
SMALL GRAINS FORAGE MANAGEMENT AND EVALUATION IN CENTRAL 

TEXAS 

A Thesis 

by 

AARON MICHAEL FRANKS 

Submitted to the Office of Graduate Studies of 
Texas A&M University 

in partial fulfillment of the requirements for the degree of 

MASTER OF SCIENCE 

Approved by: 

Chair of Committee,  Amir M. H. Ibrahim 
Committee Members, Robert W. Duncan 

Larry A. Redmon 
Tony L. Provin 
Jason E. Sawyer 

Head of Department, David D. Baltensperger 

May 2013 

Major Subject: Agronomy 

Copyright 2013 Aaron Michael Franks 



 

 ii 

ABSTRACT 

 

Hard Red Winter (HRW) and Soft Red Winter (HRW) wheat classes (Triticum 

aestivum L.) and oat (Avena sativa L.) are commonly established as a source of winter 

and spring forage for cattle grazing in many regions of Texas and the U.S. Southern 

Great Plains. Small grains used in these grazed systems offer the flexibility of 

management for season long forage production or production of both forage and grain 

(dual-purpose). Many commercially available and experimental cultivars are continually 

evaluated on their ability to produce grain, but little yield data is available on wheat and 

oats under dual-purpose management systems. In forage production systems, soil 

fertility management is also an integral component in meeting specific yield goals that 

producers depend upon to sustain adequate animal performance. Current nitrogen (N) 

recommendations in Texas are based on heavy, moderate, and light levels of grazing. To 

address these issues, two-year studies were initiated at three locations in Central Texas. 

The objectives of these studies were; (1) to evaluate thirty wheat and ten oat cultivars 

based on forage production and grain yield to identify those best suited to dual-purpose 

management; (2) to determine winter wheat forage yield potential at varying levels of N 

fertility; and (3) to evaluate five minimally invasive and non-destructive methods of 

quantifying forage yield. 

Results from dual-purpose cultivar evaluations included significant differences in 

forage yield, nutritive value, and grain yield between cultivars and species. Overall, oat 

produced less forage than either class of wheat, but Mg content was generally higher in 
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oat. For grain production, SRW performed better under irrigation, but in dryland 

situations both wheat classes performed equally. We also found that pre-plant N 

fertilizer significantly reduced stand establishment in dry environments. The 67 kg ha-1 

pre-plant N and the 45 kg ha-1 top-dress rates produced the highest forage yield. 

Nutritive value generally increased as N application rate increased, even when no yield 

increase was observed. Hand clipping and canopy height both correlated very well with 

full plot harvest and visual ratings and NDVI had moderate relationships with full plot 

harvest. The relationship between ground cover and dry matter yield was variable and 

only weakly correlated. 
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NOMENCLATURE 

 

HRW Hard Red Winter Wheat 

SRW Soft Red Winter Wheat 

HRS Hard Red Spring Wheat 

HW White Wheat 

NDVI Normalized Difference Vegetative Index 

ASTREC Animal Science, Teaching, Research, and Extension Complex 

NIR Near Infrared Spectrophotometer 

CP Crude Protein 

ADF Acid Detergent Fiber 

NDF Neutral Detergent Fiber 

ADL Acid Detergent Lignin 

IVDMD  In Vitro Dry Matter Digestibility 

TDN   Total Digestible Nutrients 

UAN   Urea Ammonium Nitrate 

MRT   Multiple Range Test 
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CHAPTER I 

INTRODUCTION 

 

Wheat (Triticum aestivum L.) is a staple in the diets of many people around the 

world, providing more nourishment for people than any other food source (Briggle and 

Curtis, 1987). On average world wheat production totals 653 million metric tons per 

year. The top wheat producing countries in 2011 included China, India, Russia, and the 

United States. Of these the largest producer of wheat was China, which grew a total of 

117 million metric tons. The United States ranked fourth in world wheat production, 

producing 54 million metric tons (FAO, 2012). 

In the United States, wheat production is fairly wide spread, ranking third in both 

planted area and gross receipts, behind corn and soybeans (ERS, 2012c). The USDA 

identifies three major wheat production areas that together grow 75% of the nation’s 

wheat annually. These regions include the Northern and Southern Great Plains, the 

North Central region, and the Pacific region. Of these regions, Texas, Kansas, and 

Oklahoma are responsible for around 40% of annual wheat product, with 8.66 million ha 

planted annually (NASS, 2012a).  

In Texas, winter wheat is planted on an average of 2.5 million ha annually 

(NASS, 2012a). In 2011, of the 2.28 million ha planted in Texas, only 0.81 million ha 

were harvested due to inadequate rainfall or use of the crop for purposes other than grain 

production. On average, 1.18 million ha are harvested for grain in Texas annually with a 

value of production near $440 million per year (NASS, 2012a). 
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The USDA also identifies 5 classes of wheat grown in the United States, with the 

divisions based on characteristics such as hardness, seed color, and growing season. The 

most common of these is HRW wheat followed by SRW wheat, hard red spring wheat 

(HRS), white wheat (HW), and durum wheat. Each class of wheat produces flour with 

unique characteristics that make them suitable for different baked goods (Briggle and 

Curtis, 1987; ERS, 2012b). 

Oat (Avena sativa L.) is less commonly grown around the world, but is consumed 

in many countries. Over the ten-year period from 2002 to 2011, world average annual 

oat production totaled 25 million metric tons. In 2011, Russia led world oat production, 

producing 5.3 million metric tons. The United States ranked fifth in world oat production 

that year, with production totaling 779,000 metric tons (FAO, 2012). The United States 

produces an average of 1.4 million metric tons annually (NASS, 2012a). 

In the United States, oat production is much less wide spread as compared to 

wheat production, with major production areas located in the Northeast, North Central, 

Northern Plains, Pacific, and Southern Plains regions (ERS, 1997). Texas leads the 

nation in oat acreage, averaging 264,000 hectares seeded annually. Only one sixth of this 

area is harvested for grain each year, but generates an average of $13.2 million each year 

(NASS, 2012a). Widespread use of oat as a forage crop probably has a significant 

impact on the number of hectares harvested. Grain oat is predominately used as animal 

feed, but is also used in foodstuffs and body care products, and as a raw material for 

furfural production. 
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Winter wheat and oat are versatile crops that can be used in several management 

systems. Winter wheat may be grown for grain production, forage only (graze-out), or 

for both forage and grain (dual-purpose) (Holliday, 1956; Holt, 1962; Redmon, et al., 

1995b). Across the United States, management of winter wheat for grain production is 

most prevalent, but many producers in the Southern Great Plains region also manage 

these crops to allow for the utilization of forage produced in the fall, winter, and spring. 

It is estimated that 30-80% of the total wheat acres planted in the southern Great Plains 

are grazed by cattle (Bos ssp.) at some point during the growing season and 10-20% are 

grazed exclusively (Carver, et al., 1991; Pinchak, et al., 1996). Texas, Oklahoma, and 

Kansas are the major producers in this area, with an annual mean of 8.66 million 

hectares planted (NASS, 2012a) and 2.6 million head pastured on these small grains 

swards annually (NASS, 2012b). 

In graze-out and dual-purpose systems, as in others, management decisions like 

cultivar selection and soil fertility are essential to ensuring profitability. With little 

regional fertility and cultivar performance data available (Nelson, 1983; Pinchak, et al., 

1996), producers utilizing dual-purpose and graze-out small grains systems are forced to 

rely on past experience and grain production data in attempt to maximize the 

profitability of these systems. Recent increases in the cost of labor, fuel, fertilizer, and 

other inputs increases the need for research to identify management practices that 

maximize resource use efficiency. To provide information specific to forage and forage 

and grain production, two year research trials were initiated in central Texas to address 

the following research objectives: 1) identify wheat and oat cultivars that maximize 



 

 4 

forage and grain yield under dual-purpose management, 2) ascertain the response of 

winter wheat forage production and nutritive value to varying rates of N application, and 

3) evaluate destructive, minimally invasive, and non-destructive forage quantification 

methods to determine whether non-destructive and minimally invasive methods are 

viable substitutes for destructive methods. A review of literature, materials and methods, 

and data from these studies is discussed in subsequent chapters. 
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CHAPTER II 

LITERATURE REVIEW 

 

Overview 

Winter wheat and oat have a special niche in the Southern Great Plains region. 

Although wheat and oat are most commonly grown for grain in other parts of the 

country, Southern producers often utilize the highly nutritive forage produced in the fall, 

winter, and spring as a source of fodder for grazing animals when other forage resources 

are generally low in supply, nutritive value, and digestibility (Lyon, et al., 2001; Beck, et 

al., 2005). In this region, these cool-season annual forages are the primary source of 

herbage used to pasture growing beef cattle (Redmon, et al., 1995b) and provide farmers 

and ranchers with management options to increase the profitability of their enterprises.  

Grazed winter wheat systems also offer a unique opportunity to manage farm risk 

in relation to commodity prices and production goals. The multiple production avenues 

offered by these systems allow producers to exploit changes in market value by shifting 

production emphasis to the more valuable commodity. In a situation where markets or 

producer goals justify retained ownership, dual-purpose systems can accommodate these 

actions, with the ability to revert to a graze-out system late in the season. Producing 

multiple commodities in one enterprise also achieves a level of diversification that 

reduces the economic risk of producing either commodity alone (Krenzer, et al., 1992). 

In an economic study conducted by Epplin et al. (2001), the authors found that dual-

purpose net returns exceeded that of grain-only production in 16 of the 20 years 
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analyzed. Redmon et al. (1995a) found that on average, grazing and grain production 

enterprises derived 59% of total net returns from grain production and 41% from cattle 

gains, proving that both commodities produce significant returns. With recent economic 

instability and very volatile commodity markets, the management options associated 

with grazed small grains systems can be a valuable asset.  

Winter wheat and oat used in grazing applications fit into one of two 

management systems, dual-purpose and graze-out. In dual-purpose systems, producers 

graze winter wheat during stages of vegetative growth, and then remove grazing animals 

in the spring shortly after floral initiation but prior to rapid culm elongation. This allows 

the crop to continue into reproductive growth without injury and produce grain 

(Donnelly and McMurphy, 1983; Epplin, et al., 2000). Grain yield is reduced markedly 

in stands grazed after meristematic tissue reaches a height prone to removal by livestock 

(Donnelly and McMurphy, 1983; Epplin, et al., 2000). When intended for use as forage 

only, the crop is grazed until regrowth ceases. In these situations, forage production is 

much greater, since winter wheat dry matter accumulation is greatest during stem 

elongation and floral initiation (Daigger, et al., 1976). In some cases, total forage yield 

for graze-out pasture can be three times that of swards where grazing is terminated at 

first hollow stem (Donnelly and McMurphy, 1983).  

 

Nutritive Value 

In grazed systems, the primary goal is to produce forage of sufficient quality and 

quantity to meet or exceed the nutrient requirements of the animal. Forage quality is 
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determined by the physical and chemical composition of fodder, as well as the 

palatability as perceived by the animal and overall animal performance. Concentrations 

of N, P, K, Mg, and Ca are considered to be major factors influencing animal health and 

performance. Wheat and oat produce a valuable, high-quality forage capable of 

sustaining the nutrient requirements of all grazing animals, regardless of class or species 

(Horn, 1983). Crude protein content of wheat in its vegetative state is often in excess of 

25% (Croy, 1983b).  

Forages are generally evaluated based on the broad categories of crude protein 

content (N% x 6.25) and digestible energy. Small grain pasture generally offers these 

nutrients in excess of the requirements for growing steers gaining 0.9 kg day-1 

established in National Research Council (1996), but other constituents of forage 

nutritive value and digestibility are also of concern in grazed systems. Although plant 

maturity is one of the most influential factors in dictating forage nutritive value and 

digestibility (Cherney and Marten, 1982), forage species and soil fertility also have an 

affect. The literature suggests that differences in nutritive value and digestibility exist 

between cool-season small grain species. In a study conducted by Cherney and Marten 

(1982), the authors found that barley was superior to other small grains in terms of 

digestibility factors, and macromineral concentrations. Differences between cultivars 

within species have also been noted, but any advantage of one cultivar over another is 

generally small and inconsistent across locations and years (Rommann, et al., 1982; 

Croy, 1983b; Donnelly and McMurphy, 1983). It has also been reported that soil nutrient 

status influences nutrient concentrations in forages (Daigger, et al., 1976; Horn, 1983). 
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Stewart, et al. (1981) reported elevated forage N and K concentrations when N fertilizer 

was added. Although N in forages is of value, elevated N and K concentrations relative 

to Ca and Mg concentrations have been implicated in causing nutrition disorders in 

cattle. Milk fever (hypocalcemia) and grass tetany (hypomagnesemia) are common 

ailments of lactating cattle, but can also afflict young stocker steers that generally graze 

small grains, with tetany being most prevalent (Horn, et al., 2005). It has been suggested 

that when forage Mg content falls below 0.2%, or when the ratio of K to the sum of Ca 

and Mg exceeds 2.2, tetany may become a problem (Stewart, et al., 1981; Grunes, et al., 

1983). 

 

Management Considerations 

Different considerations must be taken into account with each management 

system. In central Texas, dual-purpose and graze-out wheat is generally planted one 

month to 45 days prior to stands planted for solely for grain production (Epplin, et al., 

2000; Carver, et al., 2001; Hossain, et al., 2003). A higher seeding rate, 100 kg ha-1, is 

also generally used in these situations (Redmon, 2011). Early planting and seeding at 

higher density allows for greater forage production prior to winter dormancy and an 

extended grazing period, ultimately enabling greater weight gains and increased 

profitability. However, early planting can also adversely affect the crop due to increased 

exposure to biotic and abiotic stresses (Carver, et al., 2001; Khalil, et al., 2002). With 

their host present earlier in the season, aphids (Schizaphis graminum Rondani, 

Rhopalosiphum padi L.) are able to enter a field and multiply earlier, bringing with them 
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a heightened risk of Barley yellow dwarf virus and desiccation (Carver, et al., 2001). In 

regions where yearly precipitation is low, early planting, high seeding rate, and forage 

removal may exhaust soil moisture earlier in the season than would otherwise be 

removed, leading to increased probability of drought stress and reduced grain yield.  

