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ABSTRACT 

 

Small grain cover crops offer opportunities for grazing but effects of cover 

crops on the following row crop are not well understood. Beginning in 1998, rye 

(Secale cereale L.) planted alternately each September in a 2-paddock rotation, was 

grazed intermittently by steers from January until early April, was then chemically 

terminated, and cotton (Gossypium hirsutum L.) was no-till planted in May, in 

research conducted at New Deal, TX. Following cotton harvest, wheat (Triticum 

aestivum L.) was no-till planted, grazed out by Angus steers (Bos taurus) by June, and 

land was fallowed until rye was planted in September. By Feb 2006, wheat failed to 

establish and was omitted from the rotation. The experiment was a randomized 

complete block design with 3 replicates. Soil was primarily Pullman clay loam (fine, 

mixed, superactive, thermic Torrertic Paleustolls). Permanently located caged areas 

excluded grazing and were harvested as hay. In spring 2005, a second cage, adjacent 

to the original cage (2005) or randomly located in paddocks (2006 and 2007), 

investigated effects of 1) zero-grazed; 2) exclusion from grazing in 2005, 2007 or 

2008 only; or 3) was always-grazed prior to cotton. In all 3 yrs, rye plant heights were 

taller (P < 0.01) in previously grazed than zero-grazed rye. Height of cotton plants in 

July were taller (P < 0.01) when planted into grazed than non-grazed rye in all years. 

Cotton lint yield in 2005 was greater (P < 0.01) when planted into grazed than 

ungrazed rye but differences were not significant in 2007 or 2008. Allelopathy was 

suspected. In a 3-yr small plot study, no-till planting cotton into rye or wheat cover 

crops reduced (P < 0.05) growth, lint and seed yield of cotton compared with no cover 

crop. Greenhouse trials verified cotton plant suppression by increasing rates of small 

grain residues and by direct application of 2-benzoxazolinone (BOA), a known 
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allelopathic chemical. Allelopathic compounds, 2, 4-dihydroxy-7-methoxy-1, 4-

benzoxazin-3-one (DIMBOA), 2-benzoxazolinone (BOA), 2, 4-dihydroxy-1,4-

benxozaxin-3-one (DIBOA), from rye and wheat were detected in soil and plant 

material in greenhouse and field experiments. Grazing the cover crop by cattle may 

help alleviate these negative effects. Cover crops have environmental benefits but 

negative effects need further investigation.  
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 CHAPTER I 

INTRODUCTION 

 Cotton (Gossypium hirsutum L.) is one of the most important and intensively 

planted commodity crops in Texas Southern High Plains. It is estimated that more 

than 1.12 million ha of cotton were planted annually between yr 2005 to 2010 which 

accounted for more than 26% of the total national cotton planted. In this area, most 

cotton is grown in monoculture and about 40% is irrigated. The monoculture system 

raises many environmental concerns including soil erosion. Soil loss with this kind of 

system could reach more than 19 Mg ha
-1

 yr
-1

 which is beyond a sustainable rate. 

Previous research suggested that incorporated cover crops could reduce soil erosion to 

less than 7 Mg ha
-1

 yr
-1 

in this environment. Using small grains as cover crops is 

widely appreciated for many benefits to promote a sustainable cropping system. In the 

water-limited Texas High Plains, this technique has been less adopted due to 

additional water use. The major irrigation resource of this region is from Ogallala 

Aquifer which has been declining at a rate that exceeds its recharge potential. The 

water resource scarcity has become a big challenge for maintaining a sustainable 

environment and agriculture production.  Small grains are known for their allelopathic 

abilities and have been praised as a natural herbicide to suppress growth of a wide 

variety of plants. Earlier studies showed that cotton was suppressed by presence of a 

variety of grass and legume species. A long-term cotton-wheat/rye-livestock 

integrated system study strongly suggested a trend of suppressed cotton and wheat 

growth in the rotation and allelopathy was suspected.  

 Understanding the interaction between cotton and cover crops is important for 

decision making and system design in the Texas High Plain area. Thus, this study was 
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conducted to isolate the possible factors that caused the observed inhibition of cotton 

growth and yield when cover crops occurred. 
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CHAPTER II 

LITERATURE REVIEW 

The Texas High Plains 

 The „Llano Estacado‟ named by the Spanish explorer Francisco Vasquez de 

Coronado, means „Plain of Stakes‟ and is what we know today as the Southern High 

Plains.  The land is so endless, featureless, and flat that it required explorers to drill 

stakes into ground for them to find their way back. The Texas High Plains is the 

subregion of the Southern High Plains which extends  from the Canadian River in the 

Texas Panhandle south bounded to the Texas-New Mexico border and extends from the 

Caprock Escarpment to the Pecos River Valley (Brooks et al., 2000).   

 The High Plains, with a dry continental climate, is windy, has low precipitation 

and humidity, a high evaporation rate, and receives an abundant amount of sunlight. The 

mean temperature of this region varies from 6 °C to 17 °C from north to south (USGS, 

2010). This climate, accompanied by early spring and late killing frosts, offers a 

prolonged growing season (185 to 225 d) for agriculture (Brooks et al., 2000). The area 

usually receives a total annual precipitation ranging from 360 mm to 510 mm and most of 

the precipitation occurs between May and September.  

The major soil types on the Texas High Plains are primarily mollisols and alfisols 

while some minor areas have vertisols and entisols. Alfisols and mollisols are both 

generally high in bases and formed from grass or savanna vegetation. Both of these soil 

types are highly likely to form a petrocalcic (caliche) horizon which could potentially 

limit plant root development (Soil Survey Staff, 1999). 
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 The primary commodity crops in the Texas High Plains are cotton (Gossypium 

hirsutum L.), grain sorghum [Sorghum bicolor (L.) Moench] and wheat (Triticum 

aestivum L.) according to Keeling et al. (1989). Between the year 2005 to 2010, an 

average of 1.12 million ha of cotton were planted annually in this area which accounts for 

more than 26% of the total U.S. cotton production (USDA, 2010). Cotton planted in this 

region is mostly in monoculture systems and about 41% of the cotton planted was 

irrigated in year 2005 to 2009.  

 

Irrigation challenges 

 The major agriculture irrigation resource in the Texas High Plains is from the 

underground Ogallala Aquifer. The Ogallala Aquifer is one of the largest aquifers in the 

world and underlies 45.1 million ha beneath 8 states including Texas, Wyoming, 

Nebraska, Colorado, Kansas, New Mexico, Oklahoma and South Dakota (McGuire et al., 

2007). According to Brooks et al. (2000), after World War II,  cheap aluminum pipes 

enabled  farmers to switch from gravity ditch flow systems to utilize underground water. 

The Ogallala Aquifer was first thought to be well recharged by “snowmelt from the 

Rockies” but has been depleted at a drastic rate. Ryder (1996) showed that more than 6 x 

10
9
 m

3
 of water was pumped from the aquifer each year  with an estimated 40-cm  

decline yr
-1

 while the recharge rate by precipitation was only 0.06 cm yr
-1

. The depletion 

of this aquifer was thought to be the most severe hydraulic disturbance that is human-

induced (Moore and Rojstaczer, 2002). With competition among municipal, industrial 

water, and irrigation water use, combined with increasing pumping energy needed and 

more strict regulations, the challenge to meet agricultural production water has become 
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even greater. The typical dry, windy, hot weather during the growing season in this area 

raises the evaporation rate considerably. Allen et al. (2008) reported that 50% of 

irrigation water was wasted with cotton planted in monoculture systems in this area due 

to evaporation and runoff.   

Soil Erosion 

 Prevention of soil erosion is a major concern in developing sustainable and 

healthy ecosystems. According to Pimentel et al. (1995), about one third of the arable 

land has been  lost due to erosion globally from 1960‟s to 1990‟s. The economical loss 

could reach to $44 billion per year by soil erosion alone. It is estimated that 75 billion 

metric tons of soil was lost and 12 x 10
6
 ha of arable land was abandoned yearly due to 

non-sustainable agriculture practices globally (Myers et al., 1985; Lai and Stewart, 1990).  

Soil erosion will not only reduce soil fertility, lose soil organic matter, and lower 

agriculture productivity and arable acreage, it could lead to deforestation, air pollution, 

raise potential health problems, and impose many other negative impacts on the 

ecosystem (Pimentel et al., 1995). According to Collins (2003), soil erosion in a cotton 

monoculture system in Texas High Plains  exceeded 19 Mg ha
-1

 yr
-1

 but adoption of 

cover crops  reduced the erosion to less than 7 Mg ha
-1

 yr
-1

 which met the definition of  

sustainable resource management. 

 

Benefits of Cover Crops 

 Adoption of cover crops in a rotation system is a well mastered technique and it is 

a major piece in a sustainable annual cropping system (Sullivan et al., 1998). Winter 

cover crops are usually planted in autumn for winter coverage and plant candidates need 
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to be cold tolerant especially in the northern part of the country. In the southern U.S., 

small grains were widely adopted as winter cover crops and sometimes were mixed with 

legumes. During summer time, warm season cover crops fit into this gap. After 

harvesting a main crop, a cover crop can act as a catch crop that reduces nutrient leaching 

and supplies potential forages for grazing animals. As a cover crop, the Fabaceae family 

was commonly planted and plowed to increase soil fertility and known as “green manure” 

and the soil also received extra N through the rhizobial symbiotic activity throughout the 

growing season (Blevins et al., 1990; Torbert et al., 1996). 

 Cover crops can help reduce soil erosion (Meisinger et al., 1991), maintain or 

increase soil fertility (Meisinger et al., 1991; Angustia, 1995), increasing soil organic 

matter and improve soil structure (Sullivan et al., 1998), suppress weed growth (Barnes 

and Putnam, 1983), increase N scavenging (Jackson et al., 1993) and decrease off-farm 

energy use (Ess et al., 1994) but some negative effects of cover crops have been 

suggested. 

 A 10-yr, integrated crop-livestock system showed a 25% decrease in water use 

and decreased N fertilizer inputs but had variable effects on cotton yield and profitability 

compared with a monoculture cotton system (Allen et al., 2005; Allen et al., 2007; Allen 

et al., Texas Tech University, unpublished).  

 

Potential Allelopahthic Problem with Cover Crops 

 Allelopathy is defined by Molisch et al. (1937) as production of specific 

biochemicals of plant origin that promote or inhibit the growth of other plants and most 

research has focused on the negative effects. The allelopathy is the combination of the 
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two Greek words „allelo‟ and „pathy‟ means „mutual harm‟. In 1996,  allelopathy was 

defined as “any process involving secondary metabolites produced by plants, algae, 

bacteria, and fungi that influences the growth and development of agriculture and 

biological systems” by the International Allelopathy Society (Chou, 2006). Secondary 

metabolites refer to chemicals released by plants not found to have had anything to do 

with primary functions i.e. growth, photosynthesis, respiration and reproduction etc 

(Pichersky and Gang, 2000).  

 According to Fuerst and Putnam (1983), there are four criteria to indicate the 

existence of allelochemicals. They are “(1) identify the specific interfered symptom, (2) 

isolate, identify, and synthesize the released chemicals, bioassay the toxins; (3) simulate 

the interference of toxin as in the natural condition; and (4) identify the quantity of toxin 

released and the uptake in the plant.” 

 Observation of this specific phenomenon could trace back to 370 BC (Willis, 

1985) where Theophrastus, one successor of Aristotle, recorded that  pigweed 

(Amaranthus L.) inhibited alfalfa (Medicago sativa L.) (Jelenic, 1987).  Allelopathy has 

been appreciated and used in agriculture since 64 AD (Mallik, 2008). Small grain cover 

crops are also known to produce allelopathic secondary metabolites and have been used 

as natural herbicides. 

 The allelochemicals can escape into the environment by leaching, volatilization, 

plant residue decomposition and root exudates and the majority of  released compounds 

are hydrophilic i.e. alkaloids, phenolic acids and flavonoid glycosides (Chou, 2006).  The 

majority of phenolic acids released include benzoic acid, alkaloids, terponoids, cinnnamic 

acids and others (Rice, 1984). 

http://plants.usda.gov/java/profile?symbol=AMARA
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 It was reviewed by Zhou and Yu (2006) that allelopathy can take action on a wide 

array of physiological activities including influence on cell differentiation and division, 

respiration, photosynthesis, water and ion uptake, gene expression and signal 

transduction, phytohormone and enzyme function; but it is hard to recognize the primary 

effect and the secondary effect. 

 In Poaceae, the most intensely studied allelochemicals include hydroxamic acids, 

alkaloids, phenolic acids and quinines (Sánchez-Moreiras et al., 2003). The 

benzoxazinoid derivatives in Poaceae have been of particular interest in recent years, 

especially in small grains. Villagrasa et al. (2006) suggested that in wheat, the 

benzoxazinoid derivatives exist in foliage, roots, and seeds and the variety and quantity 

of derivatives that can be detected depend on the analytical procedure and plant stage of 

growth and the variety. Reberg-Horton et al. (2005) reported that phytotoxicity found in 

aqueous extracts from rye tissue was correlated with concentrations of 2, 4-dihydroxy-1, 

4-benzoxazin-3-one (DIBOA). Concentrations of DIBOA in rye tissue differed due to 

harvest date and rye cultivar. The concentration of hydroxamic acids increase drastically 

and maximize in 4-d old seedlings and decrease as plants mature (Argandoña et al., 1981).  

The concentration level of benzoxazinoids in plants can be affected by surrounding light 

intensity (Åhman and Johansson, 1994; Kato-Noguchi, 1999) and donor plants‟ water 

potential (Richardson and Bacon, 1993). 

 The major allelochmicals in wheat and rye were 2, 4-dihydroxy-7-methoxy-1, 4-

benzoxazin-3-one (DIMBOA), DIBOA,  2-hydroxy-1,4-benzoxazin-3-one (HBOA), 2-

hydroxy-7-methoxy-1,4-bezoxazin-3-one (HMBOA) and their derivatives (Krogh et al., 

2006). The benzoxazinone allelochemicals undergo degradation and structural changes 
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when incorporated with soil. The major degradation product of wheat seedlings when 

incorporated with soil was primarily 6-methoxybenzoxazolin-2-one (MBOA; (Macias et 

al., 2005). The major degradation products of rye after mixing with soil were first MBOA, 

HBOA, HMBOA and then eventually transformed into the more toxic 2-amino-3H-

phonoxazin-3-one (APO) (Gagliardo and Chilton, 1992; Krogh et al., 2006). Marcias et 

al., (2005) reported that DIBOA in soil was transformed primarily into 2-

benzoxazolinone (BOA). APO was one of the main degradation products of BOA.  

Compared with other derivatives, APO was more stable in soil and could maintain its 

form for more than 90 d (Macias et al., 2005). 

 A study of BOA (Niemeyer et al., 1987) indicated that  BOA inhibited ATP 

synthesis in mitochondira. The DIMBOA showed inhibition effect on energy transfer 

reactions in maize extracts (Queirolo et al., 1983) and inhibition of ATPase activity of 

chloroplast coupling factor 1 (CF1) (Queirolo et al., 1981).  The existence of MBOA 

imposed inhibition on α-amylase activity and reduced the germination rate in a lettuce 

seed germination study (Kato-Noguchi and Macías, 2005). This evidence could partially 

explain why these benzoxazinone derivatives have such a wide range of toxic effect.  

 Wheat was known for autotoxicity (Schreiner and Reed, 1907) and suppressed 

germination and growth of their own seeds. It also showed suppression of growth of 

barley (Hordeum vulgare L.), rye, rice (Oryza sativa L.) and a wide variety of weeds (Wu 

et al., 2001). Barnes and Putnam (1986) suggested that rye residue could suppress cress 

(Lepidium sativum L.), lettuce (Lactuca sativa L.), proso millet (Panicum miliaceum L.) 

and barneyardgrass (Echinochloa crus-galli L.). 
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 In spite of all the merits of cover crops in a rotation system, their allelopathic 

potential could be detrimental to the performance of the following crops. When it comes 

to cotton, several investigations indicated that cotton growth and the resulting yield could 

be influenced by allelopathy. Research in an Australian cotton rotation system indicated 

that winter grain legumes i.e. chickpea (Cicer arietinum L.) and faba bean (Vicia faba L.) 

imposed more detrimental allelopathic effects when cotton was planted into their stubble 

than when planted into wheat stubble (Hulugalle et al., 1998).  Cotton germination could 

be inhibited by alfalfa (Medicago sativa L.) released allelopathic saponin (Marchaim et 

al., 1975).  

 Hicks et al. (1989) suggested  that the emergence rate and yield of the 

allelopathic-sensitve cotton variety “Acala A246” were reduced  in the presence  of wheat 

straw and suggested this effect was due to the allelopethic effect on cotton density. Their 

work suggested that when  cotton density was above the optimum yield density (70,000 – 

140,000 plants ha
-1

),  adoption of wheat as a cover crop reduced the density of following 

cotton and when the resulting density fell into the optimum range,  cotton yield surpassed 

the cotton yield following fallow. On the other hand, when the planting rate of  cotton  

was below the optimum range, the allepathic effect from rye decreased plant density and 

yield at the same time compared with  cotton planted following fallow. A study on 

Coastal Plain soils (Norfolk loamy sand) suggested that the lint yield of cotton planted 

following winter rye was higher than that of cotton  following fallow  (Bauer et al., 1996).  

 Bouchagier (2008) et al. found that bermudagrass (Cynodon dactylon (L.) Pers.) 

exhibited allelopathic effects on a wide array of cotton biological parameters including 
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reduced leaf transpiration, stomatal aperture, CO2 intake, net assimilation rate, Fv/Fm 

value, dry matter, stem diameter and increased leaf temperature. Their research also 

showed that Mg, P, and Ca concentration in roots were increased when under the 

influence of their bermudagrass neighbor. 

 While the benefits of cover crops are many and diverse, it is apparent that there 

are potential negative effects as well. In water-limited environments, planting cover crops 

must be well justified due to their additional water consumption, thus, identification of 

potential negative effects are of even greater importance. The overall objective of this 

research was to identify negative effects of cover crops if they were present, to examine 

the role of the grazing animal in altering observed effects, and to identify or eliminate 

factors that could contribute to such negative effects.  Three sets of experiments were 

conducted and included 1) a field-scale experiment within a long-term cotton, small grain, 

grazing rotation; 2) a small plot experiment using cover crops or not prior to planting 

cotton, and 3); greenhouse studies to examine effects of cover crops and isolated 

allelopathic chemicals on initial growth of cotton under highly controlled conditions.   
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CHAPTER III 

LONG-TERM GRAZING OF A RYE COVER CROP BY STEERS INFLUENCES 

GROWTH OF RYE AND NO-TILL COTTON 

 

ABSTRACT 

 Small grain cover crops offer opportunities for grazing but effects of cover crops 

on following row crops are not well understood. From 1998 through 2008, rye (Secale 

cereale L.) was planted alternately in a 2-paddock rotation each September, was grazed 

intermittently by steers from January until early April, was chemically terminated, and 

cotton (Gossypium hirsutum L.) was then no-till planted in May. Following cotton 

harvest in November, wheat (Triticum aestivum L.) was no-till planted, grazed out by 

steers by June, and land was fallowed until rye was planted in September. By Feb 2006, 

wheat failed to establish and was omitted from the rotation. The experiment was a 

randomized complete block design with 3 replicates. Soil was primarily Pullman clay 

loam (fine, mixed, superactive, thermic Torrertic Paleustolls). Permanently located caged 

areas excluded grazing in each paddock and hay was harvested. In spring, a second cage, 

adjacent to the original cage (2005) or randomly located in paddocks (autumn 2006 and 

2007), investigated effects of 1) zero-grazed; 2) exclusion from grazing in 2005, 2007 or 

2008 only; or 3) where rye was always-grazed prior to cotton. In 2007 and 2008, 

continuous cotton with no cover crop was included as a 4
th

 treatment. Rye excluded from 

grazing in 1 yr only (Treatment 2) was taller (P < 0.02) in every year than rye growing 
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where grazing had never occurred (Treatment 1). In 2005, total rye biomass was greater 

(P < 0.01) if grazing was excluded in 1 yr only than where never grazed. Non-grazed 

biomass was removed in April to approximate grazed height. Cotton no-till planted into 

grazed rye was taller (P < 0.05) in every year than where grazing was excluded. 

Continuous cotton with no cover crop was shorter (P < 0.02) than cotton grown with a 

cover crop regardless of grazing treatment. Cotton stand density was greater (P < 0.01) in 

both 2005 and 2008 for cotton planted into grazed than non-grazed rye. A hail event in 

2007 likely prevented expression of effects. Lint and cotton seed yield was higher (P < 

0.01) when planted into grazed than non-grazed rye in 2005 but differences were not 

significant in 2007 or 2008, perhaps due to removal of wheat from the rotation. Initial 

investigations of a relationship with known allelopathic chemicals in rye and wheat 

suggested presence of 2,4-dihydroxy-(2H)-1,4-benzoxazine-3(4H)-one (DIBOA) and 2,4-

dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-3(4H)-one (DIMBOA) in soils where rye 

grew but not in continuous cotton with no small grain cover crop when measured in 

February 2008. Grazing increased growth and productivity of rye and increased cotton 

stands and plant heights. The suppression effects due to existence of rye on cotton 

suggested allelopathy.  
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 Winter annual small grains are high quality forages that when grazed in the 

vegetative stage will generally meet and exceed nutrient requirements for all classes of 

grazing livestock (NRC, 1996; Rao and Horn, 1995). As more emphasis has been placed 

on soil quality, environmental issues, and reduction of soil erosion, small grains have 

often been used as cover crops prior to minimum or no-till establishment of row crops. 

Benefits include reduced soil erosion (Daniel et al., 1999; Collins, 2003), decreased soil 

moisture evaporation (Unger and Parker, 1976), enhanced rainfall infiltration (Naderman, 

1991), reduced nitrate leaching (Logsdon et al., 2002), higher soil carbon (Edwards et al., 

1992), and greater microbial activity (Acosta-Martinez et al., 2004; 2010).  Improved 

weed control has long been associated with small grain cover crops (Teasdale et al., 1991) 

with mechanisms suggested due to increased competition (Fisk et al., 2001) and to 

release of allelopathic chemicals (Barnes and Putnam, 1983 and 1986).
 
Fisk et al. (2001) 

suggested that negative effects can also accrue to cover crops including reduced soil 

moisture and need for chemical termination of plant material.  

 Using small grains, particularly wheat (Triticum aestivum L.), as a dual-purpose 

crop is a common practice and management for both grazing and grain production has 

been well established (Redmon et al., 1996). Grazing cover-crop small grains prior to no-

till establishment of a row crop is less common. Concerns have included potential for soil 

compaction, trampling, amount and uniformity of residual biomass, and effects on seed 

placement but the actual impacts of grazing on the following crop are not well known. 

Morris et al. (1998) reported that grazing a rye (Secale cereale L.) cover crop prior to no-

till planting of corn (Zea mays L.) increased corn plant populations while providing 

forage for cattle but soil bulk density was increased by grazing. Francis et al. (1998) 
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found that grazing cover crops, including rye and wheat, increased soil mineral N due to 

return in ingested plant N through urine but where cover crops were grazed, yields of the 

following cereal crops were similar to those where soil was fallowed over winter.  

 The objectives of our research were 1) to determine effects of grazing a rye cover 

crop by beef steers in a rye-cotton (Gossypium hirsutum L.)-wheat-fallow-rye rotation on 

growth of rye, stand establishment and yield of cotton; 2) to investigate presence of 

known allelopathic compounds in soils and small grain plant material and to investigate 

their relationship with observations on plant growth.  

 

MATERIALS AND METHODS 

 Long-term, field-scale research began in 1997 to compare an irrigated 1) cotton 

monoculture, and 2) an integrated, 3-paddock cotton-forage-livestock system where 

cotton was grown in alternate rotation with rye and wheat (Fig. 1; Allen et al., 2005). 

