 1994) while others have shown a late-season 

weed biomass reduction due to a cover crop (Davis, 2010; Korres and Norsworthy, 2015). 

The success in reducing late-season weed biomass through the use of a cover crop in the 

absence of herbicide use is highly dependent on cover crop biomass production (Mirsky et 

al., 2013; Norsworthy et al., 2011). The necessary biomass threshold for reliable season-long 

weed control in organic production has been identified as 8,000 kg ha
-1

 (Mirsky et al., 2013), 

and we did not come close to reaching that cover crop biomass level at any environment in 

this experiment (Table 4). It is surprising that the cover crop did not provide any advantage 

for reducing late-season weed biomass production compared to no cover crop in four of the 

five environments with moderate cover crop biomass production (Tables 4 and 9). It is 

possible that the lack of differences in weed biomass between our cover crop residue 

management strategies was due to Palmer amaranth competition. At our environments with 

heavy Palmer amaranth pressure (Clayton 2016, Rocky Mount B 2016), grass was very 

competitive with Palmer amaranth early in the season in the absence of a cover crop mulch, 

whereas the treatments which had a cover crop mulch restricted early season grass 

competition but eventually allowed Palmer amaranth to break through the mulch. Increased 

Palmer amaranth densities without early season grass competition can lead to similar weed 

biomass levels compared to weedy checks which had early season grass competition (York, 

unpublished data).  Additionally, beyond a certain weed density threshold, weed biomass 
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often plateaus (Wilson et al., 1995).  It is plausible we exceeded this weed density threshold 

across all cover crop residue management strategies in the absence of herbicide use.  

Cotton height and lint yield: In an attempted combined analysis of four environments, 

cover crop management did not affect cotton height and cotton lint yield but herbicide use 

did (data not shown). An environment by herbicide use interaction prevented combining over 

environments and therefore environments were analyzed individually for cotton height and 

lint yield.   

 Herbicide use affected cotton height and lint yield across all of our environments 

(Table 7). In plots which received herbicides, cover crop management did not affect cotton 

lint yield in any of the five environments (Table 9). Cotton emergence was reduced when 

row cleaners were not used and when cotton was planted into standing cover crop (Figure 1), 

however no lint yield differences were observed due to reduced emergence (Tables 7 and 9). 

Cotton can compensate for skips in stand less than 0.6 m without reducing cotton lint yield 

(Kornecki et al., 2009). Our results also indicate that despite increased soil moisture 

availability until 7 WAP from the presence of a cover crop (Figure 2) this did not translate 

into increased lint yield compared to no cover crop. Cotton is particularly sensitive to water 

deficits during reproductive development, which can occur from approximately 60 to 100 d 

after planting (Loka et al., 2011). Across our environments, rainfall was in excess of 11 cm 

between 60 to 100 d after planting (data not shown). This coupled with the use of irrigation if 

drought conditions occurred can explain the lack of lint yield differences observed between 

cover crop management strategies despite soil moisture conservation from the presence of a 

cover crop (Table 9, Figure 2). If moisture had been limited, we would anticipate a lint yield 

response from soil moisture conservation due to the presence of a cover crop mulch.  
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Mechanical cotton harvest was not possible in the plots without herbicide use at three 

of the five environments due to heavy weed competition across all cover crop residue 

management strategies (Tables 8 and 10). Cotton is often non-harvestable when herbicides 

are not used in combination with the cover crop mulch for weed control when cover crop 

biomass levels are moderate (Reeves et al., 2005). At the two environments where 

mechanical cotton harvest was possible in the absence of herbicide use, cotton lint yield was 

lowest where there was no cover crop (Table 9). Enhanced early season weed competition 

and reduced soil moisture may explain the reduced cotton height and lint yield observed 

where there was no cover crop at these environments (Table 8, Figure 2).    

Mechanical cotton harvest was only possible at two of the five environments where 

herbicides were not used. These results indicate that the cover crop biomass levels achieved 

in this experiment would not provide reliable weed suppression to provide for suitable cotton 

lint yield for organic cotton producers with the weed competition present across the 

environments in this experiment. When herbicides were used in combination with the cover 

crop mulch, excellent weed suppression was observed across all cover crop residue 

management strategies. Results from this experiment indicate that conventional cotton 

producers have flexibility in cover crop residue management at termination and cotton 

planting to reap the benefits of soil moisture conservation without adversely affecting weed 

suppression or cotton lint yield.  
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Table 1. Dates for cover crop and cotton management at individual environments.  

 Cover Crop  Cotton 

Environment  Planting  Fertilization Termination  Planting Harvest  

Clayton 2016 16 Oct.  22 Feb. 9 May  16 May 11 Nov. 

Lewiston 2015 8 Oct.  -- 15 May  21 May 30 Oct. 

Lewiston 2016 14 Oct.  8 Mar.  10 May  17 May 18 Nov.    

Rocky Mount A 2016 14 Oct.  8 Mar. 10 May  24 May 14 Nov.  

Rocky Mount B 2016 14 Oct.  8 Mar.  16 May  27 May 14 Nov.  

† The Lewiston 2015 environment did not have the treatment evaluating fertilized cover crop.  
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Table 2. Cover crop residue management treatment description.  

CC residue 

management 

treatment 

 

Fertilized cover 

crop‡ 

 

 

CC termination§ 

 

Row cleaners 

engaged¶ 

 

CC mulch 

status# 

 

 

Environments†† 

Roll+F+RC Y Roller-crimper Y Rolled 4 

Roll+RC N Roller-crimper Y Rolled 5 

Stand+RC N Paraquat Y Standing 4 

Roll N Roller-crimper N Rolled 5 

BARE - - - - 5 

† Abbreviations: CC, cover crop; Roll, rolled cover crop; F, fertilized; RC, row cleaner; Stand, standing cover crop; BARE, no 

cover crop. 

‡ Cover crop was fertilized in late February or early March at 34 kg N ha
-1

 using urea/ammonium nitrate (UAN) to promote 

growth and tillering. 

§ Cover crops were terminated 1 week prior to cotton planting by roller-crimping or a paraquat application at 1.12 kg ha
-1

. 

¶ Row cleaners attached to a front toolbar on the planter and when engaged moved 15 to 20 cm of cover crop residue from the 

cotton row.  

# Cover crop terminated with the roller-crimper was rolled into a mulch on the soil surface. Cover crop terminated with paraquat 

was standing at cotton planting.   

†† Number of environments at which each cover crop residue management treatment was employed. The Roll+F+RC and 

Stand+Roll treatments were not employed at the Lewiston 2015 environment. 
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Table 3. Dominant weed species at each environment.  
Environment  Dominant Weed Species  

Clayton 2016 Palmer amaranth (Amaranthus palmeri), large crabgrass (Digitaria sanguinalis)  

Lewiston 2015  Tropic croton (Croton glandulosus), large crabgrass, dogfennel (Eupatorium capillifolium), morningglory 

species (Ipomoea spp.) 

Lewiston 2016  Yellow nutsedge (Cyperus esculentus), large crabgrass, morningglory species, prickly sida (Sida spinosa), 

Texas millet (Urochloa texana) 

Rocky Mount A 2016 Large crabgrass, yellow woodsorrel (Oxalis stricta), 

Rocky Mount B 2016 Palmer amaranth, large crabgrass 
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Table 4. Fertilized dry cover crop biomass, cover crop dry biomass and cover crop C:N ratio by environment.   

 

Environment 

Fertilized CC dry 

biomass 

Non-fertilized CC 

dry biomass 

Fertilized CC  

C:N ratio 

Non-fertilized CC  

C:N ratio 

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

 -----------------   

Clayton 2016 5,140 3,280  53.0 51.3 

Lewiston 2015 -- 5,910  - 62.1 

Lewiston 2016 6,380 5,790  51.7 37.2 

Rocky Mount A 2016 6,560 5,610  39.8 40.0 

Rocky Mount B 2016 6,860 6,610  64.0 48.8 

† Abbreviations: CC, cover crop.  
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Table 5. Crimson clover regrowth as affected by cover crop residue management and herbicide use at individual environments. 