It is important to understand that historically, winter wheat breeding programs in 

the Southern plains select breeding lines and evaluate their performance based on grain 

yield and quality from stands planted in mid-October (Winter and Thompson, 1990; 

Krenzer, et al., 1992; Carver, et al., 2001). These methods allow them to make selections 

under conditions similar to those that would occur in producer fields meant for grain 

only production. With little or no direct selection pressure placed on above ground 

biomass yield, the resulting lines have a genetic shift to greater grain production, and 

may not be as suitable for management systems that include forage utilization (Winter 

and Thompson, 1987; Carver, et al., 2001). In the past, grazing was seen as an 

acceptable and sometimes necessary method to reduce lodging prior to the introduction 

of semi-dwarf cultivars, that may actually suffer from reduced leaf area (Winter, et al., 

1990). Furthermore, breeding lines that may be particularly well suited for forage 

production can be lost in selection processes where this attribute is not evaluated, as 

grain and forage yield correlations have been found to be insignificant or negative 

(Atkins, et al., 1969; Ud-Din, et al., 1993; Krenzer, et al., 1996). Plausible explanations 

for the lack of emphasis placed on forage evaluation include limited resources and the 

added labor involved in evaluating lines in a more complicated management scheme 

(Atkins, et al., 1969; MacKown and Carver, 2005). Limited seed supply coupled with 
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the need to increase seed for continued selection and evaluation also poses a problem to 

breeders, which points to a need for alternative biomass evaluation methods that allow 

for less destructive or completely non-invasive quantification of forage production. With 

methods that better fit constrains of breeding programs, forage line development may 

become a more plausible venture. 

Cultivar selection is generally deemed to be a management decision crucial to the 

successful implementation and profitability of any cropping system (Krenzer, et al., 

1992). Traits of primary concern when selecting small grain cultivars for use in pasture 

settings include forage yield potential, nutritive value potential, and forage production 

interval. Initiation date of stem extension and grain yield traits are also of interest for 

dual-purpose systems (Worrall and Gilmore, 1985; MacKown and Carver, 2005). Croy 

(1983a) found that jointing time varied as much as a month between wheat cultivars. 

Sufficient grain yield data is available through breeding and extension programs, but 

little research has been conducted to delineate cultivars in relation to traits of interest 

mentioned above, with little or no data for the Central Texas region. It has been noted in 

literature that substantial differences in forage production were evident between cultivars 

of winter wheat (Worrall and Gilmore, 1985; Krenzer, et al., 1992). Differences in 

nutritive value between species and cultivars within species have also been noted (Helsel 

and Thomas, 1987). 
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Fertility 

Fertility management also plays a major role in the performance of forage and 

grain production systems, as well as the performance of grazing animals. Soil levels of 

available N, P, and K, along with vital micronutrients can limit yield and nutritive value 

of the forage and grain produced. Of these, N is known to be the most commonly 

limiting nutrient in soils due to abundant plant use and the many mechanisms by which 

N is lost from the root zone (Donnelly and McMurphy, 1983). The cost of N fertilizer 

has also increased drastically in recent years, almost tripling in price from 2002 to 2012 

(ERS, 2012a). Currently, the Texas A&M University Soil, Water, and Forage Testing 

Laboratory makes N rate recommendations for grazed winter wheat swards based upon 

the nominal categories of heavy, moderate, and light grazing intensity (Texas A&M 

AgriLife Extension Service, 2012b). To improve this managerial tool, N rate 

recommendations might be made based on a specific yield goal, which can then be 

converted into animal unit days. Many producers use this measure to determine stocking 

density. These facts suggest a need for additional research in the areas of cultivar 

performance and N fertility management in grazed winter wheat systems to allow for 

enhanced efficiency of these systems in the Central Texas region by providing producers 

the information they need to make the most profitable management choices. 

 

Forage Sampling Methodologies 

There also exists some question as to the best method of quantifying biomass 

yield for forage research. Several methods have been utilized in previous research 
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including the use of hand tools to clip a sub sample from plots (Hubbard and Harper, 

1949; Holt, 1962; Hansen and Schjoerring, 2003; MacKown and Carver, 2005) and the 

mechanized harvest of the entire plot (Worrall and Gilmore, 1985; Helsel and Thomas, 

1987; Hossain, et al., 2003). Some non-destructive yield estimation methods have also 

been employed including estimations based on plant height (Freeman, et al., 2007), 

visual ratings(Atkins, et al., 1969; Ud-Din, et al., 1993), and Normalized Difference 

Vegetation Index (NDVI) readings (Hansen and Schjoerring, 2003; Moges, et al., 2005; 

Freeman, et al., 2007). Little consensus exists as to the best method of sampling for 

quantification purposes, as spatial variability is a major limiting factor in forage yield 

determination. Continued research in the field of forage production is essential to 

increase the efficiency with which these systems operate so they may help to provide for 

an ever-increasing world population.  
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CHAPTER III 

EVALUATION OF WINTER WHEAT AND OATS UNDER DUAL-PURPOSE 

MANAGEMENT IN CENTRAL TEXAS 

 

Introduction 

Winter wheat and oat have a special niche in the Southern Great Plains region. 

Although wheat and oat are most commonly grown for grain in other parts of the 

country, Southern producers often utilize the highly nutritive forage produced in the fall, 

winter, and spring as a source of fodder for grazing animals when other forage resources 

are generally low in supply, nutritive value, and digestibility (Lyon, et al., 2001; Beck, et 

al., 2005). In this region, these cool-season annual forages are the primary source of 

herbage used to pasture growing beef cattle (Redmon, et al., 1995b) and provide farmers 

and ranchers with management options to increase the profitability of their enterprises. It 

is estimated that 30 - 80% of the total wheat acres planted in the southern Great Plains 

are grazed by cattle (Bos ssp.) at some point during the growing season (Carver, et al., 

1991; Pinchak, et al., 1996). Texas, Oklahoma, and Kansas are the major producers in 

this area, with an annual mean of 8.66 million hectares planted (NASS, 2012a) and 2.6 

million head pastured on these small grains swards annually (NASS, 2012b). 

Wheat and oat produce a valuable, high-quality forage capable of sustaining the 

nutrient requirements of all grazing animals, regardless of class or species (Horn, 1983). 

It is common practice for producers to graze winter wheat during stages of vegetative 

growth, and then remove grazing animals in the spring shortly after floral initiation but 
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prior to rapid culm elongation. This allows the crop to continue into reproductive growth 

stages and produce grain (Donnelly and McMurphy, 1983; Epplin, et al., 2000). Grain 

yield is reduced markedly in stands grazed after meristematic tissue reaches a height 

prone to removal by livestock (Donnelly and McMurphy, 1983; Epplin, et al., 2000). 

Cultivar selection is generally deemed to be a management decision crucial to the 

successful implementation and profitability of any cropping system (Krenzer, et al., 

1992). Traits of primary concern when selecting small grain cultivars for use in pasture 

settings include forage yield potential, nutritive value potential, forage production 

interval, initiation date of stem extension, and grain yield (MacKown and Carver, 2005). 

Croy (1983a) found that jointing date varied as much as a month between wheat 

cultivars. Several authors have cited that little difference in nutritive value between 

cultivars within small grains species has been observed (Horn, et al., 1981; Donnelly and 

McMurphy, 1983), but many of the cultivars tested are no longer in production. 

Sufficient grain yield data is available through breeding and extension programs (Texas 

A&M Agrilife Extension Service, 2012c), but little research has been conducted to 

delineate cultivars in relation to traits of interest mentioned above, with little or no data 

for the Central Texas region. It has been noted in literature that substantial differences in 

forage production were evident between cultivars of winter wheat (Worrall and Gilmore, 

1985; Krenzer, et al., 1992). In an 11-year study conducted by Worrall and Gilmore 

(1985) two hard red winter wheat cultivars, Lancota and Improved Triumph, yielded 

more above ground biomass than TAM W-101. Differences in nutritive value between 

species and cultivars within species has also been noted (Helsel and Thomas, 1987). 
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It is important to understand that historically, winter wheat breeding programs in 

the Southern plains select lines and evaluate their performance based on grain yield and 

quality from planting in mid-October to November (Winter and Thompson, 1990; 

Carver, et al., 2001). These methods allow them to make selections under conditions 

similar to those that would occur in producer fields meant for grain only production. 

With little or no direct selection pressure placed on above ground biomass yield, the 

resulting lines may not be as suitable for management systems that include forage 

utilization (Winter and Thompson, 1987; Carver, et al., 2001). In the past, grazing was 

seen as an acceptable and sometimes necessary method to reduce lodging prior to the 

introduction of semi-dwarf cultivars (Winter, et al., 1990). Furthermore, breeding lines 

that may be particularly well-suited for forage production can be lost in selection 

processes where this attribute is not evaluated, as grain and forage yield correlations 

have been found to be insignificant or negative (Atkins, et al., 1969; Ud-Din, et al., 

1993). Plausible explanations for the lack of emphasis placed on forage evaluation 

include limited resources and the added labor involved in evaluating lines in a more 

complicated management scheme (Atkins, et al., 1969; MacKown and Carver, 2005). 

Limited seed supply coupled with the need to increase seed for continued selection and 

evaluation also poses a problem to breeders, which points to a need for alternative 

biomass evaluation methods that allow for less destructive or completely non-invasive 

quantification of forage production. 

 To address the lack of information on cultivar performance under dual-purpose 

management, a two year field study was initiated in three location in central Texas to 
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identify HRW, SRW, and oat cultivars that possess superior forage and grain yield traits 

in dual-purpose management systems. The results from these trials will yield 

management type specific information that can be used by producers when selecting 

species and cultivars to utilize in dual-purpose management systems. 

 

Materials and Methods 

 

Experimental Locations 

This research was initiated at three locations in central Texas. The first was 

located in the Brazos River Flood Plain (Brazos Bottom) near Snook, TX at the Texas 

A&M AgriLife Extension Farm (30° 30’ N lat; 96° 25’ W long; 66 m elevation above 

sea level.) This location is a Belk clay soil (fine, mixed, thermic Entic Hapluderts) 

exhibiting 0 to 1 % slopes. These soils are well drained with very slow permeability and 

high water holding capacity. The soil capability classification is 3S for non-irrigated, but 

was irrigated both years of the study. The second experimental location near College 

Station, TX at ASTREC (30° 33’ N lat; 96° 24’ W long; 83 m elevation above sea level.) 

The soil type is a Roboco loamy fine sand (loamy, siliceous, active, thermic Aquic 

Arenic Paleustalfs) with a 1 to 3 % slope, moderate drainage, and rapid permeability in 

the upper layer with slow permeability in the subsoil. Large or repeated rainfall events 

can lead to a perched water table 0.5 to 1 m from the soil surface. The soil capability 

classification is 2E for non-irrigated. The third location was near McGregor, TX at the 

Texas A&M Agriculture Research and Extension Center (31° 22´ N lat; 97° 27´ W long; 
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240 m elevation above sea level). Soil type is a Slidell clay (fine, montmorillonitic, 

thermic Udic Haplusterts) with a 0- to 2 % slope, very slow permeability, and a high 

water holding capacity. The soil capability subclass was 2E for dryland and none was 

irrigated (NRCS, 2012). 

 This trial evaluated the performance of 38 commercially available cultivars, 

including 24 HRW cultivars, 6 SRW cultivars, and 8 oat cultivars under dual-purpose 

management. Dual-purpose management entails the utilization of forage prior to culm 

elongation, then production of grain, thus both forage and grain yield were measured. 

The trial was laid out in a completely randomized block design with each cultivar 

replicated four times. Plots 1.5 m wide and 4.5 m long were used in this experiment.  

 

Production Practices 

In mid-to late-August, plot areas were disked or plowed to prepare the seedbed. 

Prior to planting, 15 cm composite soil samples were obtained from each study location 

and submitted to the Texas A&M Soil, Water, and Forage Testing Lab for analysis. Soils 

at each location were amended with granular urea (46-0-0) and triple super phosphate (0-

46-0) to meet specified soil test recommendations. Fertilizers were applied with a 

calibrated pendulum-type spreader and then incorporated with harrows or with the wheat 

drill if applied directly before planting.  

All seed was treated with the label rate of Gaucho XT® to prevent seedling 

disease and early-season insect damage. All cultivars were seeded at the rate of 100 kg 

ha-1, the recommended rate for seeding small grains for forage production in central 
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Texas (Redmon, 2011). Test plots were seeded in mid-to late-September, using a seven 

row Hege 500 small plot drill (Hege Equipment Inc., Colwich, KS) with 16.5 cm row 

spacing. The planter was equipped with a cone type seed-metering device calibrated to 

plant a plot 1.5 m in width and 6 m in length. After emergence of seedlings in the 

experimental units, 1.5 m alleyways between replications were seeded, yielding 1.5 m 

wide, 4.5 m long plots for evaluation. This was done to ensure uniform stands over the 

experimental unit and to reduce any edge affect that would have resulted from blank 

alleys. Seedling establishment data was also collected shortly after emergence. Stand 

counts were taken from three 30 cm lengths of interior row and then averaged to serve as 

a representative plot sample.  

Plots were maintained to be free of weed and insect pressure. Applications of 

2,4-D (0.5 L ha-1) and Dimethoate (0.25 L ha-1) were used to control any early season 

weed and insect infestations. Irrigation was available at the Brazos Bottom location and 

was used to combat water stress due to severe drought conditions. Irrigation was applied 

on an as needed basis and differed between years. In 2011, water was only applied when 

drought stress was apparent, in 13 mm increments. In 2012, water was applied 

generously at a rate of around 38 mm every two weeks in periods where rainfall did not 

meet this threshold.  

 

Forage Yield and Nutritive Value 

Forage yield and nutritive value were determined by one to two cuttings prior to 

the upward movement of merristematic tissue at each location. Plots were harvested with 
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a Loftness flail type forage harvester equipped with a R-Tech Alfalfa-Omega weigh 

platform (R-Tech Industries Ltd, MB, Canada). Clipping height averaged 1.5 - 2.5 cm. 

Total plot weights were taken immediately following harvest and subsamples were taken 

and weighed in the field using a digital balance capable of measuring a tenth of a gram. 

These subsamples were then dried in a forced air oven at 65° C for a minimum of 48 

hours to ensure they were devoid of moisture. Once removed from the oven, they were 

allowed to return to room temperature and weighed again to obtain a dry sample weight. 

The wet and dry sample weights were then used to determine the total dry matter 

biomass for each plot.  

