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Abstract 
  

 Technological advances have enabled agriculture to feed and clothe a growing 

global population with great success.  It is now imperative that we remain productive 

while halting the natural resource degradation that often accompanies high productivity.  

In the semi-arid Texas High Plains, sustainability of current agricultural practices is 

threatened by depletion of the Ogallala aquifer and soil erosion.  Perennial grasses, the 

region’s historic vegetation, can build soil rather than lose it and require little or no 

supplemental irrigation.  We designed and tested three agroecosystems that integrated 

crop and livestock production using a base of perennial forages.  All systems were 

designed to decrease water withdrawals from the Ogallala aquifer relative to conventional 

irrigated agriculture.  The experiment covered a total of 42 ha in a randomized block 

design with three blocks.  The non-irrigated system, DRY (evaluated from 2004 to 2008), 

included a paddock of native perennial grasses and a rotation of cotton (Cynodon 

dactylon [L.] Pers.) and foxtail millet (Setaria italica [L.] P. Beauv.).  The buffer-

irrigated system, LOW (evaluated from 2009 to 2011), was the same as DRY except that 

LOW added an irrigated paddock of ‘WW-B. Dahl’ old world bluestem (Bothriochloa 

bladhii [Retz] S.T. Blake; hereafter bluestem), which was harvested for grass seed as well 

as grazed.  The limit-irrigated system, MED (evaluated from 2007 to 2011), included two 

irrigated paddocks of bermudagrass that were grazed and harvested for hay, and one 

paddock of bluestem that was grazed and harvested for grass seed.  Angus beef stocker 

steers (Bos taurus L.; initial BW: 245 kg) sequence-grazed each system.  We evaluated 

these systems with a variety of criteria, including forage and animal production, water 

use, crop yields and quality, forage quality, soil C fractions, soil penetration resistance, 

forage species stability, economic performance, fossil fuel energy use, and C emissions 

associated with fossil fuel use.  

 We found that each system had strengths and weaknesses.  Annual irrigation 

water use by each system was: DRY, 0 mm; LOW, 44 mm; and MED, 229 mm.  The 

MED system was the most productive, yielding 446 kg steer live weight gain ha
-1

, 

compared with 107 for LOW and 57 for DRY.  Bermudagrass yielded the most animal 
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unit grazing days ha
-1

 (644; bluestem: 246; native grasses: 90; annuals: 41) of any forage 

and was the highest quality forage with the exception of the annual, foxtail millet.  

Bermudagrass also had the highest soil concentration of particulate organic matter C (3.1 

g kg
-1

 soil in top 5 cm; native grass: 2.5; bluestem: 2.1), an indicator of higher potential 

nutrient mineralization and soil C accumulation.  The annual fields had the lowest levels 

(1.3 g kg
-1

 soil in top 5 cm); however, the MED system was the worst economic 

performer and emitted the most C (774 kg C ha
-1

; LOW: 226; DRY: 205) as a 

consequence of fossil fuel use.  In contrast, DRY produced the least amount of grazing 

(72 animal unit grazing days ha
-1

; LOW: 76; MED: 434), but was the most profitable and 

used no irrigation water.  Although productivity of DRY and LOW were less than MED, 

LOW and MED beef carcasses were of equivalent quality (68% USDA Choice; DRY 

was not evaluated) and cotton lint from DRY and LOW received price premiums in all 

years (mean $0.024 and 0.106 kg
-1

, respectively).   

 The lessons learned from this experiment should be used to design future 

agroecosystems that conserve soil and water while producing agricultural goods.  

Relative to annual and perennial non-irrigated paddocks, applying irrigation and N to 

introduced forages increased productivity and accelerated soil C sequestration, but the 

additional inputs were not justified economically.  It may be more profitable to integrate, 

at the farm or landscape scale, large areas of non-irrigated native grasses in combination 

with smaller areas of intensively farmed, high-value crops that receive irrigation and 

fertilizer.  Ley farming, which includes long rotations of perennial grass with annual 

crops, is one option that may hold promise for the future.    
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Chapter 1 

Introduction 
 

THE PROBLEM…AND A SOLUTION? 

The Texas High Plains, which was shortgrass prairie before European-American 

settlement, has been largely converted to the production of irrigated grain and fiber crops.  

Replacing native perennial grasses with annual crops has left soil vulnerable to wind 

erosion and led to unsustainable rates of groundwater use.  Current rates of aquifer 

decline are projected to cause severe water shortages before 2030 if changes do not occur 

(Mulligan et al. 2009, Mulligan et al. no date).  The scope of the problem extends beyond 

the livelihood of local landowners and lost productivity - agriculture is the backbone of 

the regional economy.  And while the declining water resource threatens the 

sustainability of current agricultural practices on the Southern High Plains (SHP), global 

pressures also exert their influence.  Concern is growing regarding the supply of fossil 

fuel energy that agriculture relies on for many of its inputs at the same time that “carbon 

emissions” and “carbon sequestration” have become household terms because of climate 

change. 

For agriculture to be sustainable in the challenging semiarid environment of the 

Texas High Plains, it must address water use, soil conservation, profitability, and energy 

demand.  These aspects of sustainability have been addressed in isolation and sometimes 

together, but satisfactory and comprehensive solutions have yet to be found.  Integrated 

crop-livestock production systems have the potential to improve sustainability of SHP 

agriculture (Allen et al., 2005).  Returning some cropland to perennial grass could 

improve sustainability by decreasing reliance on the aquifer, reducing soil erosion, and 

decreasing reliance on outside nutrient and energy sources (Allen et al. 2005).  The 

purpose of this research is to further investigate the multiple aspects of sustainability in 

additional crop-livestock systems in the Texas High Plains. 
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AGRICULTURE IN THE SOUTHERN HIGH PLAINS 

Before the arrival of Europeans in the Texas High Plains, the region was 

shortgrass prairie that included buffalograss (Buchloe dactyloides), blue grama 

(Bouteloua gracilis), and sideoats grama (Bouteloua curtipendula) among its major plant 

species (Gould, 1975).  Large mammals included the grazers bison (Bison bison) and 

pronghorn (Antilocapra americana; Hartnett et al., 1997).  Europeans altered herbivore-

vegetation interactions by nearly eliminating the bison (Knapp et al., 1999) and replacing 

them with domesticated cattle (Bos taurus and Bos indicus) in the late 1800s and early 

1900s.  By the end of the 19th century, the region had already begun the transition from 

ranching to farming.  Improvements in irrigation technology during the 1900s enhanced 

the ability to draw water from the Ogallala aquifer and made farming more viable (Green, 

1973).  Cotton (Gossypium hirsutum) and concentrated cattle feeding eventually emerged 

as dominant agricultural activities in the region, but as the end of the 20th century 

approached, it was clear that the water level of the Ogallala aquifer was declining, 

threatening the sustainability of production methods relying on irrigation (Allen, 2008).   

For nearly 40 years, cotton has been the region’s dominant crop (Fig. 1.1).  

However, since reaching a 20-yr low in 1996, the proportion of upland cotton area not 

irrigated has been increasing (Fig. 1.2).  Meanwhile, total irrigated cropland area is 

trending downward; 2009 to 2010 irrigated cropland area was at the lowest level since the 

late 1980s (Fig. 1.3).  In the coming decades, farmers will continue to choose which 

crops to plant in response to market prices, but farmers’ choices will increasingly be 

limited by water availability.  New, water-efficient crop varieties and agricultural systems 

are needed to help face the challenges of the future. 

SUSTAINABILITY OF AGROECOSYSTEMS 

A commonly cited definition of sustainability is from the World Commission on 

Environment and Development (WCED, 1987): “Sustainable development is 

development that meets the needs of the present without compromising the ability of 

future generations to meet their own needs.”  Notable in this definition is the lack of an 

endpoint—future generations continue indefinitely.  Applying the same criteria to 
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agriculture raises serious concerns regarding sustainability of some current practices.  For 

instance, soil erosion and loss of access to irrigation reduce agricultural productivity.  

Thus, barring technological miracles that provide substitutes for soil and fresh water, 

practices which result in groundwater depletion and net soil loss are unsustainable.  The 

sustainability challenge has become greater as agricultural lands are increasingly 

recognized as multiple-use lands and agroecosystems.  Agroecosystems are expected to 

provide a variety of ecosystem services in addition to food, feed, fiber, and energy.  A 

comprehensive list of ecosystem services (Costanza et al. 1997) can be reduced to those 

directly applicable to agriculture: food production, raw materials production, nutrient 

cycling, erosion control, greenhouse gas regulation, water regulation, and waste treatment 

(as identified by Liebig et al. 2001) but others, such as wildlife refugia and plant 

pollination (Costanza et al., 1997) are also parts of a healthy agroecosystem.   