  Environment  

  Lewiston 2015 Clayton 2016 Lewiston 2016 RM A 2016 RM B 2016 

Timing CCRM +H -H +H -H +H -H +H -H +H -H 

  ------------------------------------------------- % ------------------------------------------------- 

2WAP Roll+RC - - 1.91c 13.48b 0.69c 11.43a 1.37cde 6.84ab 0.58cd 11.52a 

 Roll - - 4.59c 23.85a 0.11cd 8.03ab 0.86cdef 3.85bc 0.47cd 7.25b 

 Roll+F+RC - - 2.69c 21.67ab 0.5cd 8.00ab 0.43def 11.01a 0.88c 7.35b 

 Stand+RC - - 0.04c 3.03c 0.52cd 7.21b 0.11ef 2.51cd 0e 0.05de 

 BARE - - 0d 0d 0d 0d 0f 0f 0e 0e 

3 WAP Roll+RC 0b 12.23a 2.18bc 8.13a 0b 18.57a 4.93bc 28.18a 0.54bc 28.24a 

 Roll 1.0b 14.17a 3.36b 7.76a 1.14b 16.38a 5.31b 30.85a 0.91bc 24.11a 

 Roll+F+RC - - 3.15b 9.97a 0b 10.81a 4.12bc 24.63a 1.78b 23.23a 

 Stand+RC - - 0d 0.50cd 0b 0.74b 0e 1.32cd 0c 0c 

 BARE 0b 0b 0d 0d 0b 0b 0e 0e 0c 0c 

5 WAP Roll+RC 0b 10.24a 0b 0b 0.69b 0.08b 0.69bc 19.20a 1.14bc 21.17a 

 Roll 0b 7.24a 3.1a 0b 1.14b 0b 1.00bc 14.56a 0.25cd 16.73a 

 Roll+F+RC - - 1.31a 0b 0.69b 6.67a 1.00bc 22.78a 2.49b 15.27a 

 Stand+RC - - 0b 0b 0b 0b 0c 4.45b 0d 0d 

 BARE 0b 0b 0b 0b 0b 0b 0c 0c 0d 0d 

† Abbreviations: CCRM, cover crop residue management; H, herbicide; Roll, rolled cover crop; F, fertilized; RC, row cleaner; 

Stand, standing cover crop; BARE, no cover crop. 

‡ Data not presented (--) because treatments were not employed at that environment.   

§ Means are compared within each box and means followed by the same letter are not significantly different at P≤0.05 based on 

Fisher’s Protected LSD. Means are retransformed.  
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Table 6. ANOVA results for the effect of cover crop residue management (M), herbicide use (H), environment (E), and the relevant 

interactions on soil temperature and soil moisture for combined analyses and relevant individual analyses. 
  Combined four environments Lewiston 2015 

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

Soil temperature 2 WAP  M 0.003 0.004 

 H NS NS 

 E 0.002 - 

 M*H NS NS 

 M*E NS - 

 H*E NS - 

 M*H*E NS - 

Soil temperature 3 WAP M 0.03 NS 

 H NS NS 

 E <0.001 - 

 M*H NS NS 

 M*E <0.001 - 

 H*E NS - 

 M*H*E 0.02 - 

Soil temperature 5 WAP M 0.002 - 

 H NS - 

 E NS - 

 M*H NS - 

 M*E NS - 

 H*E NS - 

 M*H*E NS - 

Soil moisture 2 WAP  M <0.001 0.003 

 H NS 0.004 

 E <0.001 - 

 M*H NS NS 

 M*E NS - 

 H*E NS - 

 M*H*E NS - 

Soil moisture 3 WAP   M 0.002 NS 

 H NS <.001 

 E <0.001 - 

 M*H 0.03 NS 
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 M*E NS - 

 H*E NS - 

 M*H*E NS - 

Soil moisture 5 WAP   M 0.002 - 

 H 0.004 - 

 E NS - 

 M*H 0.006 - 

 M*E NS - 

 H*E NS - 

 M*H*E NS - 

Soil moisture 7 WAP   M 0.001 - 

 H NS - 

 E 0.001 - 

 M*H 0.004 - 

 M*E NS - 

 H*E 0.001 - 

 M*H*E NS - 

† Abbreviations: WAP, weeks after planting, M, cover crop residue management; H, herbicide use; E, environment. 

‡ The four environments in the combined analysis include: Clayton 2016, Lewiston 2016, Rocky Mount A 2016, and Rocky Mount B 2016.  

§ Data not presented (--) because source pertains only to a combined analysis. 
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Table 7. ANOVA results for the effect of cover crop residue management (M) on weed coverage and weed biomass at individual 

environments and ANOVA results for the effect of cover crop residue management (M), herbicide use (H), environment (E)  

and the relevant interactions on cover crop regrowth, cotton height, and cotton lint yield at individual environments.  
  Environments 

Dependent 

Variable 

 

Source 

 

Lewiston 2015 

 

Clayton 2016 

  

Lewiston 2016 

Rocky Mount A 

2016 

Rocky Mount B 

2016 

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

Weed cover 2 

WAP 

M 0.001 NS NS NS 0.004 

Weed Cover 5 

WAP 

M 0.001 0.001 <0.001 0.05 <0.001 

Weed Cover 9 

WAP 

M 0.03 NS 0.005 NS NS 

Weed Dry 

Biomass 15 WAP 

M 0.02 NS NS NS NS 

CC Regrowth 2 WAP M - <0.001 <0.001 <0.001 <0.001 
 H - <0.001 <0.001 <0.001 <0.001 
 M*H - 0.008 <0.001 NS 0.001 
CC Regrowth 5 WAP M <0.001 <0.001 <0.001 <0.001 <0.001 
 H 0.01 0.001 <0.001 <0.001 <0.001 
 M*H NS NS 0.02 <0.001 <0.001 
CC Regrowth 9 WAP M 0.005 NS <0.001 <0.001 <0.001 

 H 0.003 0.002 0.01 <0.001 <0.001 

 M*H 0.004 NS <0.001 <0.001 0.001 
Cotton height 10 

WAP 
M NS NS 0.02 0.005 NS 

 H <0.001 <0.001 <0.001 <0.001 0.002 

 M*H <0.001 NS NS NS NS 

Cotton lint yield M NS NS NS NS NS 

 H <0.001 <0.001 <0.001 0.002 <0.001 

 M*H NS NS NS NS NS 

† Abbreviations: WAP, weeks after planting, M, cover crop residue management; H, herbicide use; E, environment. 

‡ Data not presented (--) because the data was not collected at that environment.  
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Table 8. Weed coverage and weed biomass as affected by cover crop residue management in the absence of herbicide use at 

individual environments.  
   Environment 

 Timing CCRM Lewiston 2015 Clayton 2016 Lewiston 2016 RM A 2016 RM B 2016 

   ---------------------------------- % ---------------------------------- 

Weed Cover 2WAP Roll+RC 0b 14b 11b 2a 10b 

  Roll 0b 14b 13b 1a 6b 

  Roll+F+RC - 16ab 12b 2a 6b 

  Stand+RC - 15b 17ab 1a 8b 

  BARE 32a 32a 22a 3a 18a 

Weed Cover 5WAP Roll+RC 7b 32b 20b 6b 35b 

  Roll 9b 52b 49a 3b 53b 

  Roll+F+RC - 34b 19b 1b 38b 

  Stand+RC - 49b 52a 3b 36b 

  BARE 75a 85a 61a 30a 84a 

Weed Cover  9 WAP Roll+RC 19b 100a 96ab 32a 67ab 

  Roll 26b 100a 93bc 26a 76ab 

  Roll+F+RC - 100a 90c 34a 59b 

  Stand+RC - 100a 94bc 21a 64b 

  BARE 85a 100a 98a 37a 91a 

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

 ---------------------------------- 

Weed Biomass  15 WAP Roll+RC 3749b 8826a 2809a 1589ab 5032a 

  Roll 4126b 7089a 54062a 679b 3365a 

  Roll+F+RC - 5422a 4362a 939ab 4976a 

  Stand+RC - 8244a 4389a 781ab 5598a 

  BARE 5975a 5915a 5011a 2645a 5303a 

† Abbreviations: CCRM, cover crop residue management; WAP, weeks after planting; Roll, rolled cover crop; F, fertilized; RC, 

row cleaner; Stand, standing cover crop; BARE, no cover crop. 

‡ Data not presented (--) because treatments were not employed at that environment.   

§ Means are compared within each box and means followed by the same letter are not significantly different at P≤0.05 based on 

Fisher’s Protected LSD. 

 

 

 



129 

 

Table 9. Cotton height and cotton lint yield as affected by cover crop residue management and herbicide use at individual 

environments. 
  Environment 

  Lewiston 2015 Clayton 2016 Lewiston 2016 RM A 2016 RM B 2016 

 CCRM +H -H +H -H +H -H +H -H +H -H 
Height (cm) Roll+RC 58b 44c 84a 26c 82b 56d 66ab 46c 82a 60bc 

 Roll 55b 42cd 71b 28c 85ab 58cd 64b 47c 78a 61bc 
 Roll+F+RC - - 78ab 31c 85ab 55d 70ab 45c 74ab 60bc 

 Stand+RC - - 87a 31c 90a 63c 73ab 68ab 81a 76ab 

 BARE 66a 36d 81ab 20c 87ab 64c 78a 68ab 81a 54c 
Lint yield (kg 

ha-1) 
Roll+RC 879a 298b 502a NH 1084a NH 933abc 709bcd 1257a NH 

 Roll 684a 120bc 602a NH 949a NH 1158a 709bcd 1120a NH 

 Roll+F+RC - - 552a NH 908a NH 901abcd 633cd 1191a NH 

 Stand+RC - - 670a NH 879a NH 1055a 617cd 1094a NH 

 BARE 808a 10c 636a NH 1131a NH 974ab 591d 1168a NH 

† Abbreviations: CCRM, cover crop residue management; H, herbicide; Roll, rolled cover crop; F, fertilized; RC, row cleaner; 

Stand, standing cover crop; BARE, no cover crop, NH, not harvestable. 