After the drying and weighing processes were complete, samples were ground to 

pass through a 1 mm screen, in preparation for nutritive value testing. Nutritive values 

were determined using a Unity Scientific SpectraStar™ 2500 near infrared 

spectrophotometer (NIR) (Foss, Hillerod, Denmark). To initiate the calibration 

procedure chemical methods were used to determine the chemical and physical 

composition of a sub set of 65 diverse samples from the studies discussed in this thesis. 

Constituents measured include crude protein (CP) determined through high temperature 

combustion, acid detergent fiber (ADF), neutral detergent fiber (NDF), and acid 

detergent lignin (ADL) determined gravimetrically after liquid digestion, in vitro dry 

matter digestibility (IVDMD) determined after digestion in harvested rumen fluid, and P, 

K, Ca, and Mg determined through ICP analysis of nitric acid digest (Texas A&M 

AgriLife Extension Service, 2012a). These values were then used to parallel NIR 

derived values, generating a starting calibration equation. After this point, any samples 
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that generated statistical outliers were chemically tested and added to the calibration 

equation. Additional information on the use of NIR calibration for the prediction of 

forage nutritive value can be found in Roberts, et al. (2003). 

After forage harvest was complete, plots were allowed to regrow with the intent 

of producing grain. At jointing (Feeks 6), plots were top dressed with 56 kg ha-1 N in the 

form of urea ammonium nitrate (UAN). At this time pest control products were also 

administered on an as-needed basis. Finesse® Grass and Broadleaf herbicide (52 g ha-1, 

chlorosulfuron and flucarbozone sodium) was used to control any weed infestations 

present. To reduce yield losses due to insect pressure, applications of Dimethoate (0.25 

L ha-1) were made. Insect infestations including Greenbug (Schizaphis graminum), bird 

cherry-oat aphid (Rhopalosiphum padi), and army worm (Pseudaletia unipuncta) were 

observed and controlled. To control severe fungal infestations such as leaf rust (Puccinia 

graminis), applications of Quilt® Fungicide (1 L ha-1, azoxystrobin and propiconazol) 

were made.  

Immediately prior to harvesting grain, plots were rated for lodging. Severity of 

lodging was rated on a scale from 1 to 10, where a rating of 1 represented little lodging 

and a rating of 10 represented severe lodging. Grain was harvested using a Massey 

Ferguson 8XP small plot combine (Massey Ferguson, Duluth, Georgia) and placed in 

4.54 kg paper bags. Prior to cleaning, oat samples were deawned and foreign matter in 

all samples was removed using a Hege grain sieve and aspirator (Hege Equipment Inc., 

Colwich, KS). After the cleaning process was complete, total weight was determined for 

calculation of plot yield. To determine bushel weight and moisture content, seed was 
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processed using a Dickey John GAC 2100 Grain analyzer (Seedburo, Des Plaines, IL). 

An analysis of protein content was also conducted using an Infratec 1226 NIR 

spectrometer grain analyzer (Foss, Hillerod, Denmark). Plot yield in kg ha-1 was 

calculated from total weight and corrected for harvested plot length, then standardized to 

12.5% moisture content.  

 

Statistical Analysis 

Statistical analysis was conducted with SAS version 9.3 (SAS Institute Inc., Cary 

NC) (SAS Institute Inc., 2011) using the general linear model to perform analysis of 

variance and Duncan’s MRT to determine mean separations. Homoscedasticity was 

tested using Bartlett’s test for homogeneity of error variances and correlation was 

determined through the use of Pearson’s product-moment correlation. 

 

Results and Discussion 

 

Seedling Establishment 

 Stand data was taken shortly after seedling emergence. The primary concern with 

stand establishment was to determine the degree to which it affected subsequent forage 

and grain yield. 

Analysis of variance showed significant differences in stand establishment were 

present between cultivars (P<0.01) and environments (P<0.01). There was also a 

significant interaction between these main effects (P<0.01). Factors such as seed 
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viability and coleoptile length may be responsible for the differences observed between 

cultivars. Differences between environments may be explained by differing soil moisture 

at planting, timing and extent of precipitation events, and soil tilth. To determine if there 

was any effect of stand establishment on later forage and grain yield, Person’s 

correlation coefficients were calculated. Strong positive correlations were found between 

stand establishment and each of initial forage yield (r = 0.655 P<0.01), total forage yield 

(r = 0.53 P<0.01), and grain yield (r = 0.316 P<0.01). Of these, the relationship between 

stand establishment and grain yield is most astonishing, as small grains and wheat in 

particular have the ability to tiller and take advantage of available moisture and 

nutrients. Stress generated through loss of nutrients and moisture due to biomass 

removal may have limited the potential number of tillers and yield potential. 

 

Forage Yield 

 Forage yield was determined through one to two forage clippings at each location 

each year. In both the 2010-2011 and the 2011-2012 seasons, only the irrigated Brazos 

Bottom location produced enough forage to justify multiple harvests. Other locations 

lacked adequate above ground biomass accumulation due to severe drought conditions 

experienced throughout the 2010-2011 season and early in the 2011-2012 growing 

season. Planting and harvest dates for all locations are presented in Table 1. Recorded 

and average monthly precipitation totals for the College Station and McGregor areas, 

adapted from National Weather Service data (2012a), can be found in Fig. 1 and Fig. 2, 

respectively.  
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Table 1. Planting and harvest dates at ASTREC, the Brazos Bottom, and McGregor, TX in the 
2010-2011 and 2011-2012 growing seasons. 
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Fig. 1 Monthly average and recorded precipitation for College Station, Texas in the 2011 

and 2012 growing seasons (National Weather Service, 2012a). 

 
 
 

 
 
Fig. 2 Monthly average and recorded precipitation for McGregor, Texas in the 2011 and 

2012 growing seasons (National Weather Service, 2012b). 
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 Early season forage yield (harvested prior to December 15) at the Brazos Bottom 

ranged from 743 to 2944 kg ha-1 in 2011 and from 2960 to 5761 kg ha-1 in 2012 (Tables 

2 and 3). When analyzed across years, no significant differences between cultivars 

(P=0.23) existed, but highly significant year (P<0.01) and year by cultivar (P<0.01) 

interactions were observed. These interactions are most likely due to the differences in 

precipitation and irrigation regime between years.  

 Late season forage yield at the Brazos Bottom ranged from 1241 to 2415 kg ha-1 

in 2011 and from 1323 to 3490 kg ha-1 in 2012 (Tables 4 and 5). When analyzed across 

years, differences in late season forage production between cultivars were highly 

significant (P<0.01). As in the early season forage production, there were highly 

significant year (P<0.01) and year by cultivar (P<0.01) interactions. 

 When comparisons were made between endosperm type and species for early and 

late season dry matter yield, significant differences were observed (Table 6). Means 

separation tests conducted using Duncan’s multiple range test and significant p values 

indicate that the two wheat classes included in this study outperformed oat in both early 

and late season forage production. In an Oklahoma wheat forage study conducted by 

Carver, et al. (1991), the authors found that SRW produced more winter forage and 

HRW produced more spring forage. Our findings for 2011 follow that trend but no 

appreciable differences between wheat classes were seen either year (Table 6). Data was 

not combined across years due to a significant interaction between year and dry matter 

yield. 
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Table 2. Mean early season forage yield at the Brazos Bottom, College Station, TX in 2011. 
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Table 3. Mean early season forage yield at the Brazos Bottom, College 
 Station, TX in 2012. 
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Table 4. Mean late season forage yield at the Brazos Bottom, College  
Station, TX in 2011. 
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Table 5. Mean late season forage yield at the Brazos Bottom, College  
Station, TX in 2012.  
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Table 6. Mean early and late season mean dry matter yield at the Brazos Bottom, 
 College Station, TX in 2011 and 2012. 

 
 
 
 

Total dry matter production means were much lower in 2011 than in 2012, with 

means of 2222 and 6061 kg ha-1, respectively. Severe drought conditions persisted 

throughout the 2011 season greatly reducing forage yield at all locations. In 2012, 

conditions were abnormally dry from planting until December, reducing early season 

forage production. Rainfall amounts returned to near average after this point with record 

rainfall in February and March (National Weather Service, 2012a). 

Across all locations and years, there were no statistically significant differences 

in total dry matter production between cultivars (P=0.29). Great differences in 

environmental conditions between locations and years were evident with significant 
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effects of environment (P<0.01) and significant environment by cultivar interaction 

(P<0.01). Means ranged from 908 kg ha-1 at McGregor in 2011 to 7010 kg ha-1 at the 

Brazos Bottom in 2012. When tests were not combined by location and year, significant 

differences between cultivars were seen at ASTREC in 2011 (P<0.05), McGregor in 

2011 (P<0.01), and at the Brazos Bottom in both 2011 (P<0.01) and 2012 (P<0.01). At 

McGregor in 2012, no significant differences in dry matter production were seen 

(P=0.1) according to ANOVA. All total forage yield means with Duncan mean 

separations (P=0.05) are presented below in Tables 7 to 11 below.  

When comparisons were made between the two classes of wheat and oat, 

significant differences in total dry matter production were observed only at the Brazos 

Bottom location in 2012 (P<0.01), where both classes of wheat produced significantly 

more biomass than did oat (Table 12). 
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Table 7. Mean total forage yield at ASTREC§, College Station, TX in 2011. 
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Table 8. Mean total forage yield at the Brazos Bottom, College Station, TX in 2011.  
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Table 9. Mean total forage yield at the Brazos Bottom, College Station, TX in 2012.  
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Table 10. Mean total forage yield at McGregor, TX in 2011.  
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Table 11. Mean total forage yield at McGregor, TX in 2012.  
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Table 12. Mean total forage yield by class and species at the Brazos  
Bottom, College Station, TX in 2011 and 2012.  

 
 
 
 
Forage Nutritive Value 

Forage nutritive value data was taken on forage samples from experiments in the 

Brazos Bottom both years and from McGregor in 2012. Nutritive value data for the 

Brazos Bottom in 2011 is from wheat only. It was initially determined that a single NIR 

calibration equation could only accurately predict nutritive values for a single species. 

Subsequently a subset of oat forages were tested and added to the NIR prediction 

equation. Results were accurate and did not compromise the overall accuracy of the 

equation thus oat forages were tested along with wheat in 2012. Forage nutritive value is 

a dynamic continuum, changing with time (Redmon, 2011). The results presented on 

nutritive value represent only a few points on this continuum and should be interpreted 

as such. As a benchmark, nutrient requirements for growing steers and heifers are 

provided in Table 13. 



 

 38 

Table 13. Nutrient requirements and maximum tolerable concentrations for growing steer and 
heifer calves based on average daily gain goals. † ‡ 
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Total Digestible Nutrients 

Total digestible nutrient content (TDN) among cultivars was different in the early 

cuttings both years at the Brazos Bottom (P<0.01), but these differences were not 

observed at the late cutting dates or at McGregor. In 2011, mean TDN values at the 

Brazos Bottom were 65.8% and 60.3% for early and late cuttings, respectively. We 

would typically expect to see such a trend, where forage digestibility declines with 

increasing maturity and cell wall lignification. However, in 2012 TDN means were 

opposite the trend of the previous year with 59.8% and 65% for early and late cuttings, 

respectively. Dilution caused by rapid forage growth and nutrient uptake following 

winter dormancy caused by favorable conditions may be responsible for this deviation 

from the expected outcome. Cultivar nutritive value means for each cutting at the Brazos 

Bottom can be found in Tables 14-17 below.  

The range of means for TDN content at McGregor was very similar to that of the 

late cutting at the Brazos Bottom in 2012, yielding a range of 64.6 – 68.6%, which was 

harvested 14 days later. According to the information in Table 13 (Gradberry) all 

cultivars at this location produced forages with TDN values sufficient to yield 0.74 kg in 

average daily gains, assuming no other limitations. Cultivar means for nutritive value for 

McGregor can be found in Table 18. The similarity between TDN values at these two 

locations, which were harvested only 14 days apart, suggests that maturity and 

environmental conditions have a substantial effect on TDN content of small grains. No 

cultivars tested consistently exhibited TDN values within the upper quartile, with the 
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near exception of TAM401 (PI 658500), which consistently performed well at the 

Brazos Bottom.  

When analyzed by small grain species and class, few differences were observed. 

At McGregor in 2012, TDN values for SRW (67.3%) and HRW (67%) were 

significantly higher than oat (65.59%) at a 5% level of significance. These findings were 

not consistent with those from the Brazos Bottom, where oat had the highest mean TDN 

in both early and late season cuttings but was only significantly higher than SRW in the 

early cutting.  

It should be noted that no significant differences in IVDMD were seen between 

cultivars at any location. This being said, IVDMD grand means at each location were 

consistently around 10% higher than corresponding TDN value. IVDMD is considered 

to be a better measure of digestibility because it mimics the environment present in the 

rumen. This discrepancy between digestibility measures indicated that the equation used 

to calculate TDN may need to be amended to yield values that closer represent those of 

IVDMD. We did find that in 2012 at the Brazos Bottom, mean IVDMD for oat (71.22%) 

was significantly higher than HRW (68.07%) and SRW (66.6%) in the early cutting. In 

the later cutting, oat and SRW IVDMD values (75.62% and 75.13%) were significantly 

higher than that of HRW (73.16%). At McGregor in 2012, mean IVDMD was 80.32% 

with no differences observed between species. 
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Table 14. Mean early season nutritive values at the Brazos Bottom, College Station, TX, in 2011. 
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Table 15. Mean early season forage nutritive values at the Brazos Bottom, College Station, TX in 
2012. 
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Table 16. Mean late season forage nutritive values at the Brazos Bottom, College Station, TX in 
2011. 
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Table 17. Mean late season forage nutritive values at the Brazos Bottom, College Station, TX in 
2012. 

 



 

 45 

Table 18. Mean forage nutritive values at McGregor, TX in 2012. 
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Crude Protein 

Significant differences in crude protein content (CP) were observed between 

wheat cultivars in the first cutting at the Brazos Bottom in 2011(P<0.01) and between all 

cultivars in 2012 (P<0.01). Cultivar means for early season forage CP content at this 

location ranged from 15.6% to 20.3% in 2011 and from 14.1% to 20.2% in 2012 (Tables 

14 and 15). Differences in CP content may point to a lack of drought tolerance in 

cultivars with low CP contents. Sub-optimal root growth in dry conditions can limit N 

uptake, thereby reducing N concentration in plant tissue (Clarke, et al., 1990). These 

cultivars may also have a lower genetic potential for root growth and N uptake.  