Each system was replicated three times in a complete randomized block design.  

 The current research reported here was conducted during 2007 and 2008 within 

the integrated system with the objective of elucidating effects of grazing of the rye cover 

crop by beef steers on establishment and growth of the following cotton crop.  Previously 

unpublished research during 2005 was conducted by Dr. Fujiang Hou (Lanzhou 

University, Lanzhou, China) and is included in part here as the initial data that led to the 

follow-up research during 2007 and 2008 and subsequent studies that are the basis for 

this dissertation. No data were collected during 2006. Additionally, during 2007 and 2008, 



  Texas Tech University, Yue Li, May 2011 

 

16 

 

data for this research were collected from within the continuous cotton system as well as 

from the alternative system. 

 The overall systems research was located at the Texas Tech University research 

farm (101°47′W; 33°45′N; 993 m elevation) in the Southern High Plains. Soils were 

primarily Pullman clay loam (fine, mixed, superactive, thermic Torrertic Paleustolls). 

This semi-arid region is characterized by a dry steppe climate with mean long-term 

(1911-2008) annual precipitation of 474 mm (Fig. 2 and 3). About 75% of precipitation 

occurs from April through October. Total annual precipitation at the research site was 

550, 421, 647, and 705 mm (based on 1 November to 31 October; Allen et al., 2005) in 

2005, 2006, 2007, and 2008, respectively. 

 A full description of the overall systems research was provided by Allen et al., 

2005; thus, only a brief description is included here. Yr 1 of data collection for the overall 

systems comparison began in 1998 with cattle entering the integrated system in 1999.  

Irrigation System 

Irrigation water was provided through an underground drip system (Netafim, Tel 

Aviv, Israel) with each individual paddock equipped with a turbine water meter (Master 

Meter WNT-01, Fort Worth, TX) to measure total water applied. Drip tapes on 1-m 

centers and about 0.36 m deep with injection emitters on 0.6-m centers were used to 

deliver 1.47 L h
-1

 at 88.3 kPa. Irrigation capacity was 2.5 mm h
-1

, and variable volumes 

could be applied daily depending on crop water demands. Total water supply to each 

cropping sequence was determined using rain gauges for natural precipitation and meters, 

described above, for measurement of irrigation water.  
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Figure 1. Design of an irrigated cotton monoculture and an irrigated integrated 

cotton/forage/beef stocker steer system (Adapted from Allen et al. (2005). 
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Figure 2. Annual precipitation in Lubbock, TX (yr 1911- 2008). 
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Figure 3. Average monthly air temperature in Lubbock, TX from yr 1971-2000 (top), yr 

1998 – 2008 (below).  
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Continuous Cotton System 

 This system consisted of a single paddock (100% of system; replicated 3 times) 

for monoculture cotton (Fig. 1). Cattle were not a part of this system. Soil was listed on 

1-m centers over drip irrigation tapes.  During 1997 through 2003, „Lockett‟ wheat at 56 

kg ha
-1

 was planted in three, 18-cm rows in furrow bottoms between listed rows each 

autumn following cotton harvest. Nitrogen (67 kg ha
-1

) was applied through the irrigation 

system in late winter (mean date 22 Feb.). In spring, wheat was chemically terminated 

with glyphosate (Monsanto, St. Louis, Missouri 63198) at 0.84 kg ai ha
-1

.  Wheat was 

discontinued in this system beginning in the 2006 crop year.  

 In 1997, „Paymaster (PM) 2326RR' cotton was planted (194,000 seed ha
-1

) in 

mid-May each year (mean planting date 15 May) into tops of listed rows. Chemicals 

applied during the first 5 yr are in Allen et al. (2005).  In 2003, the cotton variety was 

changed to a „FiberMax‟ variety (mean planting date 15 May) to reflect changes in 

grower use in this region. Varieties used were „FiberMax 989‟ (2003 and 2004) 

„FiberMax BR960‟ (2005 and 2006, and „FiberMax 9058F‟ (2007 and 2008). Planting 

rate averaged 18 kg ha
-1

. Four applications of N were made to cotton during the growing 

season at various stages of development. During 2005 through 2008, Roundup (nitrogen-

phosphonomethyl glycine, Monsanto, St. Louis, MO, 63198) was used for weed control. 

Chemicals were applied as described by Allen et al., 2005 and Allen et al., 2011 

(unpublished). The plant growth regulator Pix (Mepiquat-Cl, BASF Corp. Research 

Triangle Park, NC 27709) was applied in early August in 2005 to slow vegetative plant 

growth and encourage boll development. Pix (de Pont de Nemours and Company, 
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Wilmington, DE 19898) was applied in August, 2007.  Pix (Bayer CropScience LP, 

Research Triangle Park, NC) was used in August, 2008.  

 Cotton was harvested with a 4-row cotton stripper in November 2005, 2007 and 

December 2008. Total weight of harvested cotton, seed, and trash was obtained by 

replication in the field at time of harvest by weighing the entire harvested crop in a boll 

buggy equipped with load cells. Harvested cotton was ginned commercially and 

percentages of lint and seed were determined by the cotton gin.  

 

The Integrated Cotton-Livestock System  

About 53.6% of the total system replicate land area (2.1 ha; Fig. 1) was 

established in the perennial warm-season grass „WW-B. Dahl‟ old world bluestem 

[Bothriochloa bladhii (Retz) S.T. Blake]. The remaining 46.4% of this system was 

divided into two equal-sized paddocks of 0.93 ha each. Cotton was grown in alternate 

rotation between these two paddocks. „Maton‟ rye was planted (112 kg ha
-1

) in early 

September of each year before cotton. Grazing by stocker steers [Angus and Angus 

crosses; mean initial weight 239 kg (SD = 75 kg] began each year in late January (mean 

date = 23 January). Rye was grazed in sequence with dormant old world bluestem with 

rye grazing terminated in mid-April to early May (mean date 7 May). Following removal 

of steers from rye, plants were terminated by applying glyphosate (Monsanto, St. Louis, 

Missouri 63198) at 0.84 kg ai ha
-1

. Cotton was no-till planted into rye in mid-May (mean 

planting date 16 May). „PM 2326RR‟ cotton was planted from 1998 until 2002. A 

Fibermax variety was used from 2003 through 2008 [„FiberMax 989‟ (2003 and 2004), 

„FiberMax BR960‟ (2005 and 2006), and „FiberMax 9058F‟ (2007 and 2008)]. Seeding 
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rates, fertilization, plant growth regulators, and harvesting were as described for 

continuous cotton above. During 2005 to 2008, Roundup was used for weed control. 

Cotton was machine harvested as described for continuous cotton 10 November, 2005, 19 

November, 2007, 16 December, 2008 and weighed and ginned to determine lint and seed 

yield as described above for continuous cotton.  

 Immediately following cotton harvest each autumn, „Lockett‟ wheat was planted 

(112 kg ha-1) into cotton stalk stubble with a no-till Tye stubble drill (AGCO, Lockney, 

Texas 79241). Wheat was grazed following rye. Wheat was included in the rotation until 

2006 but was then discontinued due to repeated stand failures. Nitrogen (67 kg ha-1) was 

applied though the irrigation system in late winter (mean date 5 Mar-2006 only, 

discontinued thereafter.). Following graze-out of wheat, land was fallowed until rye was 

planted in September. This paddock was sprayed with glyphosate to terminate weeds and 

was clipped at least once to control volunteer cotton. Thus, because there were two 

paddocks in rotation, cotton alternated each year between paddocks and both rye and 

wheat were available for grazing in sequence each winter (rye) and spring (wheat) until 

wheat was discontinued.  

 From the beginning of the experiment, no cultivation of these paddocks had 

occurred until disking during the fallow period prior to planting rye in 2004 and again 

disking prior to planting rye in the alternate paddock in 2005. Thus, within the rotation, 

each of the two paddocks were disked (at least four times) in 1 yr only immediately prior 

to the start of the current experiment.  

 Application of fertilizers was based on soil test results and yield goals and 

pesticides on recommendation of integrated pest management specialists. All fertilizer 



  Texas Tech University, Yue Li, May 2011 

 

24 

 

applications were made through the drip irrigation system. All herbicide applications 

were made using TeeJet 8002 flat fan nozzles calibrated to deliver 122L ha
-1

 at 379.5 kPa. 

Grazing Treatments 

 At the beginning of the experiment in 1998 (yr 1), prior to cattle entering the 

system, permanently located cages (4.8 m X 4.8 m) were installed in each paddock to 

prevent animal impact but were managed in all other ways as grazed areas. At the end of 

each grazing sequence, cages were removed for planting and harvesting and were then 

reinstalled prior to the next grazing season. For the current experiment in 2005, 2007, and 

2008, a second cage (4.8 m X 4.8 m) was included to investigate effects of previous years 

grazing compared with zero-grazing and annual grazing on growth of rye and the 

following cotton crop. In 2005, the second cage was placed adjacent to one side of the 

original cage (side selected randomly) in each rye pasture. In 2007 and 2008, the second 

cage was located randomly at a sufficient distance away from the permanent cage in each 

replication to exclude any possibility of prior animal impact adjacent to the original cage. 

This location was changed between 2006 and 2007. Thus, for the current research there 

were three treatments imposed within the rye as follows: 1) zero grazed (original caged 

area); 2) ungrazed in the current year only (second cage; ungrazed in 1 yr only); and 3) 

always grazed (remainder of paddock). During 2007 and 2008, the continuous cotton 

grown without a cover crop was included as a fourth treatment. 

Following termination of grazing of rye (5 April 2005, 4 May 2007, and 12 May 

2008)), ungrazed rye within caged areas was clipped (17 April, 2005, 25 May 2007, 20 

May 2008) to approximate height of residual biomass in grazed areas and biomass was 

removed from the caged areas. Rye in the entire field including caged areas was 



  Texas Tech University, Yue Li, May 2011 

 

25 

 

chemically terminated with glyphosate on 29 April, 2005, and 16 May, 2007. For 2008, 

the rye was terminated by light disking on 20 May, 2008 due to unusual roughness of the 

surface from animal grazing.  

Procedures for Sampling Rye 

2005 

 For each replicate of the three treatments, expanded heights of individual rye 

plants were recorded at permanently identified sites. Three plants at 5 sites inside each 

cage (total of 15 plants) and 3 plants at each of 10 sites outside the cages (total of 30 

plants) were measured at 2-wk intervals from initiation of grazing in February through 

termination of grazing in April. Additionally, in autumn of 2005, rye in the alternate 

paddock was sampled on 17 October, 15 November, and 21 December, for plant height 

as described above.  

 Rye biomass was determined by clipping rye to ground level within a 0.5-m
2
 

quadrat when grazing was initiated and terminated. When grazing ended on 5 April 2005, 

4 samples (4 of 5 permanent sampling points) were collected within each caged area and 

6 samples (6 of 10 permanent sampling points) were taken within the grazed area.  

 

2007 and 2008 

 Rye extended leaf heights were measured in each cage and grazed area at 28-d 

intervals throughout the grazing season for rye (February to April/May). Thirty randomly 

selected sampling points were measured in the grazed area and 20 random sampling 
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points were measured in each caged area. Rye was sampled on 22 February, 22 March, 

21 April, 14 May, 2007 and 08 February, 11 March and 15 April 2008.    

 Rye plant samples for biomass determination were harvested at ground level 

when grazing was terminated from each treatment replicate. Sample sites were selected 

randomly and clipped to ground level as follows: 1) 11 December, 2006, 2 sites (0.24 m
2
) 

in caged areas and 4 sites (0.24 m
2
) in the grazed area 2) 25 May, 25 2007, 2 sites (0.5 m

2
) 

in caged area and 4 sites (0.1 m
2
) in grazed area 3) 8 February 08, 2008, 2 sites (0.1 m

2
) 

in caged area and 8 sites (0.1 m
2
) in grazed area 4) 20 May, 2008, 2 sites (0.24 m

2
) in 

caged area and 8 sites (0.1 m
2
) in grazed area.  

 Plant tissue samples were placed in brown paper bags and dried in a forced air 

oven at 60°C until samples reached constant weight. Dry biomass was weighed and 

recorded.  

 

Sampling Procedures for Cotton 

Year 2005 

 On 14 June, 10 July, 10 August, 8 September and 17 October, cotton plant height 

(cm) and plant density (plants m
-1

 within a row) were determined within each of the three 

treatment areas described above. Plant height was determined by measuring 3 plants at 

each of 5 locations within each previously caged area and at 6 sites within the grazed area 

for a total of 15 plants in each caged area and 18 plants within grazed areas. Plant density 

was determined by counting plants within 1 m of row at each of the five sampling points 

within caged areas and at each of the six sampling points within grazed areas. On 2 
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November, immediately prior to field harvesting of 10 November, cotton was hand 

harvested from within a 3-m row at each of the five sampling points within caged areas 

and at each of the six sampling points within grazed areas. Cotton was weighed and 

ginned to determine yield of lint and seed.  

 

Year 2007 and 2008 

 On 8 July, 11 July, 16 October (2007), 20 July, and 31 October, (2008), cotton 

plant height (m) and density (plants m
-1

 within a row) were determined within each of the 

four treatment areas. Plant height was determined by measuring 15 plants at random 

locations within each previously caged area and thirty randomly selected plants within 

grazed areas.  Plant density was determined by counting plants within 1 m of 3 random 

sampling points within caged areas and 20 sampling points within the grazed area.  

Additionally, height of 20 plants was measured at random within each replicate of the 

continuous cotton. Cotton plant density was determined within the continuous cotton 

replicates by counting within 1 m of 20 random sampling points. 

 On 6 February 2009, cotton (stalk) density was counted again. The plant numbers 

in the entire area of each cage were counted, 30 randomly selected sampling points were 

measured in the grazed area and 25 randomly selected sampling points were measured in 

the continuous cotton area by counting plants within 1 m at each sampling point.  

 Yield of cotton lint and seed in grazed areas and for continuous cotton were 

determined by machine harvest on 19 November (2007) and 16 December (2008).Total 

weight of harvested cotton, seed, and trash was obtained by replication and treatment in 
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the field at time of harvest by weighing the entire harvested crop in a boll buggy 

equipped with load cells. Percentages of lint and seed were determined by the cotton gin. 

Additionally, subsamples of cotton were collected from each treatment and replication of 

the continuous cotton and the grazed area in the alternative cotton. Caged areas were 

harvested (entire caged area) with a 2-row cotton stripper and weighed in the field. 

Subsamples were collected from each cage and each replicate. Samples from all four 

treatment areas and replicates were ginned to determine percentages of lint and seed.   

 

Soil moisture 

 On 30 March and 17 April, 2005, 5 sites inside each cage and 6 of 10 sites outside 

cages in grazed areas were instrumented with time-domain reflectometry (TDR) probes 

to determine soil moisture to a depth of 30 cm using procedures described by Wan et al. 

(2002). The TDR readings were recorded with a 1502C cable tester (Tektronix, 

Beaverton, OR) connected to the rods. Soil moisture was determined also in autumn 2005 

in the alternate paddock of each system replicate on each date described previously.  

 On 25 May, 2007, soil gravimetric moisture was determined in each replicate of 

each treatment area using a soil probe to a depth of 8 cm. Five samples inside each cage 

and eight samples outside the cages were collected and oven dried at 105 °C until soil 

reached a constant weight.  
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Sampling Procedures for Allelopathic Compounds 

 Soil samples were taken using a shovel to dig a 15-cm deep V-shaped hole, then a 

slice of soil was cut from the center top 8 cm of soil. Five samples inside the cage and 

eight samples outside the cage were collected and kept at -20°C until ready to analyze.  

 Rye plant samples were collected from each replicated treatment paddocks on 14 

May, 2007. Five random grab samples of rye were selected and cut to ground level in 

each caged area and 15 random samples from the grazed area. On 3 August, 2008, rye 

straw residue left on the ground was collected. Five random sites in each caged area and 

15 sites outside the cage were selected. Plant samples were placed in brown paper bags 

and dried in a forced air oven at 60°C until samples reached constant weight. Samples 

were ground in a stainless steel, Model 4, Thomas-Wiley Laboratory Mill with a 2-mm 

screen (Thomas Scientific, Swedesboro, NJ 08085) and were retained for chemical 

analyses.  

  

Chemicals and materials 

 DIMBOA was isolated from maize (Zea mays L.) seedlings by the procedure 

described by (Larsen and Christensen, 2000). Details of the procedure are included below. 

BOA and DIBOA were obtained from University of North Carolina, USA. HPLC-grade 

methanol, Acetic Acid (AcOH) and water were purchased from Sigma-Aldrich. 

DIMBOA Isolation 

 „Tx 205‟ maize seeds （Zea mays L.) were sown (550 g) in two plastic flats filled 

with pre-watered potting mix. Flats [40cm (w) x 58 cm (l) x 15.5cm (h)] were covered 
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with black plastic bags to exclude light and were kept in the laboratory under room 

temperature in the dark. Seedlings were clipped to ground level 7 d after germination. 

Seedlings were placed in zip-lock bags and were frozen at -20 °C (Fig. 4). 

 Maize seedlings (fresh weight 1000 g) were thawed and ground in a blender with 

1 L water purified by Reverse Osmosis. The mixture was squeezed through four layers of 

cheesecloth (Fig. 5). 
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Figure 4. Maize seedlings grown in the dark for 7 d after  

germination for isolation of 2, 4-dihydroxy-7-methoxy-1, 4-benzoxazin-3-one 

(DIMBOA).  
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Figure 5.Blending and filtering corn seedlings grown for isolation of 2, 4-dihydroxy-7-

methoxy-1, 4-benzoxazin-3-one (DIMBOA). 
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The collected filtrate incubated at room temperature for 1 hr, was then transferred 

to small containers and centrifuged for 2 min at 2000 rpm. Supernatant was decanted into 

a large beaker and Amberlite XAD-7 (100 g) was added to the filtrate and stirred for 1 hr 

with a Nuova II stirrer. The mixture was filtered through a Pyrex® Buchner sintered glass 

frit filter funnel with vacuum and the filtrate was discarded. The residue left on the filter 

was transferred to a beaker and Acetone (HPLC grade, 250mL x2) was added and shaken 

well by hand for about 1 min with the Amberlite XAD-7. The mixture was filtered with 

Nalgene® sterile filter units and vacuum pump. The filtrate was evaporated with a rotate 

evaporator at room temperature (Fig 6). The evaporation was stopped when all the 

acetone was removed. 

 The residue was a reddish brown colored substance and was extracted twice with 

250 mL methylene chloride (HPLC grade). The mixture was transferred into a brown 

glass bottle, capped and placed on a Nuova II stirrer for 5 min. The mixture was then 

transferred to capped glass centrifuge tubes and stored at -20° C overnight. The next 

morning the suspension was centrifuged 12 min at 3000 rpm and the resulting 

supernatant was discarded. The residue was washed with 25 ml ice cold methylene 

choloride (the methylene chloride had been chilled at -20° C overnight) and centrifuged 5 

min at 3000 rpm. The supernatant was then discarded. The residue was recrystallized by 

adding 25 ml HPLC grade Hexane, shaken vigorously then centrifuged 5 min at 3000 

rpm again. The supernatant was discarded and the pale yellow residue was pure 

DIMBOA. The resulting DIMBOA was transferred to 2-ml plastic tubes and stored at -80° 

C until ready to analyze. The HPLC retention time of the purified DIMBOA was 11.15 

min ± 0.25 at 270 nm (Fig. 7). 
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Figure 6. Evaporation of acetone, during isolation of 2, 4-dihydroxy-7-methoxy-1, 4-

benzoxazin-3-one (DIMBOA) from maize seedlings, using a rotate evaporator. 
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Figure 7. HPLC chromatogram (270 nm) of purified 2, 4-dihydroxy-7-methoxy-1, 4-

benzoxazin-3-one (DIMBOA).    
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HPLC sample preparation 

 Soil samples were kept under -20° C until ready to extract. On the day of analysis, 

the frozen soil was thawed at room temperature and 5 g of soil was placed in a 50-ml 

falcon plastic tube.  For sample extraction, 7.5 ml of extract solution (100% methanol 

with 1% acetic acid) was added to each sample tube. The tube was capped immediately 

and vortexed vigorously for 1 min before a 15-min incubation in a water bath set at 70° C. 

The tubes were then shaken gently on a shaker for 5 min followed by 15 min incubation 

in the same water bath and 2 min agitation on a shaker. The sample tubes were 

centrifuged for 5 min at 2000 rpm and carefully transferred to a rack. Two ml of 

supernatant were further cleaned up by passing through a Millex®-GV syringe driven 

filter unit with tube outlet (0.22-µm pore size). The collected filtrates were kept at -80° C 

until analysis. 

 HPLC analysis was performed with a Shimadezu VP Series LC-10 AD VP liquid 

chromatograph system (DGU-14A degasser, SIL-10 AD VP auto injector, CTO -10 A 

column oven, SPD- M10 AVP diode array detector, SCL-10 AVP system controller. The 

column used in the HPLC analysis was the Hypersil BDS C18, 250 x 4.0mm I.D., 5µm. 

 Mobile phase A was water with 10% MeOH and 20-mM AcOH. Mobile phase B 

was methanol with 20-mM AcOH. The mobile phases moved at a flow rate of 1mL per 

minute. The mobile phase gradient was set at 0 to1 min: 10% B; 1 to 7 min: 10% to 70% 

B; 7 to 15 min: 70% B, 15 to 20 min: 70% to 90% B; 20 to 24 min: 90% B; 24 to 25 min: 

90 to 10% B; 25 to 30 min 10% B. Soil was spiked with BOA for recovery test and 

retention time determination. The retention time for the chemical compounds of interest 

were BOA (12.08 min), DIMBOA (11.15 min), DIBOA (10.6 min) as determined by 
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corresponding standards. The detection wavelength was 255 nm for DIBOA and 270 nm 

for BOA and DIMBOA.  

 Allelochemical standard curves were obtained by increments of known chemical 

injection and the corresponding HPLC peak heights. Positive controls (known 

concentration allelochemicals) were included in each set of samples analyzed with HPLC 

to monitor the peak shift.  

 

Degradation study  

 A degradation study was conducted to determine the potential allelopathic 

degraded derivatives of BOA, rye and wheat when mixed with soil. Soil was taken from 

the New Deal research farm where no small grain cover crops had been planted in the 

past 5 yrs. Soil was sealed in a plastic bag and kept at -20° C until ready to add 

treatments. At the initial day of the degradation study, soil was thawed at room 

temperature. Either wheat or rye powder were added to soil at a corresponding rate of 

6,400 or 12,800 kg ha
-1

 cover crop residue left on soil. Another set of soil was mixed with 

BOA at 100 or 1,000 nmol g
-1

 soil. Each set included a blank control with no treatment 

added into the soil. The treatments were mixed with soil thoroughly and 5 g of soil were 

weighed and sealed in Falcon tubes. Each treatment included 3 replications and was 

sampled at different times. All tubes were kept at room temperature in the Lab drawer to 

avoid light and on each sampling date the replicated tubes were taken out and frozen at -

20° C until ready to extract. The soil with plant material treatments were sampled on d 0, 

3, 7, 10, 14, 20, 28, 35 and soil with BOA was sampled on d 0, 1, 3, 5, 7 , 10, 14, and 20 

after the experiment was initiated. Soil samples were extracted and analyzed as described 
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above. The concentration of five unknown chemicals visually showed response in HPLC 

chromatograms and were considered related to BOA or wheat/rye degradation and 

potential allelochemicals including unknown chemical A (retention time 14.9 min ± 0.25), 

unknown chemical B (retention time 14.9 ± 0.25 min), C (retention time 19.5 ± 0.2 min), 

D (retention time 23 ± 0.2 min) and E (retention time 25.73 ± 0.2 min). 