A sustainable agricultural system can be viewed as an agroecosystem that 

provides multiple functions to society, including both goods and services, while fulfilling 

the WCED (1987) definition.  Given that many agroecosystems fail to live up to these 

high ecological standards, improving sustainability of agroecosystems can be viewed as 

an ecological restoration project.  Ecological restoration is “the process of assisting the 

recovery of an ecosystem that has been degraded, damaged, or destroyed” (SER, 2004).  

This does not necessarily require removing human influence.  In fact, “cultural 

landscapes” are recognized as ecosystems that “developed under the joint influence of 

natural processes and human-imposed organization.”  In particular, grasslands and 

savannas are recognized for their dependence on anthropogenic fire, hunting, gathering, 

and animal husbandry (SER, 2004), implying the potential to simultaneously maintain 

biodiversity and productivity.   

Because sustainability encompasses a host of social and biophysical aspects, a 

100% sustainable system is difficult, if not impossible to achieve.  This does not mean 

that we should not strive for sustainability, but it does mean that we must not condemn 

every system that is not perfect.  Instead, we must “begin where we are,” so to speak, and 

make improvements in all possible areas.  Improving agricultural sustainability through 

ecosystem restoration is a process that should be judged by its trajectory.  As technology 
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advances, further progress towards sustainability may be possible.  Thus, it makes sense 

to speak of the relative rather than absolute sustainability of agroecosystems and 

agricultural practices; we should judge systems and practices against the systems and 

practices they replace, and against current standards.  In the following sections, I address 

multiple aspects of sustainable agroecosystems: biotic, abiotic, and social, with an 

emphasis on improving sustainability of agriculture as an ongoing restoration project.  

This is by no means a comprehensive overview of agroecosystem sustainability, but it 

does address several of the most important aspects. 

Restoration of biotic and abiotic features of agroecosystems 

Regrettably, we have neither understood nor valued diversity in 

agriculture, as evident in our persistent attempts to simplify ecological 

systems to maximize yields of crops and pastures. 

Provenza, 2008, p. E277 

  

Current trends of deterioration and depletion of agricultural soils and irrigation 

sources threaten the long-term ability of agriculture to provide adequate food, fiber, and 

fuel to human society.  To paraphrase Glover (2005; Glover and Reganold, 2010), it is 

both necessary and possible to restore ecosystem function to agricultural systems.  This 

recognition must guide society’s decisions regarding how to practice agriculture and 

manage ecologically restored land.  Agricultural systems designed with an eye on 

ecology “exploit the complimentarities and synergisms that result from various 

combinations of crops, trees and animals in spatial and temporal arrangements such as 

polycultures, agroforestry systems and crop-livestock mixtures.”  (Altieri, 1999 p 22).  

Crop rotation, a dominant perennial component, and diversity of crops may all contribute 

to lowering pest potential (Altieri and Nicholls, 2004; Altieri 1999).  In addition, 

biologically diverse agricultural systems provide ecosystem services besides their 

primary products (Altieri, 1999).  

 Collaboration on common goals by farmers, ranchers, and environmentalists will 

be critical to conserve and restore ecosystems while continuing production agriculture.  
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Society sometimes separates restoration from production in time and space, as when it 

attempts to conserve pristine park areas in one landscape and conduct intensive, 

nonsustainable agricultural production in another landscape.  This dichotomous land use 

accepts the gradual destruction of agricultural land and disregards the role humans may 

have played in the historic development of “pristine” locations.  Although it may be 

appropriate to treat some conserved or restored lands as though they are pristine, much of 

the world’s land must be dedicated to providing food, fiber, and building materials for 

human use.  Should restored land be exempt from production?  On the contrary, it is clear 

that many ecosystems depend on the removal and redistribution of plant and animal 

products.  Should agricultural lands be written-off in ecological terms, accepting that they 

will fail to provide habitat for wild things and acknowledging that their nutrients will 

pollute waterbodies while their soils gradually erode?  If not, it is imperative that we find 

ways to restore ecosystem function to land and landscapes while continuing to harvest 

them. 

 Agricultural producers and environmentalists sometimes have different reasons 

for seeking the same conservation goals, but this should not hinder achieving those goals.  

Although farmers may perceive the problem of soil erosion as loss of the productive 

medium on which their income is based and environmentalists may focus on the negative 

impact of sediment entering streams, both groups seek to decrease this destructive 

phenomenon.  Likewise, environmentalists may perceive habitat conservation as 

important for the preservation of endangered native species, while farmers may value 

conservation of the same habitat for its wild game production, but both groups wish to 

conserve the habitat and both appreciate its aesthetic value. 

  The need for improved ecosystem function in agriculture is clear, but ecosystems 

can also benefit from agricultural activities, although it may be less apparent.  For 

example, lack of disturbance may lead to the domination of an ecosystem by one or a few 

species (Howe, 1999).  This occurs because interspecific competition can limit the 

establishment and persistence of certain species.  An agricultural disturbance such as 

mowing can open grassland canopy and allow seedlings and short-statured species access 

to sunlight (Williams et al., 2007).  Grazing and fire are other means of opening the 
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canopy, and grazing also facilitates the creation and maintenance of diversity in 

heterogeneous landscapes by redistributing nutrients and causing soil disturbance (Howe, 

1999).  Recognizing such biological relationships can inform our design of restored 

agroecosystems.  Looking to nature for an agricultural model allows us to “become native 

to place” (Jackson, 1996) while integrating restoration and production. 

  Alternatives to dichotomous land use (production vs. conservation) can be 

classified according to how agriculture and restoration are integrated in time and space.  

Spatial integration may occur at the landscape scale, field scale, or within-field scale.  

Temporal integration can also vary, with agriculture preceding restoration, restoration 

preceding agriculture, or simultaneous coexistence of the two.  Biotic and abiotic site 

characteristics, as well as social and political conditions, determine the most appropriate 

degree of spatial and temporal integration for a location. The following sections explore 

options by progressively increasing the degree of spatial and temporal integration of 

agriculture and restoration: 1) agriculture precedes and facilitates restoration; 2) 

agriculture and restoration coexist in time at the landscape scale; 3) restoration is carried 

out on agricultural field margins; and 4) restoration and agriculture are integrated 

temporally and spatially.  The integrated crop-livestock agroecosystems described in 

subsequent chapters feature aspects of integration types 2 and 4. 

1. Successional agriculture: same place, different time 

  Successional agriculture is used as a tool for restoration by preceding and 

facilitating the return of native vegetation.  Thus, agriculture coexists and facilitates 

restoration for a limited time, but agro-succession ultimately leads to the cessation of 

productive agricultural activities.  Benefits of successional agriculture include providing 

income to farmers during the restoration process, decreasing initial restoration costs, and 

extending the restoration management period beyond the 1 to 3 yr of a typical project 

(Vieira et al., 2009).  Different crops and trees are planted over time to match the land’s 

successional stage.  For example, successional agriculture can be used to restore tropical 

forest on previously cultivated or grazed land (Vieira et al., 2009; Posada et al., 2000).  

Specifically, cattle and other livestock can be used as seed vectors for species adapted for 
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dispersal by megafauna (Miceli-Méndez et al., 2008) and to decrease competition by 

grasses for woody successional species (Posada et al., 2000). 

2. The agricultural landscape matrix: same time, different place 

 At the landscape scale, intensively managed agricultural fields coexist with low 

intensity agriculture and more pristine lands designated for conservation.  At the field 

level of the same agricultural landscape matrix, intensive agriculture and conservation are 

separated spatially but coexist temporally.  Their proximity influences interactions in the 

heterogeneous landscape matrix with implications for both restoration and agriculture.  

Consequently, a focus on the diversity of local plant and animal communities is not 

sufficient—attention must also be given to the preservation of diverse agricultural 

landscapes (Hendrickx et al., 2007).   

  Landscape simplification caused by agriculture increases pest pressure and 

insecticide use; therefore, diversified landscapes could reduce production costs (Meehan 

et al., 2011).  Landscape-level arthropod richness can decrease as agricultural 

management intensity increases as a result of loss of species richness at the local level 

and because of “reduced species turnover between local communities” (Hendrickx et al., 

2007, p. 349).  Agri-environment schemes in Europe and North America provide 

incentives for landowners to improve wildlife value of agricultural land by reducing 

agricultural intensity by a variety of methods.  These schemes have potential to improve 

the “matrix” connecting fragments of high biodiversity located throughout the landscape.  