Differences in late season forage CP were only seen at the Brazos Bottom in 

2012 (P<0.05) with means ranging from 17.71% to 25.29% (Table 17). Means were 

much lower for the late cutting in 2011, ranging from 12.58% to16.9% (Table 16). The 

low means and lack of difference between cultivars in 2011 can probably be attributed to 

limited irrigation and severe drought conditions that persisted through the 2011 growing 

season, hindering the potential for nitrogen uptake by wheat. 

Differences in forage CP were also observed at McGregor in 2012 (P<0.01), 

with means ranging from 19% to 24.2% CP (Table 18). This range is very similar to the 

CP range for the later cutting at the Brazos Bottom, which again might suggest that 

environmental conditions and maturity have a profound effect on forage nutritive value. 

This agrees with the findings of Stewart, et al. (1981), where small grains forage N and 

K concentrations were influenced by average temperature.  
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Macronutrients 

Forage macronutrients measured included P, K, Ca, and Mg. In the case of P, all 

cultivars at all locations contained sufficient P to produce 0.75 kg in average daily gains, 

with the exception of several cultivars in both cuttings at the Brazos Bottom in 2011 

(Tables 14 and 16), including Billings (PI 656483) and Doans (AP02T4342) wheat. 

Significant differences in P content between cultivars were seen at the late cutting at the 

Brazos Bottom in 2012 (P<0.01) (Table 17) and at McGregor the same year (P<0.01) 

(Table 18). In regards to species and class of wheat, oat (0.44%) produced significantly 

higher forage P concentrations than did SRW (0.41%) and HRW (0.40%) at McGregor. 

Trends at the Brazos Bottom in the late cutting in 2012 were similar.  

 Forage K concentrations at all locations were well in excess of the 0.6% of dry 

matter required by growing steer and heifer calves (Gradberry, 2001). At McGregor in 

2012, several varieties came near to or exceeded the maximum tolerable concentrations 

of forage P. Soil test P2O5 was very low at this location, thus we did not expect to find 

this inverse relationship between soil test P levels and tissue P concentrations. McGregor 

was also the only location to show significant differences in P concentration between 

cultivars (Table 18).  

 Mean forage Ca content for each cultivar at each location was also generally in 

excess of that required to achieve average daily gains of 1 kg day-1. No significant 

differences in forage Ca content between cultivars were noted at any location. 

Significant differences were seen between species for the late cutting at the Brazos 

Bottom in 2012 (P<0.01) where oat (0.77%) mean forage Ca content was significantly 
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higher than that of both HRW (0.70%) and SRW (0.65%). This trend was not observed 

at any other location.  

 Mg contents were well above requirements at all locations, with several varieties 

at the Brazos Bottoms reaching slightly above the maximum tolerable concentration of 

0.40% on a dry matter basis. In 2012, significant differences between species were seen 

at all locations, with oat forage containing significantly higher Mg concentrations than 

did either class of wheat (Table 19). 

 
 
Table 19. Mean forage Mg concentrations by species and class at College  
Station and McGregor, TX in 2012. 
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Grain Yield 

Grain yield was heavily influenced by environmental conditions. In 2011, severe 

drought conditions that persisted throughout the season coupled with a late freeze in the 

spring negatively impacted grain yield potential. In 2012, grain yield was much higher, 

as conditions vastly improved with a large amount of early spring precipitation (Tables 1 

and 2). Leaf rust and lodging were problems seen as a result of prolonged wet 

conditions. Leaf rust and lodging were also observed in 2011, but to a lesser extent.  

Significant differences in grain yield were seen between cultivars at each location 

(Tables 20 – 24). Data was not combined due to significant cultivar by environment 

interactions. Few similarities in cultivar performance between locations were seen, with 

the exception of Doans and Sturdy 2K (Marshall and Sutton, 2004). Doans performed 

well at all locations except at McGregor in 2012, where it still yielded higher than the 

average (Table 24). Sturdy 2K yielded very well at all locations under drought 

conditions experienced in 2011. In 2012 it yielded 2,300 to 2,400 kg ha-1 consistently. At 

both non-irrigated locations in 2011, HRW and SRW out yielded oat (P<0.05). At the 

irrigated location, oat had higher yield than SRW, and HRW was not significantly 

different from either oat or SRW. The following season, growing conditions were 

similar at the Brazos Bottom and McGregor, where rainfall was adequate to meet plant 

needs. At the Brazos Bottom, SRW (3,059 kg ha-1) yielded significantly higher (P < 

0.05) than oat (2,380 kg ha-1) and HRW (2,198 kg ha-1), and at McGregor, SRW (3,120 

kg ha-1) and oat (2,865 kg ha-1) significantly (P < 0.05) out performed HRW (2,527 kg 

ha-1). 
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Table 20. Mean grain yield and quality at ASTREC†,  
College Station, TX in 2011. 
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Table 21. Mean grain yield, lodging, and quality means at the Brazos  
Bottom, College Station, TX in 2011.  
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Table 22. Mean grain yield, lodging, and quality at the Brazos Bottom,  
College Station, TX in 2012.  
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Table 23. Mean grain yield and quality at McGregor, TX in 2011.  
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Table 24. Mean grain yield, lodging, and quality at McGregor, TX in 2012.  
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Lodging ratings were taken at the Brazos Bottom both years and at McGregor in 

2012. All locations showed highly significant differences between cultivars for the 

extent of lodging (Tables 21, 22, and 24). The groups of cultivars that exhibited the most 

lodging were different between the two years, due to highly contrasting environmental 

conditions. Results were very similar at the Brazos Bottom (Tables 21 and 22) and 

McGregor in 2012 (Table 24), with varieties like TAM 112 wheat (PI 643143), and Bob 

(Collins and Jones, 1978) and Heavy Grazer 76-30 oat (PI 240082) consistently rated as 

highly lodged. Lodging was highly negatively correlated to grain yield at both the 

Brazos Bottom (r = -0.66, P<0.01) and McGregor (r = -0.61, P<0.01) in 2012.  

 

Grain Quality 

Significant differences between cultivars for test weight were seen at all locations 

(Tables 20 – 24). In 2011, HRW test weight means were significantly higher than those 

of SRW at all locations, and oat had relatively stable mean test weights (386 ± 12.8 kg 

m-3) across locations. The Brazos Bottom location produced the highest test weights, due 

to the use of irrigation at this location when ASTREC and McGregor suffered persistent 

drought conditions that plagued the Southern U.S. that year (Table 21). In 2012, no 

significant differences were seen between HRW and SRW at either location, but oats at 

the two locations were drastically different. Mean oat test weight at McGregor was 514 

kg m-3, which is well over the 463 kg m-3 needed to be classified U.S. Grade No. 1 

(USDA, 2004). Mean test weight at the Brazos Bottom was in the same range as those in 

2011. Unusually high test weight may be as a result of environmental stress during yield 
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determining growth stages (Feeks 3 and 5), limiting tillers and seed number per panicle, 

then particularly favorable conditions from grain fill to maturity.  

Protein differed by environment and cultivar as well (Tables 20 - 24). In general, 

protein content seemed to be greatest in low yielding environments. The highest mean 

grain protein content, 14.1%, was observed at ASTREC in 2011 (Table 20), where the 

lowest grain yield was observed. Conversely, in 2012 at McGregor where yield was very 

high, mean protein content was the lowest observed at 11.9% (Table 24). Within 

environments, the same trend held true, with a few exceptions. While significant 

differences in grain protein content between wheat cultivars were observed at all 

locations, no differences were seen between classes of wheat, meaning variation within 

classes is greater than that between them.  
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CHAPTER IV 

NITROGEN RATE AND TIMING EFFECT ON FORAGE PRODUCTION IN 

WINTER WHEAT 

 

Introduction 

Winter wheat has a special niche in the Southern Great Plains region. Although 

wheat is most commonly grown for grain in other parts of the country, Southern 

producers often utilize the highly nutritive forage produced in the fall, winter, and spring 

as a source of fodder for grazing animals when other forage resources are generally low 

in supply, nutritive value, and digestibility (Lyon, et al., 2001; Beck, et al., 2005). In this 

region, these cool-season annual forages are the primary source of herbage used to 

pasture growing beef cattle (Redmon, et al., 1995b) and provide farmers and ranchers 

with management options to increase the profitability of their enterprises. It is estimated 

that 30-80% of the total wheat acres planted in the southern Great Plains are grazed by 

cattle (Bos ssp.) at some point during the growing season (Carver, et al., 1991; Pinchak, 

et al., 1996). Texas, Oklahoma, and Kansas are the major producers in this area, with an 

annual mean of 8.66 million hectares planted (NASS, 2012a) and 2.6 million head 

pastured on these small grains swards annually (NASS, 2012b). 

Wheat produces a valuable, high-quality forage capable of sustaining the nutrient 

requirements of all grazing animals, regardless of class or species (Horn, 1983). Crude 

protein content of wheat in its vegetative state is often in excess of 25 % (Croy, 1983b). 

When the crop is intended for use as forage only, it can be cut for the purpose of stored 
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forage products such as hay or silage as it nears maturity, or grazed until regrowth ceases 

(graze-out). In these situations, forage production is much greater than in dual-purpose 

settings, since winter wheat dry matter accumulation is greatest during stem elongation 

and floral initiation (Daigger, et al., 1976). In some cases, total forage yield for graze-out 

pasture can be three times that of swards where grazing is terminated at first hollow stem 

(Donnelly and McMurphy, 1983).  

Fertility management plays a major role in the performance of forage and grain 

production systems, as well as the performance of grazing animals. Soil levels of 

available N, P, and K, along with vital micronutrients can limit yield and nutritive value 

of the forage and grain produced(Stewart, et al., 1981; Edmisten, et al., 1998b). Of these, 

N is known to be the most commonly limiting nutrient in soils due to abundant plant use 

and the many mechanisms by which N is lost from the root zone (Donnelly and 

McMurphy, 1983). Due to limiting levels in most soils, it is also the most commonly 

applied. In a study conducted by Carter (1967), pre-plant applications of N fertilizer 

slowed seedling growth or caused embryo death and reduced stand establishment. Carter 

(1967) found that soil moisture was vitally important to seedling establishment when N 

fertilizers were applied. They found that when available soil moisture was at 20%, 

seedling mortality was significantly increased compared to instances when available soil 

moisture neared 70%. At 70% available soil moisture, N fertilizer had little effect on 

seedling establishment. The cost of N fertilizer has also increased drastically in recent 

years, almost tripling in price from 2002 to 2012 (ERS, 2012a) increasing the need for 

added N use efficiency.  
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Currently, the Texas A&M University Soil, Water, and Forage Testing 

Laboratory makes N rate recommendations for grazed winter wheat swards based upon 

the nominal categories of heavy, moderate, and light grazing intensity. To improve this 

managerial tool, N rate recommendations might be made based on a specific yield goal, 

which can then be converted into animal unit days. Many producers use this measure to 

determine stocking density. These facts suggested a need for additional research in the 

area of N fertility management in grazed winter wheat systems which would allow for 

enhanced efficiency of these systems in the Central Texas region by providing producers 

the information they need to make the most profitable management choices. To address 

this issue, research was initiated in several locations in Central Texas to determine the 

effect of N fertility on forage production in winter wheat. 

 

Materials and Methods 

 

Experimental Locations 

This research was initiated at three locations in central Texas. The first was 

located in the Brazos River Flood Plain (Brazos Bottom) near Snook, TX at the Texas 

A&M AgriLife Extension Farm (30° 30’ N lat; 96° 25’ W long; 66 m elevation above 

sea level.) This location is a Belk clay soil (fine, mixed, thermic Entic Hapluderts) 

exhibiting 0 to 1 % slopes. These soils are well drained with very slow permeability and 

high water holding capacity. The soil capability classification is 3S for non-irrigated, but 

was irrigated both years of the study. The second experimental location near College 
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Station, TX at ASTREC (30° 33’ N lat; 96° 24’ W long; 83 m elevation above sea level.) 

The soil type is a Roboco loamy fine sand (loamy, siliceous, active, thermic Aquic 

Arenic Paleustalfs) with a 1 to 3 % slope, moderate drainage, and rapid permeability in 

the upper layer with slow permeability in the subsoil. Large or repeated rainfall events 

can lead to a perched water table 0.5 to 1 m from the soil surface. The soil capability 

classification is 2E for non-irrigated. The third location was near McGregor, TX at the 

Texas A&M Agriculture Research and Extension Center (31° 22´ N lat; 97° 27´ W long; 

240 m elevation above sea level). Soil type is a Slidell clay (fine, montmorillonitic, 

thermic Udic Haplusterts) with a 0- to 2 % slope, very slow permeability, and a high 

water holding capacity. The soil capability subclass was 2E for dryland and none was 

irrigated (NRCS, 2012). 

This experiment was initiated to evaluate the effect of N fertilizer rate on forage 

production of winter wheat. Fannin (PI 639231), a commercially available HRW wheat 

cultivar was used due to its frequent use in Central Texas. Experimental units 1.5 m wide 

and 4.5 m long were laid out in a split-plot randomized block design with each treatment 

replicated four times. Pre-plant N rate, here after referred to as PreN, served as the main 

plot with top-dress N rate, here after referred to as PostN, as the sub plot.  

 

Production Practices 

In mid- to late-August, plot areas were disked or plowed to prepare the seedbed. 

Prior to planting, several soil samples were taken at each location to a depth of 60 cm, 

split into depth ranges (0-15 cm, 15-30 cm, 30-60 cm, and 60-90 cm), and combined 
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based on depth range. Composite soil samples were obtained from each study location 

and submitted to the Texas A&M Soil, Water, and Forage Testing Lab for analysis. 

Routine soil analysis and stratified soil nitrate analysis results can be found in Tables 25 

and 26, respectively. Soils at each location were amended with triple super phosphate (0-

46-0) if needed to meet specified soil test recommendations based on the 0-15 cm 

samples from each location. P fertilizer was applied with a calibrated pendulum-type 

spreader, then incorporated with harrows or with the wheat drill if applied directly 

before planting.  

 
 
Table 25. Soil analysis results for samples in the upper 15cm of soils at College 
 Station and McGregor, TX in 2011 and 2012.  
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Table 26. Stratified soil profile analysis of NO3
- content results from College  

Station and McGregor, TX in 2011 and 2012.  