 A noticeable amount of BOA was detected from the soil spiked with purified 

BOA on day 0 and higher amount of BOA was recovered from soil mixed with 1000 

nmol BOA g
-1

 soil vs. 500 nmol BOA g
-1

 soil. The BOA concentration dropped to less 

than 20% of the original concentration after 24h the experiment started and continued 

decreasing along the experiment period (Fig 9, Fig 10, Fig 11, Fig. 12). A significant 

amount of the unknown chemical A was detectable and was of its peak concentration on 

the 3
rd

 sampling date and the concentration decreased drastically after d 5. Unknown 

chemical B concentration peaked on d 10.Unknown chemical C concentration peaked on 

d 0 (500 nmol g
-1

 soil) and d 3 (1,000 nmol g
-1

 soil) then decreased in later sampling 

dates. The concentration of unknown chemical D and E increased after d 3 and oscillated 

along the experiment period.   

The DIBOA was the major allelochemical detected with added rye on d 0 and the 

concentration was proportional according to the treatment level (Fig. 13, Fig. 14, Fig. 15). 

The DIBOA in soil was degraded after d 3. The concentration of unknown chemical A, B, 

C and D peaked on the early stage of the experiment with rye mixed at a rate of 6400 kg 

ha
-1 

and decreased to a low concentration by the end of the experiment but the unknown 

chemical E reached highest concentration. Where the soil mixed with 12,800 kg ha
-1

 of 
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rye showed a higher concentration of unknown chemical B on d 3 and it decreased to 

base line after d 10.  

DIMBOA was the primary allelochemical detected in soil with added wheat on d 

0 and the concentration was proportional according to the amount of wheat added (Fig.16, 

Fig. 17, Fig 18) and degraded after d 3. Small amount of BOA and DIBOA were detected 

in the soil on d 0 and they also degraded after d 3. The concentration of unknown 

chemical A and B were detectable but the concentrations were not visually changed much 

through the experiment.  With the lower rate of wheat mixed soil, the concentration of 

unknown chemical C was detectable on d 0 and the concentration dipped on d 10 then 

changed to continue increasing till the end of the experiment. The unknown chemical E 

peaked on d 5 and decreased to a low level concentration then went up again on d 35.  

The detected DIBOA and DIMBOA from soil with added rye and wheat 

suggested that these two known allelochemical were introduced by plant tissue. The 

quick degradation of DIBOA and DIMBOA indicated the importance to include other 

potential degradation derivatives of them in the soil analysis. Although the dynamic of 

the unknown chemicals showed different patterns with different treatment and treatment 

level, the responses of the concentration change suggested they were potentially related 

to the degrading process of the major allelochemicals BOA, DIBOA and DIMBOA. 
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Figure 8. HPLC chromatograms of soil spiked with 2-benzoxazolinone (BOA) at 1000 

nmol g
-1

 soil and sampled on d 0 (green line), 1 (red line), 3, 5, 7, 10, 14, and 20 after the 

experiment was initiated. 

  

BOA 
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Figure 9. HPLC peak heights of 2-benzoxazolinone (BOA) and unknown  

A (retention time 14.9 ± 0.25 min) of soil spiked with BOA at 500 nmol g
-1

 soil  

and sampled on d 0, 1, 3, 5, 7, 10, 14, and 20 after the experiment was initiated. 
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Figure 10. HPLC peak heights of 2,4-dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-3(4H)-

one (DIMBOA), 2,4-dihydroxy-(2H)-1,4-benzoxazine-3(4H)-one (DIBOA), unknown B 

(retention time 14.9 ± 0.25 min), unknown C (retention time 19.5 ± 0.2 min) , unknown 

D (retention time 23 ± 0.2 min), unknown E (retention time 25.73 ± 0.2 min)  of soil 

spiked with BOA at 500 nmol g
-1

 soil and sampled on d 0, 1, 3, 5, 7, 10, 14, and 20 after 

the experiment was initiated. 
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Figure 11. HPLC peak heights of 2-benzoxazolinone (BOA) and unknown A (retention 

time 14.9 ± 0.25 min) of soil spiked with BOA at 1,000 nmol g
-1

  

soil and sampled on d 0, 1, 3, 5, 7, 10, 14, and 20 after the experiment was  

initiated. 
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Figure 12. HPLC peak heights of 2,4-dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-3(4H)-

one (DIMBOA), 2,4-dihydroxy-(2H)-1,4-benzoxazine-3(4H)-one (DIBOA), unknown B 

(retention time 14.9 ± 0.25 min), unknown C (retention time 19.5 ± 0.2 min) , unknown 

D (retention time 23 ± 0.2 min), unknown E (retention time 25.73 ± 0.2 min)  of soil 

spiked with BOA at 1,000 nmol g
-1

 soil and sampled on d 0, 1, 3, 5, 7, 10, 14, and 20 

after the experiment was initiated. 
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Figure 13. The HPLC chromatograms of soil mixed with ground rye at 12,800 kg  

ha
-1

 and sampled on d 0 (green line), 3, 7, 10, 14, 20 and 28 after the experiment 

was initiated. 

.  
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Figure 14. HPLC peak heights of 2-benzoxazolinone (BOA), 2,4-dihydroxy-7-methoxy-

(2H)-1,4-benzoxazin-3(4H)-one (DIMBOA), 2,4-dihydroxy-(2H)-1,4-benzoxazine-

3(4H)-one (DIBOA), unknown A (retention time 14.9 ± 0.25 min), unknown B (retention 

time 14.9 ± 0.25 min), unknown C (retention time 19.5 ± 0.2 min) , unknown D 

(retention time 23 ± 0.2 min), unknown E (retention time 25.73 ± 0.2 min) of soil mixed 

with ground rye at 6,400 kg ha
-1

 and sampled on d 0, 3, 7, 10, 14, 20 and 28 after the 

experiment was initiated. 
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Figure 15. HPLC peak heights of 2-benzoxazolinone (BOA), 2,4-dihydroxy-7-methoxy-

(2H)-1,4-benzoxazin-3(4H)-one (DIMBOA), 2,4-dihydroxy-(2H)-1,4-benzoxazine-

3(4H)-one (DIBOA), unknown A (retention time 14.9 ± 0.25 min), unknown B (retention 

time 14.9 ± 0.25 min), unknown C (retention time 19.5 ± 0.2 min) , unknown D 

(retention time 23 ± 0.2 min), unknown E (retention time 25.73 ± 0.2 min) of soil mixed 

with ground rye at 12,800 kg ha
-1

 and sampled on d 0, 3, 7, 10, 14, 20 and 28 after the 

experiment was initiated. 
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Figure 16. The HPLC chromatograms of soil mixed with ground wheat at 12,800 kg ha
-1

 

and sampled on d 0 (green line), 3, 7, 10, 14, 20 and 28 after the experiment was initiated. 
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Figure 17. HPLC peak heights of 2-benzoxazolinone (BOA), 2,4-dihydroxy-7-methoxy-

(2H)-1,4-benzoxazin-3(4H)-one (DIMBOA), 2,4-dihydroxy-(2H)-1,4-benzoxazine-

3(4H)-one (DIBOA), unknown A (retention time 14.9 ± 0.25 min), unknown B (retention 

time 14.9 ± 0.25 min), unknown C (retention time 19.5 ± 0.2 min) , unknown D 

(retention time 23 ± 0.2 min), unknown E (retention time 25.73 ± 0.2 min) of soil mixed 

with ground wheat at 6,400 kg ha
-1

 and sampled on d 0, 3, 7, 10, 14, 20 and 28 after the 

experiment was initiated. 
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Figure 18. HPLC peak heights of 2-benzoxazolinone (BOA), 2,4-dihydroxy-7-methoxy-

(2H)-1,4-benzoxazin-3(4H)-one (DIMBOA), 2,4-dihydroxy-(2H)-1,4-benzoxazine-

3(4H)-one (DIBOA), unknown A (retention time 14.9 ± 0.25 min), unknown B (retention 

time 14.9 ± 0.25 min), unknown C (retention time 19.5 ± 0.2 min) , unknown D 

(retention time 23 ± 0.2 min), unknown E (retention time 25.73 ± 0.2 min) of soil mixed 

with ground wheat at 12,800 kg ha
-1

 and sampled on d 0, 3, 7, 10, 14, 20 and 28 after the 

experiment was initiated. 
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STATISTICAL ANALYSIS 

 Data were analyzed as a randomized block design at each time point separately 

using a model that tested effects of system, block, year and system by year interaction 

(Steel and Torrie, 1960). When appropriate, time within year was included in the model 

with all 2- and 3-way interactions. Differences among means were separated using 

orthogonal contrasts to compare 1) grazed vs. the mean of the ungrazed treatements; and 

2) the never grazed caged area vs. the exclusion from grazing in the current year only.  

For data from 2007 and 2008 where measurements of continuous cotton were included, 

an additional orthogonal contrast was used to compare 3) continuous cotton vs. the mean 

of the rye cover crop treatments. 

 For analysis of soil and plant allelopathic compounds, the HPLC peak height data 

were logarithmically transformed before being subjected to statistical analysis. 

Allelochemical data were analyzed as a complete randomized block design with four 

blocks using the Proc Glimmix procedure following logarithmic distribution and 

Satterthwaite degrees of freedom in SAS 9.2 (SAS Institute, 2008). Effects of treatment 

(continuous cotton, never grazed, 1-yr ungrazed and always grazed), block, and year were 

tested as well as the interaction of cover crop and year. Blocks and block X date 

interaction were considered as random effects and effect of cover crop (wheat, rye, or no 

cover crop), sampling date, and their interactions were considered as fixed effects. 

Allelochemical concentration means were compared using PDIFF (SAS Institute, 2008). 
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RESULTS 

Rye 

Plant Height  

 Following the initial sampling period, a year X treatment interaction was present 

(P < 0.01) but was due only to differences in the magnitude of the treatment effects (data 

not shown). When analyzed by each year separately, differences among treatments were 

consistent across all years and dates. 

 At the beginning of grazing in February (mean date 15 February), the extended 

rye leaf length did not differ significantly among treatments (Fig. 19). By early March 

(mean date 12 March), effects of grazing were apparent and plant height of grazed rye 

was shorter (P < 0.001) than the mean of the ungrazed rye treatments. Rye that had never 

been grazed was shorter (P < 0.04) than rye that was ungrazed in the current yr only 

(Treatment 2). These differences remained until grazing ended and rye was terminated 

(mean date 22 April). As anticipated, grazing (Treatment 3) maintained similar plant 

heights during the grazing period.   

Forage mass  

 When grazing was terminated at the end of grazing in each year, as expected 

remaining forage mass in grazed rye was lower (P < 0.01) than in the mean of the 

ungrazed treatments (Fig. 20). In 2005, forage mass was lower (P < 0.01) in zero-grazed 

rye (8.6 Mg ha
-1

) than where rye was ungrazed in the current yr only (12.2 Mg ha
-1

) (Fig. 

20). In 2007 and 2008, these differences were not significant (year X treatment 

interaction; P < 0.01). 
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Figure 19. The extended leaf length of rye (cm) where rye was never grazed  

excluded from grazing for 1 yr and always grazed averaged over 2005, 2007 and  

2008. 
†
Indicates that rye only grazed 1-yr differed (P < 0.04) from the never grazed rye. 

‡
Indicates that the always grazed rye differed (P < 0.001) from the rye excluded from 

grazing. 
§
Indicates that rye had been grazed 1-yr only differed (P < 0.001) from the never 

grazed rye. 
¶
Only data from 2005 and 2007 were included at this date.  
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Figure 20. The biomass of rye where rye was never grazed excluded from  

grazing for 1-yr and always grazed. 
†
Indicates that rye grazed 1-yr only  

differed (P < 0.01) from the never grazed rye. 
‡
Indicates that the rye had  

been always grazed differed (P < 0.01) from the rye excluded from grazing.  
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Cotton 

Plant height, density, and lint yield 

 Through mid-July in all 3 yr , cotton plants grown where cattle had been grazing 

rye were taller (P < 0.01) than those where rye was either zero-grazed or was ungrazed in 

the previous yr only (Fig.21 ). In 2008, this difference (P < 0.05) was observed as late as 

22 July (data not shown). By mid-October, there was no difference in heights of cotton 

plants grown with the rye cover crop regardless of grazing treatment. Cotton plants 

grown continuously without a cover crop were shorter (P < 0.01) than cotton planted into 

a cover crop regardless of grazing treatment and this difference remained throughout the 

growing season. 

In both 2005 and 2008, density of cotton planted into grazed rye was nearly 

double (P < 0.01) that of cotton planted into rye that was either zero-grazed or ungrazed 

in only the current year (Fig. 22; year by treatment interaction, P < 0.05). This difference 

was not observed in 2007, likely due to unusual rainfall and a hail event that occurred. 

From 1 June through 4 June, 2007, 76.8 mm rainfall was received with hail occurring 

between 1 June and 3 June. This was followed on 10 June by 45 mm of rainfall. Hail plus 

excessive rainfall caused substantial damage to the cotton crop, especially continuous 

cotton. Continuous cotton had fewer (P < 0.01) plants m
-1 

than cotton planted into rye 

regardless of grazing treatment in 2007 (Fig. 22). Greater damage to cotton by hail in this 

early growth stage, compared with cotton no-till planted into a rye cover crop was 

observed previously (Allen et al., 2005).   
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Figure 21. Height of cotton plants where cotton was no-till planted into never  

grazed rye, rye ungrazed 1-yr, always grazed rye or continuous cotton in 2005, 

 2007 and 2008. 
†
Indicates that cotton planted into grazed rye differed from  

non-grazed rye (P < 0.01).
‡
Indicates that the cotton planted continuously  

with no cover crop differed (P < 0.05) from the alternative system.  
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Figure 22. Density of cotton plants where cotton was no-till planted into never 

 grazed rye, rye ungrazed 1-yr, always grazed rye or continuous cotton in 2005,  

2007 and 2008. 
†
Indicates that the cotton planted into grazed rye differed from  

non-grazed rye (P < 0.01). 
‡
Indicates that cotton planted continuously with no  

cover crop differed (P < 0.01) from the alternative system. 
§
Indicates that cotton planted 

into grazed rye differed from non-grazed rye (P <0.01). 
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 In 2008, when no hail event occurred, effects of rye treatments were similar to 

those observed in 2005. Again, there were nearly twice the number cotton plants m
-1 

where cotton was no-till planted into grazed rye than in ungrazed rye. Furthermore, there 

were more (P < 0.01) plants m
-1 

in continuous cotton than in no-till cotton planted into 

the rye cover crop (mean of the cover crop treatments). 

Yield of Cotton Lint and Seed 

 Yield of cotton lint and cotton seed did not differ among treatments averaged over 

the 3 yr (Fig. 23). Although there was no year X treatment interaction, cotton planted into 

grazed rye did yield more (P < 0.01) lint in 2005 than the mean of the ungrazed rye and 

rye ungrazed in the current year only (1674 vs. 1330 and 1296 kg lint ha
-1

, respectively; 

SE = 44). No significant differences among the four treatments were observed in either 

2007 or 2008.  

 Cotton seed yield followed data for lint yield. Although no treatment X year 

interaction was observed, seed yield in 2005 was greater (P < 0.05) when cotton was no-

till planted into grazed rye then when planted in non-grazed rye (Fig. 24)  

Soil Water Content 

 Higher soil water (cm
3
 cm

3
) was observed in grazed than ungrazed rye in both 

March and April in 2005 prior to planting cotton (data not shown). After cotton was 

planted, soil water was higher in June, August, and October where no grazing occurred 

(Treatments 1 and 2) than in grazed areas (Treatment 3). In May 2007, soil gravimetric 

water content was not different between the grazed area vs. caged areas.  
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Figure 23. Cotton lint yield where cotton was no-till planted into never grazed 

 rye, rye ungrazed 1-yr, always grazed rye or continuous cotton in 2005, 2007  

and 2008 (no year X treatment interaction).   
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Figure 24. Cotton seed yield where cotton was no-till planted into never  

grazed rye, rye ungrazed 1-yr, always grazed rye or continuous cotton in 

 2005, 2007 and 2008 (no year X treatment interaction).    
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Allelopathic compounds in soils 

 All actual and log transformed data for allelopathic compounds in soils are 

presented in Appendix Table 1. Only dates where significant differences among 

allelopathic compounds occurred are presented here.  In February, 2008, before grazing 

began, DIMBOA and DIBOA were detected in soils where rye grew regardless of 

grazing treatment (Fig. 25). Neither of these known allelopathic chemicals was detected 

in soils where continuous cotton was grown without a cover crop. 

 The concentration of DIMBOA in the soil that were not grazed in the current year 

only was lower (P < 0.1) than the never grazed and higher (P < 0.05) than the always 

grazed rye treatments. One of the unknown potentially allelopathic chemicals (retention 

time 14.9 ± 0.25 min) was detected and its concentration in the soil where continuous 

cotton was planted was lower than where never grazed (P < 0.06) or not grazed for 1-yr 

only (P < 0.05; Fig. 25). The concentration in soil where grazing always occurred was 

also lower than the never grazed (P < 0.05) and 1-yr ungrazed (P < 0.05) soils. Another 

unknown potential allelochemical (retention time 19.5 ± 0.2) was detected in only the 

continuous cotton on this date.  

 By December 2008, BOA was detected in soils from all treatments and the 

concentration in soil where cotton was continuously planted was lower than the always 

grazed (P < 0.05), never grazed (P < 0.09) and 1 yr ungrazed (P < 0.01; Fig. 26). The 

concentration of DIBOA in the never grazed rye treatment was higher than the 

continuous cotton (P < 0.05), always grazed (P < 0.001) and 1 yr ungrazed (P < 0.01) 

soils. The concentration of an unknown potential allelochemical (retention time 25.73 ± 

0.2) was lower (P <0.01) from each of the treatment in the alternative system on this date.  
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Figure 25. The allelochemical concentration in soil sampled on 8 February,  

2008, on a log transformed scale, where cotton was no-till planted into no  

cover crops, always grazed rye; 1 yr ungrazed rye or never grazed rye  

(Treatment x chemical interaction, P < 0.001). 
†
Indicate that the peak height  

of the treatment is zero. 
‡
Indicates that continuous cotton differed from the 

 each treatment in the alternative system (P < 0.001), the 1 yr ungrazed differed  

from the grazed (P < 0.1) and the never grazed (P < 0.04).  
§
Indicate the  

continuous cotton differed from each of the treatment in the alternative  

system (P < 0.001).
¶
Indicates that the continuous cotton differed from  

never grazed (P < 0.06) or 1 yr ungrazed (P < 0.05), the always grazed  

differed from never grazed (P < 0.05) or 1 yr ungrazed (P < 0.05).     
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Figure 26. The allelochemical concentration in soil sampled on 8 February, 2008,  

on a log transformed scale, where cotton was no-till planted into no cover crops, always 

grazed rye, 1 yr ungrazed rye or never grazed rye (Treatment x chemical interaction, P < 

0.05). 
†
Indicates that continuous cotton differed from the always grazed (P < 0.05), never 

grazed (P < 0.09), 1 yr ungrazed (P < 0.01). 
‡
Indicate the never grazed differed from the 

continuous cotton (P < 0.05) always grazed  

(P < 0.001) and 1 yr ungrazed (P < 0.01). 
§
Indicates that the continuous cotton differed 

from each treatment in the alternative system (P < 0.01). 
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Allelopathic compounds in rye 

On 14 May, 2007, rye plant material collected before termination showed higher 

concentration of the unknown chemical (retention time 14.9 ± 0.25) in the plant tissue 

where grazing occurred than in never-grazed rye (P < 0.05) or rye ungrazed 1-yr only (P 

< 0.05) (Appendix Table 14, Fig. 27). 

On 3 August, 2008, rye residue collected in the field after growth been terminated 

showed higher concentration of DIMBOA in the rye planted where the grazing was 

excluded for 1 year than the grazed rye (P < 0.05) and never-grazed rye (P < 0.05) (Fig. 

28). 

DISSCUSSION 

In the Texas High Plains, more than 1.5 million ha of cotton are planted 

annually, primarily in monoculture systems (TASS, 2002). Water is the main limiting 

factor to production. Water from the Ogallala aquifer has been extracted for irrigation at 

rates that have far exceeded recharge for many years. Declining water supply, increasing 

energy costs of pumping water, and instability of costs associated with production are 

raising questions about continued profitability of this crop. Cover crops are rarely used in 

these monoculture systems because of their additional water requirements although their 

value in reducing erosion of these fragile soils has been demonstrated (Collins, 2003).  

Collins (2003) found that predicted soil loss from the monoculture cotton system 

described by Allen et al. (2005) exceeded 19 Mg ha
-1

 yr
-1

 and, thus, did not meet the 

definition of sustainable resource management (11.2 Mg ha
-1

 yr
-1

; Fryrear et al., 2001). 

Soil loss by erosion in the rye-cotton-wheat rotation was less than 7 Mg ha
-1

 yr
-1

. 
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Figure 27. The unknown allelochemical (retention time 14.9 ± 0.25)  

Concentration in rye sampled on 14 May, 2007, on a log transformed  

scale, where cotton was no-till planted into always grazed rye, 1 yr  

ungrazed rye or never grazed rye (Treatment x chemical interaction,  

P < 0.05). 
†
Indicates that rye ungrazed 1-yr only differed from the  

grazed (P < 0.05) and never grazed rye (P < 0.05).  
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Figure 28. The 2, 4-dihydroxy-7-methoxy-1, 4-benzoxazin-3-one (DIMBOA) 

concentration in rye residue sampled on 3 August, 2008, on a log transformed  

scale, where cotton was no-till planted into always grazed rye, 1 yr ungrazed  

rye or never grazed rye (Treatment x chemical interaction, P < 0.05). 
†
Indicates  

that grazed differed from the never grazed rye (P < 0.095) and rye ungrazed in  

1 yr only (P < 0.05).  
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  Acosta-Martinez et al. (2004; 2010) found enhanced soil microbial activities, 

increased soil organic carbon, and improved soil aggregate stability in the rye-cotton-

wheat-fallow-rye rotation, compared with the cotton monoculture, depending on the point 

of the rotation sampled. Cattle grazed both the rye and wheat within this long-term 

rotation (Allen et al., 2005). Integrating crops and beef cattle in this system reduced 

irrigation water use, increased profitability, improved soil health, and diversified 

production in this Texas High Plains region (Acosta-Martinez et al., 2004; Allen et al., 

2005; Allen et al., unpublished data). 

 Leaving the rye cover crop ungrazed, whether zero-grazed or ungrazed in 1 yr 

only, appeared to reduce cotton plant stand densities in 2005 and in 2008 compared with 

cotton grown where the rye cover crop was grazed every year. In 2007, the unusual 

amount of rain coupled with hail events likely explains the difference in effect on cotton 

plant density. Previous research has shown the beneficial effects of a cover crop on 

reducing hail damage to cotton and reduced plant density (Allen et al., 2005).  

 Cotton plants were taller in every year in the early part of the growing season if 

grown where grazing occurred compared with the non-grazed treatments. The 

disappearance of this difference in plant heights in the latter part of the growing season 

was likely due to use of the chemical plant growth regulators used routinely to reduce 

vegetative plant growth and encourage boll development.  