‡ Data not presented (--) because treatments were not employed at that environment.   

§ Means are compared within each box and means followed by the same letter are not significantly different at P≤0.05 based on 

Fisher’s Protected LSD. 

¶ NH: Severe weed competition in the absence of herbicide use prevented mechanical harvest at these environments.  
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Picture 1. Current planter design to facilitate planting into heavy residue cover crop stands with an added front tool-bar on a 

standard no-till planter equipped with Yetter row cleaners and custom residue slicers. 
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Figure 1. Cotton emergence 2 weeks after planting as affected by cover crop residue management for a combined analysis of four 

environments (Clayton 2016, Lewiston 2016, Rocky Mount A 2016, Rocky Mount B 2016) and at 2, 3, and 5 weeks after planting 

as affected by cover crop residue management at Lewiston 2015. Means followed by the same letter are not significantly different 

at P≤0.05 based on Fisher’s Protected LSD. Abbreviations: Roll, rolled cover crop; RC, row cleaner; F, fertilized; Stand, standing 

cover crop; BARE, no cover crop. 
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Figure 2. Soil temperature and moisture as affected by cover crop residue management for a combined analysis of four 

environments (Clayton 2016, Lewiston 2016, Rocky Mount A 2016, Rocky Mount B 2016) and soil temperature as affected by 

cover crop residue management and soil moisture as affected by cover crop residue management and herbicide use at Lewiston 

2015. Means followed by the same letter are not significantly different at P≤0.05 based on Fisher’s Protected LSD. Abbreviations: 

Roll, rolled cover crop; RC, row cleaner; F, fertilized; Stand, standing cover crop; BARE, no cover crop; H, herbicide use. 
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ABSTRACT 

Glufosinate controls small glyphosate-resistant Palmer amaranth, but growers 

struggle to make timely applications.  XtendFlex
TM

 cotton, tolerant of dicamba, glufosinate, 

and glyphosate, may provide growers an option to control larger weeds.  Palmer amaranth 

control and cotton growth, yield, and fiber quality were evaluated in a rescue situation 

created by delaying the first POST herbicide application.  Treatments consisted of two POST 

applications of dicamba plus glufosinate, separated by 14 d, with the first application timely 

(0-d delay) or delayed 7, 14, 21, or 28 d.  All treatments included a layby application of 

diuron plus glyphosate plus MSMA.  Palmer amaranth, 14 d after first POST, was controlled 

99, 96, 89, 75, and 73% with 0-, 7-, 14-, 21-, or 28-d delays, respectively.  Control increased 

following the second application, and the weed was controlled at least 94% following layby.  

Cotton yield decreased linearly as first POST application was delayed, with yield reductions 

ranging from 8 to 42% with 7- to 28-d delays.  Delays in first POST application delayed 

cotton maturity but did not affect fiber quality. 

Nomenclature: dicamba; glufosinate; glyphosate; Palmer amaranth, Amaranthus palmeri S. 

Watts; cotton, Gossypium hirsutum L.  

Key words: Cotton fiber quality, cotton injury, cotton maturity, early season weed 

competition, plant mapping, rescue application, weed biomass. 
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INTRODUCTION 

Palmer amaranth is one of the most common and problematic weeds in cotton and other 

agronomic crops in the southern United States (Webster, 2013).  The biology of this weed, its 

impact on cotton yield, and the difficulty of control in cotton have been reviewed previously 

(Culpepper et al., 2010; Steckel, 2007; Ward et al., 2013).  Palmer amaranth can dramatically 

reduce cotton yield.  Yield reductions of 38 to 65% have been reported with full-season 

interference of one plant m
-1

 of row (MacRae et al., 2013; Morgan et al., 2001; Rowland et 

al., 1999).  It can also interfere with mechanical harvest (Morgan et al., 2001; Smith et al., 

2000).   

Glyphosate-resistant (GR) cotton was commercialized in 1997, allowing growers to 

effectively and conveniently control Palmer amaranth with glyphosate (Culpepper and York, 

1998, 1999).  However, with widespread planting of GR crops and extensive reliance on 

glyphosate, resistant biotypes evolved.  Palmer amaranth resistance to glyphosate has been 

confirmed in 27 states (Heap, 2017) and is widespread across the Southeast and Mid-South 

regions of the United States (Culpepper et al., 2010).  Palmer amaranth resistant to 

acetolactate synthase (ALS)-inhibiting herbicides is also prevalent, and multiple resistance to 

both glyphosate and ALS-inhibiting herbicides is common (Heap, 2017; Sosnoskie et al., 

2011; Ward et al., 2013).  In North Carolina, for example, 95% of the Palmer amaranth 

populations contain at least some individuals resistant to both glyphosate and ALS-inhibiting 

herbicides (Poirier et al., 2014).   

Herbicides for POST application in cotton to control biotypes of Palmer amaranth with 

multiple resistance are limited.  Effective control of Palmer amaranth in cotton has been 

achieved with glufosinate-based systems (Culpepper et al., 2009; Gardner et al., 2006; 
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Whitaker et al., 2011), and cotton growers are increasingly relying on glufosinate to control 

GR Palmer amaranth (Sosnoskie and Culpepper, 2014).  Glufosinate must be applied to small 

Palmer amaranth for consistently effective control. It is generally recommended that Palmer 

amaranth be no more than 7.5 cm tall when treated with glufosinate (Culpepper, 2016; York, 

2016).  Producers often struggle to make timely applications because of the rapid growth rate 

of Palmer amaranth (Culpepper et al., 2010), and this can result in inadequate control by 

glufosinate (Barnett et al., 2013; Coetzer et al., 2002). 

Transgenic cotton with tolerance to dicamba is commercially available (ISAAA 2015).  

Bollgard II
®

 XtendFlex
TM

 cotton, tolerant of dicamba, glufosinate, and glyphosate, may give 

producers a tool to manage Palmer amaranth in a rescue situation (when Palmer amaranth 

size exceeds that with which consistent control from glufosinate would be expected) (Cahoon 

et al., 2015; Merchant et al., 2013).  Attempts to control Palmer amaranth in a rescue 

situation are not desirable because early season competition occurring before application may 

impact yield (Burke et al., 2005; Culpepper and York, 1999) and treating large plants may 

lead to resistance evolution (Norsworthy et al., 2012).  However, growers are desperate to 

find a method more economical than hand-weeding to control Palmer amaranth escapes and 

prevent seed production (Sosnoskie and Culpepper, 2014). 

Dicamba co-applied with glufosinate was more effective on 10-cm Palmer amaranth than 

glufosinate alone (Cahoon et al., 2015).  Depending on dicamba rate, dicamba plus 

glufosinate was 15 to 20% more effective than glufosinate alone and 11 to 30% more 

effective than dicamba alone when applied to 15- to 20-cm Palmer amaranth (Merchant et al. 

2013).  Merchant et al. (2014) also observed greater control of 20-cm Palmer amaranth by 
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sequential applications of glufosinate plus 2,4-D compared with sequential applications of 

2,4-D alone. 

Co-application of dicamba plus glufosinate may control Palmer amaranth in a rescue 

situation while reducing selection pressure on glufosinate.  The objective of this experiment 

was to evaluate Palmer amaranth control, cotton growth, and cotton yield in a Palmer 

amaranth rescue situation created by delaying the first POST application of dicamba plus 

glufosinate. 
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MATERIALS AND METHODS 

The experiment was conducted in two separate fields each year on the Central Crops 

Research Station, Clayton, NC (35.67
o
N, 78.51

o
W) during 2015 and 2016.  The experiment 

also was conducted at the Upper Coastal Plain Research Station, Rocky Mount, NC 

(35.90
o
N, 77.68

o
W) and the Eastern Shore Agricultural Research and Extension Center, 

Painter, VA (37.59
o
N, 75.82

o
W) in 2016.  The combination of location and year comprised 

an environment. Soils at each environment are described in Table 1.  Each environment was 

in a conventional tillage system.  All environments had natural glyphosate-resistant Palmer 

amaranth infestations exceeding 100 plants m
-2

.  No PRE herbicides were applied to ensure 

heavy Palmer amaranth densities for POST treatments.  Some environments also had annual 

grasses which were controlled as needed with clethodim (Select Max, Valent USA, Walnut 

Creek, CA).  