 

 

PreN treatments were surface applied as UAN (32-0-0) using a calibrated hand 

boom immediately prior to seeding in mid- to late-September. PreN application rates 

were determined by crediting soil test nitrate-N in the upper 15 cm of the soil to the 

PreN rates (0, 45, 67, 90, and 112 kg ha-1) established in the experimental protocol. The 

adjusted PreN rates can be seen in Table 27. PostN treatments (0, 22, 45, 67, and 90 kg 

ha-1) were applied in the same manner following each forage harvest. PostN treatments 

were not adjusted for soil N concentration.  

A seven row Hege 500 small plot drill (Hege Equipment Inc., Colwich, KS) with 

16.5 cm row spacing was used to plant seed and incorporate surface applied UAN. The 

planter was equipped with a cone type seed-metering device calibrated to plant a plot 1.5 

m in width and 6 m in length. After emergence of seedlings in the experimental units, 

1.5 m alleyways between replications were seeded, yielding 1.5 m wide, 4.5 m long plots 
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for evaluation. This was done to ensure uniform stands over the experimental unit and to 

reduce any edge affect that would have resulted from blank alleys. 

 All plots were seeded with Fannin treated with the label rate of Gaucho XT® to 

prevent seedling disease and early-season insect damage. All plots were seeded at the 

rate of 100 kg ha-1, the recommended rate for seeding small grains for forage production 

in central Texas (Redmon, 2011).  

 

Table 27. Adjusted PreN rates at College Station and McGregor, TX in 2011 and 2012.  

 
 
 
 

Plot maintenance occurred on an as-needed basis and employed both mechanical 

and chemical pest control procedures. Herbicides used include 2, 4-D (0.5 L ha-1), 

Finesse® Grass and Broadleaf herbicide (52 g ha-1, chlorosulfuron and flucarbozone 
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sodium), and Huskie®  (1.1 L ha-1, pyrasulfotol, bromoxynil octanoate, and bromoxynil 

heptanoate) were used to control any weed infestations present. To reduce yield losses 

due to insect pressure, applications of Dimethoate (0.25 L ha-1) were made. Insect 

infestations including Greenbug (Schizaphis graminum), bird cherry-oat aphid 

(Rhopalosiphum padi), and army worm (Pseudaletia unipuncta) were observed and 

controlled. 

 

Quantification Methodology  

Forage yield and nutritive value were determined by three to four cuttings 

throughout the season, which occurred when sufficient above ground biomass 

accumulated (>1,345 kg ha-1). Several measurements were taken on each plot prior to 

harvest including average plot height, biomass yield rating, Normalized Difference 

Vegetative Index (NDVI) as determined by near infrared reflectance measurements, 

percent ground cover determined through analysis of a digital photograph taken 1.5 m 

above each plot using Assess 2.0 image analysis software (APS Press, St. Paul, MN) and 

yield determination through clipping three 30.5 cm lengths of row from the interior of 

the plot. These methods and the data obtained will be discussed in chapter five. Plots 

were harvested with a Loftness flail type forage harvester equipped with a R-Tech 

Alfalfa-Omega weigh platform (R-Tech Industries Ltd, MB, Canada). Clipping height 

averaged 1.5 – 2.5 cm. Total plot weights were taken immediately following harvest and 

subsamples were taken and weighed in the field. These samples were then dried at 65° C 

for a minimum of 48 hours to ensure they were devoid of moisture. Once removed from 
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the oven, they were allowed to return to room temperature and weighed again to obtain a 

dry sample weight. The wet and dry sample weights were then used to determine the 

total dry matter biomass for each plot by extrapolating moisture percentage in the sample 

to that of the entire plot.  

After the drying and weighing processes were complete, samples were ground to 

pass through a 1 mm screen, in preparation for nutritive value testing. Nutritive values 

were determined using a Unity Scientific SpectraStar™ 2500 near infrared 

spectrophotometer (Foss, Hillerod, Denmark). To initiate the calibration procedure 

chemical methods were used to determine the chemical composition of a sub set of 65 

diverse samples from the studies discussed in this thesis. Constituents measured include 

crude protein (CP) determined through high temperature combustion, acid detergent 

fiber (ADF), neutral detergent fiber (NDF), and acid detergent lignin (ADL) determined 

gravimetrically after liquid digestion, in vitro dry matter digestibility (IVDMD) 

determined after digestion in harvested rumen fluid, and P, K, Ca, and Mg determined 

through ICP analysis of nitric acid digest (Texas A&M AgriLife Extension Service, 

2012a). These values were then used to parallel NIR derived values, generating a starting 

calibration equation. After this point, any samples that generated statistical outliers were 

chemically tested and added to the calibration equation. Additional information on the 

use of NIR calibration for the prediction of forage nutritive value can be found in 

Roberts, et al. (2003). 
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Statistical Analysis 

Statistical analysis was conducted with SAS version 9.3 (SAS Institute Inc. Cary, 

NC) (SAS Institute Inc., 2011) using the general linear model to perform analysis of 

variance and Duncan’s MRT to determine mean separations. Homoscedasticity was 

tested using Bartlett’s test for homogeneity of error variances and correlation was 

determined through the use of Pearson’s product-moment correlation. 

 

Results and Discussion 

 

Seedling Establishment 

In wheat stands planted for forage utilization, early establishment and high plant 

populations are key to increasing early season dry matter production, as opposed to 

stands intended for grain production. Seedling establishment data is based on counts at 

the Brazos Bottom in 2011 and from ASTREC and the Brazos Bottom in 2012. Stands 

varied between environments, with the highest populations attained at ASTREC (44.3 

plants m-1) and lowest at the Brazos Bottom (2011, 30.3 plants m-1; 2012, 38.3 plants m-

1). Sandy soils less prone to crusting probably set ASTREC apart (Hanks and Thorp, 

1956). Little statistical difference in stand establishment was seen in relation to PreN 

application across all locations. The 0 kg ha-1 PreN treatment yielded significantly higher 

stands than did the 90 kg ha-1 PreN treatment, but a significant environment effect 

suggested different responses to fertilizer application between environments. Individual 

analysis showed that at the Brazos Bottom in 2011, PreN treatments of 67, 90, and 112 
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kg ha-1 significantly reduced seedling establishment as compared to 0 and 45 kg ha-1 

treatments. It should be noted that at the Brazos Bottom in 2011, the 0 and 45 kg ha-1 

treatments both received no N fertilizer, as PreN rates were adjusted for soil N levels 

shown in Table 27. This trend was not observed at this location in the second year, 

suggesting another factor such as soil moisture may have acted with fertilizer N in 

reducing seedling establishment. Increased osmotic potential and ammonia in the 

germination zone of soils with low levels of available soil moisture could explain this 

affect (Carter, 1967).  

 

Forage Yield 

The response of forage yield to PreN and PostN treatments was highly variable 

within and across locations. Highly significant treatment by environment interactions 

were observed, thus data was not combined across environments. Planting and forage 

harvest dates for each study location can be found in Table 28, along with mean forage 

yield for each cutting. 

 

Brazos Bottom 

Several trends in forage yield were observed in relation to nitrogen application. 

Data from the first cutting at the Brazos Bottom in 2011 (Fig. 3) shows a reduction in 

dry matter yield in all treatments where N was applied prior to planting. Reductions in 

forage yield ranged from 170 – 275 kg ha-1. The largest reduction in yield resulted from 

the 112 kg ha-1 PreN treatment that consisted of 56 kg ha-1 applied N, which produced 
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significantly less dry matter in the first cutting as compared to the 0 and 45 kg ha-1 

treatments receiving no fertilizer N. This yield data might be questionable due to a CV 

for this cutting of 56%, but when taken into consideration along with stand 

establishment and precipitation data, the data suggests that the yield loss that resulted in 

treatments receiving pre-plant N can probably be attributed to reduced seedling 

establishment and persistent drought conditions. Without adequate soil moisture, wheat 

plants could not utilize added N to compensate for low populations through increased 

tissue growth and tillering. 

Forage yield from the second harvest show less differentiation in forage yield in 

relation to PreN treatment as compared to the first cutting (Fig. 4). With precipitation 

events totaling 9.5 cm prior to the second harvest, yield for treatments that received pre-

plant N were much higher in relation to the untreated checks, as compared to the first 

cutting. With adequate moisture, PreN treatments did increase dry matter production, 

when stand establishment was taken into account. Figure 4 also illustrates the variability 

experienced in this study. There was a difference of approximately 130 kg ha-1 between 

the 0 and 45 kg ha-1 PreN treatments, which both received no pre-plant N. This 

variability may explain why the 45 kg ha-1 PreN treatment produced significantly more 

dry matter than the 67 kg ha-1 PreN treatment.  

Similar conclusions can be drawn from data for the third and fourth cuttings (Fig. 

5 and 6, respectively). In the third forage harvest, the 67 kg ha-1 treatment yielded 

significantly more dry matter than did the 45 kg ha-1 treatment, which is a reversal from 

the previous cutting. Treatments receiving pre-plant N also increased forage yield in 
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relation to checks. In the fourth cutting, the relationship between dry matter production 

and pre-plant N corresponds with the expected results, where dry matter yield increased 

with increasing PreN rate, then decrease with the highest PreN rate (Fig. 6). However, 

no statistically significant difference in forage yield was observed between any 

treatments in the fourth cutting. 

 

 

Table 28. Planting and harvest dates with mean forage yield at College Station and McGregor, TX 
in 2011 and 2012. 
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Fig. 3. Mean dry matter yield at the first cutting (12/16/10) based on pre-plant N at the Brazos 
Bottom, College Station, TX 2011. Treatments with the same letters are not statistically different 
according to Duncan’s MRT. 
 
 
 
 

 
 
Fig. 4. Mean dry matter yield at the second cutting (2/8/11) based on pre-plant N at the Brazos 
Bottom, College Station, TX in 2011. Treatments with the same letters are not statistically different 
according to Duncan’s MRT. 
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Fig. 5. Mean dry matter yield at the third cutting (3/1/11) based on pre-plant N at the Brazos 
Bottom, College Station, TX in 2011. Treatments with the same letters are not statistically different 
according to Duncan’s MRT. 
 
 
 

 

Fig. 6. Mean dry matter yield at the fourth cutting (3/24/11) based on pre-plant N at the Brazos 
Bottom, College Station, TX in 2011. Treatments with the same letters are not statistically different 
according to Duncan’s MRT. 
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In terms of total forage production after four cuttings, results are very similar to 

that of the first forage harvest (Fig. 3 and 7). The two PreN treatments that served as 

untreated checks produced more dry matter over the four forage harvests than did any 

that received pre-plant N (Fig. 7). Statistically, the 45 kg ha-1 PreN treatment produced 

significantly more forage during the season than did the 112 kg ha-1 treatment. All other 

treatment comparisons showed no statistical significance. This suggests that, although 

PreN treatments were able to compensate for reduced stands over time, early season 

forage production is an important part of total annual forage production in extremely dry 

environments such as that experienced at the Brazos Bottom in the 2011 season.  

At the Brazos Bottom in 2011, PostN treatments had little effect on forage 

production in any single cutting. Statistically speaking, there were no significant 

differences in dry matter production between PostN treatments in the second, third, or 

fourth cuttings. Forage yield did tend to increase as top-dress N increased in all but the 

fourth cutting, but these trends were significantly different. Mean forage yield ranges for 

each cutting were generally only 50 – 100 kg ha-1, with the exception of the second 

cutting where the range was 180 kg ha-1. Precipitation events prior to this cutting are 

probably responsible for greater differentiation by enabling higher growth rates and 

increased N uptake. When analyzed by total forage yield for all four cuttings, the 67 kg 

ha-1 PostN treatment produced significantly more biomass than the 45 kg ha-1 PostN 

treatment (Fig. 8). PostN treatment means somewhat follow the expected forage yield 

response to added N fertilizer, but with a slight loss of yield with increasing fertilizer  
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Fig. 7. Mean total forage yield based on pre-plant N at the Brazos Bottom, College Station, TX in 
2011. Treatments with the same letters are not statistically different according to Duncan’s MRT. 

 

 

 

 

Fig. 8. Mean total forage yield based on top-dress N at the Brazos Bottom, College Station, TX in 
2011. Treatments with the same letters are not statistically different according to Duncan’s MRT. 
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rate up to 45 kg ha-1, then a drastic increase with the 67 kg ha-1 PostN rate and a slight 

decrease with the 90 kg ha-1 PostN treatment (Fig. 8).  

Precipitation and total dry matter yield in the second year at the Brazos Bottom 

were more than double that of the previous season. During the 2012 season, forage yield 

was highly variable in relation to PreN treatments. PreN rates were adjusted to 

accommodate 67 kg ha-1 residual soil N, therefore reducing the ability of this test to 

detect differences in forage production due to pre-plant N application. No significant 

differences in forage production were observed in relation to PreN treatment in any 

single cutting. There was a significant difference in season total forage production 

between the 0 and 45 kg ha-1 PreN treatments, but these treatments both received no pre-

plant N. These findings show the high level of variability seen in this experiment (Fig. 

9).  

Despite the variability and lack of yield response to PreN treatments, PostN 

treatments produced results that were similar to the expected results (Fig.10). In the 

second cutting, there were no significant differences in forage yield, but yield did 

increase with increasing PostN rate. The 45 kg ha-1 rate produced the largest increase in 

dry matter production (Fig. 10). Dry matter yield for the third cutting (Fig. 11) showed a 

similar response to PostN treatments. Statistically, the 90 kg ha-1 treatment out yielded 

the untreated check and the 22 kg ha-1 treatment, and the 45 and 67 kg ha-1 treatments 

out yielded the untreated check.  

Overall, the 45 kg ha-1 PostN treatment produced the greatest increase in total 

forage yield at the Brazos Bottom in 2012. The trend line of the season total forage yield 



 

 75 

means (Fig. 12) show the greatest increase in forage yield over the untreated check with 

the 45 kg ha-1 PostN treatment. Statistically, the 45 kg ha-1 treatment out yielded the 

untreated check and the 22 kg ha-1 treatments, and the 67 and 90 kg ha-1 out yielded the 

untreated check. 

 

 

 

 

Fig. 9. Mean total forage yield based on pre-plant N at the Brazos Bottom, College Station, TX in 
2012. Treatments with the same letters are not statistically different according to Duncan’s MRT. 
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Fig. 10. Mean dry matter yield at the second cutting (1/19/12) based on top-dress N at the Brazos 
Bottom, College Station, TX in 2012. Treatments with the same letters are not statistically different 
according to Duncan’s MRT. 
 