 No cover crop (continuous cotton) appeared to result in shorter cotton plants than 

use of a cover crop regardless of grazing treatment. The lower stand densities in 

continuous cotton in 2007 were also likely due to hail. Differences in stand densities did 

not appear to affect yield of cotton lint or seed, however. Continuous cotton was not 
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included in this research in 2005, thus, no hand samples were collected. However, in the 

overall systems research and based on mechanical harvesting of both the continuous 

cotton and cotton planted into the grazed rye, yield of cotton in the integrated system was 

higher than in the cotton monoculture (1,755 vs. 1,442 kg ha
-1

; SE = 15. However, 

averaged over the entire 10 yr of the systems research, no difference in yield of cotton 

between these two systems was observed (Allen et al., 2011). In 2005, more soil water in 

grazed than ungrazed areas prior to planting cotton was likely due to reduced 

evapotranspiration by grazed rye plants. Greater soil water at the time cotton was planted 

could be crucial to successful germination and seedling growth of cotton in this semi-arid 

environment, particularly with subsurface drip irrigation systems. With high evaporation 

rates typical of this region, wetting soils within the seed-placement zone can be difficult 

with subsurface irrigation. Soil moisture during the cotton growing season reflected both 

rainfall events and the greater plant number in grazed than non-grazed areas. Differences 

in soil water in rye treatments in October were also likely due to the greater plant growth 

where grazing had occurred previously. The lack of differences in soil moisture in 2007 

may have been related to precipitation patterns in that year.  Sampling only once was not 

sufficient to define differences if they were present. No soil moisture samples were 

collected in 2008.  

 Soil compaction is of concern from both animal and mechanical traffic in 

agricultural systems but did not appear to explain our results. In Virginia, Morris et al. 

(1998) demonstrated that grazing a rye cover crop in spring for as little as 2 d increased 

soil compaction at the time the following corn (Zea mays L.) crop was established but did 

not reduce corn yields. Within the current systems research, Duch-Carvallo (2005) found 



  Texas Tech University, Yue Li, May 2011 

 

69 

 

that steers grazing rye and wheat in the integrated system increased soil compaction 

during grazing events compared with non-grazed areas. By the end of each year, however, 

grazed areas returned to non-grazed compaction levels. Furthermore, cotton plant density 

was increased in areas that had been grazed compared with non-grazed areas. Morris et 

al., (1998) also found increased corn plant density where the rye cover crop had been 

grazed than when left ungrazed.   

 Effects of defoliation strategies on growth of rye and cotton were not explained 

by soil NO3 levels or differences in extractable K, Ca, Mg, Fe, or M (Hou, 2005, 

unpublished data, Texas Tech University; Duch-Carvello, 2005). Likewise, there was no 

evidence of soil pathogens or nematodes that could explain observed effects (T. Wheeler, 

Texas A&M Agric. Xp. Stn., Lubbock, TX 79403; personal communication).  

 Suppression of plant growth in the current experiment may be related to 

allelochemicals produced by both rye and wheat in this 2-paddock rotation (Understrup et 

al., 2005). Certain cereal grain plants have long been recognized for their allelopathic 

effects and potential for weed suppression in crop rotations and cover crops but their 

potential impact on the following target crop has been less well recognized. Hicks et al., 

(1989) reported aqueous extracts of wheat straw inhibited cotton seedling development. 

Phytotoxicity from aqueous extracts of rye tissue was correlated with level of 2,4-

dihydroxy-(2H)-1,4-benzoxazine-3(4H)-one (DIBOA), a known rye allelochemical 

(Reberg-Horton et al., 2004). Pratt et al. (1995) suggested that DIBOA and 2,4-

dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-3(4H)-one (DIMBOA), present in both 

wheat and rye, are the most important benzoxazinoids reported. These compounds, 

present as glycosides in the plant, are released as aglycones (Cambier et al., 1999; 
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Baumeler et al., 2000) and are unstable in solution and soil and are transformed to 2-

benzoxazolinone (BOA), 7-methoxy-2-benzoxazolinone (MOBA) and other degradation 

products (Fomsgaard et al., 2004).  

 Our research indicated that DIMBOA was present in soils where rye grew when 

sampled in February, 2008 but was not detected in soils in the continuous cotton 

treatment. DIBOA also indicated a similar pattern in February 2008.The unknown 

potential allelochemcial detected in the continous cotton may have been introduced by 

wind blowing from other plots or by production of this chemical by weeds present in the 

system.  Weed control measures were practiced and weeds were generally well controlled 

but some were present, primarily field bindweed (Convolvulus L.) and morningglory 

(Ipomoea spp). By December, 2008, BOA and DIBOA were both detected in the soil of 

all the treatments. The BOA concentration was lower in the continuous cotton than the 

alternative system and the DIBOA concentration was lower in the continuous cotton than 

the never grazed rye treatment.   

 Although evidence of a relationship between allelopathic compounds in soils and 

observed plant responses in this experiment is inconclusive, small plot and greenhouse 

studies conducted by the author under more controlled conditions provide further 

evidence that allelochemicals are related to altered growth of both rye and wheat. 

Furthermore, the highly significant decrease in yield of cotton planted into ungrazed rye 

compared with grazed rye in 2005 may be explained by the presence of both wheat and 

rye in the rotation in the previous 7 yrs of the experiment.   

 Because both wheat and rye were grown in alternating years within this long-term 

rotation, the possibilities of effects due to wheat as well as rye are probable. At the time 

http://plants.usda.gov/java/profile?symbol=CONVO
http://plants.usda.gov/java/profile?symbol=IPJA
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this research began in 2005, both wheat and rye were in the rotation but success in 

establishment of wheat had been diminishing over the past several years resulting in 

limited use for grazing by steers. By 2006, wheat failed to establish and was discontinued 

from the rotation. Removal of wheat meant that 2 yr lapsed between the time a small 

grain cover crop was grown in each individual paddock and may account for the 

diminished effects on yield of cotton by 2007 and 2008. 

 With removal of wheat from the rotation in 2006, there would have been less 

opportunity for production of allelopathic chemicals and a longer time period between 

opportunities for production of these chemicals. This could also explain the diminishing 

effect of previous years grazing on growth of the rye per se.  In 2005, there was a large 

and highly significant difference in rye biomass where rye had been grazed in previous 

years compared with where rye had never been grazed. By 2007 and 2008, while 

numerically the biomass of rye in previously grazed areas was greater than rye that had 

never been grazed; these differences were no longer significant. It should be noted that 

when wheat occupied the paddock each year before rye was planted in September, grazed 

and caged ungrazed areas were in the same locations regardless of the crop that occupied 

the field. Thus, if grazing diminished the effect of allelopathy, it would have done so 

during the time wheat occupied the field as well as rye possibly explaining the effects 

observed on rye grown where no grazing occurred.  

 Differences in rye height between these two treatments persisted though all years, 

however, suggesting long-term effects. It may be important to limit the length of a 

rotation or to alter the composition of crops within the rotation if these chemicals have 
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the potential to accumulate in soils over time. Dramatic increases in seed costs in recent 

years place increased emphasis on methods of reducing this negative effect.  

 Assuming that these responses were due to water-soluble chemicals, than the 

method of irrigation and the amount of precipitation may be important. Use of cover 

crops is common in regions of higher precipitation and perhaps these compounds are 

diluted or leached through the soil profile, thus, reducing their impact. In a semi-arid 

environment, such leaching is unlikely to occur but could be influenced by surface 

irrigation systems while subsurface drip irrigation would provide little opportunity for 

leaching. Furthermore, the length of the rotation in the current experiment (1998 to 2008) 

may allow such chemicals to accumulate over time whereas results measured over a 

shorter time period may not be sufficient to observe these responses.    

 

CONCLUSIONS 

 Grazing of a rye cover crop prior to no-till planted cotton, in a rye-cotton-wheat 

rotation, increased cotton plants m
-1

 row and height of cotton plants prior to application 

of plant growth regulators compared with no-grazing of the rye. Yield of cotton lint and 

seed were increased by grazing the rye cover crop in the first year of the experiment but 

not after wheat was removed from the rotation. Grazing the cover crop also increased soil 

moisture at the time cotton was planted in at least 1 yr; a critical time for cotton 

production in semi-arid regions. Mechanical removal of rye prior to no-till planting 

cotton was not as effective as grazing in preventing suppression of cotton plants. Rye 

grown where grazing had occurred during the previous 6, 8 and 9 yr was taller and 
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produced more biomass ha
-1 

than where zero-grazing occurred. Suppressing effects of rye 

appear likely due to presence of alloleopathic chemicals and were not explained by 

differences in soil nitrates, soil compaction, or to pathogens or nematodes. While 

attempts to isolate soil allelopathic chemicals was inconclusive, the presence of 

DIMBOA and DIBOA in all soils where rye was growing and the absence of this known 

allelopathic compound in soils where cotton was grown without a cover crop suggests 

this possibility.  Further research is needed to clarify these effects and to optimize both 

plant and animal production.  
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CHAPTER IV 

INFLUENCE OF A RYE OR WHEAT COVER CROP ON GROWTH 

AND YIELD OF NO-TILL COTTON AND ALLELOPATHIC 

CHEMICALS IN ASSOCIATED SOILS 

 

ABSTRACT 

 

No-till cotton (Gossypium hirutum L.) planted into a small grain cover crop is a 

common practice to reduce soil erosion and herbicide applications and to capture  other 

benefits but the impact of these cover crops on the following row crop is not clear. This 

study investigated allelopathic potential of rye (Secale cereal L.) and wheat (Triticum 

aestivum L.) imposed on the following cotton crop no-till planted into cover crop stubble. 

A no-cover crop control was included. The 3-yr experiment, conducted at the Texas Tech 

Field Laboratory, New Deal, was a randomized block design with 4 replicates. Each plot 

was divided into two halves to allow crops to rotate each year. The primary soil type was 

Pullman clay loam (fine, mixed, superactive, thermic Torrertic Paleustolls). From 2007 to 

2009, wheat or rye were planted into one half of each replicate plot each September. 

Growth was harvested and removed in May and further growth was chemically 

terminated with glyphosate [N-(phosphonomethyl) glycine isopropylamine salt; 

(Monsanto, St. Louis, MO 63198)]. „FiberMax 9058F‟ cotton was no-till planted into the 

control and cover crop stubble each May and was machine harvested by December. By 

the end of the growing season, cotton planted into the no-cover crop control was 

consistently taller (P < 0.05) than cotton planted into cover crops. Cotton density (plants 
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m
-1

 row) varied by year due to different seeding rates and precipitation/hail events. 

Cotton lint and seed yield were consistently reduced (P < 0.05) by adoption of cover 

crops but the magnitude of the effect differed by year (year X treatment interaction (P < 

0.01). Cotton leaf chlorophyll measured in September 2009 indicated more (P < 0.01) 

chlorophyll content present in cotton planted into the no cover crop control than when 

planted into cover corps. The concentration of three allelochemicals [2,4-dihydroxy-7-

methoxy-(2H)-1,4-benzoxazin-3(4H)-one (DIMBOA); 2,4-dihydroxy-1,4-benzoxazin-3-

one(DIBOA); 2-benzoxazolinone (BOA)] and five unknown rye and BOA  degradation 

related metabolites  of interest were selected from preliminary experiments.The 

concentration of DIMBOA, DIBOA, BOA and one unidentified metabolite were 

influenced by adoption of cover crops but effects varied due to cover crop and sampling 

date. Results suggest that using wheat or rye as a cover crop may reduce growth and yield 

of the following cotton plants by releasing allelochemicals into the soil. 
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 Cotton (Gossypium hirsutum L.) is an important crop in the Texas High Plains 

widely planted in a monoculture system. Diversification of agriculture has long been 

known for complimentary benefits. A 10-yr crop-livestock, integrated system in the 

Texas High Plains that included cotton in rotation with small grains for grazing by cattle 

showed a 25% decrease in water use, improved soil health, and decreased soil erosion but 

had variable effects on cotton yield and profitability compared with a monoculture cotton 

system (Allen et al., 2005; Allen et al., 2007, Allen et al., unpublished). Cover crops can 

help reduce soil erosion (Meisinger et al., 1991), maintain or increase soil fertility 

(Meisinger et al., 1991; Angustia, 1995), suppress weed growth (Barnes and Putnam, 

1983), increase N scavenging (Jackson et al., 1993) and decrease off-farm energy use 

(Ess et al., 1994). 

 Small grain cover crops are also known to produce allelopathic secondary 

metabolites and have been used as natural herbicides. Allelopathy was defined by 

(Molisch et al., 1937) as production of specific biochemicals of plant origin that promote 

or inhibit the growth of other plants and most research has focused on  negative effects. 

The phenomenon of allelopathy traces back to 370 BC (Willis, 1985) and has been 

appreciated and used in agriculture since 64 AD (Mallik, 2008). 

 The benzoxazinoid derivatives in Poaceae have been of particular interest in 

recent years, especially in small grains. Villagrasa et al. (2006) suggested that in wheat, 

the benzoxazinoid derivatives exist in foliage, roots, and seeds and the variety and 

quantity of derivatives that can be detected depend on the analytical procedure and plant 

stage of growth and the variety. Reberg-Horton et al. (2005) reported that phytotoxicity 

found in aqueous extracts from rye tissue was correlated with concentrations of 2, 4-



  Texas Tech University, Yue Li, May 2011 

 

84 

 

dihydroxy-1, 4-benzoxazin-3-one (DIBOA). Concentrations of DIBOA in rye tissue 

differed due to harvest date and rye cultivar.   

 The major allelochemicals in wheat and rye were 2, 4-dihydroxy-7-methoxy-1, 4-

benzoxazin-3-one (DIMBOA), DIBOA, 2-hydroxy-1,4-benzoxazin-3-one (HBOA), 2-

hydroxy-7-methoxy-1,4-bezoxazin-3-one (HMBOA) and their derivatives (Krogh et al., 

2006). The benzoxazinone allelochemicals undergo degradation and structural changes 

when incorporated with soil. The major degradation product of wheat seedlings when 

incorporated with soil was primarily 6- methoxybenzoxazolin-2-one (MBOA; Macias et 

al., 2005). The major degradation products of rye after mixing with soil were first MBOA, 

HBOA, HMBOA and then eventually transformations into more toxic 2-amino-3H-

phonoxazin-3-one (APO; Gagliardo and Chilton, 1992; Krogh et al., 2006). Marcias et al., 

(2005) reported that DIBOA in soil was transformed primarily into 2-benzoxazolinone 

BOA. APO was one of the main degradation products of BOA.  Compared with other 

derivatives, APO was more stable in soil and could maintain its form for more than 3 

months (Macias et al., 2005). 

 A study of BOA (Niemeyer et al., 1987) indicated that the BOA inhibited ATP 

synthesis in mitochondira. The DIMBOA showed inhibition effects on energy transfer 

reactions in maize extracts (Queirolo et al., 1983) and inhibition of ATPase activity of 

chloroplast coupling factor 1 (CF1) (Queirolo et al., 1981).  The existence of MBOA 

imposed inhibition on α-amylase activity and reduced the germination rate in a lettuce 

(Lactuca sativa L.) seed germination study (Kato-Noguchi and Macías, 2005). This 

evidence could partially explain why these benzoxazinone derivatives have such a wide 

range of toxic effect.  
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 In spite of all the merits of cover crops in a rotation system, its allelopathic 

potential could be detrimental to the performance of the following crops. Regarding 

cotton, several investigations indicated that cotton growth and the resulting yield could be 

influenced by allelopathy. Research in an Australian cotton rotation system indicated that 

winter grain legumes i.e. chickpea (Cicer arietinum L.) and faba bean (Vicia faba L.) 

imposed more detrimental allelopathic effects when cotton was planted into their stubble 

than when planted into wheat stubble (Hulugalle et al., 1998).  Cotton germination could 

be inhibited by alfalfa (Medicago sativa L.)-released allelopathic saponin (Marchaim et 

al., 1975).  

 Hicks et al. (1989) suggested that  emergence rate and yield of the allelopathic-

sensitve cotton variety “Acala A246” were reduced in the presence of wheat straw and 

suggested this effect was due to the allelopethic effect on cotton density. Their work 

suggested that when cotton density was above the optimum yield density (70,000 – 

140,000 plants ha
-1

), adoption of wheat as a cover crop reduced the density of following 

cotton and when the resulting density fell into the optimum range cotton yield surpassed 

the cotton yield following fallow. On the other hand, when the planting rate of cotton was 

below the optimum range, the allepathic effect from rye decreased plant density and yield 

at the same time compared with cotton planted following fallow. A study on Coastal Plain 

soils (Norfolk loamy sand) suggested that the lint yield of cotton planted following winter 

rye was higher than that of cotton following fallow (Bauer et al., 1996).  
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 The objective of our research was to determine yield and growth characteristics of 

sub-surface irrigated cotton planted following wheat, rye, or no cover crop in the semi-

arid environment of the Texas High Plains.  

 

MATERAIL AND METHODS 

 A small plot study was conducted during 2007, 2008, and 2009 to determine 

effects of including wheat, rye, or no cover crop on establishment, growth, and yield of 

no-till planted cotton. A further objective was to determine whether allelopathic 

chemicals known to be produced by wheat and rye were present and to investigate 

potential effects of allelopathic compounds from either wheat or rye on cotton growth. 

The research was conducted at the Texas Tech University Field Research 

Laboratory in Northeast Lubbock County (101°47′W; 33°45′N; 993 m elevation) in the 

Southern High Plains. Soils were mainly Pullman clay loam (fine, mixed, superactive, 

thermic Torrertic Paleustolls) characterized by a thick layer of CaCO3 (caliche) at varying 

depths throughout the region that limits root penetration (Brooks et al., 2000). The long-

term mean annual precipitation at this site was 474 mm (1911–2008) with up to 75% of 

precipitation received between April and October. Plots were irrigated by a metered 

subsurface drip irrigation system (Netafim, Tel Aviv, Israel) with 2.5 mm h
-1

 irrigation 

capacity. Drip tapes were 0.36 m in depth, 1 m apart and the injection emitters (1.47 Lph 

at 88.3 kPa) were 60-cm spaced. For a full description of the irrigation system, see Allen 

et al.(2005).  
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 The experiment was a randomized complete block design with 3 treatments (rye, 

wheat or no cover crop) and 4 replicates. „Maton‟ rye (Secale cereal L.) and „Lockett‟ 

wheat (Triticum aestivum L.) were planted as cover crops. No-cover crop was used in 

control plots. The plots were 21 m x 24 m each. In September 2005, prior to the initiation 

of the current experiment, the experimental site was established and the cover crop 

treatments were planted. Cotton („FiberMax BR960‟) was no-till planted on 18 May, 

2006 but stands failed in this year and all plots were disked on 1 August and 30 August. 

Cover crops were again established within the same treatment plots in September of 2006. 

In all years, cover crops were replanted into the original plots designated for that 

treatment. In order to carry out this experiment over years, and in view of the fact that 

cover crop planting dates occurred before cotton was harvested, plots were split and 

cotton was planted into one half of each plot each year with the remaining half used the 

following year. Thus, after 2006, the cover crop was present once every other year on one 

half of each plot prior to no-till planting cotton. While cotton was maturing each autumn, 

the remaining half of the plot was being established in the cover crop in preparation for 

planting cotton the following spring.  

 Cover crops were planted on 16 September, 2005, 20 September, 2006 and 18 

September, 2007 and 29 September, 2008. The seeding rate of rye was 106, 105, and 113 

kg ha
-1

 in 2006, 2007, and 2008, respectively. The seeding rate of wheat was 112, 121, 

and 76 kg ha
-1

 in 2006, 2007, and 2008, respectively.  Fertilizers were applied based on 

soil test results.  

 Wheat and rye were mowed and removed from plots on 30 May, 2006; 22 May, 

2007; 21 May, 2008 and 12 May, 2009. Cotton was no-till planted into wheat and rye 
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stubble or controls on 2 June, 2007; 23 May, 2007 and 23 May, 2008; and 15 May, 2009.  

„FiberMax 989BR‟ cotton was planted in 2006 (but failed to establish as described above) 

and was changed to „FiberMax 9058F‟ in 2007 to 2009. The seeding rate of cotton was 

12.7, 18.5, 15.3, and 15.2 kg ha
-1

 in 2006, 2007, 2008, and 2009, respectively.  

Nitrogen fertilizer (95 kg ha
-1

) was applied on 5 August, 2008, and 10 August, 

2009. No N was applied in the 2006 and 2007 growing season. Glyphosate [N-

(phosphonomethyl) glycine isopropylamine salt; (Monsanto, St. Louis, MO 63198)] was 

applied over the cotton crop on 2 June and 15 September, 2006; 12 July and 17 

September, 2008 and 6 July, 26 July, and 6 August, 2009 to control weeds. Weeds were 

also hand hoed on 16 August, 2007. Intruder
®
 was applied to control insects on 26 July 

and 13 August, 2007. The plant growth regulator Pix (Mepiquat-Cl, de Pont de Nemours 

and Company, Wilmington, DE 19898) was applied on 7 August, 2007 and Pix 

(Mepiquat-Cl, Bayer CropScience LP, Research Triangle Park, NC) was applied on 5 

August, 2008 and 6 August, 2009. Cotton was sprayed with NZN (15% N, 5% zinc, 

Tessenderlo Kerely, Inc., Phoenix, AZ) on 7 August, 2007 to encourage cotton growth. 

Prep (Ethephon (2-Chloroethyl) phosphonic acid, Bayer CropScience LP, Research 

Triangle Park, NC) and Def6 (S,S,S-Tributyl phosphorotrithioate, Bayer CropScience LP, 

Research Triangle Park, NC) were applied on 15 October, 2007; 24 October, 2008 and 17 

October, 2009 to accelerate defoliation and boll opening. Cotton was machine harvested 

on 19 November, 2007; 17 December, 2008 and 31 October, 2009. After cotton was 

harvested, this half of each plot was fallowed until planted with cover crops the following 

September.  Thus, after 2006, small grains occupied alternating halves of each plot every 

other year.  



  Texas Tech University, Yue Li, May 2011 

 

89 

 

Sampling  

 Soil gravimetric water content was determined by collecting soil samples from 

each treatment plot (8 random samples; surface 8 cm) on 5 May and 22 June, 2009 Soil 

cores were extracted by using a shovel to dig a 10-cm deep hole. A slice was cut from the 

soil with the surface 8 cm taken from the center of the slice. Samples were oven dried at 

105℃ until they reached constant weight. 

 In March 2009, soil samples were collected, as described for soil moisture, from 

each treatment replication. Samples were combined by treatment, and were submitted to 

A&L Plains Agricultural Laboratories, Inc., Lubbock, TX for analysis of pH, organic 

matter, cation exchange capacity (CEC), excess lime, soluble salts, P, K, Ca, Mg, Na, S, 

Zn, Mn, Fe, Cu, and B. 

 Before termination of cover crops each year, grab samples of wheat and rye were 

clipped and oven dried at 60℃  until they reached a constant weight. Additionally, on 26 

March and 25 April 2009, grab samples of wheat and rye were randomly collected. All 

samples were dried as described previously, ground in a stainless steel Model 4, Thomas-

Wiley Laboratory Mill with a 2-mm screen, and were stored at room temperature until 

used for allelochemical analysis. On 26 March, 2009, wheat and rye biomass was 

determined by clipping two, 0.24 m
2
 quadrats from each replicate plot. Samples were 

dried at 60℃  until they reached a constant weight and were weighed to determine forage 

mass. 

 Cotton plant height (cm) and plant density (plants m
-1

 within a row) were 

measured in each plot. Cotton plant height was determined by measuring height of 20 

random cotton plants in each treatment plot. Cotton height measurements were taken on 8 
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July and 16 October, 2007; 18 July and 21 October, 2008; 22 June, 6 July, 7 August and 

9 September, 2009.  

 Cotton plant density was determined by counting plant numbers within 1 m of 

row at 10 random sampling points within each replicate plot. Cotton density 

measurements were taken on 11 July and 16 October, 2007. For the 2008 growing season, 

samples were taken on 18 July, 2008 and were revalidated on 6 February, 2009 by 

measurements of plants remaining after harvest. For 2009, plant density was determined 

on 22 June, 6 July, 5 August and 9 November. 

 Cotton leaf temperature was measured on 2 September, 2009 by using a hand held 

infrared thermometer (Extech
®
 42505) measured  10 cm away from the cotton leaf.  