Connecting fragments could be especially important to permit species to shift their ranges 

in response to threats from climate change, fragmentation, habitat destruction, and 

invasive species (Donald and Evans, 2006).  The value of a higher-diversity fragment 

depends on the matrix where it is located.  For instance, restoration benefits of organic 

farms may be greater when located within intensive agricultural areas rather than low 

intensity areas (Rundlöf and Smith, 2006).  

 The impact of matrix quality differs across species.  For example, the proximity 

of a nature reserve increased forb species density, hover fly species number, and bee 

abundance in agricultural field margins but did not influence relatively more mobile 
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bumblebees (Kohler et al., 2008).  Such field margins may be intentionally planted as 

part of an agri-environment scheme.  This result contrasts somewhat with the previously 

cited Rundlöf and Smith (2006) study, probably because the studies focused on different 

species and took place at different scales.  Perhaps an entire farm, managed to increase 

diversity, is sufficiently large to sustain species diversity within a landscape matrix 

whereas agricultural field margins are not able to do so without a proximal natural refuge. 

 For self-revegetating areas or areas planted to species-poor mixtures, distance to a 

source of plant and pollinator species may be important.  Shorter distance to an ancient 

calcareous grassland increased the similarity to restoration reference sites for naturally 

revegetated and grass-seeded sites in Britain (Fagan et al., 2008).  Nevertheless, ability to 

colonize restored sites was unequal among species, favoring highly competitive and 

ruderal species.  In Transylvania, fields shifting from intensive agricultural management 

to traditional grazing and haying methods during the past 40 yr were successfully 

recolonized by 94% of vegetative species from target grasslands (Ruprecht, 2006).   

3. Restoration in the margins: same time, same place (almost) 

 Restoration and agriculture can be intentionally paired, often by the previously 

mentioned government-funded agri-environment schemes that encourage restoration and 

conservation in field margins.  Besides accomplishing restoration goals, field margins can 

provide benefits for agriculture.  Pollinators, for instance, provide valuable services to 

agriculture (Dixon, 2009), while natural predators of agricultural pests prevent crop 

destruction (Altieri, 1999).  Both pollinators and agricultural pest predators can be 

encouraged by restoration of field margins (Altieri, 1999).  Distance from the field 

margin to a natural area can impact species density of pollinator and plant species 

(Kohler et al., 2008; Ruprecht, 2006).  Species planted in field margins should be selected 

based on target restoration goals because plant species impact the identity and diversity 

of pollinators (Carvell et al., 2007). 

  Excluding farmers from design and implementation of field margins can cause 

resentment, as when a Nigerian government program planted shelterbelts of Eucalyptus 

to reverse desertification (Onyewotu et al., 2003).  Farmers did not receive adequate 
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compensation for land lost to shelterbelts, were dissatisfied with the tree species because 

it did not produce marketable materials, and in some cases experienced decreased crop 

yields near the shelterbelt.  Loss of income may be offset by including species that will 

enhance productivity of the field through pollination services, for example, or by direct 

harvesting of products such as hay or lumber from the field margin.    

4. Ecologically restored agriculture: same time, same place 

 Perhaps the greatest challenge for integrating ecological restoration with 

agriculture is achieving coexistance in time and space.  Nevertheless, examples of 

restored hayfields and grazed areas abound because they are often relatively low-input 

agricultural systems, they rely on perennial plant species, and they are successful on 

inexpensive and marginal land where the opportunity cost (forgone agricultural 

production) is less than on prime farmland.  The following subsections further explore the 

integration of haying and grazing with restoration.   

 Hayfields.  Converting annually cropped agricultural land to hayfields can benefit biotic 

and abiotic processes above- and below-ground.  Comparing perennial grass hay pastures 

and adjacent annual wheat fields in north-central Kansas showed that despite receiving no 

fertilizer inputs, hay pastures yielded similar quantities of nitrogen (N) as fertilized wheat 

fields but required only 9% of the fossil fuel energy inputs (Glover et al., 2010).  Hay 

fields had greater insect species richness than wheat fields, higher root carbon, deeper 

rooting depth, higher soil organic carbon, total soil N, significantly different microbial 

communities, and less NO3-N below the root zone.  In addition, a study of historic land 

use and regional riverine NO3-N concentrations showed that “the fraction of watershed 

cropland in annual crops significantly influences riverine NO3-N concentrations” (p. 8). 

  The soil microbial community interacts with above-ground vegetation and can be 

used to evaluate the restoration state of an ecosystem.  Fungal to bacterial ratios tend to 

increase with successional stage (Harris, 2009).  In the same plots as the previously cited 

study by Glover et al. (2010), microbial biomass carbon was greater under the perennial 

hayfield at 0 to 80 cm depth; this was important because microbial biomass can act as a 

source or sink of N (Culman et al., 2010).  Management history affected N-fixing 
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bacterial communities and nematode populations and resulted in soil food webs that were 

more highly structured in perennial grasslands.  The authors suggested differences in soil 

microbial communities may be responsible for the ability of perennial grassland to 

consistently export nutrients without yield declines (Culman et al., 2010).    

  Although soil microbial communities can impact nutrient cycling, hayfield 

management also affects soil microbial communities.  Smith et al. (2008) found the 

fungal:bacterial ratio increased when grasslands in the U.K. were restored, but the annual 

application of 12 tons of farmyard manure ha
-1

 (equivalent to approximately 72 kg  N ha
-

1
) decreased the fungal:bacterial ratio relative to non-fertilized treatments.  In restoration 

of a former boreal hayfield, mowing was found to have a positive influence on arbuscular 

mycorrhizal fungi compared with control (no mowing) or spring burning treatments 

(Antonsen and Olsson, 2005). 

  Hayfield restoration may begin by seeding desired species into existing hayfields.  

Many plantings of tallgrass prairie in the central U.S. from 1960 to 1980 are species-poor 

because forb seeds were not commercially available at the time of establishment; 

however, Williams et al. (2007) showed that forbs can be successfully seeded into 

previously established tallgrass prairie.  Weekly mowing from mid-May to Aug. during 

the year of establishment opened the canopy, decreased competition for light, and may 

have decreased belowground competition by causing the death of grass roots.  Future 

research may determine whether mowing could be less frequent and whether grazing 

animals would have a similar impact to mowing (Williams et al., 2007).  Diversity of 

fragmented meadows can be improved by sowing forb seeds or planting seedlings; 

however, planting seedlings is labor-intensive and may be cost-prohibitive (Wallin et al., 

2009).  Donor and recipient site selection are important for successful establishment 

(Wallin et al., 2009).  Soil treatments might also improve germination and survival, but 

not in all cases.  For instance, Abraham et al. (2009) found that applying mulch to a 

former mine site did not significantly improve survival of seeded legumes and improved 

grass survival only slightly.  On a semiarid grassland in northern North America, 

successful establishment of native grass species was influenced by interactions in year, 

seeding method, site, and herbicide use, but mulch did not improve establishment or 



Texas Tech University, Cody Zilverberg, May 2012 

 

11 

 

survivorship (Bakker et al., 2002).   Antonsen and Olsson (2005) inoculated a 

commercially managed hayfield with turf from a species-rich hayfield, but found that 

inoculation had little effect on vegetation or below-ground community.   

  Restoring plant species diversity and richness are common issues of interest for 

restoration.  Even “successful” restoration sites may have greatly reduced species 

diversity compared to remnant prairies (Polley et al., 2005).  Forbs may be seeded into 

previously established hayfields to increase richness and diversity (Williams et al., 2007; 

Wallin et al., 2009).  Use of unconventional forage legumes may hold promise for 

improving production and conservation (Le Houérou, 2001), but on sites with low soil N 

levels, controlling legume growth may be necessary to improve diversity (Chapman et al., 

1996).  Conversely, haying may be used as a tool for removing excess nutrients (Bakker 

et al., 2002; Evers, 2002), although this strategy is not always effective (Maron and 

Jefferies, 2001).  Agriculture can decrease species diversity by applying fertilizer 

(Hautier et al., 2009) and herbicide, but it is also possible to simultaneously manage for 

both diversity and productivity.  Bullock et al. (2007) showed that on restored English 

cereal cropland, hayed plots planted to a diverse species mixture (11 grasses and 28 

forbs) maintained greater species diversity and yielded more hay than the species poor 

mixture (7 grass species).  Mowing can increase plant diversity or richness compared 

with controls (Antonsen and Olsson, 2005; Williams et al., 2007) or burning (Antonsen 

and Olsson, 2005).   Mowing can also interact with other factors to affect diversity or 

richness, such as flooding frequency, fertilization, haycut date, grazing date, and species 

of grazer (Gerard et al., 2008; Chapman and Younger, 1995; Smith et al., 2008). 