 
 

 

Fig. 11. Mean dry matter yield at the third cutting (2/29/12) based on top-dress N at the Brazos 
Bottom, College Station, TX in 2012. Treatments with the same letters are not statistically different 
according to Duncan’s MRT. 

 
 

 

1500
1700
1900
2100
2300
2500
2700
2900
3100
3300
3500

0 22 45 67 90

D
ry

 M
at

te
r 

Yi
el

d 
(k

g 
ha

-1
) 

N (kg ha-1) 

a a 
a a a 

1500
1700
1900
2100
2300
2500
2700
2900
3100
3300
3500

0 22 45 67 90

D
ry

 M
at

te
r 

Yi
el

d 
(k

g 
ha

-1
) 

N (kg ha-1) 

c 
bc 

ab ab a 



 

 77 

 

Fig. 12. Mean total forage yield based on top-dress N at the Brazos Bottom, College Station, TX in 
2012. Treatments with the same letters are not statistically different according to Duncan’s MRT. 
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ASTREC 

Overall, results at ASTREC closely followed the expected trends for this study. 

This may be due to the low level of residual N present in the upper 15 cm of the soil 

profile, allowing fertilizer N to produce more distinct results. Fig. 13 and 14 below 

depict the relationship of added N affect on season total forage yield. Pre-plant fertilizer 

increased season total yield incrementally to a threshold of around 7125 kg ha-1 dry 

matter when 90 kg ha-1 N was added, where after additional N caused a decline in dry 

matter yield (Fig. 13). A similar trend can be seen with PostN (Fig. 14) where forage 

yield increases with increasing N to a level of 45 kg ha-1, at which point additional N did 

not increase forage yield. Statistically, the PreN rate of 90 kg ha-1 out yielded the 

untreated check. The PostN rates of 45, 67, and 90 kg ha-1 out yielded the untreated 

check and the 22 kg ha-1 treatment. When analyzed by cutting, the PreN rate of 90 kg ha-

1 produced more dry matter per acre than did any other treatment, including the untreated 

check in the first cutting. In the second cutting, PreN rate did not have a significant 

affect on forage yield. PostN treatments did, however, show an effect on dry matter 

yield, with the PostN treatment of 67 kg ha-1 out performing the 22 kg ha-1 and the 

untreated check. The 45 and 90 kg ha-1 also out yielded the untreated check.  
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Fig. 13. Mean total forage yield based on pre-plant N at the Animal Science, Teaching, Research, 
and Extension Center (ASTREC), College Station, TX in 2012. Treatments with the same letters are 
not statistically different according to Duncan’s MRT. 
 
 
 

 
 
Fig. 14. Mean total forage yield based on top-dress N at the Animal Science, Teaching, Research, 
and Extension Center (ASTREC), College Station, TX in 2012. Treatments with the same letters are 
not statistically different according to Duncan’s MRT. 
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McGregor 

At McGregor in 2012, the relationship between forage yield and applied N was 

somewhat sporadic. This result was unexpected, as residual soil N levels were low, with 

soil test N only showing 14 ppm nitrate-N in the upper 15 cm of soil. Above average 

rainfall may have influenced applied N placement through runoff and leaching events, as 

all treatments were applied to the soil surface. Organic matter mineralization of N might 

have also played a role in these unexpected results, increasing the amount of N available 

in the soil. 

In the first cutting at McGregor in 2012, the 67 kg ha-1 PreN treatment yielded 

significantly more dry matter than the 45, 90, and 112 kg ha-1 treatments. High 

variability was observed, with a CV of 35. The same statistical results were seen in total 

forage production (Fig. 15). This type of relationship between early season forage yield 

and year total forage yield was also observed at the Brazos Bottom in 2011, backing up 

the idea that early season forage production is a very important part of season long 

productivity of wheat stands.  

The second forage harvest produced results much different from any other 

observed. Forage yield showed a negative relationship with both PreN and PostN 

treatments. Statistically speaking, the significant differences observed were with PostN 

treatments, where the untreated check out yielded the 90 kg ha-1 PostN treatment. With 

above average rainfall experienced throughout the season, rapid growth and N uptake 

would be expected. Tissue damage from top-dress application of urea ammonium nitrate 

immediately following clipping could be the cause of this particular trend, if stunting 
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resulted and slowed the initial recovery from clipping. No data was collected on post 

application tissue damage, thus more data is needed to make any conclusions relating to 

this hypothesis.  

Results from the third cutting at this location showed no significant difference 

between any treatments and no noticeable trends (Table 28). This cutting occurred very 

late in the season, by which point maximum potential forage production for wheat in that 

environment may have been met. More differentiation between treatments may have 

been seen if this final harvest were completed prior to heading.  

Season total forage yield data from McGregor in 2012 showed that the 67 kg ha-1 

treatment out yielded all PreN treatments but the untreated check. Season total forage 

yield with respect to PostN treatments showed less differentiation, but followed the 

expected trend with the exception of relatively low yield for the 45 kg ha-1 PostN 

treatment (Fig. 16). 
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Fig. 15. Mean total forage yield based on pre-plant N at McGregot, TX in 2012. Treatments with the 
same letters are not statistically different according to Duncan’s MRT. 
 
 
 

 

Fig. 16. Mean total forage yield based on post-plant N at McGregor, TX in 2012. Treatments with 
the same letters are not statistically different according to Duncan’s MRT. 
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Forage Nutritive Value 

Forage nutritive value data was taken from all cuttings at all locations in this 

study. In this section, nutritive value data points from each sampling were averaged by 

location to yield a value that represents the average nutritive value over the season. In 

this manner we combined several data points into one providing a means to better 

describe the nutritional status of the forage over the entire growing season. Analysis of 

variation for nutritive value data showed that there were interactions between 

environments and treatments for each descriptor of nutritive value, thus data is discussed 

by environment. 

 

Crude Protein 

As expected, CP content of forages was positively related to amount of fertilizer 

N applied in both PreN and PostN treatments, with the exception of pre-plant treatments 

at the Brazos Bottom in 2012 where no significant differences due to PreN treatment 

were seen. This environment exhibited the highest level of residual soil N of any 

location used, thus adjustments to PreN treatments reduced differences in pre-plant N 

between treatments. Forage CP means did increase with increasing PostN rate, but only 

the 90 kg ha-1 rate was significantly different from the untreated check (Fig. 17). At 

ASTREC, both PreN and PostN treatments produced significant increases in CP content 

(Fig. 18 and 19, respectively). Less differentiation between PostN treatments in this 

environment as compared to others and much lower CP contents can be attributed to 
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fewer top-dress N applications and sandy soils very prone to leaching due to soil water 

movement and low cation exchange capacity. 

 
 
 
 
 
 
 
 

 

Fig. 17. Mean season average crude protein content based on post-plant N at the Brazos Bottom, 
College Station, TX in 2012. Treatments with the same letters are not statistically different 
according to Duncan’s MRT. 
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Fig. 18. Mean season average crude protein content based on pre-plant N at the Animal Science, 
Teaching, Research, and Extension Center (ASTREC), College Station, TX in 2012. Treatments 
with the same letters are not statistically different according to Duncan’s MRT. 
 
 
 

 

Fig. 19. Mean season average crude protein content based on top-dress N at the Animal Science, 
Teaching, Research, and Extension Center (ASTREC), College Station, TX in 2012. Treatments 
with the same letters are not statistically different according to Duncan’s MRT. 
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Results from the Brazos Bottom in 2011 follow expected results with CP 

increasing as applied N increased. Figure 20 depicts the linear increase in CP content as 

PreN rate was increased and Fig. 21 shows the increase in CP at a decreasing rate as 

PostN rate increased. This agrees with the findings of Mitchell, et al. (2000). 

The greatest increase in forage CP content due to N treatment was seen at 

McGregor. At all other locations, the range in treatment mean CP content was generally 

around 2 percentage points. In this environment, the range in CP means for PostN 

treatments was slightly greater than 4 percentage points. CP content means did follow 

the expected trend, where CP increased as applied N increased for both PreN and PostN 

treatments, and are graphically represented in (Fig. 22 and 23, respectively). 

 
 
 

 

Fig. 20. Mean season average crude protein content based on pre-plant N at the Brazos Bottom, 
College Station, TX in 2011. Treatments with the same letters are not statistically different 
according to Duncan’s MRT. 
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Fig. 21. Mean season average crude protein content based on top-dress N at the Brazos Bottom, 
College Station, TX in 2011. Treatments with the same letters are not statistically different 
according to Duncan’s MRT. 

 
 
 

 

Fig. 22. Mean season average crude protein content based on pre-plant N at McGregor, TX in 2012. 
Treatments with the same letters are not statistically different according to Duncan’s MRT. 
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Fig. 23. Mean season average crude protein content based on top-dress N at Mc Gregor, TX in 2012. 
Treatments with the same letters are not statistically different according to Duncan’s MRT. 
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from ASTREC also showed this result with the 90 kg ha-1 PreN treatment producing 

significantly higher forage TDN values than the untreated check and the 45 kg ha-1 

treatment and the 90 kg ha-1 PostN treatment producing significantly higher TDN values 

than 45 kg ha-1 treatment. 

 
 
 

 

Fig. 24. Mean season average total digestible nutrient content based on pre-plant N at the Brazos 
Bottom, College Station, TX in 2011. Treatments with the same letters are not statistically different 
according to Duncan’s MRT.  
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Fig. 25. Mean season average total digestible nutrient content based on top-dress N at the Brazos 
Bottom, College Station, TX in 2011. Treatments with the same letters are not statistically different 
according to Duncan’s MRT.  
 
 

 

Fig. 26. Mean season average total digestible nutrient content content based on pre-plant N at 
McGregor, TX in 2012. Treatments with the same letters are not statistically different according to 
Duncan’s MRT.  
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Fig. 27. Mean season average total digestible nutrient content based on top-dress N at McGregor, 
TX in 2012. Treatments with the same letters are not statistically different according to Duncan’s 
MRT.  
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Fig. 28. Mean season average total digestible nutrient content based on top-dress N at the Brazos 
Bottom, College Station, TX in 2012. Treatments with the same letters are not statistically different 
according to Duncan’s MRT.  
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PostN treatments had a much greater effect on forage P concentrations, with 

means from each environment showing heightened P levels with the addition of top-

dress N fertilizer. At ASTREC and the Brazos Bottom in 2011, PostN rates of 45 kg ha-1 

and greater significantly increased forage P concentrations versus the untreated check 

and the 22 kg ha-1 treatment. In 2012, more statistical separation between PostN 

treatment means for P concentration was observed at the Brazos Bottom and McGregor 

according to Duncan’s MRT (Fig. 30 and 31, respectively).  

 

 

 
 
Fig. 29. Mean season average tissue P content based on pre-plant N at the Brazos Bottom, College 
Station, TX in 2011. Treatments with the same letters are not statistically different according to 
Duncan’s MRT.  
 
 
 

0.3

0.305

0.31

0.315

0.32

0.325

0.33

0.335

0 45 67 90 112

P 
 (%

) 

N (kg ha-1) 

c 
c 

b 

ab 

a 



 

 94 

 

Fig. 30. Mean season average tissue P content based on top-dress N at the Brazos Bottom, College 
Station, TX in 2012. Treatments with the same letters are not statistically different according to 
Duncan’s MRT. 
 
 
 

 

Fig. 31. Mean season average tissue P content based on top-dress N at the McGregor, TX in 2012. 
Treatments with the same letters are not statistically different according to Duncan’s MRT.  
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Potassium 

PreN treatments also had little effect on forage K content. Forage K content 

means tended to increase with increasing PreN rate, but significant increases were only 

seen at the Brazos Bottom in 2011. At the Brazos Bottom in 2011, all PreN treatments 

significantly increased forage K content over the untreated check (Fig. 32). PostN 

treatments had a much greater effect on forage K contents. In both years at the Brazos 

Bottom, forage K means for PostN treatments 45 kg ha-1 and greater were significantly 

higher than the untreated check and the 22 kg ha-1 PostN treatment. Similarly, forage K 

means for all PostN treatments were significantly higher than the untreated check at 

McGregor. Results from ASTREC were atypical in that K concentrations did not 

increase with increasing N rate. Forage K means from the 90 kg ha-1 PostN treatment 

were significantly higher than the 22 and 67 kg ha-1 treatments, but statistically the same 

as the untreated check and the 45 kg ha-1 treatments. Forage K means were well in 

excess of the requirements for growing steer and heifer calves, and neared or exceeded 

the maximum tolerable levels for that class of animal at the Brazos Bottom and 

McGregor according to the National Research Council (1996). 
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Fig. 32. Mean season average tissue K content based on pre-plant N at the Brazos Bottom, College 
Station, TX in 2011. Treatments with the same letters are not statistically different according to 
Duncan’s MRT.  
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respectively) were significantly higher than the untreated checks. The 90 kg ha-1 PostN 

treatment also exhibited significantly higher forage Ca content than the 22 kg ha-1 

treatment. Average forage Mg content was significantly higher in the 90 and 112 kg ha-1 

PreN treatments than in the untreated check. The 112 kg ha-1 PreN treatment also 

produced significantly higher Mg contents than the 45 and 67 kg ha-1 PreN treatments 

(Fig. 36). All forages from PostN treatments at McGregor had significantly higher Mg 

contents than the untreated check. The 90 kg ha-1 PostN treatment also had significantly 

higher forage Mg content than the other PostN treatments shown in Fig. 37. 

Forage Ca means responded in a similar way at ASTREC. The Ca means for 

PreN and PostN treatments with means separations are presented in Fig. 38 and 39, 

respectively. Forage Mg content was significantly higher in the 112 kg ha-1 PreN 

treatment than in the untreated check. Forage Mg content means associated with PreN 

treatments are presented in Fig. 40. There were no statistically significant differences in 

forage Mg content in PostN treatments.  
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Fig. 33. Mean season average tissue Ca content based on top-dress N at the Brazos Bottom, College 
Station, TX in 2012. Treatments with the same letters are not statistically different according to 
Duncan’s MRT.  
 
 

 

 
Fig. 34. Mean season average tissue Ca content based on pre-plant N at McGregor, TX in 2012. 
Treatments with the same letters are not statistically different according to Duncan’s MRT.  
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Fig. 35. Mean season average tissue Ca content based on top-dress N at McGregor, TX in 2012. 
Treatments with the same letters are not statistically different according to Duncan’s MRT.  
 