Twenty random samples were read from each replicate plot.  

 Cotton leaf chlorophyll was measured using a Konica SPAD-502 (Konica Minolta 

Sensing Americas, Inc., Ramsey, NJ) cholorphyll meter on 2 September and 9 September, 

2009. Thirty random reading were measured on the upper most fully expanded leaf in 

each replicate plot.  

 Yield of cotton lint and seed were determined by machine harvest. Two 

representative rows were harvested in each replicate treatment plot. Subsamples of cotton 

were collected from each treatment replicate. Subsamples were ginned at the Texas A&M 

Experiment Station Ginning Laboratory to determine percentages of lint, seed and trash.   

 

Allelochemical analyses in soils and plants 

 Soil samples for determination of allelochemicals were collected as described 

above on 21 May and 14 November, 2007; 8 February, 11 June, 2 December 2008; 6 
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May, 11 June, 5 August, 10 November 2009.  The 8 subsamples from each replicate plot 

were combined and were sealed in plastic bags. Soil was stored at -20℃ until ready for 

extraction and analysis.  

 Plant samples for allelochemical analysis were collected as described above on 

On 26 March and 25 April 2009. Soil and plant samples were assayed with a modified 

method (see chapter VIII) published by Reberg-Horton et al. (2005) to determine the 

presence of allelochemicals. 

 The specific allelochemicals of interest were determined by a degredation test of 

wheat, rye and pure BOA in soil and selected arbitrarily. The eight allelochemicals of 

interest included DIMBOA, DIBOA, BOA, three unknown BOA degredation related 

allelochemcals (retention time at 14.9 min  0.25 min, 23  0.2 min, 25.73  0.2 min) and 

two unknown rye degredation related allelochemicals (retention time at 16.2  0.2 min 

and 19.5  0.2 min). The concentration of eight specific allelochemicals were quantified 

by HPLC (high-performance liquid chromatography, Shimadezu VP Series LC-10 AD 

VP liquid chromatograph system, Shimadzu, Kyoto, Japan).   

Weeds 

 On June 12, 2009, weed species and dominant weed coverage were visually 

evaluated. A 0.24 m
2
 quadrat was set at six random sampling points diagonally within 

each replicated plots. The dominant weed species and percentage ground cover were 

recorded within each quadrat.     

  

 All data except soil and plant allelochemical data were analyzed as a complete 

randomized block design with four blocks using the Proc Mixed procedure in SAS 9.2 



  Texas Tech University, Yue Li, May 2011 

 

92 

 

(SAS Institute, 2008). Effects of cover crop (wheat, rye, or no cover crop), block, year 

and sampling dates were tested as well as the interaction of cover crops X year, cover 

crops X date, year X date. Blocks were considered random effects and effects of cover 

crop (wheat, rye, or no cover crop) were considered as fixed effects. Means were 

separated by orthogonal contrasts at P < 0.05 level and were protected by an F test (P < 

0.05) to compare 1) no cover crop vs. the mean of the cover crop treatments, and 2) 

effects of wheat vs. rye. For cotton density and heights, only the data collected by the 

initial growing season and before harvest were analyzed.    

 For analysis of soil and plant allelopathic compounds, the HPLC peak height data 

were logarithmically transformed before being subjected to statistical analysis. 

Allelochemical data were analyzed as a complete randomized block design with four 

blocks using the Proc Glimmix procedure following logarithmic distribution and 

Satterthwaite degree of freedom in SAS 9.2 (SAS Institute, 2008). Effects of cover crop 

(wheat, rye, or no cover crop), block, and year were tested as well the interaction of cover 

crop and year. Blocks and block X date interaction were considered as random effect and 

effect of cover crop (wheat, rye, or no cover crop), sampling date and their interactions 

were considered as fixed effect. Allelochemical concentration means were compared 

using PDIFF (SAS Institute, 2008). 

 

RESULTS 

Cover crop biomass.  

In each year, excellent stands of wheat and rye were achieved (visual 

observations). Biomass at the time these cover crops were terminated was not determined 
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because of the differences in dates of maturation between wheat and rye.  Mean cover 

crop biomass on 26 March, 2009 was 1.7 Mg ha
-1

 in the rye plots and 0.27 Mg ha
-1

 in the 

wheat plots. At this date, rye was nearing maturity while wheat was actively growing. 

Soil moisture.  

 When soil gravimetric water content was determined during the 2009 growing 

season, higher (P < 0.05) soil moisture was observed in early May in plots with no cover 

crop than soils where cover crops were growing (Fig 1).  By 22 June, 30 d after planting 

cotton, no differences in soil moisture were found among treatments.  

Soil nutrient status. 

 Soil nutrient analysis from samples taken in March 2009 indicated that the soil 

nutrients were similar among treatments and no deficiencies were detected. The one 

exception was that extractable sulfur in control plots was reported as very low (2 ppm) 

while rye plots were very high (31 ppm) and wheat plots were high (16 ppm).    

Weeds 

 Percentage ground cover by weeds in plots where no cover crops were planted 

was visually greater than where wheat or rye occurred. Furthermore, a greater diversity of 

weed species were identified within control plots than in plots that had grown cover crops. 

The dominant weed species in plots where wheat/rye were planted were pigweed 

(Amaranthus L.), crabgrass (Digitaria Haller), goathead (Tribulus terrestris L.), 

bindweed (Convolvulus L.) and kochia (Bassia prostrata (L.) A.J. Scott). The dominant 

weeds in the control plots were pigweed, crab grass, goathead, bindweed, nutsedge 

(Cyperus esculentus L.) and kochia.  

  

http://plants.usda.gov/java/profile?symbol=AMARA
http://plants.usda.gov/java/profile?symbol=DIGIT2
http://plants.usda.gov/java/profile?symbol=CONVO
http://plants.usda.gov/java/profile?symbol=CYES
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Figure 1. Soil gravimetric water content where cotton was no-till planted into a rye or 

wheat cover crop or no cover crop (control) in 2007, 2008 and 2009. 
†
Indicates that no 

cover crop differed from the mean of the cover crops (P < 0.05).  
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Cotton 

Plant heights  

 Effects of cover crops on plant height differed by year (treatment X year 

interaction, P < 0.05). In July 2007, cotton plants established into either wheat or rye 

were taller (P < 0.001) than cotton planted into bare soil (Fig. 2). By October 2007, this 

effect reversed and cotton was taller (P < 0.05) in control plots than the average of the 

cotton planted into wheat or rye. When plants heights were determined in July, the 

average cotton height where cover crops occurred was taller ( P < 0.01) in 2007, shorter 

(P < 0.01) in 2008 and was not different in 2009, compared with heights of cotton planted 

into no cover crop. In July 2008, cotton plants were taller (P < 0.01) where rye were 

planted than wheat. By the end of the growing season, cotton heights were all taller (P < 

0.05) where no cover crops was planted than the average height of the cotton planted into 

cover crops.  

Plant densities  

 There was no treatment X date interaction for plant density. In 2007 and 2008, 

there was no difference in cotton density among treatments (Fig 3). In 2009, the average 

cotton density were higher (P < 0.01) where cotton was planted into a cover crop than 

into bare soil. 

Leaf temperature and chlorophyll 

  Cotton leaf temperatures did not differ among treatments in September 2009. 

Temperatures were 23.0, 25.1, and 25.3 (SE = 2.4) for cotton planted into rye, wheat, or 

no cover crop, respectively.
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Figure 2. Height of cotton plants where cotton was no-till planted into a rye or wheat cover crop or no cover crop (control) in 

2007, 2008 and 2009. 
†
Indicates that the control differed from the mean of the cover crops (P < 0.01). 

‡
Indicate that the  

control differed from the mean of the cover crops (P < 0.05). 
§
Indicates that rye differed wheat (P < 0.01 ). 
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Figure 3.  Cotton plant density where cotton was no-till planted into a rye or wheat cover crop or no cover crop 

(control) in 2007, 2008 and 2009. 
†
Indicates that the control differed from the mean of the cover crops (P < 0.01). 

N.S. N.S. †

0

20000

40000

60000

80000

100000

120000

2007 2008 2009

p
la

n
t 

d
e

n
si

ty
 (

p
la

n
t 

n
u

m
b

e
r 

h
a

-1
)

Maton Rye Lockett Wheat Control

SE =      3646                                                   5431                                                 3848 



  Texas Tech University, Yue Li, May 2011 

 

98 

 

 Cotton leaf chlorophyll (SPAD reading) was higher (P < 0.001) in cotton planted 

into no cover crop compared with the mean of the cover crop treatments when measured 

in September 2009 (Fig. 4).  No difference was observed in chlorophyll between the 

wheat and rye treatments. 

 

Cotton lint yields 

 Effects of cover crop treatments on yield of cotton lint differed by year (year X 

treatment interaction; P < 0.01) but in each year, trends were similar (Fig. 5). The 

treatment effect was significant at P < 0.08 in 2007, P < 0.05 in 2008 and P < 0.09 in 

2009. When no cotton crop was tested against the mean of the cover crop treatment by 

orthogonal contrasts, cotton lint yield was higher (P < 0.01) for cotton planted into bare 

ground than for cotton no-till planted into either wheat or rye in all years.  

 

Cotton seed yields.  

 Effects of cover crop treatments on yield of cotton seed differed by year (year X 

treatment interaction; P < 0.001), thus, each year was examined individually (Fig. 6). The 

treatment effect was significant at P < 0.05 in 2007 and 2008, and significant at P < 0.09 

in 2009. When no cotton crop was tested against the mean of the cover crop treatment by 

orthogonal contrasts, cotton seed yields were higher (P < 0.05) for cotton planted into 

bare ground then where cotton was planted into a cover crop each year (Fig. 6).  
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Figure 4. Chlorophyll content (SPAD reading) of cotton plant leaves where cotton was 

no-till planted into a rye or wheat cover crop or no cover crop (control). 
†
Indicates that 

the control differed from the mean of the cover crops (P < 0.01). 
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Figure 5.  Yield of cotton lint where cotton was no-till planted into a rye or wheat cover 

crop or no cover crop (control) in 2007, 2008 and 2009. 
†
Indicates that no cover crop 

differed from the mean of the cover crop treatments (P < 0.01).
 ‡

Indicates that the 

treatment effect was significant at P < 0.08.
 §

Indicates that the treatment effect was 

significant at P < 0.09. 
¶
Year x trt interaction (P < 0.01).
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Fig 6. Yield of cotton seed where cotton was no-till planted into a rye or wheat cover crop or no cover crop 

(control) in 2007, 2008 and 2009. 
†
Indicates that no cover crop differed from the mean of the cover crop  

treatments (P < 0.01).
 ‡

Indicates that the treatment effect was significant at P < 0.09 and no cover crop differed 

 from the mean of the cover crop treatments (P < 0.04).  
§
Year x treatment interaction (P < 0.001).
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Allelopathic compounds in soil.  

 Known allelopathic compounds were detected in soils where either wheat or rye 

was grown in this experiment. Because wide variation occurred among means for 

allelopathic compounds, the data were log transformed. All transformed data for 

allelopathic compounds in soils are presented in Appendix Table 2-4. Likewise, actual 

means for allelopathic compounds are presented for all dates in Appendix Tables 5-7. 

Only dates where significant differences among allelopathic compounds occurred are 

presented here. 

DIMBOA.  

The concentration of DIMBOA in soil as affected by cover crop treatments 

strongly tended to differ by sampling dates (date X treatment interaction; P < 0.06). The 

DIMBOA concentration was higher in soils where rye was grown than the control when 

soil was sampled in February 2008 (P < 0.01), June 2008 (P < 0.05) and in August 2009 

(P < 0.05; Fig. 7). In soil sampled on June 2008, concentration of DIMBOA was higher 

in soil where wheat was grown than where either rye was planted (P < 0.06) or the 

control (P < 0.001). In soil sampled on August 2009, higher (P < 0.05) concentration of 

DIMBOA was detected in the soil where rye was planted than the soil where wheat was 

planted. In February and June 2008, no DIMBOA was detected in the soil where no cover 

crops were planted. 
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Figure 7. The 2,4-dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-3(4H)-one (DIMBOA)  

concentration in soil, on a log transformed scale, where cotton was no-till planted into  

a rye or wheat cover crop or no cover crop (control) in 2007, 2008 and 2009 (treatment x  

date interaction, P < 0.06). 
†
Indicates that rye differed from the control (P < 0.01). 

‡
Indicates that the peak height of the treatment is zero. 

§
Indicates that rye differed from 

wheat (P < 0.06), the control differed from rye (P < 0.05) and wheat (P < 0.001). 
¶
Indicates that rye differed from wheat (P < 0.05) and the control (P < 0.05). 
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BOA. 

  The concentration of BOA in soil as affected by cover crop treatments strongly 

tended to differ by sampling dates (date X treatment interaction; P < 0.06). When soils 

were sampled in November, 2007 (treatment effect P < 0.06), more (P < 0.02) BOA was 

detected where the rye cover crop was growing than where wheat occurred (Fig. 8). No 

BOA was detected in soils where wheat grew at this date. When soils were sampled in 

May 2009, both wheat (P < 0.005) and rye (P < 0.001) resulted in more BOA being 

detected in soils than where no cover crop occurred and there strongly tended to be more 

(P < 0.06) BOA in  soil where rye was planted than wheat. In May 2009, no BOA was 

detected in the soil where no cover crops were grown. In November 2009, both wheat 

and rye resulted in more (P < 0.005) BOA in the soil than the soil from control plots. 

Effects of treatments on the concentration of an unknown BOA related 

degradation derivative (retention time 14.9  0.25 min) in soil also tended to differ by 

sampling date (date X treatment interaction; P < 0.06; Fig. 9). In June, 2009, 

concentrations of the unknown compound were higher (P < 0.005) in soils where rye had 

grown than in either the wheat or no cover crop treatments. The following August, higher 

(P < 0.05) concentration of the unknown BOA related degradation derivative existed in 

soil from control plots than where rye was planted. In November 2009, soils where rye 

had grown were higher (P < 0.05) in this unknown BOA relative than soils where no 

cover crop had been grown. 
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Figure 8. The 2-benzoxazolinone (BOA) concentration in soil, on a log  

transformed scale, where cotton was no-till planted into a rye or wheat cover  

crop or no cover crop (control) in 2007, 2008 and 2009 (treatment x date  

interaction, P < 0.01). 
†
Indicates that the treatment effect significant at P < 0.06 

and rye differed from wheat (P < 0.02). 
‡
Indicates that the peak height of the  

treatment is zero. 
§
Indicates that rye differed from wheat (P < 0.06); the  

control differed from the wheat (P < 0.005) and rye (P < 0.001). 
¶
Indicates that 

the control differed from wheat (P < 0.001) and rye (P < 0.001). 
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Figure 9. The BOA related degradation derivative (retention time: 14.9   

0.25 min) concentration in soil, on a log transformed scale (treatment x date  

interaction, P < 0.06). 
†
Indicates that rye differed from wheat (P < 0.005)  

and the control (P < 0.005). 
‡
Indicates that the rye differed from the control  

(P < 0.05).
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DIBOA.  

 The DIBOA concentration in soil was higher (P < 0.05) where wheat was 

growing in November, 2007, than where rye was present (Fig. 10). Wheat also resulted in 

more DIBOA in soil at this date than where no cover crop was present. In December 

2008, lower concentration of DIBOA was detected in soil that had no cover crop than 

where either wheat (P < 0.07) or rye (P < 0.05) was planted. In May 2009, the rye cover 

crop resulted in more (P < 0.0001) DIBOA present in soil than either wheat or no cover 

crop.   

  

Plant tissue allelochemicals.  

 Allelochemicals, including DIMBOA, BOA, DIBOA, and an unknown chemical 

with retention time of 19.5 ± 0.2 min, were detected in both wheat and rye plant tissues 

when sampled in 2009. In wheat tissue, higher (P < 0.02) concentrations of DIMBOA 

and less (P < 0.02) DIBOA was observed than in rye tissue in both March and April 2009 

(Fig. 11, Appendix table 15). In April 2009, BOA concentration was higher (P < 0.02) in 

wheat than in rye while in March 2009, the concentration of the unknown BOA 

derivative (retention time 19.5  0.2 min) was higher (P < 0.007) in wheat than in rye.  

 



  Texas Tech University, Yue Li, May 2011 

 

108 

 

 

Figure 10. The 2, 4-dihydroxy-1, 4-benzoxazin-3-one (DIBOA) concentration  

in soil, on a log transformed scale, where cotton was no-till planted into a rye  

or wheat cover crop or no cover crop (control) in 2007, 2008 and 2009  

(treatment x date interaction, P < 0.001). 
†
Indicates that the peak height of  

the treatment is zero. 
‡
Indicates that the treatment effect was significant at  

P < 0.07; wheat differed from rye (P < 0.05) and control (P < 0.05). 
§
Indicates  

that the control differed from the wheat (P < 0.07) and rye (P < 0.05).
 ¶
Indicates  

that the treatment effect was significant at P < 0.09; the rye differed from wheat  

(P < 0.001) and the control (P < 0.001). 
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 DISSCUSSION 

 Cotton is one of the most important row crops on Texas High Plains. More than 

1.5 million ha of cotton are grown yearly in this region and mostly in monoculture 

systems (TASS, 2002). Soil erosion in this kind of system can exceed 19 Mg ha
-1

 yr
-1

 

(Collins, 2003). Collins showed that adoption of cover crops reduced erosion to levels 

that met the definition of sustainable resource management within the experimental area 

used in the current experiment. The major reason that farmers hesitate to incorporate 

cover crops and no-till practices in the Texas High Plains is concern of water use where 

water for irrigation is becoming increasingly scarce and may soon be regulated. Thus, the 

urge to stop soil from blowing away becomes a dilemma. The possibility that small grain 

cover crops could effectively manage soil erosion but may reduce yield of the following 

cotton crop creates additional concerns and management challenges for producers.  

 Research conducted by Sánchez-Moreiras (2003) indicated that  allelochemicals 

exist across different Poaceae plant parts to root exudates and soil extracts. In the current 

research, soil analysis confirmed that the varieties of wheat and rye used contained and 

released detectable amount of allelopathic-related metabolites, including the known 

biologically harmful DIMBOA, DIBOA and BOA, into neighboring soil. The higher 

concentration of eight allelochemicals in the soil where cover crops were planted 

compared with bare soil could explain the reduced cotton growth and yield at least in part.
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Figure 11. The DIMBOA, BOA, an unkonwn rye related chemical (retention time 19.5  0.2 min) and DIBOA  

concentrations in rye and wheat tissues, on a log transformed scale. 
†
Indicates that the rye differed from the  

wheat (P < 0.02).  
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 Detection of some allelochemicals in control plots could be due to experimental 

contamination, soil particles blown from the neighboring plots, or perhaps 

allelochemicals produced by other plants including the possibility of weed species. 

Previous to the current experiment, wheat was included in research on this site between 

1995 and 1998.  This experimental area had been fallowed with occasional disking for at 

least 2 years prior to the current experiment. The allelochemicals studied in this 

experiment have shown persistence in soil after the growing season of wheat and rye (Li 

et al. unpublished data; Chapter IX). Further studies are needed to determine the 

persistence of these chemicals and their toxicity to recipient plants under field conditions. 

 According to Understrup et al., (2005) and Macías et al., (2004), the half life of 

DIMBOA, DIBOA and BOA are all relatively short when mixed with soil. Detection of 

these chemicals up to 6 mo after the cover crop was terminated indicated that the cover 

crop roots and/or residues were slowly releasing the allelochemicals throughout the 

cotton growing season, thus, likely explaining effects on cotton performance.  

 Differences in soil moisture due to cover crops did not explain the observed 

effects.  Lower soil moisture due to presence of cover crops has been previously 

documented (Fisk et al., 2001). In the current study, soil moisture was lower where cover 

crops were grown than where no cover crop was present when measured prior to planting 

cotton in 2007. However, no differences were observed by June. While this difference in 

soil moisture at planting time might influence initial seed germination and growth, it is 

unlikely that there were effects beyond this point.  Precipitation and especially irrigation 

would have alleviated this effect once cotton planting occurred. Furthermore, greenhouse 
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studies where soil moisture was held constant further demonstrated the suppressing 

effects of wheat and rye residues on initial cotton growth (Chapter X). 

 Likewise, soil fertility did not appear to explain effects of cover crops on cotton 

yields.  All plots received similar amounts of N fertilizer each year through the drip 

irrigation system virtually eliminating differences in N applied to the different treatments. 

Soil analysis at the end of the experiment further demonstrated that only S may have 

varied among the treatments.  While S is critical to protein formation it is unlikely that it 

was a major influence on cotton fiber development.  Differences in extractable soil S did 

not explain the observed differences in plant chlorophyll content where the cotton 

growing with the lowest available soil S had the highest chlorophyll status.  

 Differences in cotton plant stand densities also failed to explain difference in 

yields. By the end of the growing season, the average cotton density where rye and wheat 

were planted was the same in 2007, less in 2008 and more in 2009 compared with cotton 

planted into bare soil. In spite of the variation of cotton density among years, cotton plant 

heights, cotton seed and lint yield were consistently reduced when cotton followed the 

cover crop compared with the control. 

 In a review, Zhou and Yu (2006) concluded that the allelopathic effect was 

disturbing a wide array of physiological process in the recipient plant including cell 

differentiation and division, uptake of water and Fe, gene expression, respiration and 

photosynthesis and  reduced chlorophyll content when treated with allelochemicals. The 

difference in chlorophyll content reading in our study agrees with data from Zhou and Yu 

(2006) and showed that using wheat and rye as cover crops before cotton could reduce 

cotton leaf chlorophyll content under field conditions. The reduced chlorophyll content 
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could potentially suppress photosynthesis and retard the plant‟s growth. In both 2008 and 

2009, control cotton plants were taller than cotton plants grown following either wheat or 

rye. 