 Grazing land.  Inappropriate grazing can cause land degradation, but appropriate grazing 

can be a valuable restoration tool.  This is especially true in ecosystems that developed 

with grazing, like the Great Plains of North America.   The invasive grass species 

cheatgrass (Bromus tectorum) and medusahead (Taeniatherum caput-medusae) have poor 

forage value; thus, restoring native grasses could increase livestock production in invaded 

areas.  However, low potential profitability of grazingland is a barrier to restoration 

because it creates little financial incentive to invest in restoration (Herling et al., 2009).  

The optimal restoration strategy, from a financial perspective, changes with the 
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opportunity cost of forgone production.  Active and passive restoration may be preferred 

on land of high and low productivity, respectively (Dorrough et al. 2008).  

  Restoration to a grazed landscape may take place on old minesites (e.g., Sharma 

and Kumar, 2000) but is probably more common on previously cultivated land and 

degraded rangeland.  One example of restoring cultivated land to grazing land was the 

planting of native C4 grasses on southern Wisconsin land, which had been in a corn-

soybean rotation followed by a brief time in C3 grasses (Jackson et al., 2010).  Native C4 

tallgrasses were included in six treatments, five of them seeded as monocultures: 1) 

indiangrass (Sorghastrum nutans), 2) big bluestem (Andropogon gerardii), 3) little 

bluestem (Schizachyrium scoparium), 4) sideoats grama (Bouteloua curtipendula), 5) 

switchgrass (Panicum virgatum), and 6) a mixture of the first four species.  The 

treatments were subjected to high-intensity-short-duration grazing by bison from July to 

Sept. for 6 yr.  The C4 cover was initially high but declined rapidly, replaced mostly by 

C3 grasses and in some years by legumes.   

  Grazing is also used in conjunction with other disturbance treatments, such as 

haycutting, herbicide application, and burning, to create and maintain heterogeneity in 

tallgrass prairie and savanna.  Fuhlendorf and Engle (2004) showed that patch burning, in 

which 1/6 of the pasture was burned each spring and 1/6 each summer, resulted in a 

mosaic of vegetative patches.  Grazing animals concentrated on recently burned patches.  

Despite altered grazing behavior, cattle weight gain did not differ significantly between 

burned and unburned treatments.  Grazing and patch burning decreased tallgrasses and 

increased forbs for 2 yr after burning, but after 3 yr patches once again resembled the 

unburned treatment in terms of grass cover, forb cover, and litter accumulation.  Invasive 

Lespedeza cuneata increased in both treatments, but increased less in the patch-burned 

treatment.  Based on their results, the authors saw potential for “using heterogeneity to 

integrate conservation biology and production agriculture on native grasslands” (p. 612); 

however, if livestock productivity is similar with or without burning, subsidies may be 

necessary to encourage landowners to adopt patch burning.  Furthermore, short-term 

degradation is a drawback of combining grazing and burning.  Teague et al. (2008) used 

summer patch fires to control cactus and honey mesquite (Prosopis glandulosa) in north-
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central Texas and found that bare ground increased and desirable biomass decreased for 2 

to 5 yr following burning.  Degradation was exacerbated by summer drought and elevated 

temperatures.  The authors suggested further research is needed to determine the long 

term impacts of the management practice, and whether degradation could be decreased 

by deferring grazing after burning. 

  Restoration of Southern Great Plains savanna physiognomy facilitated “multiple-

use management of livestock and wildlife by providing habitat cover for wildlife 

(Fulbright, 1996) and increasing grass production for forage (Smit, 2004)” (Ansley and 

Castellano, 2006, p. 427).  The authors concluded that this restoration strategy would be 

useful for multiple long term management goals, including restoration, conservation, 

wildlife management, and livestock production.   

 Other crops and cropping systems.  Restoring hayfields and grazing lands can maintain 

agricultural productivity, while improving ecosystem function and increasing 

resemblance of a landscape to a historic condition.  However, limiting the practice of 

ecologically restored agriculture to haying and grazing of low productivity lands is not 

acceptable for both agriculture and ecology in the long run.  Oil, energy, grain, and fiber 

crops must also be ecologically restored.  Research has investigated methods to improve 

the habitat of oil palm plantations for butterflies and birds (Koh, 2008) and use of the 

seed oil crop Salvadora persica on saline soils (Gururaja Rao et al., 2004).  Harvesting 

native or introduced grass biomass may provide energy in the North American Great 

Plains (Venuto and Daniel, 2010).  Successful perennial grain breeding could 

revolutionize grain production (Glover, 2005).  Integration of crop and livestock 

production can decrease soil erosion, reduce N fertilization, decrease unsustainable water 

use, improve aggregate soil stability, increase soil organic carbon, and increase soil 

microbial biomass compared with annual crops (Allen et al., 2008; Kirschenmann, 2007) 

in addition to addressing concerns associated with concentrated livestock production 

(Russelle et al., 2007).  Further research is needed to develop and disseminate technical 

solutions for improving ecosystem functioning under oil, energy, grain, and fiber crop 

production.   
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Energy sustainability 

Before the widespread use of tractors, pickup trucks, and synthetic fertilizers, U.S. 

farms and ranches relied on solar energy, legumes, and dedicated farmland to produce N 

fertilizer and feed for draft animals.  When fossil fuels replaced draft animals and 

legumes, farms became reliant on outside sources of energy.  Although sustainability 

does not require that we conserve all exhaustible resources, sustainability does require 

that exhaustible resources be replaced with something else (Anand and Sen, 2000).  

Because fossil fuels are non-renewable over human timeframes, any enterprise that relies 

on them will eventually need a different energy source; in other words, despite the many 

benefits fossil fuels provide to agriculture, their use makes an agricultural system 

unsustainable unless alternative energy sources can replace them.  In addition, 

Kirschenmann (2007) suggested that increasing energy prices may soon force agricultural 

systems to become more diverse, resilient, and less energy intensive; the author’s 

example systems integrated crop and livestock production.  From a national perspective, 

reliance of U.S. agriculture on fossil fuels increases vulnerability to volatile international 

energy markets (Pimentel, 2004a).   Because burning of fossil fuels releases CO2, a 

greenhouse gas, fossil fuel use is also a global concern.  Thus, energy use in agriculture is 

an issue of importance from the farm-level to the planetary level, raising concerns of 

social and physical significance.  The following paragraphs review selected studies 

addressing energy use in agriculture, especially by systems incorporating livestock. 

Deike et al. (2008) used the process analysis method (Jones, 1989) to compare the 

energy efficiency of organic and conventional rotational farming systems in Bradenburg, 

Germany.  Increasing energy inputs by using synthetic fertilizer and pesticide increased 

energy output but did not improve output:input ratios.  Decreasing tillage operations in 

cereal-oilseed-pulse rotations on the Canadian Prairies decreased non-renewable energy 

use in the forms of fuel, lubricants, and machinery overhead, but this was frequently 

offset by increased use of fertilizers and herbicides (Zentner et al., 2004).  On the other 

hand, crop rotation affected total energy use; systems including a legume or fallow used 

the least energy (Zentner et al., 2004).  Research is needed to investigate whether 
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alternatives to synthetic fertilizers and herbicides, such as grazing, could be used to 

decrease non-renewable energy use. 

A lamb finishing experiment by Koknaroglu et al. (2007a) found that lambs 

backgrounded on pasture before entering the feedlot required less expenditure of cultural 

energy to reach finishing than lambs that went directly to the feedlot after weaning, but 

energy output:input ratios for the two groups of lambs were similar.  In contrast, dairy 

cows fed high levels of concentrate (> 50% of diet) produced milk with better energy 

efficiency than cows fed low levels of concentrate (< 40% of diet; Koknaroglu, 2010).  

Comparing three finishing systems for Iowa beef cattle, Pelletier et al. (2010) found that 

pasture-finished beef used 48.4 MJ energy kg
-1

 live weight produced, backgrounding on 

wheat pasture followed by feedlot finishing used 45.0 MJ kg
-1

, and feedlot finishing used 

38.2 MJ kg
-1

.  Pelletier et al. (2010) explained their results by pointing out the high 

energetic cost of hay for winter feed in Iowa, the inputs (fertilizer, seeding, etc.) required 

to maintain improved pastures, and low utilization of grazed pasture.  Those results 

contrasted with Pimentel and Pimentel (1996) who found that pasture-finished beef was 

less energy intensive than feedlot beef and Koknaroglu et al. (2007b), who found that 

energy efficiency of fall born calves was greatest when they were backgrounded on 

pasture before being sent to the feedlot.   