 

 

Fig. 36. Mean season average tissue Mg content based on pre-plant N at McGregor, TX in 2012. 
Treatments with the same letters are not statistically different according to Duncan’s MRT.  
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Fig. 37. Mean season average tissue Mg content based on top-dress N at McGregor, TX in 2012. 
Treatments with the same letters are not statistically different according to Duncan’s MRT.  
 
 
 

 

Fig. 38. Mean season average tissue Ca content based on pre-plant N at the Animal Science, 
Teaching, Research, and Extension Center (ASTREC), College Station, TX in 2012. Treatments 
with the same letters are not statistically different according to Duncan’s MRT. 
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Fig. 39. Mean season average tissue Ca content based on top-dress N at the Animal Science, 
Teaching, Research, and Extension Center (ASTREC), College Station, TX in 2012. Treatments 
with the same letters are not statistically different according to Duncan’s MRT. 
 
 
 

 

Fig. 40. Mean season average tissue Mg content based on pre-plant N at the Animal Science, 
Teaching, Research, and Extension Center (ASTREC), College Station, TX in 2012. Treatments 
with the same letters are not statistically different according to Duncan’s MRT. 
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CHAPTER V  

EVALUATION OF FORAGE QUANTIFICATION METHODOLOGIES 

 

Introduction 

Sampling methodology is a crucial factor in all scientific research. Significant 

uncertainty exists regarding the best method of quantifying biomass yield for forage 

research. While livestock grazing tests would be best for evaluating forage production 

based on animal performance, this method is labor intensive and requires an exorbitant 

amount of resources to conduct (Atkins, et al., 1969). Animal grazing also introduces a 

greater level of complexity to these studies in the form of performance dynamics 

associated with breed composition and production class in relation to the system studied. 

Several methods have been utilized in previous research including the use of hand tools 

to clip a sub sample from plots (Hubbard and Harper, 1949; Holt, 1962; Hansen and 

Schjoerring, 2003; MacKown and Carver, 2005) and the mechanized harvest of the 

entire plot (Worrall and Gilmore, 1985; Helsel and Thomas, 1987; Hossain, et al., 2003). 

These destructive methods are considered to be the best alternative methods for forage 

quantification, but problems related to plot size and high variability create issues (Wilm, 

et al., 1944). Wallace and Chapman (1956) conducted a study to determine optimum plot 

size to evaluate above ground biomass production in oat lines. They found that the 

greatest gain in precision through the reduction of the coefficient of variation was 

achieved with plot areas from 0.3716 m2 to 0.7432 m2. Atkins, et al. (1969) later 
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confirmed these findings and noted that border protection is essential to the accuracy of 

forage trials.  

In some cases, such as breeding programs, destructive sampling for the purpose 

of forage yield determination is not a feasible option, due to the nature of the research 

objectives or a lack of sufficient resources (Worrall and Gilmore, 1985; Ud-Din, et al., 

1993; Paruelo, et al., 2000). To accommodate these instances, several non-destructive 

yield estimation methods have also been investigated including estimations based on 

plant height (Harmoney, et al., 1997; Freeman, et al., 2007), visual ratings (Atkins, et al., 

1969; Ud-Din, et al., 1993), percent ground cover (Paruelo, et al., 2000), and Normalized 

Difference Vegetation Index (NDVI) readings (Serrano, et al., 2000; Hansen and 

Schjoerring, 2003; Moges, et al., 2005; Freeman, et al., 2007). Little consensus exists as 

to the best method of sampling for quantification purposes, as spatial variability is a 

major limiting factor in forage yield determination, and findings on the correlation of 

these methods with physical measurements of standing forage are inconsistent. It does 

appear that there is a consensus among authors that grain yield is not a good indicator of 

forage yield (Atkins, et al., 1969; Worrall and Gilmore, 1985; Ud-Din, et al., 1993). 

In a range study where several biomass quantification techniques were 

investigated, Harmoney, et al. (1997) found that canopy height correlated well with 

destructive methods over all observations (r2 = 0.55, n = 212). When partitioned by 

species, r2 increased to 0.58 in warm season grass swards and 0.81 in cool-season 

grasses.  
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Visual estimation of above ground biomass has also been proven to be a useful 

evaluation tool. Atkins, et al. (1969) showed highly significant correlation coefficients 

when estimates from two individuals were combined for each of two cuttings, (r = 0.55 

and 0.66, P < 0.01, respectively). However, the authors concluded that the estimators 

were ranking the cultivars too low as compared to the check cultivar, and within too low 

a range, but did not disclose the rating value range.  

Paruelo, et al. (2000) investigated a photographic technique of biomass 

quantification in a range setting, where a photograph was taken of plots prior to harvest, 

then plant matter was separated into plant types. After analysis of the photographs, they 

found that green grass biomass showed a correlation of 0.87 (n =36, P < 0.001) to 

percentage green pixels. Less of a relationship was seen when percentage green pixels 

was correlated to total green biomass (r = 0.59).  

 Serrano, et al. (2000) found no correlation between NDVI and biomass. 

However, Hansen and Schjoerring (2003) demonstrated that the use of NDVI calculated 

from red and near infrared reflectance is potentially useful. Moges, et al. (2005) also 

studied NDVI and its potential uses and found that red NDVI was highly correlated with 

biomass production in wheat at three harvest dates, Feekes 4, 6, and 10 (Miller, 1999), 

but that this correlation tended to decrease with increasing maturity. Freeman, et al. 

(2007) found that height, NDVI, and an index of the two predicted plant biomass and 

plant area biomass in corn. Several factors including growth stage, leaf area index, and 

mesophyll air space and have been implicated in the variability observed in the 

relationship between NDVI and biomass (Gausman, et al., 1971; Filella, et al., 1995; 
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Serrano, et al., 2000). Leaf area and canopy architecture, partially related to growth 

stage, were determined to have the greatest effect on canopy NIR reflectance (Serrano, et 

al., 2000). Several authors have indicated that NDVI was highly correlated with wheat N 

uptake at all growth stages (Filella, et al., 1995; Serrano, et al., 2000; Moges, et al., 

2005). 

 The research objectives of this experiment were to evaluate minimally invasive, 

non-destructive, and destructive forage quantification methods to determine if any 

relationships exist between them. Significant relationships between destructive sampling 

and minimally invasive or non-destructive methods could prove the later to be a 

sufficient alternative to destructive forage quantification. 

 

Materials and Methods 

 

Experimental Locations 

This research was initiated at three locations in central Texas. The first was 

located in the Brazos River Flood Plain (Brazos Bottom) near Snook, TX at the Texas 

A&M AgriLife Extension Farm (30° 30’ N lat; 96° 25’ W long; 66 m elevation above 

sea level.) This location is a Belk clay soil (fine, mixed, thermic Entic Hapluderts) 

exhibiting 0 to 1 % slopes. These soils are well drained with very slow permeability and 

high water holding capacity. The soil capability classification is 3S for non-irrigated, but 

was irrigated both years of the study. The second experimental location near College 

Station, TX at ASTREC (30° 33’ N lat; 96° 24’ W long; 83 m elevation above sea level.) 
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The soil type is a Roboco loamy fine sand (loamy, siliceous, active, thermic Aquic 

Arenic Paleustalfs) with a 1 to 3 % slope, moderate drainage, and rapid permeability in 

the upper layer with slow permeability in the subsoil. Large or repeated rainfall events 

can lead to a perched water table 0.5 to 1 m from the soil surface. The soil capability 

classification is 2E for non-irrigated. The third location was near McGregor, TX at the 

Texas A&M Agriculture Research and Extension Center (31° 22´ N lat; 97° 27´ W long; 

240 m elevation above sea level). Soil type is a Slidell clay (fine, montmorillonitic, 

thermic Udic Haplusterts) with a 0- to 2 % slope, very slow permeability, and a high 

water holding capacity. The soil capability subclass was 2E for dryland and none was 

irrigated (NRCS, 2012). 

This trial was conducted in conjunction with the N fertility trial discussed in the 

previous chapter. Data discussed in this chapter was taken from the same plots where the 

effect of N fertilizer rate on forage production in hard red winter wheat Fannin were 

evaluated. The trial was laid out in a split-plot randomized block design with each 

treatment replicated four times. PreN rate served as the main plot with PostN rate as the 

sub plot. Plots 1.5 m wide and 4.5 m long were used in this experiment.  

 

Production Practices 

In mid- to late-August, plot areas were disked or plowed to prepare the seedbed. 

Prior to planting, several soil samples were taken at each location to a depth of 60 cm, 

split into depth ranges (0-15 cm, 15-30 cm, 30-60 cm, and 60-90 cm), and composited 

based on depth range. Composite soil samples were obtained from each study location 
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and submitted to the Texas A&M Soil, Water, and Forage Testing Lab for analysis. 

Routine soil analysis and stratified soil nitrate analysis (Texas A&M AgriLife Extension 

Service, 2012a) results can be found in Tables 25 and 26, respectively. Soils at each 

location were amended with triple super phosphate (0-46-0) to meet specified soil test 

recommendations based on the 0-15 cm samples from each location. P fertilizer was 

applied with a calibrated pendulum-type spreader and incorporated with harrows or with 

the wheat drill if applied directly before planting.  

PreN treatments were surface applied as UAN (32-0-0) using a calibrated hand 

boom immediately prior to seeding in mid- to late-September. PreN application rates 

were determined by crediting soil test nitrate-N in the upper 15 cm of the soil to the 

PreN rates (0, 45, 67, 90, and 112 kg ha-1) established in the trial protocol. The adjusted 

or as-applied PreN rates can be seen in Table 27. PostN treatments (0, 22, 45, 67, and 90 

kg ha-1) were applied in the same manner following each forage harvest. PostN 

treatments were not adjusted for soil N concentration.  

A seven row Hege 500 small plot drill (Hege Equipment Inc., Colwich, KS) with 

16.5 cm row spacing was used to plant seed and incorporate surface applied UAN. The 

planter was equipped with a cone type seed-metering device calibrated to plant a plot 1.5 

m in width and 6 m in length. After emergence of seedlings in the experimental units, 

1.5 m alleyways between replications were seeded, yielding 1.5 m wide, 4.5 m long plots 

for evaluation. This was done to ensure uniform stands over the experimental unit and to 

reduce any edge affect that would have resulted from blank alleys. 
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 All plots were seeded with Fannin treated with the label rate of Gaucho XT® to 

prevent seedling disease and early-season insect damage. All plots were seeded at the 

rate of 100 kg ha-1, the recommended rate for seeding small grains for forage production 

in central Texas.  

Plot maintenance occurred on an as-needed basis and employed both mechanical 

and chemical pest control procedures. Herbicides used include 2, 4-D (0.5 L ha-1), 

Finesse® Grass and Broadleaf herbicide (52 g ha-1, chlorosulfuron and flucarbozone 

sodium), and Huskie®  (1.1 L ha-1, pyrasulfotol, bromoxynil octanoate, and bromoxynil 

heptanoate) were used to control any weed infestations present. To reduce yield losses 

due to insect pressure, applications of Dimethoate (0.25 L ha-1) were made. Insect 

infestations including Greenbug (Schizaphis graminum), bird cherry-oat aphid 

(Rhopalosiphum padi), and army worm (Pseudaletia unipuncta) were observed and 

controlled. 

 

Quantification Methodology 

Forage yield and nutritive value were determined by three to four cuttings 

throughout the season, which occurred when sufficient above ground biomass 

accumulated (>1,345 kg ha-1). Several non-destructive measurements were taken on each 

plot prior to harvest to evaluate each in its ability to predict dry biomass yield. An 

average plot height was obtained by measuring canopy height in two areas within the 

plot where forage height was representative of the whole plot. A numerical biomass 

rating, ranging from 1 to 10 with 1 denoting little biomass and 10 denoting the most 



 

 109 

biomass relative to all plots, was also assigned to each plot. Only odd number ratings 

were assigned to create a higher level of separation as well as to ease the evaluation 

process. A digital photograph was also taken 1.5 m directly above each plot to be used 

for determination of ground cover (GC). Pictures were taken from the North side of each 

plot close to noon to avoid shadowing. Images were loaded into Assess 2.0 image 

analysis software (APS Press, St. Paul, MN) and a macro utilizing the program’s GC% 

feature was used to determine percent GC. A GreenSeeker® (N Tech Industries, Ukiah, 

CA) was also used to measure red and near infrared reflectance and convert that 

information into Normalized Difference Vegetative Index values (NDVI = (NIR – Red / 

NIR + Red)). The sensor was passed approximately 0.5 m above the canopy at walking 

speed, collecting 25 to 30 individual reflectance readings. These readings were averaged 

to give a mean NDVI value representing the entire plot.  

Destructive sampling followed, with yield determination through hand clipping 

three 30.5 cm lengths of row from the interior of the plot to a height of 1.5 cm. A fresh 

weight was recorded for each sample, and then the three were combined. The remaining 

forage was then harvested to a stubble height of 1.5 – 2.5 cm with a Loftness flail type 

forage harvester equipped with a R-Tech Alfalfa-Omega weigh platform to collect 

forage weights (R-Tech Industries Ltd, MB, Canada). Hand clipping sample weights 

were then added to the plot weight measured by the full plot harvester to determine total 

forage wet weight.  

Hand clipping samples were dried at 65° C for a minimum of 48 hours to ensure 

they were devoid of moisture. Once removed from the oven, samples were allowed to 
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return to room temperature and weighed again to obtain a dry sample weight. The wet 

and dry sample weights were then used to determine percent weight loss, which was 

used to calculate the total dry matter biomass for each plot from both destructive 

methods.  

 

Statistical Analysis 

Statistical analysis was conducted with SAS version 9.3  (SAS Institute Inc. 

Cary, NC) (SAS Institute Inc., 2011) using the general linear model to perform analysis 

of variance and generate least squared means for each variable. Least square means from 

destructive and non-destructive quantification methods were correlated using Pearson’s 

product-moment correlation to determine if relationships existed.  

 

Results and Discussion 

Over all, correlations showed potential for several alternative quantification 

methods. When samples from all locations and cuttings were pooled, canopy height (r = 

0.45, P < 0.01) and hand clipping data (r = 0.75, P < 0.01) had the highest correlation 

with yield determined by harvesting the entire plot. Visual ratings and NDVI also had 

highly significant correlation (r = 0.32, P < 0.01 and r = 0.15, P < 0.01) with full plot 

harvest, but showed a weaker relationship with dry matter yield than canopy height and 

hand clippings. No relationship was seen between GC and full plot harvest. However, 

these correlation coefficients represent numerous observations made at several locations 

over a two-year period, making their application limited to long term observations. Due 
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to the high level of variability observed within treatments, between cuttings due to 

growth stage, and between years, more precise measurements are often required.  