 The suppression introduced by wheat and rye to cotton may vary among 

experiments  due to variation of allelopathic potential of different wheat or rye varieties 

and also the specific soil type. The allelochemicals could persist longer in Pullman clay 

loam soil as in this study rather than in sandier soil where allelochemicals could leach out 

with better drainage.  Furthermore, the relatively limited amount of precipitation in this 

region coupled with a subsurface irrigation system may have reduced the potential for 

these chemicals to leach below the rooting depth of the cotton plant. In general, further 

work needs to be done on determining differences in allelopathic tolerance among cotton 

varieties to realize the multiple benefits of cover crops especially as natural herbicides 

and for erosion control. Under current conditions, the adoption of wheat and rye as cover 

crops before cotton, in the Texas High Plains, could impose both problems of water use 

and reduction of cotton yield.       
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CHAPTER V 

ALLELOPATHIC EFFECTS OF RYE, WHEAT, AND 

BENZOXAZOLINONE (BOA) ON GERMINATION AND INITIAL 

GROWTH OF COTTON: GREENHOUSE STUDIES 

ABSTRACT 

 In Texas, cotton (Gossypium hirutum L.) is one of the most important row crops 

and is planted primarily as a monoculture but excessive soil erosion can occur in this kind 

of system. Adopting small grain cover crops and no-till cultivation of row cotton could 

reduce soil erosion and provide natural herbicides due to its allelopathic potential to 

suppress weeds, but the interaction between cotton and small grain cover crops is not 

well understood. In previous field studies (Chapter VIII and IX) in Lubbock, TX, cotton 

growth and yield were reduced when no till planted into wheat (Triticum aestivum L.) or 

rye (Secale cereal L.). Similar suppression occurred when cotton was planted into rye 

stubble in a rye-cotton-livestock system. Known toxic allelochemicals were detected in 

soils in both studies. The purpose of this study was to confirm the wheat and rye 

allelopathic effect to „FiberMax 9058F‟ cotton in a more controlled environment. This 

study included three greenhouse experiments 1) cotton planted into soil where dried 

ground rye was mixed at a rate of 0, 800, 1600, 3200, 6400 and 12800 kg ha
-1

 and pure 2-

benzoxazolinone (BOA) at 500, 1000 nmol g
-1 

soil; 2) cotton planted into soil saved from 

experiment 1 for 10 months; 3) cotton planted into BOA at 0, 500, 1000 nmol g
-1 

soil or 0, 

6400, 12800 kg ha
-1

 dried ground rye wheat or rye. All three experiments were in a 

randomized block design with four replicates. Soil used was primarily Pullman clay loam 

(fine, mixed, superactive, thermic Torrertic Paleustolls). Five seeds were planted into soil 

premixed with different levels of chemical or plant tissue in each experiment. 
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Germination rate, plant heights, plant leaf chlorophyll content (only in experiment 2 and 

3), and plant weight of cotton were determined. Soil samples were extracted to determine 

presence of eight allelochemicals of interest (5 chemicals unknown). The results showed 

that cotton germination (only in Experiment 3), seedling heights, biomass, and leaf 

chlorophyll content (only in Experiment 2 and 3) was decreased by increasing rate of 

wheat or rye. Soil mixed with BOA showed suppression of cotton heights in Experiment 

1 and suppression of cotton germination, seedling chlorophyll content, and plant weight 

in experiment 3. Known alleochemicals [2, 4-dihydroxy-7-methoxy-(2H)-1,4-

benzoxazin-3(4H)-one (DIMBOA); 2,4-dihydroxy-1,4-benzoxazin-3-one(DIBOA); 2-

benzoxazolinone (BOA) were detected in Experiment 1 and the concentration showed a 

linear response to the added treatments. In the second and third greenhouse experiments, 

major allelochemcals detected were BOA and unknown BOA and rye degredation 

derivitives. This experiment validated the assumption that wheat and rye have potential to 

suppress cotton initial growth due to allelochemicals released into soil and that effect can 

persist up to 10 mo. 

 In the Texas High Plains, cotton (Gossypium hirsutum L.) is one of the major row 

crops with more than 1.5 million ha planted each year primarily in monoculture systems 

(TASS, 2002). Soil erosion had been a rising problem with this kind of system and 

adopting small grain cover crops is one of the effective methods to reduce soil loss 

(Collins, 2003). In the Cotton Belt, incorporating small grain cover crops before cotton 

has been adopted in many areas (Brown et al., 1985; Bauer and Busscher, 1996; Reeves 

et al., 2005). Incorporating cover crops can bring many complimentary benefits in 

rotations including weed control (Barnes and Putnam, 1983), reduced soil erosion 
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(Meisinger et al., 1991), increased organic N content (Doran and Smith, 1991) reduced 

nitrate leaching (Jackson et al., 1993), and reduced engery consumption (Ess et al., 1994). 

The small grain cover crops posses allelopahtic effects and have been widely used to 

control weeds as natural herbicides.  

 In Poaceae, the most intensely studied allelochemicals include hydroxamic acids, 

alkaloids, phenolic acids and quinines (Sánchez-Moreiras et al., 2003) and the 

allelochemicals exist across different plant parts to root exudates and soil extracts  

(Sánchez-Moreiras et al., 2003). In Poaceae, the benzoxazinoid derivatives have received 

special attention in recent research. According to Reberg-Horton et al.(2005), the major 

allelochemical in rye is 2, 4-dihydroxy-1, 4-benzoxazin-3-one (DIBOA). Krogh et al. 

(2006) suggested that the major allelochemicals in wheat are 2, 4-dihydroxy-7-methoxy-1, 

4-benzoxazin-3-one (DIMBOA), 2, 4-dihydroxy-1, 4-benzoxazin-3-one (DIBOA), 2-

hydroxy-1,4-benzoxazin-3-one (HBOA), 2-hydroxy-7-methoxy-1,4-bezoxazin-3-one 

(HMBOA), and their derivatives. When the allelochemicals were released into soil, the 

chemicals may change forms or degrade. When mixed with soil, the primary degradation 

chemical of wheat seedling was 6- methoxybenzoxazolin-2-one (MBOA; (Macías et al., 

2004; Macias et al., 2005). When rye was mixed with soil, Major degradation compounds 

were initially MBOA, HBOA, HMBOA and then transformed into 2-amino-3H-

phonoxazin-3-one (APO; (Gagliardo and Chilton, 1992; Krogh et al., 2006).  

 Benzoxazinones exhibit a wide array of inhibition on organisms not only plants 

but also influence bacteria (Corcuera et al., 1978) fungi (Long et al., 1975), European 

corn borer (Ostrinia nubilalis) (Campos et al., 1989) and aphids (Argandoña et al., 1980). 

Research on benzoxazinoid derivatives showed inhibition of ATP synthesis in 
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mitochondira (Niemeyer et al., 1987), inhibition of energy transfer reactions in maize 

extracts (Queirolo et al., 1983) and ATPase activity of chloroplast coupling factor 1 (CF1) 

(Queirolo et al., 1981). 

 Previous studies found that injured (Virtanen and Hietala, 1960) or stressed (Zhu 

et al., 2007) plants tend to release allelopethic aglucones into adjacent soil complex that 

were transformed into benzoxazolinones (Woodward et al., 1978). Recent studies of 

allelopathic effects of bermudagrass (Cynodon dactylon. L) to cotton indicated that the 

donor plant still could release toxic levels of allelochemicals at optimal growth conditions 

(Bouchagier et al., 2008).  

 Although the allelopathic potential of cover crops may reduce weed occurrence, 

some research also showed cotton could become the allelopathic recipient plant. 

According to Hulugalle et al. (1998), cotton demonstrated a  more severe alleopathic 

impact from chickpea (Cicer arietinum L.) and faba bean (Vicia Faba L.) when cotton 

was planted into their stubble rather than into wheat stubble. Alfalfa (Medicargo sativa. L) 

saponin also showed inhibition of cotton germination (Marchaim et al., 1975). Hicks et al. 

(1989) showed that „Acala A246‟  cotton emergence rate and yield were reduced with 

existence of wheat straw. Previous field studies as described in chapter VIII and IX 

suggested that the the existance of wheat and rye may reduce cotton growth and yield in 

the Texas High Plains. 

 The objective of this research was to determine whether the presence of wheat 

and rye have allelopathic influence on cotton initial growth excluded from other potential 

factors.  
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MATERIAL AND METHODS 

 Three greenhouse experiments were conducted at Texas Tech University during 

2007 and 2008 to investigate the potential for allelopathic compounds, present in wheat 

and rye, to suppress seed germination and initial growth of cotton. Effects of small grain 

additions were compared with a purified source of BOA, a known allelopathic chemical. 

For all three experiments, soil used was Pullman clay loam (fine, mixed, superactive, 

thermic Torrertic Paleustolls), collected from the Texas Tech University research farm 

where no small grains had been planted in the past 5 yr. Clean plastic pots with clean 

cheese cloth in the bottom of each pot, were filled with 5.4 kg of thoroughly mixed air 

dried soil. 

 Plant material used in this experiment was retained from a small plot wheat and 

rye cover crop experiment reported previously (Chapter IX). Fresh wheat and rye 

biomass was harvested May 2007 and 2008 from the field by clipping the whole plant to 

the ground level. Plant material was placed in a brown paper bag and oven dried at 60℃ 

until it reached a constant weight. Dried plants were ground in a stainless steel, Model 4, 

Thomas-Wiley Laboratory Mill with a 2-mm screen (Thomas Scientific, Swedesboro, NJ 

08085) and were stored at room temperature.  

Greenhouse experiment 1 (2007) 

 In Experiment 1, treatments included 1) additions of ground rye plant material at  

rates equivalent to 800, 1,600, 3,200, 6,400 and 12,800 kg ha
-1

; 2) 2-benzoxazolinone

（BOA） added to  soil at levels of 500 and 1,000 nmol g
-1

 of soil; and 3) no additions of 

rye or chemical (control). Rates were selected to mimic the different levels of plant 

material that was reasonably left on the ground as biomass before no-till planting a crop.  
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The allelochemical BOA was purchased from Fisher Scientific (2000 Park Lane Drive, 

Pittsburgh,PA 15275).  Plant material and BOA were weighed and mixed well with the 

top 3-cm of soil in each assigned pot replicate. Five cotton seeds „FiberMax 9058F‟ were 

planted into each pot at a 3-cm depth. Pots were watered thoroughly and gently right after 

planting to provide moisture for seed germination but to avoid leaching. 

 Each treatment was replicated 4 times and placed in the greenhouse in a 

randomized block design. The position of the pots was re-arranged randomly weekly. A 

parallel set of pots were set up as described above with the same treatments and numbers 

of replicates. These pots were managed in same fashion except that no cotton was planted. 

These pots served for soil sampling only during the experiment.  

 The experiment began on 5 October, 2007 and was terminated on 2 November (d 

28). Pots were watered evenly and gently during the experiment with a mist nozzle. 

Water was applied at a rate to be non-limiting for plant growth but to minimize the 

potential for leaching from the pots.  All pots were hand weeded during the experiment to 

remove non-target plants.  

 Germination of cotton seed and plant heights were recorded every other day.  Soil 

samples were collected from the parallel set of pots (no cotton planted) by using a lab 

spatchula to obtain a soil core from the top 3 cm. Three random soil cores were collected 

from each pot, combined in a sealed plastic bag and stored at -20℃ until analyzed for 

allelochemicals. Soil samples were collected on 5 October (d 0), 12 October (d 7), 19 

October (d 14) and 2 November, 2007 (d 28). At the end of the experiment (d 28) , whole 

plants were collected to ground level and were dried at 60℃ to a constant weight to 

determine total plant weight per treatment replicate. 
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Greenhouse experiment 2 (2008) 

 The set of pots from Experiment 1 where no cotton was planted in the initial 

greenhouse experiment were kept in the laboratory at room temperature and were not 

watered for 9 mo. On 12 August, 2008, these pots were returned to the greenhouse. There 

were 4 replicates of the previous treatments in a randomized block design. No additional 

treatments were added to these pots. Before planting, soil was moistened and the surface 

soil was smoothed to provide an even surface. Each pot was seeded with five „FiberMax 

9058F‟ cotton seed at a 3 cm depth and watered to thoroughly moisten soil but to avoid 

leaching. Position of the pots was re-arranged randomly within blocks weekly. Pots were 

watered evenly with a mist nozzle and weeded by hand when needed as described 

previously. Plant germination time and rate were recorded every other day for a week 

after the first seedling emergence and the stands were counted at the end of the 

experiment. Plants were grown for 7 wk and plant heights were measured weekly. 

Chlorophyll was measured on 30 September and 2 October, 2008, using a hand held 

chlorophyll meter SPAD-502 (Konica Minolta Sensing Americas, Inc. 101 Williams 

Drive Ramsey, NJ 07446), measuring the first fully expanded leaf from the top of each 

cotton plant. Whole plants were clipped to ground level from each pot at the end of the 

experiment on 2 October, 2008 and were dried at 60℃ to constant weight to determine 

plant weight. Soil samples were collected at the end of experiment to determine presence 

of allelochemicals described as in greenhouse study 1. 

Greenhouse experiment 3 (2008) 

 The objective of the third greenhouse experiment was to validate results observed 

in the first greenhouse experiment and to determine whether effects were similar between 
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wheat and rye. Wheat and rye harvested in 2008 from field plot experiments described in 

Chapter IX were used in this experiment. Thus, treatments were 1) three rates of rye (0, 

6,400, and 12,800 kg ha
-1

); 2) three rates of wheat (0, 6,400, and 12,800 kg ha
-1

); and 3: 

three rates of purified BOA chemical (0, 500, 1,000 nmol g
-1

 of soil). Thus, there were 9 

treatments with a separate control for each treatment array. Each treatment was replicated 

4 times and the 36 pots were placed in the greenhouse in a randomized block design. 

Position of the pots was re-randomized within blocks weekly. 

 Ground rye and wheat were added separately to pots to approximate the different 

level of plant material that could reasonably be left on the ground as biomass before no-

till planting a crop. The purified BOA, purchased for the 2007 experiment and stored in a 

refrigerator, was used. The plant material and BOA were weighed and mixed well with 

the top 3 cm of soil in each assigned pot as described previously. 

 Five cotton seeds „FiberMax 9058F‟ were planted into each pot at 3-cm depth. 

Pots were watered thoroughly and gently right after planting. The experiment lasted for 6 

wk. At the end of the experiment, soil samples were taken as described above and were 

stored at - 20℃ for further chemical analysis.  Management, sampling of soils and 

measurements of plants were as described in Experiment 2. 

 Eight allelochemicals were investigated in sampled soil. The five unknown 

potential allelochemcials were determined by a degredation test of BOA, wheat and rye 

mixed with soil and distinctive degradation derivatives were chosen arbitrarily based on 

results. The eight allelochemicals included DIMBOA, DIBOA, BOA, three unknown 

BOA degredation related allelochemcals (retention time at 14.9 min  0.25 min, 23  0.2 

min, 25.73  0.2 min) and two unknown rye degradation related allelochemicals 
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(retention time at 16.2  0.2 min and 19.5  0.2 min). The concentration of eight specific 

allelochemicals was quantified by HPLC (high-performance liquid chromatography, 

Shimadezu VP Series LC-10 AD VP liquid chromatograph system, Shimadzu, Kyoto, 

Japan).   

 

Statistical analysis 

 All data except soil and plant allelochemical data were analyzed as a complete 

randomized block design with four blocks using the Proc Mixed procedure in SAS 9.2 

(SAS Institute, 2008). In Experiment 1 and 2, effects of rate of added plant or chemical 

rate and date were tested as well as the interactions of rate X date. In Experiment 3, the 

added treatment rates were arbitrarily divided into three levels, 1) control (no added 

treatment); 2) medium (BOA at 500 nmol g
-1

 soil, wheat/rye at 6,400 kg ha
-1

); 3) high 

(BOA at 1,000 nmol g
-1

 soil, wheat/rye at 12,800 kg ha
-1

). The treatment of the kind of 

added chemical, wheat or rye and the added rates, sampling dates were tested as well as 

the interactions among these three. Blocks were considered random effect. Means within 

treatment were tested with linear or quadratic contrasts at P < 0. 05 level. Differences 

among treatments were considered at P < 0.05 unless otherwise indicated. Orthogonal 

coefficients were generated by Proc iml accordingly in SAS 9.2 (SAS Institute, 2008). 

 For analysis of soil allelopathic compounds, the HPLC peak height data were 

logarithmically transformed before being subjected to statistical analysis. Allelochemical 

data were analyzed as a complete randomized block design with four blocks using the 

Proc Glimmix procedure following logarithmic distribution and Satterthwaite degree of 

freedom in SAS 9.2 (SAS Institute, 2008). Effects of different level of added plant or 
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chemical and sampling date were tested as well the interaction between treatment and 

date. Blocks and block X date interaction were considered as random effect. Linear and 

quadratic contrasts were adopted to test the effect of increasing rate of added chemical or 

plant tissue. Differences among treatments were considered significant at P < 0.05 unless 

otherwise indicated. 

 

RESULTS 

Greenhouse experiment 1 

Plant effects. 

 Germination of cotton seed was not significantly affected by treatments (Fig. 

1).Throughout the 28-d experiment, a linear decrease (P < 0.001) in cotton plant height 

was observed in response to additions of BOA to the soil (Fig. 2) and a quadratic 

response (P < 0.001) to additions of ground rye to soils (Fig. 3). By the end of the 

experiment, the cotton plant weights did not differ significantly due to additions of BOA 

(Fig. 4) but changed quadratically (P < 0.01) with rye added to soils (Fig. 5).  

Soil allelopathic chemicals.   

 BOA Additions to Soils: Soil collected from the parallel experiment where no 

cotton was planted revealed differences in allelopathic chemicals.  Data are presented on 

a log transformed scale and only dates where significant differences occurred are 

presented here. All data for each date in actual amounts measured are presented in 

Appendix Tables 8-11.   

 BOA in soil was increased linearly (P < 0.05) in response to incremental additions 

of BOA on d 0, 7 and 28 (Fig. 6). Detectable amounts of BOA were found in the control 
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soils where no BOA was added but the BOA treatement increased BOA above this 

baseline level.  

 On d 7, no DIMBOA was detected in either the control or the intermediate level 

of BOA additions to soil (Fig. 7).  However, adding 1000 nmol BOA g
-1

 of soil resulted 

in detectable amounts of DIMBOA.  

 On d 0, when soils were sampled immediately following treatment applications, 

DIBOA was present and increased linearly with additions of BOA (Fig. 8). No 

differences in DIBOA were found at other sampling dates. 

At the beginning (d 0) and again at the end (d 28) of the experiment, a rye 

degradation derivative (retention time: 19.5 ± 0.2 min) was detected. Presence of this 

unknown chemical linearly or quadratically decreased with additions of BOA to soils 

(Fig. 9). The BOA 1
st
 degradation derivative (retention time: 14.9 ± 0.25 min) was 

increased quadratically at each sampling date (Fig. 10).  

 Rye Additions to Soils:  BOA concentrations in soils decreased quadratically in 

response to increasing additions of ground rye when soils were sampled either initially (d 

0) or 1-wk later on d-7 (Fig. 11). Following the first wk of the experiment, no differences 

in BOA were detected. In contrast, DIMBOA was increased at the two highest levels of 

rye additions when sampled at the beginning of the experiment (Fig. 12). DIMBOA was 

not influenced by rye treatments at subsequent sampling dates. Likewise, a quadratic 

increase in DIBOA was observed at the initiation of the experiment but was not detected 

at any subsequent sampling date (Fig. 13). 
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Figure 1. Germination of cotton planted into soil mixed with benzoxazolinone (BOA) at 0, 

500, 1000 nmol g
-1

 soil or mixed with rye at 800, 1,600, 3,200, 6,400 or 12,800 kg ha
-1
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Figure 2. Plant heights (cm) of cotton planted into soil mixed with benzoxazolinone 

(BOA) at 0, 500, 1,000 nmol g
-1

 soil. 
†
Indicates that the treatment effect was linear 

 (P < 0.001). 
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Figure 3. Plant heights (cm) of cotton planted into soil mixed with rye at 0, 800, 1,600, 

3,200, 6,400 or 12,800 kg ha-1. 
†
Indicates that the treatment effect was quadratic  

(P < 0.001). 
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Figure 4. Plant weight (g pot
-1

) of cotton planted into soil mixed with 

 benzoxazolinone (BOA) at 0, 500, 1,000 nmol g
-1

 soil. 
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Figure 5. Plant weight (g pot
-1

) of cotton planted into soil mixed with rye at 0,  

800, 1,600, 3,200, 6,400 or 12,800 kg ha
-1

.
 †

Indicates that the treatment effect was 

quadratic (P < 0.01). 
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Figure 6. The 2-benzoxazolinone (BOA) concentration in soil, on a log transformed scale, 

where soil was mixed with benzoxazolinone (BOA) at 0, 500 or 1,000 nmol g
-1

 soil. 
†
Indicates that the treatment effect was linear (P < 0.05). 
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Figure 7. The 2, 4-dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-3(4H)-one (DIMBOA) 

concentration in soil, on a log transformed scale on 12 October, 2007, where soil was 

mixed with benzoxazolinone (BOA) at 0, 500 or 1,000 nmol g
-1

 soil. 
†
Indicates that the 

peak height of the treatment was zero. 
‡
Indicates that the treatment effect was  

quadratic (P < 0.05). 
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Figure 8.The 2, 4-dihydroxy-1, 4-benzoxazin-3-one (DIBOA) concentration in soil, 

 on a log transformed scale on 5 October, 2007, where soil was mixed with 

benzoxazolinone (BOA) at 0, 500 or 1,000 nmol g
-1

 soil. 
†
Indicates that the treatment 

effect was quadratic (P < 0.05). 
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Figure 9. The rye degradation derivative (retention time: 19.5 ± 0.2 min)  

concentration in soil, on a log transformed scale, where soil mixed with  

benzoxazolinone (BOA) at 0, 500 or 1,000 nmol g
-1

 soil. 
†
Indicates that  

the treatment effect was linear (P < 0.05). 
‡
Indicates that the treatment effect  

was quadratic (P < 0.05).
 §

Indicates that the peak height of the treatment was zero. 
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Figure 10. The BOA 1
st
 degradation derivative (retention time: 14.9 ± 0.25 min) 

concentration in soil, on a log transformed scale, where soil was mixed with 

benzoxazolinone (BOA) at 0, 500 or 1,000 nmol g
-1

 soil.
 †
Indicates that the treatment 

effect was quadratic (P < 0.001). 
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Figure 11. The 2-benzoxazolinone (BOA) concentration in soil, on a log transformed 

scale, where soil was mixed with rye at 0, 800, 1,600, 3,200, 6,400 or 12,800 kg 

ha
1
.
†
Indicates that the treatment effect was quadratic (P < 0.05). 
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Figure 12. The 2,4-dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-3(4H)-one (DIMBOA) 

concentration in soil, on a log transformed scale on 5 October, 2007, where soil was 

mixed with rye at 0, 800, 1,600, 3,200, 6,400 or 12,800 kg ha
-1

.
†
Indicates that the peak 

height of the treatment was zero. 
‡
Indicates that the treatment effect was quadratic (P < 

0.05). 
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Figure 13. The 2, 4-dihydroxy-1, 4-benzoxazin-3-one (DIBOA) concentration in soil, on 

a log transformed scale on 5 October, 2007, where soil was mixed with rye at 0, 800, 

1600, 3200,6400 or 12,800 kg ha
-1

.
†
Indicates that the treatment effect was quadratic  

(P < 0.05). 
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 The rye degradation derivative (retention time: 19.5 ± 0.2 min) indicated 

treatment effects but the responses were unclear (Fig. 14).  On the final day of the 

experiment, this derivative appeared lower at the highest level of rye additions than for 

other treatments.  

 The BOA degradation derivative (retention time: 25.73 ± 0.2 min) indicated a 

more clear response to treatments (Fig. 15) and appeared to be present in higher 

concentrations for all rye treatment levels than where no rye was added to soils. 

Responses were generally quadratic (on d 7 the treatment response was linear at P < 0.07 

and quadratic P < 0.07).  

Greenhouse Experiment 2 

 Storing previously treated soils in the laboratory at room conditions for 9 mo 

demonstrated that adding rye to soils had effects on plant growth and presence of 

allelopathic chemicals at the end of this period.  No significant effects of direct additions 

of the purified chemical BOA were detected, however, after this period of time.   

Germination 

 Cotton germination rate was not significantly affected by adding BOA or ground 

rye (Fig.16). 