Kern (1994) compared the energy utilization of two livestock and hay production 

systems in Virginia.  The conventional system used generally accepted best management 

practices, while the “sustainable” system used techniques including “conservation tillage 

systems, crop rotations, grazing management for improved nutrient utilization and pest 

control, winter annual cover crops, and integrated pest management practices for weeds 

and insect pests” (p. 2).  Production of 1 kg of beef required 23 MJ of energy in the 

conventional system and 16 MJ in the sustainable system; 1 kg of alfalfa required 0.78 

MJ in the conventional system and 0.84 MJ in the sustainable system.  The conventional 

system required more energy (17.10 MJ) than the sustainable system (12.39 MJ) per 

dollar of net return, but the conventional system was more profitable ha
-1

. 

Rangeland agriculture uses few cultural energy inputs per unit of area, but 

rangeland grazing operations may depend on other operations with high energy intensity 
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for activities such as providing winter feed and finishing stocker calves.  Heitschmidt et 

al. (1996) assessed the cultural energy use, energy output, and energy output:input ratios 

for cow-calf operations in the Northern Great Plains.  Eleven treatments, which included 

different calving dates (spring or fall), different time on grass (weaning to feedlot or 

weaning to stocker to feedlot), and different amount of time in the feedlot (0 to 189 d) 

ranged in energy output:input ratio from 0.18 to 0.40.  Ratios increased as calves spent 

more time in the feedlot, despite the fact that they were consuming feeds that required 

high energy inputs to produce.  Increasing energy ratios of calves in the feedlot was 

partly attributable to high energy inputs required to maintain the calf’s dam throughout 

the year.  Zilverberg et al. (2011) showed that cow-calf systems vary greatly in quantity 

of energy used kg
-1

 live weight marketed; therefore, energy ratios greater than 1.0 may be 

achievable if cows and their calves depended solely on grazing unimproved pastures, but 

total energy output would decrease.   

Caution is necessary when using energy ratios to evaluate food production 

systems.  Kern (1994) did not calculate energy input:output ratios because the outputs of 

the systems he evaluated, beef and hay, were not considered energy crops.  Agricultural 

products are valued for constituents other than energy, including protein, vitamins, and 

minerals, but these additional constituents are typically ignored by output:input ratios.  

Problems can arise even when additional constituents are taken into consideration.  For 

instance, quality of input and output protein may differ.  This problem is especially 

relevant to animal agriculture, which has low energy efficiency but produces high-quality 

protein. 

Economic sustainability 

 What is an economically sustainable agroecosystem?  Addressing the goal of 

sustainability from a development perspective, Anand and Sen (2000; p. 2030) argue that 

“sustaining deprivation cannot be our goal, nor should we deny the less privileged today 

the attention that we bestow on generations in the future” and “the moral value of 

sustaining what we now have depends on the quality of what we have, and the entire 

approach of sustainable development directs us as much toward the present as toward the 
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future” and “Ethical universalism is basically an elementary demand for impartiality—

applied within generations and between them.  It is, in the present context, the 

recognition of a shared claim of all to the basic capability to lead worthwhile lives.”  

Thus, fully incorporating the requirements of justice and development into economic 

sustainability of agroecosystems would require considering the fate of all individuals 

involved in the system.  We might define it as the indefinitely sustainable level of income 

that provides all persons participating in the economic activity of the system the 

capability to lead worthwhile lives.  At the level of the system itself, this includes the 

landowner, manager, and workers; these roles may be filled by a single individual, 

family, or group of unrelated persons.  Of course, a “worthwhile life” is quite subjective; 

what is acceptable for one individual is unacceptable for another.  Also, wealth is merely 

one factor contributing to the ability to lead a worthwhile life, and should be recognized 

as a means rather than an end (Anand and Sen, 2000).  The implication is that increasing 

profitability beyond what is necessary for a worthwhile life does not necessarily improve 

sustainability.  Analyzing the fate of hypothetical individuals that could be involved in 

the systems described by this research is beyond the scope of the present analysis.  

Instead, economic analysis was conducted on whole systems.  Nevertheless, it is worth 

mentioning that: 1) the capital, management, and labor required by systems described in 

this research could be provided by a single family, depending on the scale of operation; 

2) the system providing the most profit for its owner is not necessarily the most 

economically sustainable; and 3) indirect effects of the system are important 

considerations; at the community and regional scales, the economic sustainability of the 

agricultural system indirectly influences the sustainability of businesses providing inputs 

and purchasing outputs from the system.  Although we may not be able to define a single 

level of income as one that can provide a worthwhile life for all, it is apparent that 

evaluation of economic sustainability will require analysis of both profitability and risk.  

Therefore, the following discussion focuses on profit and risk of grazing systems and 

integrated crop-livestock systems. 

Price margin (selling price minus purchase price) has an effect on the economic 

stocking rate for grazing stocker cattle (Bransby, 1989) and risk can be reduced by 

managing for low to normal prices and forage production (Ethridge et al., 1990).  Under 
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the right conditions, profit from raising stocker cattle can be improved by selling cattle 

when prices are favorable rather than waiting for cattle to reach maximum weights 

(Ethridge et al., 1987).  

 An interactive business model developed by Katsvairo et al. (2006) showed that 

integrating forages and livestock into a cotton-peanut rotation in the southeastern U.S. 

would lower profit in the first year of implementation as a result of forage establishment 

costs.  However, by year four, returns for the integrated system would be three to six 

times greater than the conventional rotation.  The increase in profit was attributed to 

revenue from the livestock operation and higher peanut yields as a consequence of 

rotation. 

Integrating crop and livestock systems may not always lead to greater returns, but 

is still likely to decrease risk.  Zentner et al. (1986), as reported by Entz et al. (2002), 

found that including 2 or 3 yr of forages in a 6-yr crop rotation was more effective than 

crop insurance at decreasing income risk.  Despite the fact that diversified, low-input 

cropping systems may have greater variability in yield compared with conventional 

systems, even when mean yields are similar (Posner et al., 2008), Chavas et al. (2009) 

found that diverse systems generated “moderate risk exposure, with risk premiums rarely 

more than 5% of returns.”   The highest risk premiums among all 12 site-cropping system 

combinations analyzed by Chavas et al. (2009) in Wisconsin were for conventionally 

managed, high-input continuous corn and an intensive system rotating 3 yrs alfalfa with 1 

yr corn at a site with somewhat poorly drained soil.  

 Although maximizing returns is not a general requirement of economic 

sustainability, maximizing returns of grazing systems may be an essential sustainability 

criterion because grazing systems are often marginally profitable.  Maximizing returns 

for grazing could be solved as a dynamic optimization problem (Clark, 2010) of the form: 

 

where the producer wishes to maximize kg live weight produced subject to: 
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where h(t) is forage harvested, G(x) is forage growth, and m(h(t)) is steer growth.  

However, this is not a satisfactory solution because: 1) it assumes the producer wishes to 

maximize yield (or in a different form of the equation, maximize profit), and 2) it does 

not account for the unpredictable nature of the resource (forage) growth and price 

variability.  Economic analyses often assume decision makers seek to maximize profit.  

In practice, owners of grazing land typically seek profit as one of multiple goals, but 

frequently rank other objectives ahead of profit maximization (Johnson and Carpenter, 

2010); examples include maintaining or improving the environment and maintaining 

familial ranch ownership.  Dynamic optimization could address this by modeling a profit 

maximization problem subject to a conservation constraint.  For example, a rancher may 

attempt to maximize profit, subject to the constraint that long-term productivity not be 

diminished as a result of short-term overuse of resources.  By placing this constraint on 

his actions, the landowner, consciously or unconsciously, is choosing to use a zero 

discount rate.  This landowner’s actions can be justified by the insight that all economic 

activity is ultimately dependent upon natural resources.  Although the landowner might 

be able to turn a quicker profit by overusing his natural resource base in the short-term, 

and then investing gains in an interest bearing activity, universalization of this practice 

would destroy the global natural resource base and ultimately cause biological and 

economic collapse. 