Cotton cultivar DG 3385B2XF (Dyna-Gro Company, Loveland, CO) was planted in 2015 

at both environments in Clayton.  Cotton cultivar DG 3526B2XF (Dyna-Gro Company, 

Loveland, CO) was planted in 2016 at both environments in Clayton and in Rocky Mount.  

Cotton cultivar DP 1538 B2XF (Monsanto Company, St. Louis, MO) was planted in 2016 at 

Painter.  Cotton planting and harvest dates are shown in Table 2.  

The experimental design was a randomized complete block with treatments replicated 

four times at Clayton and Rocky Mount and three times at Painter.  Plot size was four rows 

by 9.1 m at Clayton and Rocky Mount and four rows by 6.1 m at Painter.  Row spacing was 

97 cm at Clayton and 91 cm at Rocky Mount and Painter.  

The first POST application of dicamba diglycolamine salt at 560 g ae ha
-1

 (Clarity
®

, 

BASF Ag Products, Research Triangle Park, NC) plus glufosinate-ammonium at 880 g ai ha
-
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1
 (Liberty

®
 280SL, Bayer CropScience, Research Triangle Park, NC) was made timely (0-d 

delay) or delayed 7, 14, 21, or 28 d.  Dates for the timely first POST application are shown in 

Table 2.  Cotton growth stage and Palmer amaranth height for timely and delayed 

applications are listed in Table 3.  A second POST application of dicamba plus glufosinate 

(560 + 590 g ha
-1

) was made 14 d after the first POST application.  Glyphosate potassium 

salt (Roundup PowerMAX
®
, Monsanto Company, St. Louis, MO) at 1260 g ae ha

-1
 plus S-

metolachlor (Dual Magnum
®
, Syngenta Crop Protection, Greensboro, NC) at 1070 g ai ha

-1
 

plus diuron (Direx
®
 4L, ADAMA, Raleigh, NC) at 1120 g ai ha

-1
 were applied as a POST-

directed spray 72 d after planting (layby).  The POST herbicides were applied using a CO2-

pressurized backpack sprayer calibrated to deliver 140 L ha
-1

 at 165 kPa with flat-fan nozzles 

(TTI 110015 Turbo TeeJet
®
 Induction nozzles, TeeJet Technologies, Wheaton, IL).  Layby 

herbicides were applied using a CO2-pressurized backpack sprayer calibrated to deliver 140 

L ha
-1

 at 206 kPa with a single flood nozzle (TK-VS2 FloodJet
®
 wide angle flat-spray nozzle, 

TeeJet Technologies) per row middle.  A non-treated check was included. 

Palmer amaranth control, cotton stunting, and cotton foliar necrosis were estimated 

visually using a 0 to 100 scale (Frans et al., 1986) 14 d after the first POST application, 14 d 

after the second POST application, and 14 d after the layby application.  Height of 20 

randomly selected cotton plants per plot was recorded at layby at each environment.  Cotton 

height was again recorded 21 d after layby at Clayton and Rocky Mount.  The number of 

cotton main stem nodes was recorded on 20 randomly selected plants per plot at layby at 

Clayton and Rocky Mount.  Palmer amaranth above-ground fresh biomass was collected in 

September from three row middles in treated plots (17 to 25 m
2
) and 1 m

2
 in the non-treated 

plots.  In mid-September to early October, when approximately 60% of the bolls in plots with 
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the 0-d delay in first POST application were open, 20 randomly selected cotton plants per 

plot at each environment were mapped to quantify harvestable bolls (green and open) by 

main stem node and sympodial fruiting position (Ritchie et al., 2011).  Percent open bolls, a 

measure of maturity, was calculated from the numbers of open and green bolls.  Treated plots 

were mechanically harvested for seed cotton yield (Table 2).  Cotton in non-treated checks 

could not be harvested due to the severe weed infestations and yield was assumed to be zero.  

A sample of harvested seed cotton was collected from each plot and ginned to determine lint 

percentage.  This lint percentage was used to convert seed cotton yield to lint yield.  Each lint 

sample was analyzed for fiber length, fiber length uniformity, fiber strength, and micronaire 

using high volume instrument (HVI) analysis by Cotton Incorporated in Cary, NC.  

Statistical analyses were performed using the PROC Mixed and PROC Reg procedures in 

SAS (version 9.3; SAS Institute Inc., Cary, NC).  All data met model assumptions.  

Treatments were considered a fixed factor and replication and environment were considered 

random factors.  Treatment and environment did not interact for cotton injury, percent open 

bolls, fiber strength, or Palmer amaranth biomass and therefore combined analyses of six 

environments occurred.  A treatment by environment interaction for Palmer amaranth 

control, cotton stunting, cotton height, cotton nodes, total boll load, fiber micronaire, fiber 

length, and cotton yield merited further investigation to ascertain if treatments were uniform 

over environments.  The treatment mean square was at least three-fold greater than the 

treatment by environment interaction mean square, providing justification to combine over 

environments. The use of the method=type3 option in PROC Mixed allows for the evaluation 

of random by fixed interaction terms and provides better control of Type I error rates than the 

default REML estimation (Moore and Dixon, 2015; Stroup and Littell, 2002). Additionally, 
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environments were analyzed individually; similar trends existed among environments, further 

justifying combined analyses. Treatment means are reported using least square means.  

Linear regression of treatment on all dependent variables was conducted. Non-treated checks 

were excluded from statistical analyses except for Palmer amaranth biomass.  
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RESULTS AND DISCUSSION 

Palmer Amaranth Control.  Delays in the first POST co-application of dicamba plus 

glufosinate affected Palmer amaranth control 14 d after first POST application and 14 d after 

second POST application (p=0.001 and 0.002, respectively).  Palmer amaranth control 14 d 

after the first POST application decreased linearly with delays in the first POST application 

(Figure 1A).  Palmer amaranth was controlled 99% with the 0-d delay in dicamba plus 

glufosinate application.  Excellent Palmer amaranth control has been observed with timely 

applications of dicamba plus glufosinate (York et al., 2012).  Control declined to 96, 89, 75, 

and 73% when dicamba plus glufosinate application was delayed 7, 14, 21, and 28 d, 

respectively.  Control improved following the second POST application (Figure 1B).  Palmer 

amaranth was controlled completely 14 d after the second application with the 0-d delay in 

first POST application and 98, 95, 91, and 87% with the 7-, 14-, 21-, and 28-d timing delays, 

respectively.  Merchant et al. (2014) reported 86 to 99% control of 20-cm Palmer amaranth 

following two applications of glufosinate plus 2,4-D. 

The layby application further improved control.  At 14 d after layby application, Palmer 

amaranth was controlled 99, 99, 98, 96, and 94% with 0-, 7-, 14-, 21-, and 28-d timing 

delays, respectively (data not shown).  Palmer amaranth biomass in non-treated plots was at 

least 10,200 kg ha
-1

 (data not shown).  All treatments reduced late-season Palmer amaranth 

biomass by at least 98% compared with the non-treated check (data not shown).   

Cotton Growth and Injury.  Prolonged competition from Palmer amaranth as the first 

POST application was delayed was reflected in a linear increase in cotton stunting, a measure 

of overall plant volume (p<0.001).  Cotton at layby was stunted 7, 26, 42, and 57% when the 

first POST application was delayed 7, 14, 21, and 28 d, respectively (Figure 2A).  Similar 
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results were noted previously where early season Palmer amaranth competition reduced 

cotton canopy volume (Morgan et al., 2001).  Delays in the first POST application impacted 

the number of cotton main stem nodes at layby.  Compared to the 0-d delay in first POST 

application, the number of main stem nodes was reduced 2, 10, 23, and 32% as the first 

POST application was delayed 7, 14, 21, and 28 d, respectively (Figure 2B).     

Cotton height data supported the stunting observations.  A linear decrease in cotton 

height at layby (p<0.001) was observed as the first POST application was delayed (Figure 

2C).  Compared to the 0-d delay in first POST application, cotton height at layby was 

reduced 5, 29, 43, and 50% as the first POST application was delayed 7, 14, 21, and 28 d, 

respectively.  The impact of delayed first POST application on cotton height was less severe 

21 d after layby compared with the impact at layby (Figure 2D).  This may be attributed to 

vegetative growth continuing later in the season with the delayed applications due to an 

overall reduction in boll load compared to timely applications where photosynthetic 

resources were being utilized for reproductive development. 

     Cotton injury, expressed as foliar necrosis, was minimal (<5%) and transient following 

both the first and second co-applications of dicamba plus glufosinate (data not shown).  

Similar minimal cotton injury (foliar necrosis) and rapid recovery following application of 

dicamba plus glufosinate has been observed previously (Cahoon et al., 2015).  

Cotton Boll Production, Maturity, Lint Yield, and Fiber Quality.  Total boll production, 

or boll load, decreased linearly as the first POST application was delayed (p<0.001).  Boll 

load was reduced 7.6% for each 7-d delay in first POST herbicide application (Figure 3C).  