Leaf chlorophyll 

 Effects of treatments on leaf chlorophyll were consistent across the two 

measurement dates, thus, data are presented averaged over date. Chlorophyll content of 

cotton leaves was not decreased significantly by increasing additions of purified BOA 

(Fig. 17) but was linearly decreased by the increasing additions of ground rye (Fig. 18).  
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Figure 14. The rye degradation derivative (retention time: 19.5 ± 0.2 min) concentration 

in soil, on a log transformed scale, on 2 Nov, 2007, where soil was mixed with rye at 0, 

800, 1,600, 3,200, 6,400 or 12,800 kg ha
-1

.
 †

Indicates that there was a treatment effect (P 

< 0.05). 
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Figure 15. The BOA degradation derivative (retention time: 25.73 ± 0.2 min) 

concentration in soil, on a log transformed scale, in greenhouse study 1, where soil was 

mixed with rye at 0, 800, 1,600, 3,200, 6,400 or 12,800 kg ha
-1

. 
†
Indicate that the 

treatment effect was linear (P < 0.07) and quadratic (P < 0.07). 
‡
Indicates the peak height 

of the treatment was zero. 
§
Indicates that the treatment effect was quadratic (P < 0.05). 
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Figure 16. Germination of cotton seeds planted into soil mixed with  

benzoxazolinone (BOA) at 0, 500, 1,000 nmol g
-1

 soil or into soil mixed  

with rye at 800, 1,600, 3,200, 6,400 or 12,800 kg ha
-1

 and stored for 9  

mo in the laboratory prior to plant cotton. 
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Figure 17. Leaf chlorophyll content of cotton planted into soil mixed with 

benzoxazolinone (BOA) at 0, 500, 1,000 nmol g
-1

 soil and stored for 9 mo 

 in the laboratory prior to plant cotton. 
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 Figure 18. Leaf chlorophyll content of cotton planted into soil mixed rye at 0, 800,  

1,600, 3,200, 6,400 or 12,800 kg ha-1 and stored for 9 mo in the laboratory prior to  

plant cotton. 
†
Indicates that the treatment effect was linear (P < 0.001). 
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Plant heights and plant weights 

 While no significant response to direct additions of BOA was observed on plant 

heights (Fig. 19), increasing additions of rye 9 mo previously linearly decreased cotton 

plant heights by the end of this experiment (Fig. 20). Meanwhile, cotton plant weights 

indicate a treatment effect with added BOA or rye treatments but the response was 

unclear (Fig. 21).  

Allelopathic chemicals in soils 

 The only allelopathic compound detected at the end of this experiment in response 

to additions of purified BOA 9 mo previously was a linear increase in the BOA 1
st
 

degradation derivative (retention time ± 0.25 min; Fig 22. No other significant effects of 

BOA on allelopathic compounds studied were detected (Appendix Table 12). 

 Four BOA/rye degradation derivatives were influenced by increasing additions of 

ground rye to soil 9 mo prior to this experiment, however. The rye degradation derivative 

(retention time: 19.5± 0.2 min) demonstrated a quadratic response to increasing rye 

additions to soils (Fig. 23). Likewise, the BOA degradation derivative (retention time 

14.9 ± 0.24 min) was increased by all additions of ground rye (quadratic effect; P < 0.05; 

Fig. 24).  Presence of this degradation derivative was not detected in control soil 

replicates but was measured in all treatment soils.  

 A quadratic response to ground rye additions was observed for the rye 

degradation derivative (retention time: 16.2 ± 0.2 min) with levels detectable in control 

soils as well as treatment soils (Fig. 25). The BOA degradation derivative (retention time: 

25.73 ± 0.2 min) also reduced linearly with increasing levels and decreased to non-

detectable for the two highest rye treatments (Fig. 26).  
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Figure 19. Plant heights (cm) of cotton planted into soil mixed with 

 benzoxazolinone (BOA) at 0, 500, 1,000 nmol g
-1

 soil and stored for 9 mo  

in the laboratory prior to plant cotton. 
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Figure 20. Plant heights (cm) of cotton planted into soil mixed with rye at 0,  

800, 1,600, 3,200, 6,400 or 12,800 kg ha
-1

 and stored for 9 mo in the laboratory  

prior to plant cotton.  
†
Indicates that the treatment effect was linear (P < 0.001). 
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Figure 21. Plant weight (g) of cotton planted into soil mixed with  

benzoxazolinone (BOA) at 0, 500, 1,000 nmol g
-1

 soil or rye at 0, 800,  

1,600, 3,200, 6,400 or 12,800 kg ha
-1

 and stored for 9 mo in the laboratory 

prior to plant cotton. 
†
Indicates that there was a treatment effect (P< 0.01). 
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Figure 22. The BOA 1
st
 degradation derivative (retention time: 14.9 ± 0.25 min) 

concentration in soil, on a log transformed scale, where soil mixed with  

benzoxazolinone (BOA) at 0, 500 or 1,000 nmol g
-1

 soil and stored for 9 mo in the 

laboratory prior to plant cotton. 
†
Indicates that the peak height of the treatment  

was zero. 
‡
Indicates that the treatment effect was linear (P < 0.05). 
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Figure 23. The rye degradation derivative (retention time: 19.5 ± 0.2 min) 

 concentration in soil, on a log transformed scale, where soil was mixed with rye at  

0, 800, 1,600, 3,200, 6,400 or 12,800 kg ha
-1

 and stored for 9 mo in the laboratory  

prior to plant cotton 
†
Indicates that the treatment effect was quadratic (P < 0.05). 
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Figure 24. The BOA degradation derivative (retention time: 14.9 ± 0.25 min) 

concentration in soil, on a log transformed scale, where soil was mixed with rye  

at 0, 800, 1,600, 3,200, 6,400 or 12,800 kg ha
-1

 and stored for 9 mo in the laboratory  

prior to plant cotton.
 †

Indicates that the peak height of the treatment was zero. 
‡
Indicates that the treatment effect was quadratic (P < 0.001). 
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Figure 25. The rye degradation derivative (retention time: 16.2 ± 0.2 min) concentration 

in soil, on a log transformed scale, where soil was mixed with rye at 0, 800, 1,600,  

3,200, 6,400 or 12,800 kg ha
-1

 and stored for 9 mo in the laboratory prior to plant  

cotton.
 †

Indicates that the treatment effect was quadratic (P < 0.01). 
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Figure 26. The BOA degradation derivative (retention time: 25.73 ± 0.2 min) 

concentration in soil, on a log transformed scale, where soil was mixed with rye  

at 0, 800, 1,600, 3,200, 6,400 or 12,800 kg ha
-1

 and stored for 9 mo in the laboratory  

prior to plant cotton. 
†
Indicates that the treatment effect was linear (P < 0.001). 

‡
Indicates that the peak height of the treatment was zero. 

  

†

‡ ‡

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

control 800 1600 3200 6400 12800

H
P

LC
 p

e
ak

 h
e

ig
h

t 
(L

o
g)

Rye residue,kg ha-1

Greenhouse experiment No.2

SE = 0.6 



 

 

157 

 

Greenhouse Experiment 3 

 The added treatment rates were arbitrarily divided into three levels, 1) control (no 

added treatment); 2) medium (BOA at 500 nmol g
-1

 soil, wheat/rye at 6,400 kg ha
-1

); 3) 

high (BOA at 1,000 nmol g
-1

 soil, wheat/rye at 12,800 kg ha
-1

). Level x treatment, level x 

date, treatment x date were tested. Results were presented by level effect when the level x 

treatment interaction is not significant. 

 

Plant effects 

 The cotton germination rate was affected (P < 0.06) with addition of isolated 

BOA, ground wheat or rye, and decreased quadratically (P < 0.07) (Fig.27).  The cotton 

leaf chlorophyll content (Fig. 28) and plant height (Fig. 29) were decreased linearly with 

increasing treatment rate with added BOA, ground wheat or rye. The cotton plant weight 

didn‟t show difference with added BOA (Fig. 30) but the added wheat/rye (Fig. 31) 

reduced the cotton plant weight quadratically.  

 

Allelopathic chemicals in soils 

 Two allelochemicals of interest were detected as influenced by added isolated 

BOA by the end of the experiment (Appendix table 13). The BOA degradation derivative 

(retention time: 14.9 ± 0.25 min) increased linearly with increasing rate of BOA (Fig 32). 

The BOA degradation derivative (retention time: 25.73 ± 0.2 min) decreased qudratically 

with added BOA and zero amount were detected with 1,000 nmol BOA g
-1

 soil added 

(Fig 33). 
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Figure 27. Germination of cotton seed planted into soil mixed rye or wheat  

at 0 (control), 6,400 (medium) or 12,800 (high) kg ha
-1

, or mixed with  

benzoxazolinone (BOA) at 0 (control), 500 (medium) or 1,000 (high) nmol g
-1

  

soil 
†
Indicates that the treatment effect was significant at (P < 0.06) and the  

effect was quadratic (P < 0.07). 
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Figure 28. Leaf chlorophyll content of cotton planted into soil mixed rye  

or wheat at 0 (control), 6,400 (medium) or 12,800 (high) kg ha
-1

, or mixed  

with benzoxazolinone (BOA) at 0 (control), 500 (medium) or 1000 (high)  

nmol g
-1

 soil. 
†
Indicates that the treatment effect was linear (P < 0.01). 
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Figure 29. Height of cotton planted into soil mixed rye or wheat at 0 (control),  

6,400 (medium) or 12,800 (high) kg ha
-1

, or mixed with benzoxazolinone (BOA) 

 at 0 (control), 500 (medium) or 1,000 (high) nmol g
-1

 soil. 
†
Indicates that the  

treatment effect was linear (P < 0.05).
‡
Indicates that there was a date X rate  

interaction (P < 0.01) but only due to differences in the magnitude of the rate effect. 
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Figure 30. Plant weight of cotton (g pot
-1

) planted into soil mixed with  

benzoxazolinone (BOA) at 0 (control), 500 (medium) or 1000 (high)  

nmol g
-1

 soil. 
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Figure 31. Weight of cotton planted into soil mixed rye or wheat at  

0 (control), 6,400 (medium) or 12,800 (high) kg ha
-1

.  
†
Indicates that the treatment effect was quadratic (P < 0.01). 
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Figure 32. The benzoxazolinone (BOA) degradation derivative (retention time: 14.9 ± 

0.25 min) concentration where soil was mixed with BOA at 0 (control), 500 or 1,000 

nmol g
-1

 soil, on a log transformed scale. 
†
Indicate that the treatment effect was linear 

(P < 0.05). 
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Figure 33. The BOA degradation derivative (retention time: 25.73 ± 0.2 min) 

concentration in soil, on a log transformed scale, where soil was mixed with 

benzoxazolinone (BOA) at 0, 500 or 1,000 nmol g
-1

 soil. 
†
Indicates that the treatment 

effect was quadratic (P < 0.05). 
‡
Indicates that the peak height of the treatment is zero. 
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 In the sets of pots with ground wheat/rye added, only the rye degradation 

derivative (retention time: 19.5 ± 0.2 min) showed a difference by addition of increasing 

rates of rye (Fig. 34). Zero concentration of this unknown chemical were detected in the 

control and increased linearly with increasing rate of rye added. 

DISSCUSSION 

Incorporating small grain cover crops especially wheat or rye into rotations before 

cotton is well adopted in many areas (Segarra et al., 1991; Bauer and Busscher, 1996; 

Daniel et al., 1999; Reeves et al., 2005) but the influence of the cover crop on the 

following row crop is not very well understood. With more than 1.5 million ha of cotton 

planted in Texas (TASS, 2002) and primarily in monoculture system, severe soil erosion 

becomes a big concern. The potential soil lost due to erosion can reach beyond 19 Mg ha
-

1
 yr

-1
 while adopting a cover crop before cotton can reduce the erosion to a sustainable 

level (Collins, 2003). Use of small grains requires higher soil water available and the 

cotton industry in the Texas High Plain area is heavily dependent on water withdrawal 

from the Ogallala Aquifer. This resource is being depleted at a nonsustainable rate (Allen 

et al., 2005). Small grain cover crops are widely appreciated for their allelopathic 

capacity to control weeds (Jones et al., 1976; DHIMA et al., 2006) and are used as 

natural herbicides. In the Texas High Plains, previous field research indicated that 

planting cotton following a cover crop affected cotton growth and yield (Hicks et al., 

1989) and was suspected due to allelopathic effects from cover crops along with other 

possibilities i.e. difference in soil moisture, microbial activities, soil fertility, 

management etc. In these greenhouse studies, the controlled environment excluded these 

factors and showed that adding the known purified allelochemical BOA, rye or wheat  
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Figure 34. The rye degradation derivative (retention time: 19.5 ± 0.2 min) concentration 

in soil, on a log transformed scale, where soil was mixed with rye at 0, 6,400 or 12,800 

kg ha
-1

.
 †

Indicates that the treatment effect was linear (P < 0.05). 
‡
Indicates that the peak 

height of the treatment was zero. 
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plant material into soil can directly reduce initial cotton growth. The detectable difference 

in allelochemicals observed strongly suggested that suppressed cotton seedling 

development was due to the allellochemicals released by wheat and rye. This evidence 

likely explained at least in part the reduced cotton growth and yield in the field when 

cover crops were adopted. 

 In the second greenhouse study, in which the soil was mixed with the rye and 

been watered during the first greenhouse study and then stored for 9 mo, the allelopathic 

suppression still existed, thus indicating that this effect can persist at least for 9 mo. In the 

greenhouse study, it is possible that the ground rye released allelochemicals faster than 

rye stubble in the field. The study conducted by Yenish et al.(1995) suggested that 50% 

of 0-d content of DIBOA, DIBOA-glucose, BOA could be released from rye residue in 

10-12 days after termination and these chemicals took at least 4 mo to completely 

disappear from the residue under field condition in Clayton, NC. The reason that the set 

with added BOA failed to show any allelopathic effect vs. the rye set may be due to the 

fact that rye plants maintain a wide array of allelochemicals (Pérez and Ormenoñuñez, 

1991) that could contribute to the allelopathic effect while the single BOA compound 

might be leached and/or degraded to be less harmful.   

 In Experiment 3, wheat showed similar allelopahtic potential as rye and BOA to 

cotton seedlings. The leaf color of the cotton planted into the highest level of 

plant/chemical was visually more yellow than the control plants and results of the 

chlorophyll readings confirmed reduced chlorophyll content. This phenomenon was also 

observed in mature cotton planted into rye/wheat stubble under field condition as 
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describe in Chapter VIII. The reduced amount of leaf chlorophyll content would affect 

cotton plant growth and yield at some level. 

 In Experiment 2 and 3, the major chemicals detected associated with treatment 

effects were mainly degradation products of BOA and rye. It‟s reasonable to assume that 

in soil samples extracted at the end of experiment the known BOA, DIMBOA and 

DIBOA were already degraded (Yenish et al., 1995). The unknown chemicals detected 

are related to the wheat/rye and BOA degradation but whether they are toxic needs 

further studies. 

 These greenhouse studies validate the hypothesis that the wheat/rye species used 

in this study released allelochemicals into soil and suppressed initial „FiberMax 9058F‟ 

cotton seedling development. The allelopathic capacity of small grains varies from 

species to species and different cotton varieties tolerant the allelopathic chemical 

differently. To take advantage of small grains and their natural weed control abilities as 

well as to reduce soil erosion requires further study to select allelopathic tolerant cotton 

varieties when small grain cover crops were included in the rotation. This allelopathic 

problem could be more pronounced in Texas High Plains due to limited rainfall and 

subsurface irrigation that would make the allelochemicals harder to leach from the root 

zone. The adoption of wheat and rye as cover crops in the Texas High Plains will bring 

challenges to meet the additional water use and the economical loss of cotton yield 

reduction but this inclusion is important to stabilize fragile soils against erosion and to 

contribute to soil organic matter.
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CHAPTER VI 

OVERALL DISCUSSION AND CONCLUSIONS 

 Allelopathy has been long-known to exist and to suppress growth of unwanted vegetation 

in selected crop rotations. In the current experiments, the evidence of allelophathy of wheat and 

rye on suppressing cotton growth was compelling when the two field studies and the greenhouse 

experiments were considered collectively. In the integrated cover crop cotton-livestock system,  

wheat and rye showed strong negative impacts on the following  growth and yield of cotton 

especially in the investigations of Hou et al. (unpublished data, Texas Tech University, Lubbock) 

during 2005 when both rye and wheat were present in the rotation. The data also showed that 

grazing alleviated at least some of the negative impact on cotton growth during this year. In 2005, 

detailed comparisons between cotton grown with and without a cover crop were not made, thus, 

conclusions can only be drawn from field-harvested data for that year between the continuous 

cotton with no cover crop and the alternative system that included a cover crop.  However, 10 yr 

of comparisons between these two systems indicated no significant difference in cotton yield. 

Thus, the conclusion is either that 1) allelopathy was overcome by grazing, or 2) allelopathy was 

not overcome by grazing and the often seen positive effects of a crop rotation were prevented.   

 During 2007 to 2008, after wheat was removed from the rotation, the suppression of rye 

was less obvious than the first year. But still, the rye extended leaf heights indicated that grazing 

partially removed the allelopathy impact. The difference of rye biomass was marginal between 

rye that was never grazed and rye that was only excluded from grazing for the current year. It is 
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possible that the sample size was not big enough to clarify treatment effects. It is also possible 

that removing wheat from the rotation reduced the impact of allelopathy.  

 When cotton was notill planted into the cover crop stubble, plants in the previously 

grazed plots were taller than plants in plots excluded from grazing and in the monoculture cotton 

system. By the end of the growing season the alternative system generally had taller cotton plants 

than the monoculture system. Cotton density pattern was not consistent throughout the 3  yr but 

the existence  of cover crop residue showed protection of cotton seedlings when hail occurred. 

Cotton yield was significantly increased by grazing of the rye cover crop in 2005. However, 

cotton yield was not influenced significantly by grazing and cover crops when averaged over 3 

yr partially due to noticeable variation.  

 The two known allelochemicals DIMBOA and DIBOA showed higher concentration in 

the alternative system than the cotton monoculture system on 8 Feb, 2008 and by the end of the 

same year BOA showed the same pattern while DIBOA concentration was highest in the soil 

where grazed never occurred. It suggested that allelopathy may be one of the factors that 

influence cotton performance but animal activity and removal of wheat from the system made 

the suppression less pronounced. 

 In the small plot study where cotton was no till planted into wheat, rye, or no cover crops 

for 3 yr, cotton density did not differ in 2007, 2008 but lower stands were observed in 2009 

where no cover crops occurred. Result indicated that by the end of the growing season, cotton 

heights were shorter where cover crops occurred. Cotton lint and seed yield were reduced by 

adoption of cover crops in all 3 yr validating effects observed by Hou et al., in the field study and 
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further suggesting that removal of wheat from the rotation in the field studies reduced the impact 

of allelopathy.  

 The chlorophyll content measured on 9 Sept, 2009 suggested reduced chlorophyll content 

when cotton was planted into cover crops. Reduced chlorophyll is reported to be one of the 

symptoms due to allelopathy (Zhou and Yu, 2006). Measurements of chlorophyll in cotton in the 

greenhouse studies verified that both wheat and rye reduced chlorophyll content in cotton leaves 

and the effects were likely due to allelopathic compounds.   

 A series of allelochemicals were detected in the  rye and wheat collected from field 

including DIMBOA, BOA and DIBOA. The DIMBOA and BOA concentration was higher in 

wheat tissue than rye while more DIBOA occurred in rye than wheat. In the soil sampled, the 

DIMOBA, BOA, DIBOA generally showed higher concentration in either wheat/rye or both than 

the soil where no cover crops were planted but patterns varied due to sampling dates. Comparing 

with the first field study, when animal activity was excluded, both wheat and rye showed 

suppression on cotton growth and yield.  

 In the three sets of greenhouse studies, where cotton was planted into soil mixed with 

various amount of wheat/rye or BOA, the controlled environment excluded  other factors that 

could have  influenced cotton initial growth i.e. temperature, water sufficiency, management, 

stubble and soil fertility. The results were consistent with results observed in the field in that 

cotton plant growth was inhibited by the presence of wheat or rye. More interestingly, the rye 

treatment showed more persistent suppression on cotton seedling development than the purified 

BOA treatment even after 9 mo. It is understandable that more variety of allelochemicals existed 
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in the rye plant other than BOA alone. The purified BOA could undergo degradation and perhaps 

leached down relatively faster than the ground rye acting like tiny time release capsules. This 

investigation in allelochemicals again confirmed treatment effects with added BOA or wheat/rye 

powder. It confirmed the hypothesis that the observed suppression of cotton seedling growth was 

due to the allelochemicals introduced by cover crop residues.  

 In general, toxic allelochemicals on cotton were introduced into the soil when wheat and 

rye were planted as cover crops. The effect can last over a relativly long period of time especially 

when cover crop stubble existed in the rotation. Grazing the cover crops partially alleviated this 

suppression but the mechanisms for this reduction in effect are unknown. One possible 

explanation is that integrating grazing promotes an overall healthier and more productive system 

which reduced the impact of the allelopathic effect. It is also possible that the reduced leaf area 

due to grazing and the consequential reduction in root growth in response to this defoliation may 

have lowered the opportunity for production and release of allelopathic chemicals into the 

surrounding soil. Harvesting the rye as hay and removal of the plant material prior to planting 

cotton did not alleviate the allelopathic effect to the same degree observed by grazing.  

 Future research is needed on selecting allelopahtic tolerant cotton varieties to benefit 

from the cover crops as natural herbicides. Currently in the Texas High Plains, the additional 

irrigation required and economic loss due to allelopathy make it a bigger challenge to utilize 

wheat and rye as cover crops before cotton.  
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Appendix Table 1. The observed HPLC peak height (Obs) and log transformed peak height (Log)  

of allelochemical in soil where cotton was no-till planted into no cover crops (CC), always grazed rye (AG),  

1 yr ungrazed rye (G1yr) or never grazed rye (NG). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A
a
  Unknown (14.9 ± 0.25min) 

B
b
  Unknown (16.2 ± 0.2min) 

C
c
  Unknown (19.5±0.2min) 

D
d
  Unknown (23±0.2 min) 

E
e
  Unknown (25.73.2 ± 0.2min) 

 

 

 

 

  

3 Aug, 2007 

 

8 Feb, 2008 

 

11 Jun, 2008 

 

2 Dec, 2008 

  
CC AG G1yr NG 

 
CC AG G1yr NG 

 
CC AG G1yr NG 

 
CC AG G1yr NG 

DIMBOA 
Log 5.4 5.6 5.5 5.4 

 

0 6.3 4.6 6.8 

 

0 2.5 2.5 5.0 

 

4.3 4.3 4.4 4.2 

Obs 223.7 266.9 256.6 221.3 

 

0 526.3 100.7 873.9 

 

0 12.6 12.0 149.7 

 

73.5 74.8 83.5 63.8 

DIBOA 
Log 5.9 6.0 6.0 5.6 

 
0 4.8 5.9 5.2 

 
5.9 6.3 6.5 6.3 

 
1.9 1.2 1.1 4.2 

Obs 347.3 387.9 390.0 262.1 

 

0 124.2 355.6 174.0 

 

372.0 558.3 679.0 524.5 

 

6.9 3.2 3.0 66.7 

BOA 
Log 4.2 4.3 4.2 4.2 

 

5.7 5.4 4.9 5.1 

 

7.7 7.9 8.0 8.0 

 

1.1 2.8 3.9 2.6 

Obs 66.5 74.5 65.0 65.3 

 

297.8 217.7 135.1 170.5 

 

2229.5 2797.5 2932.0 2993.0 

 

3.0 16.9 51.1 13.6 

Aa Log 4.6 4.0 4.3 4.1 
 

2.8 2.8 5.3 4.8 
 

2.5 5.4 8.0 5.7 
 

3.6 4.0 3.3 3.3 

Obs 99.9 52.3 73.1 63.4 

 

17.1 15.6 195.1 118.6 

 

11.7 223.6 3029.4 306.1 

 

36.7 52.2 27.2 27.9 

Bb Log 2.5 5.0 4.4 4.5 

 

0 1.1 0 2.0 

 

0 2.4 1.9 0 

 

4.5 4.5 4.4 4.4 

Obs 12.7 153.5 82.0 91.9 
 

0 3.0 0 7.7 
 

0 10.5 6.4 0 
 

89.1 89.2 84.8 85.5 

Cc Log 0 1.3 1.6 2.5 

 

5.9 0 0 0 

 

0 0 0 0 

 

6.5 6.6 6.3 6.3 

Obs 0 3.7 4.8 11.8 

 

372.0 0 0 0 

 

0 0 0 0 

 

652.4 708.6 569.6 548.5 

Dd Log 1.0 1.7 1.6 0 
 

5.4 5.1 4.7 4.1 
 

8.1 8.2 7.5 7.6 
 

7.2 7.1 6.7 6.8 

Obs 2.6 5.6 4.8 0 

 

222.5 169.6 109.1 58.2 

 

3340.5 3551.9 1873.1 1920.1 

 

1287.7 1179.2 833.8 934.8 

Ed Log 3.5 4.5 4.3 5.1 

 

4.0 2.4 2.7 2.6 

 

7.6 7.7 8.6 8.9 

 

1.2 4.1 4.0 4.1 

Obs 32.2 86.9 72.6 156.6 

 

55.8 11.0 15.3 13.1 

 

1941.2 2213.4 5324.4 7188.7 

 

3.3 62.9 56.8 62.3 
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Appendix Table 2. The HPLC peak high of allelochemical in soil, 

 log transformed, where cotton was no-till planted into a rye or  

wheat cover crop or no cover crop (control) in 2007. 