How can we sustainably manage grazinglands as productive multiple-use systems 

within the framework of a dynamic optimization model?  We can constrain the model by 

restricting its natural resource use.  Abuse of grazingland commonly occurs when a site is 

overgrazed.  Overgrazing causes excessive defoliation of plants, which leads to plant 

mortality, shifts in botanical composition, changes in the site’s microclimatology, and 

increased vulnerability to soil erosion.  All four factors can reduce the future potential of 

the site to produce forage.  Smart et al. (2010) found that under moderate grazing 

pressure, the portion of standing forage that “disappeared” from native range over the 

course of a year and the portion of “disappeared” forage that was actually consumed by 

cattle were both ~ 50%.  The “take half, leave half” concept is promoted by land 



Texas Tech University, Cody Zilverberg, May 2012 

 

20 

 

managers as a responsible natural resource conservation practice regarding forage 

utilization on non-irrigated rangeland.  Others have proposed a minimum level of 

biomass residue as a sustainability measure (Sosebee et al., 2004).  When following rules 

like these, overgrazing should not limit future productivity. Although the simple dynamic 

optimization model presented here could address the conservation constraint, it would 

still lack recognition of the risk associated with variable rainfall and prices.  One option 

to address risk is to create a stochastic simulation model that provides productivity and 

profitability outcome distributions for numerous scenarios.   

 

FORAGES AND INTEGRATED CROP-LIVESTOCK SYSTEMS FOR THE 

SOUTHERN HIGH PLAINS 

Forages for the Southern High Plains 

Native grasses 

On Pullman clay loam soils of northern Lubbock County, the site of the research 

discussed in subsequent chapters, NRCS (2011) Web Soil Survey estimates air-dried 

rangeland vegetative production to be 1680 kg ha
-1

 in a normal year, with a range from 

1120 kg ha
-1

 in an unfavorable year to 2800 kg ha
-1

 in a favorable year.  Quality of 

individual native grass species has been analyzed by numerous authors in the region, as 

summarized below.  After 4 yr of a perennial grass trial in Floyd county, TX that applied 

3 levels of irrigation (no irrigation, 8 to 18 cm yr
-1

, and 15 to 36 cm yr
-1

), the highest 

yielding species across all irrigation levels was ‘Alamo’ switchgrass (16,600 kg ha
-1

), 

followed by ‘Spar’, ‘WW B. Dahl’, and ‘Caucasian’ old world bluestem (Bothriochloa 

spp.; 12,300 kg ha
-1

), and ‘Selection 75’ kleingrass (Panicum coloratum L.; 11,800 kg ha
-

1
; TAWC, 2011).  ‘Ozark’ and ‘Giant/common’ bermudagrass (10,200 kg ha

-1
) 

outyielded native short and midgrass species (‘Plains’ buffalograss: 2800; ‘Haskell’ 

sideoats grama: 8100; ‘Hatchita’ blue grama: 8700; mixture of buffalograss, sideoats 

grama, and blue grama: 8300).   During a 2-yr study in Goodwell, OK, average 
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buffalograss dry matter (DM) production ranged from 1850 kg ha
-1

 without N 

fertilization to 2810 kg ha
-1

 with 136 kg ha
-1

 N (Springer and Taliaferro, 2001).  Forage 

height in the aforementioned treatments doubled with the application of fertilizer, from 

an average of 4.4 cm to 8.8 cm.  Crude protein concentration increased linearly with the 

application of N, from an average of 9% without fertilization to 12.5% with 136 kg ha
-1

.  

The authors suggested low levels (34 kg ha
-1

) of N fertilization may be economically 

feasible for buffalograss.  Other authors have found that native short- and mid-grasses 

ranged from less than 4% CP when dormant to more than 15% in the spring, but most 

values fell between 5 and 10% (Rauzi et al., 1969; Rodgers, 1996; Polk et al., 1976; 

Heitschmidt et al., 1989). 

Forage consumed before feedlot finishing can affect subsequent performance and 

carcass characteristics (Choat et al., 2003; Allen et al., 1996).  Choat et al. (2003) 

compared steers grazing winter wheat to steers grazing dormant native range with a 

protein supplement.  Steers grazing winter wheat had greater daily gains (ADG) than 

those grazing native range (1.03 vs. 0.29 kg d
-1

).  During the feedlot finishing stage of the 

study, steers that had grazed native range compensated by having higher ADG than steers 

that had grazed wheat, but still finished with lower body weights.  Winter wheat grazing 

also resulted in greater longissimus muscle area, percentage of kidney-pelvic-heart fat 

(KPH), and greater marbling scores than native range grazing.  Twelfth-rib fat thickness, 

calculated yield grade, and quality grade did not differ between treatments. 

Old world bluestem 

Native grasses evolved in the climate of the SHP, while under pressure from 

grazing by large herbivores; this suggests they should be among the best regional forage 

options.  However, introduced forages provide additional opportunities to improve 

performance, especially if supported with supplemental fertilizer and water.   Old world 

bluestem species from the genus Bothriochloa are among the most-used warm-season 

forage species in the SHP.  Old world bluestems are productive under nonirrigated 

conditions but also respond favorably to fertilizer and irrigation (Philipp et al., 2007; 

Trostle, 2011).  Besides providing abundant forage with little supplemental irrigation, old 
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world bluestems may be a less risky crop than nonirrigated cotton or wheat on marginal 

cropland in the SHP (Dao et al., 2000). 

Numerous studies have investigated the biomass production of old world 

bluestems (Fig. 1.4).  In an experiment that included four above-ground drip irrigation 

treatments (no irrigation, 33% ETo, 66% ETo, and 100% ETo) in Lubbock County, TX, 

Philipp et al. (2007) found that ‘Caucasian’ old world bluestem (Bothriochloa caucasica 

(Trin.) C.E. Hubbard) yielded more dry matter (4.0 Mg ha
-1

) than did ‘WW-B. Dahl’ old 

world bluestem (2.8 Mg ha
-1

) under dryland conditions.  Caucasian also outperformed 

Dahl at irrigation rates equal to 100% ETo (18.0 Mg ha
-1

 vs. 15.2 Mg ha
-1

).  Maximum 

water use efficiency was achieved by Caucasian with 33% ETo  replacement.   

Phillipp et al. (2005) analyzed the quality of the forages in the same experiment.  

They found that before hay was cut in late July, increasing irrigation resulted in increased 

neutral detergent fiber (NDF) and decreased percentage of crude protein (CP).  Dahl was 

higher in CP than the other two species.  Hay cutting led to a rapid increase in CP in the 

irrigated treatments, whereas the dryland treatment was slower to respond, but 

maintained and increased CP through the end of the season.  Caucasian and Dahl had 

similar amounts of digestible dry matter, though Caucasian outperformed Dahl at 33% 

ETo.  Irrigation resulted in lower forage concentrations of P, Al, Fe, S, Cu, Zn, and Mn 

than dryland conditions (Philipp et al., 2006).  Dahl provided greater concentrations of 

most minerals than the other species, but supplementation of P, S, Cu, Na, and Zn may 

still be necessary for growing cattle.  The experiment did not include livestock grazing. 

In contrast to the nongrazed bluestem studies by Philipp et al. (2005, 2007), the 

studies by Burns and Fisher (2010) in North Carolina, Ortega-Ochoa (2006), and Ortega-

Ochoa et al. (2007) were conducted on grazed pastures with little or no irrigation.  

Measurement of standing forage in these studies was of ungrazed residue, whereas 

Philipp et al. (2007) measured total accumulated forage mass during the growing season.  

Neither type of study measured quantity of forage produced under grazing, although both 

provide a basis for estimation.  Because grazed forage is constantly being defoliated and 

producing regrowth, exact measurements of total forage growth under grazing are 

difficult to obtain.  Despite the difficulty of determining growth of grazed forages, it is 
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possible to create reasonable models of accumulated herbage mass under grazed 

conditions (Cacho, 1993).  Several researchers have attempted to model productivity and 

profitability of grazed bluestem (Dudensing, 2005; Martin, 2005; Zhu, 2010). Because 

forage is converted to animal products, accurate simulation of bluestem growth is less 

important than accurate simulation of bluestem’s ability to support animal production. 

Dudensing (2005) simulated bluestem growth, quality, and steer weight gain 

based on varying rates of irrigation and N fertilizer.  Dudensing’s (2005) simulations of 

grazing WW-B. Dahl in Lubbock County, TX, indicated that increasing applications of N 

and water improved forage growth and kg live weight gain ha
-1

, but that profitability 

would be maximized by eliminating irrigation entirely or by using irrigation only under 

conditions of severe moisture deficiency.  Ortega-Ochoa et al. (2007) also found non-

irrigated old world bluestem more profitable than irrigated old world bluestem.  In 

Dudensing’s (2005) model, as irrigation increased, forage quality decreased slightly.  

Total steer weight gain was modeled as 345 kg ha
-1

 under no irrigation and 60 kg N ha
-1

 

when initial steer size was 181 kg.  Gain decreased to 301 kg ha
-1

 when initial steer size 

was 227 kg.  However, this model adjusted stocking rate to match forage production, 

which is impossible to do even under research conditions because: 1) adjustments to 

stocking rate are either reactive or predictive and, therefore, cannot be perfectly 

synchronized with forage growth; 2) actual forage growth is not perfectly known; and 3) 

variation in animals across individuals and time alter forage intake and growth.  In 

production settings, it is less realistic to expect frequent changes in stocking rate due to 

the high transaction costs associated with such changes.  Therefore, the production and 

economic results from Dudensing (2005) must be regarded as a ceiling scenario that 

cannot be achieved in practice.   