Further examination of plant mapping data revealed that early season weed competition 

resulting from delays in the first POST herbicide application reduced boll production 
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uniformly over the fruiting zone (data not shown).  Boll production on sympodia arising from 

both nodes 4 through 8 and nodes greater than 8 was reduced as the first application was 

delayed.  However, the percentage of total bolls in each node zone was unaffected.  

Delays in first POST application also delayed cotton maturity, measured as percent open 

bolls.  Percent open bolls decreased linearly as first POST application was delayed 

(p<0.001).  Each 7-d delay in first POST application reduced the percentage of open bolls 

22% (Figure 3B).  Compared with 56% open bolls with the 0-d delay, only 7% of the bolls 

were open when the first POST application was delayed 28 d.  

Cotton harvest was delayed until all harvestable bolls were open.  Cotton lint yield 

followed the same trend as total boll load and decreased linearly (p<0.001) as the first POST 

application was delayed (Figure 3C).  Lint yield was reduced 11.4% for each 7-d delay in 

first POST herbicide application.  A greater reduction in lint yield compared with boll load 

suggests a reduction in boll size with delayed first POST application.  Delays in the first 

POST application did not impact fiber quality.  Averaged over treatments and environments, 

fiber micronaire, fiber length, fiber strength, and fiber length uniformity were 4.9, 27.5 mm, 

27.8 g tex
-1

, and 82.4%, respectively (data not shown). 

Excellent Palmer amaranth control was achieved following sequential POST applications 

of dicamba plus glufosinate and a layby application of diuron plus glyphosate plus MSMA, 

thus demonstrating that rescue Palmer amaranth control is possible in XtendFlex
TM

 cotton.  

This gives growers an option to control Palmer amaranth when optimum timing of POST 

application cannot be achieved due to weather delays, equipment breakdowns, or failure of 

soil-applied residual herbicides.  However, this practice should be discouraged except for 
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salvage situations.  Failure to apply the herbicides timely may reduce cotton yield and is not 

in keeping with a good resistance management strategy.  
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Table 1.  Soil characteristics by environment.  

Environment  Soil series  Textural classification  Soil subgroup  Soil pH  Humic matter
a
 

          % 

Clayton field 1, 2015  Norfolk   Loamy sand  Typic Kandiudults  5.9  0.27 

Clayton field 2, 2015  Wedowee   Loamy sand  Typic Kanhapludults  5.9  0.41 

Clayton field 3, 2016  Norfolk   Loamy sand  Typic Kandiudults  6.4  0.27 

Clayton field 4, 2016  Wedowee   Loamy sand  Typic Kanhapludults  5.6  0.32 

Rocky Mount, 2016  Aycock   Very fine sandy loam  Typic Paleudults  5.9  0.36 

Painter, 2016  Bojac   Sandy loam  Typic Hapludults  6.4  1.00 

     
a
 Soil pH and humic matter determined by the North Carolina Department of Agriculture and Consumer Services, Agronomic  

Division.  Humic matter was determined photometrically according to Mehlich (1984).    
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Table 2. Cotton planting, herbicide application, and cotton harvest dates by environment.  

 

    Herbicide application   

Environment  Cotton planting  Timely first POST  Layby  Cotton harvest 

Clayton field 1, 2015  May 13  May 27  July 22  October 20 

Clayton field 2, 2015  May 7  May 20  July 15  October 26 

Clayton field 3, 2016  May 11  June 1  July 27  November 4 

Clayton field 4, 2016  May 2  May 25  July 20  October 28 

Rocky Mount, 2016  April 26  May 18  July 13  November 2 

Painter, 2016  June 2  June 20  August 15  November 8 
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Table 3.  Cotton growth stage and Palmer amaranth height at first POST application, 

averaged over environments. 

    Palmer amaranth height 

First POST delay  Cotton growth stage  Maximum  Average 

d    
______________

 cm 
______________

 

0  1-leaf  7  4 

7  2-leaf  20  13 

14  4-leaf  33  25 

21  8-leaf  53  36 

28  10-leaf  71  51 
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Figure 1. Palmer amaranth control 14 d after first POST (A) and 14 d after second POST (B) application as affected by delay in 

the first POST application of dicamba (560 g ha
-1

) plus glufosinate (880 g ha
-1

).  Treatment means are combined across six 

environments and reported using least square means. Vertical lines are ± one standard error.  P-values characterize the linear 

relationship of delayed timing of first POST application on Palmer amaranth control 14 d after first POST (p<0.001) and 14 d  

after second POST application (p<0.001).   
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Figure 2. Cotton stunting at layby (A), cotton nodes at layby (B), cotton height at layby (C), and cotton height 21 d after layby  

(D) as affected by delay in the first POST application of dicamba (560 g ha
-1

) plus glufosinate (880 g ha
-1

).  Treatment means  

are combined across six environments for cotton stunting and cotton height at layby and over five environments for cotton  

nodes at layby and cotton height 21 d after layby.  Treatment means are reported using least square means.  Vertical lines are  

± one standard error.  P-values characterize the linear relationship of delayed timing of first POST application on cotton 

stunting (p<0.001), cotton height at layby (p<0.001), cotton nodes at layby (p<0.001), and cotton height 21 d after layby 

(p<0.001).   
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Figure 3.  Cotton boll load (A), percent open cotton bolls (B), and cotton lint yield (C) as affected by delay in the first POST 

application of dicamba (560 g ha
-1

) plus glufosinate (880 g ha
-1

).  Treatment means are combined over six environments and 

reported using least square means.  Vertical lines are ± one standard error.  P-values characterize the linear relationship of  

delayed timing of first POST application on cotton boll load (p<0.001), percent open cotton bolls (p<0.001), and cotton lint  

yield (p<0.001). 
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ABSTRACT 

Cotton growers commonly use glufosinate-based programs to control glyphosate-

resistant Palmer amaranth.  Palmer amaranth must be small (<7.5 cm) for consistent control 

by glufosinate, and growers often miss the optimum application timing.  XtendFlex
®
 cotton 

may provide growers a tool to control larger Palmer amaranth.  Glufosinate, dicamba, and 

glufosinate plus dicamba were compared for Palmer amaranth control in a rescue situation.  

Herbicides were applied to 16- to 23-cm weeds (POST-1) followed by a second application 

(POST-2) 12 d later.  Glufosinate-ammonium at 590 g ai ha
-1

 plus dicamba diglycolamine 

salt at 560 g ae ha
-1

 POST-1 followed by glufosinate plus dicamba POST-2 was more 

effective than glufosinate 880 g ha
-1

 POST-1 followed by glufosinate 590 g ha
-1

 POST-2 or 

dicamba alone applied twice.  Following a directed layby application of glyphosate, diuron, 

and S-metolachlor 14 d after POST-2, Palmer amaranth was controlled 99% by any system 

containing dicamba or glufosinate plus dicamba POST-1 followed by dicamba, glufosinate, 

or glufosinate plus dicamba POST-2 compared with 87 to 91% control by glufosinate alone 

applied twice.  Cotton height and number of main stem nodes at layby were reduced in 

systems with dicamba only POST-1 followed by dicamba or glufosinate plus dicamba POST-

2, presumably due to competition from the slowly dying Palmer amaranth with dicamba only 

POST-1.  These treatments also delayed cotton maturity and reduced lint yield compared 

with systems containing glufosinate plus dicamba at POST-1.   

Nomenclature: dicamba; glufosinate; glyphosate; Palmer amaranth, Amaranthus palmeri S. 

Watts; cotton, Gossypium hirsutum L.  

Key words: Cotton fiber quality, cotton injury, cotton maturity, early season weed 

competition, weed biomass.
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INTRODUCTION 

Palmer amaranth is the most troublesome weed in cotton and other agronomic crops in 

the southern United States (Culpepper et al., 2010; Webster, 2013).  The biology of this 

weed, its impact on cotton yield, and control difficulties in cotton have been reviewed 

previously (Culpepper et al., 2010; Steckel, 2007; Ward et al., 2013).  Palmer amaranth can 

dramatically reduce cotton yield (MacRae et al., 2013; Morgan et al., 2001; Rowland et al., 

1999) and interfere with or prevent mechanical harvest (Morgan et al., 2001; Smith et al., 

2000).   