 

 

 

 

 

 

 

 

a Unknown (14.9 ± 0.25 min) 

b Unknown (16.2 ± 0.2 min) 

c Unknown (19.5 ± 0.2 min) 

d Unknown (23 ± 0.2 min) 

e Unknown(25.73 ± 0.2 min) 

  

  21 May, 2007 

 

14 Nov, 2007 

Allelochemical wheat rye control 

 

wheat rye control 

DIMBOA 0 0 0 

 

0 0 0 

DIBOA 0 1 0 

 

2.2 0 0 

BOA 0 0 0 

 

0 2.4 1.2 

A
a 

1.7 2.5 1.6 

 

2.5 2.4 0.8 

B
b 

0.9 2.6 1.7 

 

2.5 1.5 1.7 

C
c 

2.7 1.4 1.5 

 

1.4 1.6 2.9 

D
d 

1.3 4.9 3.7 

 

4.9 3.9 3.4 

E
e 

4.3 4.2 3.2 

 

4.3 3.7 3.9 

Total 10.8 16.5 11.6 

 

17.8 15.5 13.8 
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Appendix Table 3. The HPLC peak high of allelochemical in soil, log transformed,  

where cotton was no-till planted into a rye or wheat cover crop or no cover crop  

(control) in 2008. 

 

8 Feb, 2008 
 

11 Jun, 2008 
 

8 Dec, 2008 

Allelochemical wheat rye control 
 

wheat rye control 
 

wheat rye control 

DIMBOA 1.5 2.8 0 
 

4.2 2.2 0 
 

4.3 4.7 4.2 

DIBOA 1.4 0 1 
 

5.9 4.9 4.4 
 

3.6 3.8 1.6 

BOA 5.7 5.3 5.6 
 

6.5 6.9 6.8 
 

1.8 2.8 1 

A
a 

1.6 1.7 0 
 

4.6 4.2 2.6 
 

3.3 2.9 3.5 

B
b 2.8 0.8 0.9 

 
4.7 2.2 2.7 

 
5 5.2 5.1 

C
c 

4.3 3.1 4.4 
 

0 0 0 
 

7.4 7.4 7.7 

D
d 

5.4 5.6 5.2 
 

6.1 6.2 6.3 
 

4.8 5.5 5.3 

E
e 

4.2 4.4 4 
 

5.3 4.9 4.8 
 

4.6 5.7 4.6 

Total 26.7 23.7 21 
 

37.3 31.2 27.5 
 

34.8 37.8 32.9 

 

a Unknown (14.9 ± 0.25 min) 

b Unknown (16.2 ± 0.2 min) 

c Unknown (19.5 ± 0.2 min) 

d Unknown (23 ± 0.2 min) 

e Unknown(25.73 ± 0.2 min)  
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Appendix Table 4. The HPLC peak high of allelochemical in soil, log transformed, where cotton was  

no-till planted into a rye or wheat cover crop or no cover crop (control) in 2009. 

 

  06 May, 2009 
 

11 Jun, 2009 
 

5 Aug, 2009 
 

1 Nov, 2009 

Allelochemical wheat rye control 
 

wheat rye control 
 

wheat rye control 
 

wheat rye control 

DIMBOA 4.4 4.8 4.3 
 

0 0 1.10 
 

1.2 3.7 1.3 
 

0 0 0 

DIBOA 0.8 6.2 0.7 
 

0 0 0 
 

0 1.5 0 
 

0 0 1.3 

BOA 2.9 4.8 0 
 

7.6 7.2 7.42 
 

7.5 7.5 7.5 
 

7.4 7.4 3.7 

A
a 

3.2 4 3.7 
 

0.7 3.9 0.66 
 

1.6 0.8 3.2 
 

1.4 3.4 0.8 

B
b 

4.9 4.9 4.9 
 

4.6 5.3 4.24 
 

2.7 4.2 1.8 
 

1.6 3.5 1.7 

C
c 

7.5 7.6 7.5 
 

4.2 4.2 4.20 
 

4.1 4.4 4.3 
 

4.3 4.3 3.3 

D
d 

5.2 5.2 5.1 
 

0 0 0 
 

0 0 0 
 

0 0 1.5 

E
e 

4.7 4.8 4.6 
 

5.5 5.6 5.53 
 

5.6 5.5 5.7 
 

5.7 5.6 4.5 

Total 33.6 42.4 30.7 
 

22.6 26.1 23.1 
 

22.8 27.6 23.7 
 

20.3 24.3 16.7 

 

a Unknown (14.9 ± 0.25 min) 

 

c Unknown (19.5 ± 0.2 min) 

d Unknown (23 ± 0.2 min) 
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Appendix Table 5. The HPLC peak high of allelochemical in soil,  

where cotton was no-till planted into a rye or wheat cover crop or  

no cover crop (control) in 2007. 

  

  21 May, 2007 
 

14 Nov, 2007 

Allelochemical wheat rye control 
 

wheat rye control 

DIMBOA 0 0 0 
 

0 0 0 

DIBOA 0 11.5 0 
 

43.5 0 0 

BOA 0 0 0 
 

0 66.8 32.5 

A
a 

13.8 21.3 12.8 
 

21.3 19.5 6 

B
b 

8.3 25.3 15 
 

21.8 11 14 

C
c 

104.3 69 92 
 

64.8 122 165 

D
d 

43.3 148.5 98.3 
 

136.3 140.8 76.2 

E
e 

81.5 71 58.5 
 

81.3 47 54.8 

Total 251 346.5 276.5 
 

368.8 407 348.5 

 

a Unknown (14.9 ± 0.25 min) 

b Unknown (16.2 ± 0.2 min) 

c Unknown (19.5 ± 0.2 min) 

d Unknown (23 ± 0.2 min) 

e Unknown(25.73 ± 0.2 min) 
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Appendix Table 6. The HPLC peak high of allelochemical in soil, log transformed,  

where cotton was no-till planted into a rye or wheat cover crop or no cover crop (control) in 2008. 

Allelochemical 

8 Feb, 2008 
 

11 Jun,2008 
 

8 Dec, 2008 

wheat rye control 
 

wheat rye control 
 

wheat rye control 

DIMBOA 84.8 152.3 0 
 

304.3 42.3 0 
 

76.8 101.4 68 

DIBOA 70.8 0 13 
 

442.8 168.5 263.3 
 

39 50.3 153 

BOA 299.8 230.5 270.3 
 

807 932.8 893.8 
 

17.4 188 16.1 

A
a 

9.5 15.5 0 
 

450.8 234.8 24.3 
 

28.9 42.9 35.1 

B
b 

29 7 7.8  137.8 42.3 25.8  147.4 188.3 165.3 

C
c 

241.8 227.3 257.3 
 

0 0 0 
 

1660.4 1684.4 2227.3 

D
d 

233.5 269.5 188.8 
 

436.5 476.5 547.5 
 

127.8 377.5 200.2 

E
e 

69.8 82 56.3 
 

245.3 148.8 189.5 
 

101.12 942.3 97.3 

Total 1038.8 984 793.3 
 

2824.3 2045.8 1944 
 

2198.7 3574.9 2962.1 

 

a Unknown (14.9 ± 0.25 min) 

b Unknown (16.2 ± 0.2 min) 

c Unknown (19.5 ± 0.2 min) 

d Unknown (23 ± 0.2 min) 

e Unknown(25.73 ± 0.2 min)  
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Appendix Table 7. The HPLC peak high of allelochemical in soil, where cotton was no-till 

 planted into a rye or wheat cover crop or no cover crop (control) in 2009. 

 

  06 May, 2009 
 

11 Jun, 2009 
 

5 Aug, 2009 
 

1 Nov, 2009 

Allelochemical wheat rye control 
 

wheat rye control 
 

wheat rye control 
 

wheat rye control 

DIMBOA 90.3 135.9 73.3 
 

0 0 20.8 
 

29.8 103.8 44 
 

0 0 0 

DIBOA 6.3 588.8 4 
 

0 0 0 
 

0 102.8 0 
 

0 0 40 

BOA 36.4 138.5 0 
 

1949.3 1571.5 1686.5 
 

1804.5 1884.5 1643 
 

1596.8 1609.3 799.8 

A
a 

30.9 57.5 40 
 

3.8 49.5 3.5 
 

14.5 5.25 26.5 
 

8.8 34.5 5.5 

B
b 

134.5 139.6 130.8 
 

104.5 225.8 77 
 

30.3 82.3 18.8 
 

12.8 36.3 16 

C
c 

1845 2079.6 1843.9 
 

64.8 70.3 66.8 
 

61.8 77.8 67.7 
 

74.5 78.5 58.8 

D
d 

188.9 197.6 164.5 
 

0 0 0 
 

0 0 0 
 

0 0 86.3 

E
e 

105.8 120.1 102.6 
 

250.5 257.3 253 
 

268.8 248.8 284 
 

293.5 280.3 347.5 

Total 2437.9 3457.6 2359 
 

2372.8 2174.3 2107.5 
 

2209.5 2505 2084 
 

1986.3 2038.8 1353.8 

 

a Unknown (14.9 ± 0.25 min) 

b Unknown (16.2 ± 0.2 min) 

c Unknown (19.5 ± 0.2 min) 

d Unknown (23 ± 0.2 min) 

e Unknown(25.73 ± 0.2 min) 
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 Appendix Table 8. The HPLC peak height data in Greenhouse Study 1 where cotton  

was planted into soil mixed with BOA at 500 or 1,000 nmol g
-1

 soil. 

date trt DIMBOA BOA DIBOA A
a
 B

b
 C

c
 D

d
 E

e
 

1 

control 

0 67 3 96 7 146 13 119 

2 0 160 3 100 0 154 8 4 

3 0 799 7578 77 2 32 3 0 

4 0 31 7116 59 6 132 0 9 

1 

500 BOA 

0 6416 3848 448004 4 185 3 111 

2 0 954 8 15429 2 250 20 37 

3 0 839 8286 4826 2 53 8 61 

4 0 42 6676 2379 7 129 0 167 

1 

1000 BOA 

0 125488 17268 1403475 0 13 3 278 

2 27 1095 0 54628 0 361 8 43 

3 0 886 3310 8169 0 227 25 70 

4 0 537 10791 3961 10 0 0 331 

 

a Unknown (14.9 ± 0.25 min) 

b Unknown (16.2 ± 0.2 min) 

c Unknown (19.5 ± 0.2 min) 

d Unknown (23 ± 0.2 min)  

e Unknown(25.73 ± 0.2 min) 

 

 

date 1 = 5 Oct, 2007 

date 2 = 12 Oct, 2007 

date 3 = 19 Oct, 2007 

date 4 = 2 Nov, 2007 
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Appendix Table 9. The HPLC peak height data in Greenhouse Study 1 where 

 cotton was planted into soil mixed with rye at 0, 800, 1,600, 3,200, 6,400 or 12,800 kg ha
-1

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 a Unknown (14.9 ± 0.25 min  

b Unknown (16.2 ± 0.2 min)  

c Unknown (19.5 ± 0.2 min)  

d Unknown (23 ± 0.2 min) 

e Unknown(25.73 ± 0.2 min) 

date trt DIMBOA BOA DIBOA A
a
 B

b
 C

c
 D

d
 E

e
 

1 

Control 

0 67 3 96 7 146 13 119 

2 0 160 3 100 0 154 8 4 

3 0 799 7578 77 2 32 3 0 

4 0 31 7116 59 6 132 0 9 

1 

800 rye 

0 25 3 217 6 5 3 55 

2 0 58 24 38 6 174 3 191 

3 0 396 390 79 2 153 26 6 

4 3 54 11235 110 8 156 0 132 

1 

1600 rye 

0 29 8 344 16 132 21 55 

2 0 262 3 38 6 42 10 147 

3 0 277 966 56 6 117 8 27 

4 8 32 3520 98 2 182 2 123 

1 

3200 rye 

 

0 76 0 383 60 165 65 62 

2 0 101 3 57 6 162 2 93 

3 3 117 7805 81 5 169 55 53 

4 3 28 8541 99 2 126 2 161 

1 

6400 rye 

314 77 342 1264 51 35 12 111 

2 0 29 27 166 13 125 2 87 

3 0 77 1917 97 7 191 27 47 

4 8 64 6872 113 0 157 2 175 

1 

12800 

rye 

387 151 128 4377 . 173 19 74 

2 4 24 28 117 25 202 3 127 

3 4 65 2368 107 7 143 7 55 

4 15 73 208 37 2 12 0 18 

date 1 = 5 Oct, 2007 

date 2 = 12 Oct, 2007 

date 3 = 19 Oct, 2007 

date 4 = 2 Nov, 2007 
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Appendix Table 10. The Log transformed HPLC peak height data in Greenhouse Study 1  

where cotton was planted into soil mixed with BOA at 500 or 1,000 nmol g
-1

 soil. 

  
date trt DIMBOA BOA DIBOA A

a
 B

b
 C

c
 D

d
 E

e
 

1 

control 

0 4 1 5 2 5 3 5 

2 0 5 1 5 0 5 2 1 

3 0 7 9 4 1 3 1 0 

4 0 3 9 4 2 5 0 2 

1 

500 

BOA 

0 9 8 13 1 5 1 5 

2 0 7 2 10 1 6 3 4 

3 0 7 9 8 1 4 2 4 

4 0 4 9 8 2 5 0 5 

1 

1000 

BOA 

0 12 10 14 0 3 1 6 

2 3 7 0 11 0 6 2 4 

3 0 7 8 9 0 5 3 4 

4 0 6 9 8 2 0 0 6 

a Unknown (14.9 ± 0.25 min)  

b Unknown (16.2 ± 0.2 min)  

c Unknown (19.5 ± 0.2 min)  

d Unknown (23 ± 0.2 min)  

e Unknown(25.73 ± 0.2 min) 

 

 

date 1 = 5 Oct, 2007 

date 2 = 12 Oct, 2007 

date 3 = 19 Oct, 2007 

date 4 = 2 Nov, 2007 
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Appendix Table 11. The Log transformed HPLC peak height data in Greenhouse Study 1  

where cotton was planted into soil mixed with rye at 0, 800, 1,600, 3,200, 6,400 or 12,800 kg ha
-1

. 

 

 

 

 

 

 

 

 

 

 

 

 

  

date trt DIMBOA BOA DIBOA A
a
 B

b
 C

c
 D

d
 E

e
 

1 

Control 

0 4 1 5 2 5 3 5 

2 0 5 1 5 0 5 2 1 

3 0 7 9 4 1 3 1 0 

4 0 3 9 4 2 5 0 2 

1 

800 rye 

0 3 1 5 2 2 1 4 

2 0 4 3 4 2 5 1 5 

3 0 6 6 4 1 5 3 2 

4 1 4 9 5 2 5 0 5 

1 

1600 rye 

0 3 2 6 3 5 3 4 

2 0 6 1 4 2 4 2 5 

3 0 6 7 4 2 5 2 3 

4 2 3 8 5 1 5 1 5 

1 

3200 rye 

0 4 0 6 4 5 4 4 

2 0 5 1 4 2 5 1 5 

3 1 5 9 4 2 5 4 4 

4 1 3 9 5 1 5 1 5 

1 

6400 rye 

6 4 6 7 4 4 3 5 

2 0 3 3 5 3 5 1 4 

3 0 4 8 5 2 5 3 4 

4 2 4 9 5 0 5 1 5 

1 

12800 

rye 

6 5 5 8 5 5 3 4 

2 1 3 3 5 3 5 1 5 

3 1 4 8 5 2 5 2 4 

4 3 4 5 4 1 2 0 3 

a Unknown (14.9 ± 0.25 min)  

b Unknown (16.2 ± 0.2 min)  

c Unknown (19.5 ± 0.2 min)  

d Unknown (23 ± 0.2 min)  

e Unknown(25.73 ± 0.2 min) 

 

 

date 1 = 5 Oct, 2007 

date 2 = 12 Oct, 2007 

date 3 = 19 Oct, 2007 

date 4 = 2 Nov, 2007 
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Appendix Table 12. The actual HPLC peak height data (Obs) and Log transformed data (Log)  

in Greenhouse Study 2 where cotton was planted into soil mixed with rye at 0, 800, 1,600, 3,200,  

6,400 or 12,800 kg ha-1 or BOA at 500 nmol, 1,000 g
-1

 soil and stored for 9 mo in the laboratory  

prior to plant cotton. 

 

 

 

 

 

 

 

 

  

 

DIMBOA BOA DIBOA A
a 

B
b 

C
c 

D
d 

E
e 

trt Log Obs Log Obs Log Obs Log Obs Log Obs Log Obs Log Obs Log Obs 

1 4 37 3 22 7 1627 0 0 4 89 3 25 7 1274 2 5 

2 0 0 2 5 8 3192 4 87 5 100 6 473 7 778 0 0 

3 3 29 3 20 7 1121 6 358 5 101 6 588 7 1021 0 0 

4 4 85 3 20 6 264 4 50 5 96 7 820 7 920 5 102 

5 4 65 3 16 8 2036 4 36 5 102 7 751 7 990 4 42 

6 4 58 4 55 6 501 4 52 4 82 7 832 7 985 1 2 

7 4 55 4 51 4 69 4 61 4 64 7 690 7 871 0 0 

8 5 102 4 36 6 362 3 12 5 91 7 776 7 972 0 0 

trt 1 = control 

trt 2 = 500 BOA 

trt 3 = 1000 BOA 

trt 4 =  800 rye  

trt 5 = 1600 rye 

trt 6 = 3200 rye 

trt 7 = 6400 rye 

trt 8 =12800 rye 

 

 

a Unknown (14.9 ± 0.25 min) 

b Unknown (16.2 ± 0.2 min)  

c Unknown (19.5 ± 0.2 min)  

d Unknown (23 ± 0.2 min)  

e Unknown(25.73 ± 0.2 min) 
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Appendix Table 13. The actual HPLC peak height data (Obs) and Log transformed  

data (Log) in Greenhouse Study 3 where cotton was planted into soil mixed with rye or  

wheat at 0, 6,400 or 12,800 kg ha-1 or BOA at 500 nmol, 1,000 g
-1

 soil. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DIMBOA BOA DIBOA A B C D E 

trt Log Obs Log Obs Log Obs Log Obs Log Obs Log Obs Log Obs Log Obs 

1 1 3 2 9 9 4925 2 10 4 88 7 724 7 834 2 6 

2 0 0 3 29 8 2398 5 143 4 61 6 650 7 960 4 45 

3 0 0 4 42 8 2670 6 365 4 60 7 732 7 744 0 0 

4 0 0 0 0 8 2333 2 12 5 101 0 0 7 702 2 8 

5 1 4 1 3 8 4174 3 21 4 70 2 5 7 752 1 2 

6 1 4 1 3 8 2413 2 12 5 101 5 214 7 713 0 0 

7 0 0 1 4 7 1038 2 6 5 99 7 768 7 799 1 2 

8 0 0 1 3 8 2276 1 4 5 109 6 578 7 943 2 10 

9 0 0 0 0 8 2312 1 3 5 93 6 502 7 731 4 38 

trt 1 =  BOA control 

trt 2 =  500 BOA  

trt 3 = 1000 BOA 

trt 4 =  Rye control 

trt 5 = Rye 6400 

trt 6 = Rye 12800 

trt 7 = Wheat control 

trt 8 = Wheat 6400 

trt 9 = Wheat 12800 

 

a Unknown (14.9 ± 0.25 min) 

b Unknown (16.2 ± 0.2 min) 

c Unknown (19.5 ± 0.2 min)  

d Unknown (23 ± 0.2 min) 

e Unknown(25.73 ± 0.2 min) 
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Appendix Table 14. The actual HPLC peak height data (Obs) and Log transformed  

data (Log) of allelochemical in rye were always grazed, 1 yr ungrazed or never grazed. 

    14 May, 2007 3 August, 2008 

    Log   Obs Log Obs 

DIMBOA 

Grazed 7.8 2328.8 10.6 38571.5 

Never grazed 7.6 1913.8 9.5 13264.6 

Ungrazed 1-yr 8.1 3228.2 9.5 13390.8 

DIBOA 

Grazed 8.5 5112.0 12.4 235558.9 

Never grazed 8.2 3773.7 11.5 94397.4 

Ungrazed 1-yr 8.3 4221.2 10.2 27838.9 

BOA 

Grazed 7.7 2118.3 10.0 23051.4 

Never grazed 7.3 1425.5 9.5 14039.4 

Ungrazed 1-yr 8.0 3070.5 9.5 13177.1 

Aa 

Grazed 9.5 12737.4 13.0 432824.3 

Never grazed 9.2 9438.8 12.5 258614.8 

Ungrazed 1-yr 10.0 21922.1 12.5 275018.0 

Bb 

Grazed 8.9 7391.4 0 0 

Never grazed 9.2 9861.6 0 0 

Ungrazed 1-yr 10.1 23905.9 0 0 

Cc 

Grazed 0 0 5.8 334.6 

Never grazed 2.3 10.1 6.8 874.9 

Ungrazed 1-yr 1.4 4.0 6.6 740.1 

Dd 

Grazed 6.2 512.5 6.5 652.4 

Never grazed 4.4 85.2 6.3 533.5 

Ungrazed 1-yr 7.1 1157.1 6.2 499.6 

Ee 

Grazed 1.8 5.9 6.0 387.3 

Never grazed 4.8 121.0 8.2 3594.8 

Ungrazed 1-yr 3.8 45.9 8.3 3862.2 

 

 

 

a Unknown (14.9 ± 0.25 min) 

b Unknown (16.2 ± 0.2 min) 

c Unknown (19.5 ± 0.2 min)  

d Unknown (23 ± 0.2 min)  

e Unknown(25.73 ± 0.2 min) 
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Appendix Table 15. The actual HPLC peak height data (Obs) and Log transformed data  

(Log) of allelochemical in rye and wheat tissue collected on 26 March,  

2009 and 25 April, 2009. 

    26 March, 2009 25 April, 2009 

    Log Obs Log Obs 

DIMBOA 

rye 9.3 10723.4 9.2 9574.8 

wheat 13.2 546056.6 12.3 225090.5 

DIBOA 

rye 13.3 579990.6 12.6 283931.8 

wheat 11.6 104935.7 10.2 25945.5 

BOA 

rye 10.4 34011.7 9.0 8176.6 

wheat 9.4 12412.9 10.7 42903.9 

A
a 

rye 0 0 0 0 

wheat 3.0 20.7 0 0 

B
b 

rye 2.3 10.4 1.5 4.5 

wheat 2.9 17.5 0 0 

C
c 

rye 7.7 2234.0 7.8 2351.4 

wheat 8.1 3163.3 7.7 2280.7 

D
d 

rye 0 0 0 0 

wheat 0 0 0 0 

E
e 

rye 2.9 18.2 1.2 3.3 

wheat 1.4 4.1 0 0 

 

a Unknown (14.9 ± 0.25 min) 

b Unknown (16.2 ± 0.2 min) 

c Unknown (19.5 ± 0.2 min)  

d Unknown (23 ± 0.2 min) 

e Unknown(25.73 ± 0.2 min) 

 