Zhu (2010) simulated profitability of a grazing system composed of tobosagrass 

(Hilaria mutica [Buckley] Benth.) in Garza County, TX and bluestem in Lubbock 

County, TX.  Unlike Dudensing (2005), Zhu (2010) adjusted stocking rate only once per 

year, when stocker steers were moved from tobosagrass to bluestem.  Zhu (2010) found 

mean steer gain on bluestem to be 193 kg ha
-1

 during a June to Oct. grazing season.  

However, stocking rate was set to match simulated forage production each year.  In 
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practice, producers must set a stocking rate before the year’s forage production is known.  

Thus, Zhu (2010) is another version of a ceiling scenario.  Zhu (2010) found profitability 

to range from $-94 ha
-1

 to $773 ha
-1

 with a mean of $121 ha
-1

 for the system containing 

tobosagrass and bluestem.  Probability of negative returns was just 4%.  Zhu (2010) used 

low purchase (approximate mean $1.47 kg
-1

) and sales prices (mean $1.45 kg
-1

) for 

steers.  More importantly, the difference between purchase and sale prices differed little, 

despite the assumption that steers were sold at weights 278 kg hd
-1

 heavier than when 

they were purchased.  Although this situation occurs, it is uncommon, and it leads to 

unusually large estimates of profit.   

Martin (2005) simulated bluestem and stocker steer production based on data 

from Allen et al. (2005).  Steers in this system grazed wheat and rye as well as bluestem.  

Mean simulated bluestem forage mass was 11.4 Mg ha
-1

 and average irrigation was 282 

mm.  For 10 simulated years, forage production was adequate when stocking rate did not 

exceed 1.8 hd ha
-1

 and mean stocker gain was 283 kg ha
-1

.  Martin (2005) assumed 80% 

of forage mass would be consumed, a very high proportion that could lead to 

overestimation of production.  However, her cattle production results were realistic, with 

stocker steers’ initial weight of 205 kg, gain of 160 kg hd
-1

, and a final weight of 365 kg.  

Nevertheless, because Martin (2005) only simulated 10 years, it is possible that her 

simulated yield distributions do not match observed yields, despite the fact that she 

reports good calibration of her models. 

Bermudagrass 

 Marsalis (2004; Marsalis et al., 2007) found ‘Tifton 85’ bermudagrass had CP, 

NDF, ADF, hemicellulose, cellulose, and ash contents of 18.3%, 68.4%, 34.9%, 33.3%, 

26.3%, and 4.9% averaged over 2 yrs of growth from May to Sept. at New Deal, TX.  

Compared to other bermudagrass cultivars in the study, Tifton 85 had greater biomass 

production.  Also, although Tifton 85 had a relatively high ADF, it also had the highest 

digestibility, making it a strong candidate for use in this region. 
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Cool-season forage species 

Cool-season grasses, although less well adapted to the SHP than warm-season 

grasses, can extend the period of time that high quality forage is available.  During a 3-yr 

experiment on the performance of furrow irrigated cool-season forage grass in 

Tucumcari, NM, Lauriault et al. (2005) found that “several species (RS wheatgrass [E. 

repens var. repens L. Desv. ex B.D. Jackson x Pseudoroegneria spicata (Pursh) A. 

Love], Russian wild-rye [Psathyrostachys juncea (Fisch.) Nevski], tall fescue [F. 

arundinacea Schreb.], tall wheatgrass [E. elongata (Host) Nevski], and western 

wheatgrass [Pascopyrum smithii (Rybd.) A. Love]) established and maintained good 

stands across all soil moisture treatments throughout the test period.”  During the 

experimental period, the first 3 yr received above-average annual precipitation (long-term 

mean precipitation is 404.1 mm) and the second 2 yr received below annual precipitation.  

Irrigation was applied in three treatments, with the lowest treatment applying 

approximately 20 cm of water “generally less than once per cutting.”  The authors 

suggested that mixing tall wheatgrass with Altai wildrye (Leymus angustus [Trin.] Pilg.) 

may provide uniform forage yields throughout the growing season;  however, the water 

requirements of these cool season grasses may be too high for a limited irrigation 

scenario in Lubbock County.  

In small plots near New Deal, TX, Cradduck (2005) measured biomass 

production of multiple varieties of six cool season grass species over 3 yr.  Irrigation was 

limited to about 650 mm yr
-1

.  Mean annual biomass after 3 yr ranged from 3600 kg ha
-1

 

for intermediate wheatgrass (Thinopyrum intermedium [Host] Barkworth & D.R. Dewey) 

to 8800 kg ha
-1

 for ‘Jose’ tall wheatgrass (Thinopyrum ponticum [Podp.] Z.-W. Liu & R-

C. Wang).  Mean yield of native western wheatgrass varieties was 6600 kg ha
-1

.  

Cradduck (2005) also noted that WW B. Dahl old world bluestem invaded cool season 

bunchgrass plots (tall wheatgrass) but not adjacent sod-forming western wheatgrass.   

Supplementation 

Often, the limiting factors for stocker cattle gain and growth are energy and 

protein intake, especially on dormant forages.  This occurs because dormant forages are 

frequently low in CP and high in fiber concentration, causing the rumen to be physically 
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filled and limiting the animal’s forage intake before the animal’s energy requirement has 

been met (Collins and Fritz, 2003).  If energy is limiting, an energy supplement can 

improve grazing animals’ performance (Kerley and Lardy, 2007) but may not be 

economically viabe.  A protein supplement can be provided when needed to ensure 

adequate protein in the diet. 

Integrated crop-livestock systems for the Texas High Plains 

Productivity 

Natural resource issues, profitability, and “increasing regulation of concentrated 

animal feeding operations” are among the issues that have “renewed interest in integrated 

crop-livestock systems” in North America (Russelle et al., 2007).  This is especially true 

in the semi-arid High Plains of Texas, where livestock may need to be integrated into the 

agricultural production systems of the future to address water shortages (Allen et al., 

2008).  In this region, cows are commonly sustained on a combination of perennial 

pasture, crop residue, and wheat pasture.  It is also common to purchase stocker calves to 

graze in wheat pastures that will be harvested for grain when conditions are favorable.  

These systems combine crops and livestock into agricultural systems, but because 

simulations based on individual components are unreliable, whole systems research is 

needed to understand production of integrated systems (Matches, 1989). 

Although annual cropping systems dominate the Texas High Plains, integrated 

crop-livestock systems exist in a variety of forms.  The Texas Alliance for Water 

Conservation (TAWC; TAWC, 2011) monitors management, productivity, profitability, 

and water use of 20 to 30 agricultural systems in the Texas High Plains every year.  In 

2010, five of the 30 sites included cow-calf production.  Herds were both purebred and 

crossbred.  Forages included old world bluestem, bermudagrass, kleingrass, buffalograss, 

blue grama, green sprangletop, sand dropseed, a forb mixture, and wheat.  Crops 

integrated with livestock production included cotton, corn, grass seed, and hay.  These 

integrated and cow-calf systems were among the lowest water users and the least 

profitable from 2005 to 2010, but were competitive in net returns ($) per mm
-1

 irrigation 

water applied. 
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To move toward sustainable use of water resources on the SHP, alternative 

agricultural production systems must use less water than conventional systems but should 

remain economically competitive.  In Lubbock County, TX, Allen et al. (2008) found 

little difference in cotton yield between a conventional monoculture cotton system and an 

alternative system that integrated cattle grazing with a crop rotation that included cotton.  

From 2003 to 2007, cotton yields averaged 1673 kg ha
-1

 (SD 336) for the integrated 

system and 1615 kg ha
-1

 (SD 168) for the conventional system (unpublished data), 

indicating that integrated cotton-livestock systems are capable of producing cotton yields 

equal to conventional monoculture methods.  Steers in the integrated system gained an 

average of 0.8 kg d
-1

 on pasture from 1999 to 2008 (unpublished data).  Water use in the 

integrated system was approximately 25% less than the cotton monoculture, primarily 

because cotton comprised only 25% of the acreage of the integrated system with the 

remainder of the system planted to forages that received less water than cotton.   