Glyphosate-resistant (GR) cotton was commercialized in 1997, allowing growers to 

effectively and conveniently control Palmer amaranth and other weeds with glyphosate 

(Culpepper and York 1998, 1999).  Growers quickly adopted the technology.  In 2000, 49 to 

76% of the cotton in the southeastern states of Alabama, Georgia, North Carolina, South 

Carolina, and Virginia was planted to a GR cultivar (USDA-AMS, 2001).  In the same year, 

22% of the cotton in Missouri, 43 to 54% of the cotton in Arkansas, Louisiana, and 

Mississippi, and 81% of the cotton in Tennessee was planted to a GR cultivar (USDA-AMS, 

2001).  By 2005, 92 to 99% of the cotton in each of the aforementioned states was planted to 

a GR cultivar (USDA-AMS, 2006).  Growers reduced or eliminated use of other herbicides 

and relied heavily or totally on glyphosate for weed control (Shaner, 2000; Wilson et al., 

2011).  Widespread planting of GR cotton and extensive reliance on glyphosate led to 

selection for glyphosate resistance in Palmer amaranth and other species.  Palmer amaranth 

resistant to glyphosate was first confirmed in Georgia in 2005 (Culpepper et al., 2006) and 

has since been confirmed in 27 states (Heap, 2017).  Resistant biotypes are widespread across 

the Southeast and Mid-South regions of the United States (Culpepper et al., 2010).  Palmer 
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amaranth resistant to acetolactate synthase (ALS)-inhibiting herbicides is also prevalent, and 

multiple resistance to both glyphosate and ALS-inhibiting herbicides is common (Heap, 

2017; Sosnoskie, et al. 2011; Ward et al., 2013).  In North Carolina, 95% of the Palmer 

amaranth populations contain at least some individuals resistant to both glyphosate and ALS-

inhibiting herbicides (Poirier et al., 2014).   

In an attempt to control GR Palmer amaranth, growers have returned to use of residual 

herbicides applied preplant, PRE, and POST (Sosnoskie and Culpepper, 2014).  Residual 

herbicides are important components of cotton weed management programs, but POST 

herbicides are still required for adequate control (Everman et al., 2009; Gardner et al., 2006).  

With most of the Palmer amaranth being resistant to glyphosate and ALS-inhibiting 

herbicides, and with protoporphyrinogen oxidase inhibitor-resistant Palmer amaranth being 

reported in several states (Heap, 2017; Salas et al., 2016), growers have few POST herbicide 

options.  Many growers are now depending upon glufosinate-based programs, which 

integrate residual herbicides with timely POST applications of glufosinate to effectively 

control Palmer amaranth (Cahoon et al., 2015a; Culpepper et al., 2009; Sosnoskie and 

Culpepper, 2014).  However, Palmer amaranth must be 7.5 cm tall or less for consistent 

control by glufosinate (Culpepper, 2016; York, 2017).  Palmer amaranth grows rapidly 

(Bond and Oliver, 2006; Horak and Loughin, 2000), and growers often struggle to make 

timely applications.  Adverse weather conditions or equipment breakdowns can force 

growers into making rescue applications, often with inadequate control of the weed (Barnett 

et al., 2013; Corbett et al., 2004).         

Bollgard II
®

 XtendFlex
TM

 cotton, tolerant of dicamba, glufosinate, and glyphosate, may 

offer growers a new opportunity to control Palmer amaranth in a rescue situation.  Co-
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application of dicamba plus glufosinate has been more effective on larger Palmer amaranth 

than either herbicide applied alone (Cahoon et al., 2015b; Merchant et al., 2013; York et al., 

2012).  The objective of this experiment was to compare glufosinate alone, dicamba alone, 

and co-application of glufosinate plus dicamba for Palmer amaranth control in a rescue 

situation and the subsequent effects on cotton growth and yield.  
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MATERIALS AND METHODS 

The experiment was conducted in two separate fields each year on the Central Crops 

Research Station, Clayton, NC (35.67
o
N, 78.51

o
W) during 2015 and 2016.  The experiment 

also was conducted at the Upper Coastal Plain Research Station, Rocky Mount, NC 

(35.90
o
N, 77.68

o
W) and the Eastern Shore Agricultural Research and Extension Center, 

Painter, VA (37.59
o
N, 75.82

o
W) in 2016.  The combination of location and year comprised 

an environment.  Soils at each environment are described in Table 1.  Each environment was 

in a conventional tillage system.  All environments had natural GR Palmer amaranth 

infestations exceeding 100 plants m
-2

.  No PRE herbicides were applied to ensure heavy 

Palmer amaranth densities for POST treatments.  Some environments also had annual grasses 

which were controlled as needed with clethodim applied at 100 g ai ha
-1

 (Select Max, Valent 

USA, Walnut Creek, CA) plus crop oil concentrate at 1% (v/v) (Agri-Dex, Helena Chemical 

Company, Collierville, TN).  

Dyna-Gro cotton cultivar 3385 B2XF (Crop Production Services, Loveland, CO) was 

planted in 2015.  Dyna-Gro cultivar 3526 B2XF was planted in 2016 at both environments in 

Clayton and in Rocky Mount.  Cotton cultivar DP 1538 B2XF (Monsanto Company, St. 

Louis, MO) was planted in 2016 at Painter, VA.  Cotton planting and harvest dates are in 

Table 2.  

The experimental design was a randomized complete block with five replications at the 

Clayton A, 2015 environment, four replications at the other environments in Clayton and 

Rocky Mount, and three replications at Painter.  Plot size was four rows by 9.1 m at Clayton 

and Rocky Mount and four rows by 6.1 m at Painter.  Row spacing was 97 cm at Clayton and 

91 cm at Rocky Mount and Painter.    
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Treatments consisted of combinations of glufosinate, dicamba, and glufosinate plus 

dicamba applied POST twice.  Palmer amaranth size at the first POST application (POST-1) 

ranged from 5 to 25 cm tall with the predominant size being 16 cm in 2015.  In 2016, Palmer 

amaranth at POST-1 ranged from 5 to 35 cm with the predominant size being 23 cm.  Cotton 

was in the 1- to 2-leaf stage at POST-1 in 2015 and 2- to 3-leaf stage in 2016.  The POST-1 

application was followed by a second POST application (POST-2) 12 d later. Application 

dates are in Table 2.  Application rates included glufosinate-ammonium (Liberty
®

 280SL, 

Bayer CropScience, Research Triangle Park, NC) at 590 or 880 g ha
-1 

and dicamba 

diglycolamine salt (Clarity
®

, BASF Ag Products, Research Triangle Park, NC) at 560 g ha
-1

.  

Specific treatments are listed in Table 3; a non-treated check was also included.  All plots 

except the non-treated checks also received a directed layby application of glyphosate 

potassium salt (Roundup PowerMAX
®
, Monsanto Company, St. Louis, MO) at 1260 g ae ha

-

1
 plus S-metolachlor (Dual Magnum

®
, Syngenta Crop Protection, Greensboro, NC) at 1070 g 

ai ha
-1

 plus diuron (Direx
®
 4L, ADAMA, Raleigh, NC) at 1120 g ai ha

-1
 14 to 15 d after 

POST-2 application (DAP2) in 2015 or 23 to 28 DAP2 in 2016.  The POST herbicides were 

applied using a CO2-pressurized backpack sprayer calibrated to deliver 140 L ha
-1

 at 165 kPa.  

When glufosinate was applied alone, DG TeeJet
®
 11002 Drift Guard nozzles (TeeJet 

Technologies, Wheaton, IL) were used.  When dicamba was applied alone or co-applied with 

glufosinate, TTI 110015 Turbo TeeJet
®
 Induction nozzles (TeeJet Technologies) were used.  

Layby herbicides were applied using a CO2-pressurized backpack sprayer calibrated to 

deliver 140 L ha
-1

 at 206 kPa with a single flood nozzle (TK-VS2 FloodJet
®
 wide angle flat-

spray nozzle, TeeJet Technologies) per row middle. 
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Palmer amaranth control and cotton injury (primarily foliar necrosis) were estimated 

visually using a 0 to 100 scale (Frans et al., 1986) at 7 and 12 d after POST-1 (DAP1) at 

North Carolina environments or 10 DAP1 at Painter, 14 DAP2, and 14 d following the layby 

application (DALB).  Height of 20 cotton plants per plot was recorded at layby at all 

environments.  The number of cotton main stem nodes at layby and cotton height 30 DALB 

were recorded from 20 randomly selected plants at all North Carolina environments.  Palmer 

amaranth above-ground fresh biomass was collected in September from three row middles in 

treated plots (17 to 25 m
2
) and 1 m

2
 in the non-treated plots.  In mid-September to early 

October, 10 cotton plants per plot at North Carolina environments were randomly selected to 

determine boll production and percentage of open bolls.  Treated plots were mechanically 

harvested for seed cotton yield (Table 2).  Cotton in non-treated checks could not be 

harvested due to the severe weed infestations and yield was assumed to be zero.  A sample of 

harvested seed cotton was collected from each plot and ginned to determine lint percentage.  

This lint percentage was used to convert seed cotton yield to lint yield.  Each lint sample was 

analyzed for fiber strength, fiber length, fiber length uniformity, and micronaire using high 

volume instrument (HVI) analysis by Cotton Incorporated in Cary, NC. 