The application of these minimally invasive and non-destructive measures over 

the period of a season or at a single point in time may be more useful to producers and 

forage research scientists alike, giving more precise measurements.  

Across all locations, hand clippings showed the most consistent correlation with 

full plot harvest, showing highly significant, strong to moderate positive correlations at 

most cuttings. In 2011, high variability caused low correlation in the final cutting at 

three of the four locations. In 2012, a similar trend was observed, but variability 

associated with the first cutting caused insignificant correlations. Results also indicate 

that hand clippings may be a very useful option for season long forage yield 

determination. At all locations in 2011 and at ASTREC and the Brazos Bottom in 2012, 

correlation of hand clipping data from all cuttings by location showed highly significant 

strong to moderate positive correlation with full plot harvest. This suggests that hand 

clipping can be successfully used to predict dry matter yield regardless of growth stage 

(Tables 29 and 30). 

Height data also correlated well with full plot forage yield on a per-harvest basis, 

most commonly showing a strong to moderate positive relationship. However, in some 

cases the first or last cutting at a location showed insignificant or weak to moderately 

negative relationships between canopy height and actual forage yield. As for use as a 

full-season forage prediction tool, height correlations were strong to moderate and 

showed positive correlation at 4 of the 7 study environments. At the remaining 
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environments, height was negatively correlated with forage yield over the season. 

Negative relationships present when data from all clippings at a single location are 

combined indicates that the relationship between canopy height and dry matter yield 

may change over the season due to growth stage and canopy architecture. The degree to 

which wheat forms tillers due to environmental conditions may play a role in this 

relationship.  

Visual ratings also showed highly significant, strong positive correlation to dry 

matter yield on a per-cutting basis at the Brazos Bottom and ASTREC in both years. At 

McGregor, little relationship was observed between visual ratings and dry matter yield. 

When data was combined by location, results showed significant positive relationships at 

environments except McGregor in 2012.  



 

 113 

Table 29. Non-destructive and minimally invasive quantification methods correlated with full plot 
harvest data from forage trails at ASTREC, the Brazos Bottom, and McGregor in 2011.  
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Table 30. Non-destructive and minimally invasive quantification methods correlated with full plot 
harvest data from forage trails at ASTREC, the Brazos Bottom, and McGregor in 2012. 
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NDVI also performed well in 2011, showing significant positive correlation with 

dry matter yield at most cuttings at all locations except McGregor, where no significant 

correlation was observed. Both studies at the Brazos Bottom in 2011 showed little 

correlation between NDVI and dry matter for the third cutting. Both of these 

experiments were harvested on the same day, when wheat was between Feeks 5 and 6. 

Complete ground cover and strongly erect growth may have been the factor that created 

a lack of differentiation in NDVI between plots with different biomass levels present, 

creating insignificant correlation with dry matter, which agrees with the findings of 

Serrano, et al. (2000). In 2012, NDVI from both cuttings at ASTREC and the second 

cutting at the Brazos Bottom showed highly significant, strong positive correlation with 

dry matter yield. The remainder of cuttings at the Brazos Bottom and all at ASTREC 

yielded insignificant, weak or negative relationships. When data from all cuttings were 

combined by location and year, correlations were highly variable. NDVI may prove to 

be better suited to dry matter predictions at one point in time, and in forages where 

complete ground cover is not achieved over variable biomass yield.  

Ground cover measurements proved to have little relationship with dry matter 

yield. It may, however, be an acceptable predictor of early season forage, as high 

correlation was observed in the first or second cutting at several locations. It was 

observed that in some cases, green light reflected from leaves projected onto the soil 

surface, causing a lack of differentiation between soil and green foliage. 
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CHAPTER VI 

CONCLUSIONS 

 

Evaluation of Winter Wheat and Oat Under Dual-Purpose Management  

Environmental conditions are a primary factor in the performance of dual-

purpose systems. Within environments, cultivar selection can affect the productivity of 

the system, as evident by significant environment-by-cultivar interactions on each 

variable measured. With respect to environmental conditions, cultivars that consistently 

yielded well in 2012 are most likely those that are more advantageous, possessing traits 

that allow them to take benefit of favorable conditions. Cultivars that performed well 

when unfavorable conditions prevailed in 2011 and consistently under favorable 

conditions are more utilitarian and drought resistant. As for selecting specific cultivars 

that performed well, few consistencies were seen. High variability in forage yield 

coupled with a non-existent to negative correlation with grain yield also hindered the 

ability of this study to identify one or a group of cultivars that perform well under this 

type of management. However, we did find that oats yielded less forage than did either 

class of wheat. This agrees with the findings of Worrall and Gilmore (1985) that 

determined oat to be an inferior small grain forage crop for in the Rolling Plains. The 

results of a study conducted by Edmisten, et al. (1998a) showed the same trend in wheat 

and oats cut during the vegetative stages, although it was not proven statistically. They 

did, however, show that wheat and barley produced significantly higher dry matter yield 

in plots where clipping was initiated in each growth stage after vegetative growth. This 
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would suggest that oat may not be a suitable dual-purpose crop, as maximizing fall and 

winter forage production is a primary goal.  

Nutritive values were inconsistent across locations, with the exception of Mg 

levels. Oat consistently had significantly higher Mg concentrations than either class of 

wheat. Edmisten, et al. (1998b) found that nutritive value of wheat and barley was 

generally higher than oat and rye. Our data did not identify a superior species. 

Grain yield was also somewhat variable, but some patterns were evident. HRW 

and SRW performed well as compared to oat under dry conditions. SRW also out 

yielded HRW and oat when growing conditions were not limited by drought. This 

suggests that SRW may be a superior plant for grain production in Central Texas. 

Unfortunately, grain yield and forage yield did not correlate well, meaning those 

exhibiting high forage yield did not also yield well at grain harvest. An example of one 

cultivar that did seem to out-perform others in both forage and grain production was the 

HRW cultivar Doans (AP02T4342).  

Further research is needed to identify cultivars that consistently perform well in 

forage and grain production. Vastly contrasting years yielded highly variable results 

across years and locations, but we were able to determine which class of wheat or oat 

consistently performed well under each type of environmental conditions. Contrasting 

environmental conditions also enabled us to identify cultivars that yielded consistently 

regardless of conditions and those that were more opportunistic, increasing yield under 

favorable conditions. These findings will provide small grains producers who implement 
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dual-purpose management systems with management type specific performance 

information to aid in cultivar selection.  

 

Nitrogen Rate and Timing Effect on Forage Production in Winter Wheat 

 At the Brazos Bottom location in 2011, severe drought conditions limited forage 

growth potential and nutrient uptake. High levels of residual soil N also reduced the 

effectiveness of the study at this location; however, some valid conclusions can be 

drawn from results obtained this location. Addition of pre-plant fertilizer can reduce 

stand establishment when persistent drought conditions are prevalent. In these situations, 

forage production is also affected due to reduced stand establishment. Although wheat 

can compensate for low plant population, forage production lost early in the season has a 

great effect on season total forage production. The production losses sustained due to 

PreN fertilizer averaged 220 kg ha-1, which while seemingly insignificant would account 

for $40 of gain per ha. Persistent drought conditions also made moisture the most 

limiting factor in forage growth potential, reducing the need for N.  

At the Brazos Bottom location in the 2012, when soil moisture was less of a 

limiting factor added N led to differences in forage yield. There was little response to 

PreN treatments, but this may be attributed to high levels of residual soil N. This 

suggests that 67 kg ha-1 residual soil N at planting is sufficient to support maximum 

forage production in both wheat classes in that environment. In relation to top-dress N 

application, dry matter yield means showed that the 45 kg ha-1 PostN treatment produced 

the most additional forage per unit N applied as compared to other treatments.  
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Soil residual N levels were much lower at the ASTEC location and yield means 

at ASTREC also showed a benefit in pre-plant N application. At this location, the 90 kg 

ha-1 PreN treatment yielded the most forage. Soil type, predominately clayey at the 

Brazos Bottom and sandy at ASTREC, is probably responsible for the discrepancy 

between results at these locations. Sandy soils are much more susceptible to leaching 

when heavy precipitation events occur. PostN treatments at the ASTREC location 

produced the same results as those seen at the Brazos Bottom in 2012.  

Forage yield results from McGregor were very different from that seen at other 

locations, but we did see that early season forage production is an important part of total 

forage yield. A negative relationship between forage yield and applied N was also seen 

in the second cutting, which may be attributed to tissue damage resulting from top-dress 

urea ammonium nitrate application. However, no tissue damage data was collected; 

therefore, we could not confirm this hypothesis.  

Added N also positively affected forage nutritive values in most cases. Forage 

CP content was positively related to N applied in most environments. When precipitation 

was not limiting and growth rates were high, PreN treatments seemed to have less effect 

on CP content than when yield was low. Multiple top-dress applications and high levels 

of residual soil N probably masked the effect of pre-plant N in these cases. Pre-plant N 

may have been more of an influence on CP content at ASTREC due to low levels of 

residual soil N creating a greater need for starter N.  

Overall, nutritive value data seemed to suggest that as forage growth increased, 

nutritive value was diluted. Increased forage production in the latter part of the 2012 
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season at ASTREC and the Brazos Bottom show fewer significant differences in nutrient 

content, with the exception of Ca and Mg at ASTREC. Unexplained inconsistency of the 

results is probably due to the intricacy of the N cycle, the dynamic relationship between 

defoliation and root mass, and experimental error. 

 

Evaluation of Forage Quantification Methodologies 

Overall, hand clipped sub samples proved to have the highest correlation with 

full plot dry matter yield, with a majority of r values being 0.5 or higher ( r = -0.2 – 

0.83). This was expected due to the similarities between methods, although it did not 

fully explain the variability in dry matter yield determined through full plot harvest. 

Canopy height and visual rating were also closely related to dry matter yield in many 

cases, but some insignificant or negative correlations were also seen. These findings are 

probably a result of canopy architecture and weight distribution associated with changes 

in growth stage. Correlation of height and dry matter yield was weak in the first cutting 

of the season and last cutting of the season in several instances. Lack of correlation in 

early season forage production may be more closely related to development of tillers 

rather than leaf growth and elongation. Late in the season, the shift from vegetative 

growth to reproductive growth in the form of head development and grain filling most 

likely contributed more to dry matter weight than did height in the form of straw. 

Canopy height and visual ratings were highly correlated, thus the relationship of both 

was most likely similar.  
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Ground cover measurements had the weakest or most variable relationship with 

dry matter yield, and correlations were weak. NDVI also showed high correlation with 

forage yield, but again some data sets produced negative correlations. Canopy height and 

density were most likely the cause of weak correlation with dry matter. Both NDVI and 

ground cover measurements may have limited ability to predict density of forage stands 

after canopy closure is achieved. More research is needed to determine more specific 

reasons for the trends observed. Growth stage, canopy architecture, and degree of 

tillering may explain some of the variation seen between non-destructive methods and 

full plot dry matter yield, especially for the NDVI and ground cover measurements. Both 

of these methods may be ineffective in distinguishing different levels of biomass after 

complete ground cover is achieved.  
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APPENDIX A 
 
 

 
Table 31. Mean squares of type 3 test of random effects for combined analysis of dual-purpose 
forage yield components collected at ASTREC†, the Brazos Bottom, and McGregor, TX in 2011 and 
2012.    
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Table 32. Mean squares of type 3 test of random effects for combined analysis of dual-purpose 
forage yield components collected at early and late forage harvests at the Brazos Bottom, in College 
Station, TX in 2011 and 2012.    
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Table 33. Mean squares of type 3 test of random effects for combined analysis of stand 
establishment and total forage yield of the fertility experiments conducted at ASTREC†, the Brazos 
Bottom, and McGregor, TX in 2011 and 2012. 

 
 



 

 133 

 
 
 
Table 34. Mean squares of type 3 test of random effects for combined analysis of average forage nutritive values of the fertility experiments 
conducted at ASTREC†, the Brazos Bottom, and McGregor, TX in 2011 and 2012. 
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Table 35. NIR calibration equation r-squared values for forage nutritive value parameters 
measured. 
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	Cultivar selection is generally deemed to be a management decision crucial to the successful implementation and profitability of any cropping system (Krenzer, et al., 1992). Traits of primary concern when selecting small grain cultivars for use in pas...
	Forage nutritive value data was taken on forage samples from experiments in the Brazos Bottom both years and from McGregor in 2012. Nutritive value data for the Brazos Bottom in 2011 is from wheat only. It was initially determined that a single NIR ca...
	Total Digestible Nutrients
	Total digestible nutrient content (TDN) among cultivars was different in the early cuttings both years at the Brazos Bottom (P<0.01), but these differences were not observed at the late cutting dates or at McGregor. In 2011, mean TDN values at the Bra...
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	It should be noted that no significant differences in IVDMD were seen between cultivars at any location. This being said, IVDMD grand means at each location were consistently around 10% higher than corresponding TDN value. IVDMD is considered to be a ...
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	Significant differences in crude protein content (CP) were observed between wheat cultivars in the first cutting at the Brazos Bottom in 2011(P<0.01) and between all cultivars in 2012 (P<0.01). Cultivar means for early season forage CP content at this...
	Differences in late season forage CP were only seen at the Brazos Bottom in 2012 (P<0.05) with means ranging from 17.71% to 25.29% (Table 17). Means were much lower for the late cutting in 2011, ranging from 12.58% to16.9% (Table 16). The low means an...
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	Macronutrients
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	Wheat produces a valuable, high-quality forage capable of sustaining the nutrient requirements of all grazing animals, regardless of class or species (Horn, 1983). Crude protein content of wheat in its vegetative state is often in excess of 25 % (Croy...
	Fertility management plays a major role in the performance of forage and grain production systems, as well as the performance of grazing animals. Soil levels of available N, P, and K, along with vital micronutrients can limit yield and nutritive value...
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	In some cases, such as breeding programs, destructive sampling for the purpose of forage yield determination is not a feasible option, due to the nature of the research objectives or a lack of sufficient resources (Worrall and Gilmore, 1985; Ud-Din, e...
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