Statistical analyses were performed using the PROC Mixed procedure in SAS (version 

9.3; SAS Institute Inc., Cary, NC).  The use of the method=type3 option in PROC Mixed 

allows for the evaluation of random by fixed interaction terms and provides better control of 

Type I error rates than the default REML estimation (Moore and Dixon, 2015; Stroup and 

Littell, 2002). All data met model assumptions.  Treatments were considered a fixed factor 

and replication and environment were considered random factors.  Treatment and 

environment did not interact for cotton height at layby, cotton nodes, total bolls, percent open 
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bolls, lint yield, or any fiber quality parameter and therefore combined analyses occurred.  A 

treatment by environment interaction for Palmer amaranth control, Palmer amaranth biomass, 

and cotton height 30 DALB merited further investigation to ascertain if treatments were 

uniform over environments.  The treatment mean square was at least three-fold greater than 

the treatment by environment interaction mean square, providing justification to combine 

over environments.  Additionally, environments were analyzed individually; similar trends 

existed among environments, further justifying combined analyses. Treatment means were 

reported using least square means.  Non-treated checks were excluded from statistical 

analyses.  
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RESULTS AND DISCUSSION 

Palmer Amaranth Control.  Differences among treatments were observed with Palmer 

amaranth control 7 DAP1, 10 to 12 DAP1, 14 DAP2, and 14 DALB (p=<0.001 for each).  

Glufosinate was similarly effective applied at 590 or 880 g ha
-1

, in combination with 

dicamba, and controlled Palmer amaranth 89 to 92% 7 DAP1 and 91 to 94% 10 to 12 DAP1 

(Table 3).  Mixtures of glufosinate plus dicamba were more effective than glufosinate at 

either rate applied alone or dicamba alone.  Merchant et al. (2013) also reported greater 

control of 15- to 25-cm Palmer amaranth by combinations of glufosinate plus dicamba 

compared with either herbicide applied alone.  Palmer amaranth control by glufosinate alone 

declined 6 to 8% between 7 DAP1 and 10 to 12 DAP1.  This was attributed to regrowth on 

plants escaping control.  Inadequate control of Palmer amaranth greater than 7.5 cm is well-

documented (Culpepper et al., 2009, 2010; Whitaker et al., 2011).  In contrast, control by 

mixtures of glufosinate plus dicamba was similar at 7 and 10 to 12 DAP1 while control by 

dicamba alone increased 20% during this period.  Dicamba kills plants more slowly than 

glufosinate, with an increase in control of susceptible plants by dicamba noted during the 

first 2 to 3 wk after application (Leon et al., 2014).  

By 14 DAP2, all treatments containing a mixture of glufosinate plus dicamba controlled 

Palmer amaranth 92 to 97% (Table 3).   Glufosinate rate did not influence Palmer amaranth 

control.  Dicamba or glufosinate applied alone twice controlled Palmer amaranth less than 

85%.  

Glyphosate plus S-metolachlor plus diuron applied layby increased control in all 

treatments (Table 3).  Following the layby application, control by dicamba alone applied 

twice was greater than control by glufosinate alone applied twice and similar to control by 
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dicamba plus glufosinate applied twice.  Palmer amaranth was controlled 99% by all 

treatments except those with glufosinate applied alone twice (87 to 91%).  Similar results 

were noted with late-season Palmer amaranth biomass.  Greater weed biomass was noted in 

glufosinate-only treatments compared with those containing dicamba.  Biomass was similar 

in all treatments containing dicamba.  Compared to the non-treated check, glufosinate applied 

alone reduced biomass 93 to 95% while all treatments containing dicamba reduced biomass 

at least 99%.  Cahoon et al. (2015b) reported 91 to 98% Palmer amaranth control 14 d after a 

layby application of diuron plus MSMA when dicamba was included in the first, second, or 

first and second application of glufosinate.    

Cotton Growth and Injury.  Cotton injury 7 DAP1 at North Carolina environments or 10 

DAP1 at Painter was 4% or less and consisted primarily of minor foliar necrosis (data not 

shown).  This injury was transient; no injury was observed 14 DAP2 at any environment.  

Previous research has documented transient injury and rapid recovery when dicamba and 

glufosinate were applied to XtendFlex
TM

 cotton (Cahoon et al., 2015b; Dixon et al., 2014). 

Treatment effects were noted with cotton height at layby, height 30 DALB, and nodes at 

layby (p=0.001 for each).  Cotton height and nodes at layby and cotton height 30 DALB were 

less when dicamba was applied alone POST-1 compared to glufosinate plus dicamba at 

POST-1 (Table 4). This can be attributed to prolonged early season competition resulting 

from a slower Palmer amaranth death where dicamba was applied alone compared to 

glufosinate alone or dicamba co-applied with glufosinate (Table 3).  Cotton height and 

number of nodes were similar when glufosinate was applied alone or when glufosinate was 

co-applied with dicamba (Table 4).  



 

166 

 

Cotton Boll Production, Maturity, Lint Yield, and Fiber Quality.  Herbicide treatment 

effects were noted for total boll production, percent open bolls, and lint yield (p=0.03, 0.003, 

and 0.02, respectively).  Boll production and lint yield were generally greatest in treatments 

containing glufosinate 590 g ha
-1

 plus dicamba POST-1 (Table 5).  Boll production and lint 

yield were similar with glufosinate 590 g ha
-1

 POST-1 followed by glufosinate 590 g ha
-1

 

POST-2 and glufosinate 880 g ha
-1

 POST-1 followed by glufosinate 590 g ha
-1

 POST-2.  

Additionally, boll production and lint yield were similar with glufosinate alone at 880 g ha
-1

 

POST-1 and treatments containing glufosinate 590 g ha
-1

 plus dicamba POST-1.  Consistent 

with differences noted in Palmer amaranth control (Table 3), boll production and lint yield 

were greater in the two treatments with glufosinate 590 g ha
-1

 plus dicamba POST-1 than in 

the treatment with glufosinate alone at 590 g ha
-1

 POST-1 (Table 5).  Interestingly, boll 

production was 9 to 14% less in treatments with glufosinate 880 g ha
-1

 plus dicamba POST-1 

compared with treatments receiving glufosinate 590 g ha
-1

 plus dicamba POST-1.  Although 

not statistically significant, a similar trend was noted for lint yield.  Numerically, lint yield 

was 5 to 6% less with treatments containing glufosinate 880 g ha
-1

 plus dicamba POST-1 and 

those containing glufosinate 590 g ha
-1

 plus dicamba at POST-1.  These differences in boll 

production and lint yield could not be attributed to differences in cotton injury (data not 

shown).    

The reduced cotton height and node number (Table 4) in treatments receiving only 

dicamba POST-1 was not reflected in boll production (Table 5).  The cotton appeared to 

recover from the effects of early season competition in treatments with only dicamba POST-

1 and was able to set a similar number of bolls as other treatments.  However, the maturity of 

the crop, measured as percent open bolls, was delayed in treatments receiving only dicamba 
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POST-1.  Cotton harvest occurred at least 3 wk after the open boll counts, and visual 

examination indicated all harvestable bolls were open when the cotton was picked.  Lint 

yield, but not boll production, was less with treatments that contained only dicamba at POST-

1 compared with treatments containing glufosinate 590 g ha
-1

 plus dicamba at POST-1.  Boll 

weight was not determined, but boll weight may have been less in plots receiving only 

dicamba POST-1 due to early competition with slowly dying Palmer amaranth.  Cotton boll 

production was reduced 90 to 93% in the non-treated check, and only 15% of bolls in the 

non-treated check were open when evaluated (data not shown).   

Herbicide treatments did not impact fiber quality. Averaged over treatments and 

environments, fiber micronaire, fiber strength, fiber length, and fiber length uniformity were 

4.9, 27.7 g tex
-1

, 1.07 mm, and 82.3%, respectively (data not shown). 

Results of this experiment show potential for rescue control of Palmer amaranth in 

Bollgard II
®

 XtendFlex
TM

 cotton with co-application of dicamba and glufosinate.  Co-

application of dicamba plus glufosinate was more effective on Palmer amaranth beyond the 

optimum size for treatment than either herbicide applied alone.  Merchant et al. (2013) also 

reported improved Palmer amaranth control when glufosinate and dicamba, glufosinate and 

2,4-D, or glufosinate and 2,4-DB were co-applied compared to either herbicide applied alone.  

In addition to improved control, a co-application would reduce selection pressure on both 

herbicides compared with application of herbicides individually (Behrens et al., 2007; 

Norsworthy et al., 2012).   The layby herbicides masked some of the earlier differences in 

control among treatments, and there was a definite benefit from the layby application.  A 

directed layby herbicide application is recommended in Palmer amaranth management 
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programs (Culpepper, 2016; York, 2017), but most growers have abandoned the practice 

because directed applications are slow and tedious.   

Tank mixtures of glufosinate plus dicamba formulations registered for use in Bollgard II
®

 

XtendFlex
TM

 cotton are currently prohibited (Anonymous, 2017a, 2017b), presumably 

because the ammonium salt formulation of glufosinate increases dicamba volatility.  

Research is needed to compare efficacy of sequential applications of dicamba followed by 

glufosinate or glufosinate followed by dicamba with that from co-applications of the two 

herbicides.  Merchant et al. (2014) reported less control of large Palmer amaranth with 2,4-D 

followed by glufosinate compared with sequential application of 2,4-D plus glufosinate in 

non-irrigated cotton whereas control was similar in irrigated cotton.  

A weed-free check and treatments without the layby application were not included in this 

experiment, hence it could not be determined if the approximately 80% Palmer amaranth 

control 14 DAP2 with dicamba or glufosinate alone applied twice would have been adequate 

to protect the crop against yield loss in the absence of the layby application.  Considering the 

heavy infestation of Palmer amaranth at these sites, a yield reduction may have occurred in 

the absence of the layby application (Cahoon et al., 2014, 2015b; Culpepper et al., 2009).  

Enough Palmer amaranth seed would certainly have been produced to replenish the seed 

bank.  Dicamba and glufosinate labels (Anonymous, 2017c, 2017d) would allow a third 

POST application, and a third application would be expected to increase control.  However, 

with its different chemistry, a layby application would be aligned with sound resistance 

management (Norsworthy et al., 2012). 

Adverse weather conditions for herbicide application and equipment and labor constraints 

inevitably lead to POST herbicides being applied to weeds beyond the optimum size for 
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treatment.  However, rescue applications should be avoided when possible.  Application to 

weeds larger than the recommended size for treatment simulates sub-lethal dosages 

(Tehranchian et al., 2017), and sub-lethal recurrent selection can lead to resistance in a few 

generations (Ashworth et al., 2016; Norsworthy, 2014).  Tehranchian et al. (2017) reported 

resistance to dicamba in Palmer amaranth after three generations of exposure to sub-lethal 

rates. 
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Table 1.  Soil characteristics by environment.  

Environment  Soil series  Textural classification  Soil subgroup  Soil pH  Humic matter
1
 

          % 

Clayton A, 2015  Norfolk   Loamy sand  Typic Kandiudults  6.0  0.36 

Clayton B, 2015  Wedowee   Loamy sand  Typic Kanhapludults  5.9  0.41 

Clayton C, 2016  Norfolk   Loamy sand  Typic Kandiudults  6.4  0.27 

Clayton D, 2016  Wedowee   Loamy sand  Typic Kanhapludults  5.6  0.32 

Rocky Mount, 2016  Aycock   Very fine sandy loam  Typic Paleudults  5.9  0.36 

Painter, 2016  Bojac   Sandy loam  Typic Hapludults  6.4  1.00 

     
1
 Soil pH and humic matter determined by the North Carolina Department of Agriculture and Consumer Services, 

Agronomic  
Division.  Humic matter was determined photometrically according to Mehlich (1984).  
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Table 2. Cotton planting, herbicide application, and cotton harvest dates by environment. 

    Herbicide applications   

Environment  Cotton Planting  First POST Second POST Layby  Cotton harvest 

Clayton A, 2015  May 13  June 4 June 16 July 1  October 20 

Clayton B, 2015  May 7  May 29 June 10 June 24  October 26 

Clayton C, 2016  May 11  June 8 June 20 July 13  November 4 

Clayton D, 2016  May 2  June 1 June 13 July 6  October 28 

Rocky Mount, 2016  April 26  June 8 June 20 July 13  November 2 

Painter, 2016  June 2  June 29 July 11 August 8  November 8 

 

  



 

177 

 

Table 3. Palmer amaranth control and biomass as affected by glufosinate and dicamba applied POST.
a
  

 
Treatments        

Herbicides
b
  Application rates  Palmer amaranth control  Palmer 

POST-1 POST-2  POST-1 POST-2  7 DAP1
b 

10-12 DAP1
c
 14 DAP2

b
 14 DALB

b
  biomass

d
 

  
 ___________

 g ha
-1

 
___________

 
 ___________________________

 % 
___________________________

  kg ha
-1

 

Gluf Gluf  590 590       74 b 66 c 79 c 87 c  1552 a 

Gluf Gluf  880 590       83 ab 77 b   84 bc 91 b  1170 a 

Gluf + Dic Gluf  590 + 560 590       89 a 91 a 93 a 99 a    196 b 

Gluf + Dic Gluf  880 + 560 590       92 a 94 a 95 a 99 a      33 b 

Gluf + Dic Gluf + Dic  590 + 560 590 + 560        - - 97 a 99 a    184 b 

Gluf + Dic Gluf + Dic  880 + 560 590 + 560               - - 97 a 99 a      23 b 

Dic  Dic  560 560       56 c 76 b 81 c 99 a      90 b 

Dic Gluf + Dic  560 590 + 560        - - 92 a 99 a      67 b 

Dic Gluf + Dic  560 880 + 560        - - 93 a 99 a      37 b 

     
a
 Data for control 7 DAP1 averaged over five North Carolina environments.  Other data averaged over six environments.  Means  

       within a column followed by the same letter are not different at P≤0.05 based on Fisher’s Protected LSD. 

     
b 

Abbreviations: Gluf, glufosinate; Dic, dicamba; DAP1, days after POST-1, DAP2, days after POST-2; DALB, days after layby.    

     
c
 Palmer amaranth control recorded 10 DAP1 at Painter, VA environment and 12 DAP1 at North Carolina environments. 

     
d
 Palmer amaranth biomass in non-treated check averaged 23,000 kg ha

-1
. 
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Table 4. Cotton height and nodes as affected by glufosinate and dicamba applied POST.
a
 

Treatments     

Herbicides
b
  Application rates  Height  Nodes 

POST-1 POST-2  POST-1  POST-2  At layby 30 DALB
b
  at layby 

  
 ___________

 g ha
-1

 
___________  ___________

 cm 
___________

  no. plant
-1

 

Gluf Gluf  590  590        59 a      85 abc  11.2 a 

Gluf Gluf  880  590        59 a      86 ab  11.2 a 

Gluf + Dic Gluf  590 + 560  590        59 a      87 a  11.3 a 

Gluf + Dic Gluf  880 + 560  590        59 a      85 abc  11.2 a 

Gluf + Dic Gluf + Dic  590 + 560  590 + 560        58 ab      87 a  11.3 a 

Gluf + Dic Gluf + Dic  880 + 560  590 + 560        57 abc      86 ab  11.2 a 

Dic  Dic  560  560        51 d      79 d  10.4 b 

Dic Gluf + Dic  560  590 + 560        53 cd      80 cd  10.7 b 

Dic Gluf + Dic  560  880 + 560        54 bcd      81 bcd  10.7 b 

     
a
 Data for height at layby and nodes at layby averaged over six environments.  Data for height 30 DALB 

averaged over  
five North Carolina environments.  Means within a column followed by the same letter are not different at P<0.05 

based on Fisher’s 
Protected LSD. 

     
b 

Abbreviations: Gluf, glufosinate; Dic, dicamba; DAP1, days after POST-1; DALB, days after layby. 

     
c
 Injury recorded 7 DAP1 in North Carolina and 10 DAP1 at Painter, VA environment. 
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Table 5. Cotton boll production, percent open bolls, and lint yield as affected by glufosinate and dicamba applied 

POST.
a
 

Treatments       

Herbicides
b
  Application rates       

POST-1 POST-2  POST-1 POST-2  Total bolls  Open bolls  Lint yield 

  
 ___________

 g ha
-1

 
___________ 

 #10 plants
-1

  %  kg ha
-1

 

Gluf Gluf  590 590        101 cd         44 a      1000 c 

Gluf Gluf  880 590        107 abcd         44 a      1040 abc 

Gluf + Dic Gluf  590 + 560 590        117 a         43 ab      1110 ab 

Gluf + Dic Gluf  880 + 560 590        106 bcd         44 a      1040 abc 

Gluf + Dic Gluf + Dic  590 + 560 590 + 560        114 ab         42 ab      1120 a 

Gluf + Dic Gluf + Dic  880 + 560 590 + 560          98 d         48 a      1060 abc 

Dic  Dic  560 560        107 abcd         37 c      1010 c 

Dic Gluf + Dic  560 590 + 560        109 abc         38 bc        980 c 

Dic Gluf + Dic  560 880 + 560        111 abc         36 c      1030 c 

     
a
 Data for lint yield averaged over six environments.  Data for total bolls and open bolls averaged over the five 

North Carolina 
environments.  Means within a column followed by the same letter are not different at P<0.05 based on Fisher’s 

Protected LSD. 
     

b 
Abbreviations: Gluf, glufosinate; Dic, dicamba. 

 