At constant 1997 prices, net returns above variable costs for the experimental 

integrated system were greater than for irrigated cotton at yields typical of the Texas 

High Plains (630 kg lint ha
-1

).  When cotton yields increased to 1500 kg ha
-1

, however, 

monoculture cotton was greater in net returns above variable costs of production (Allen et 

al., 2008).  Analysis of water use stopped at the farm gate, but the steers produced by the 

alternative system were sent to a feedlot for finishing.  Producing 1 kg of beef that is 

finished on grain requires the use of at least 43,000 L of water, primarily because of the 

water required to grow the grain (Pimentel, 2004b; Pimentel et al., 1997).  Thus, systems 

designed to take steers as close to finishing as possible on forage might produce 

significant water savings.  Although various approaches to forage finishing have been 

reported, more information is needed on the relationship of specific forages to water use 

and the ultimate effect on carcass characteristics of cattle.   

Ortega-Ochoa et al. (2007a) suggested a combination of native range, improved 

warm-season grasses, and integration with cropping systems that include winter wheat, as 

an alternative production system for water conservation.  Forage systems are clearly 

capable of decreasing water use, but research is needed to identify optimum species and 

levels of irrigation.  Ortega-Ochoa (2006) performed a summer grazing trial of WW-B. 
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Dahl old world bluestem for 2 yr in Lubbock County, TX.  Dryland paddocks and two 

levels of sprinkler irrigated paddocks were grazed by steers.  Each irrigation treatment 

was subdivided into two groups, one that provided cattle with supplemental cottonseed 

and one that did not.  Irrigation treatments (High irrigation = 25.4 mm every 10 d, annual 

total = 177.8 mm;  Low irrigation = 25.4 mm every 20 d, annual total = 101.6 mm) were 

applied from late July through Sept. in 2003 and from mid-June through mid-Aug. in 

2004.  The ADG animal
-1

 and ADG ha
-1 

were not significantly different among irrigation 

treatments in the dry year, 2003, or the wet year, 2004.  In 2004, feeding the supplement 

improved ADG, suggesting that the supplement was most effective under conditions of 

high precipitation; however, the author concluded that feeding the supplement may not be 

cost-effective.  Stocking density was determined based on standing forage.  Densities in 

animals ha
-1

 for high, low, and no irrigation treatments were 2.3, 2.6, and 2.9 respectively 

in 2003, and 2.4, 1.9, and 1.8 respectively in 2004. 

Profitability 

 In the previously described experiment conducted by Ortega-Ochoa et al. (2006 

and 2007a), the average cost kg
-1

 live weight gain in the no irrigation treatments was less 

than the average cost of the irrigated treatments in 2003 (2007b).  Of the six treatments, 

the “no-irrigation no-supplement” treatment had the greatest average profit above 

operating costs over 2 yr ($264 ha
-1

 yr
-1

), due to the fact that the dryland steers gained 

similarly to the steers on irrigated grass, but required fewer inputs.  The low levels of 

sprinkler-applied water used in the experiment were clearly not profitable.  Dudensing’s 

(2005) simulations of grazing WW-B. Dahl old world bluestem contrast with Ortega-

Ochoa et al. (2007b) by indicating that increasing applications of water improved forage 

growth and kg of stocker cattle live weight gain ha
-1

; however, the economic results were 

found to be similar to Ortega-Ochoa et al. (2007b) ― profitability would be maximized 

by eliminating irrigation entirely or by using irrigation only under conditions of severe 

moisture deficiency. 

 Martin (2005) compared profitability and risk of the previously cited (Allen et al., 

2008) monoculture cotton system and integrated crop-livestock system at four irrigation 

water pumping depths (45, 60, 75, and 90 m).  Average net returns above variable costs 
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were similar for the two systems at all irrigation pumping depths, but the integrated 

system improved relative to the monoculture system as depth increased because the 

integrated system used less irrigation water.  Net returns above total costs of production 

were negative for both scenarios, although the alternative system outperformed the 

monoculture system at all pumping depths.  For the risk analysis, three Risk Aversion 

Coefficients (RAC) for risk-averse decision makers were used.  At all levels of price 

variability (+-10%, +-30%, and +-50%) and for all RAC, the integrated system was 

preferred to the monoculture system.  The results were robust because even the integrated 

system with the greatest water pumping depth (90 m) was preferred to the monoculture 

with the shallowest depth (45-m). 

 Despite strong support for the economic dominance of the integrated system in 

the Martin (2005) study, the results should be treated with caution.  Although both 

agronomic and price risk were considered, only 10 random CroPMan production scenario 

years were used.  Such a small number of random draws can introduce bias in favor of 

one system or the other.  This may be the reason why the simulated production 

distributions of the two most profitable crops, cotton and WW-B. Dahl old world 

bluestem seed, do not match the observed distributions at the research site (Table 1.1).  

Although mean cotton yields were similar to the observed yields, standard deviations 

were not.  For old world bluestem seed yield, standard deviations were similar, but means 

were quite different.  A portion of the poor simulation distribution for cotton yield can be 

attributed to the lack of yield data (2 yr) available for the ‘FiberMax 989’ variety, which 

was introduced into the Allen et al. (2008) experiment in 2003.  The biases introduced by 

the poor distribution favored the integrated system in all three cases (Table 1.1), 

indicating the integrated system may not be as economically strong as Martin concluded.  

 Weinheimer (2008) created a two-part farm-level economic model to represent a 

typical Floyd County, TX farm’s response to a 50/50 water policy (requiring that 50% of 

the current saturated thickness of the Ogallala aquifer remain after 50 yr).  The 

representative farm initially included cotton, corn, wheat, and grain sorghum (Sorghum 

bicolor [L.] Moench) enterprises.  In its response to the 50/50 policy, the farm was 

allowed to alter its distribution of acreage among the aforementioned enterprises, and 
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also had the option to add cattle grazing on improved dryland pasture.  The first model 

component, a dynamic optimization model, was used to select the optimum crop mix 

which maximized net present value of net returns ha
-1

 for the farm over a 10-yr time 

horizon.  Model prices and production costs were adjusted for each year based on Food 

and Agricultural Policy Research Institute (FAPRI) projections.  Model yields were based 

on CroPMan software production scenarios and irrigation water applied.  Multiple 

scenarios with different levels of saturated thickness were analyzed.  In the case of the 

highest saturated thickness, 36 m, implementing the 50/50 policy resulted in irrigated 

area decreasing from 94.5 to 77.3% of total farm area after 10 yr.  Even without the 

policy in place, irrigated area would have decreased to 90.6% because the model 

determined that furrow irrigation was not economical compared with alternative uses for 

available water.  With the policy in place over the 10-yr time horizon, dryland sorghum 

area increased from 0 to 23% and dryland cotton area decreased from 2.8 to 0%.  The 

percentage of land in dryland production generally increased as saturated thickness 

decreased, but dryland livestock production was never included in the optimum solution.  

The second part of the model incorporated risk by applying stochastic prices and yields to 

the previously selected optimum crop mixture. 

 As with any model, the Weinheimer (2008) model was a simplification of real 

world conditions and could not include all of the crops and management options available 

to producers.  Irrigated forage production was one option not included in the model that 

would be worth considering for Floyd County farmers.  In addition, many of the benefits 

of integrated systems are the result of agronomic interactions among system components, 

but interaction among components of integrated systems makes them difficult to model, 

both agronomically and economically.  Although analysis of the optimum crop mixture 

incorporated price and yield risk, the Weinheimer (2008) dynamic optimization model 

considered neither economic risk nor agronomic interaction between farm components 

when choosing the optimum crop mixture.  Further research is needed to determine 

whether considering risk, agronomic interaction, and the possibility of irrigated forage 

production would lead the dynamic optimization model to select an integrated crop-

livestock system as an optimal crop mixture. 
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Figure 1.1. Area planted to major crops in the Texas Southern High Plains since the 

1960’s (NASS, 2011). 
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Figure 1.2. Percentage of upland cotton hectares in the Texas Southern High Plains that 

are non-irrigated (NASS, 2011). 
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Figure 1.3. Total, non-irrigated, and irrigated land area planted to crops in the Texas 

Southern High Plains (NASS, 2011). 
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Figure 1.4. Old world bluestem response to irrigation and rainfall.  Dudensing (2005) and 

Martin (2005) were simulation results based on the work by Philipp (2004), Duch-

Carvallo (2005), and Allen et al. (2005).  Ortega-Ochoa (2006) and Burns and Fisher 

(2010) reported forage mass under grazed conditions.  The polynomial line is based on 

the data of Philipp (2004). 
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Table 1.1. Difference between observed and simulated yields.  Values are means with 

standard deviations in parentheses. 

 Observed†  
Simulated 

††  
Resulting bias 

favors: 
Conventional cotton lint yield 

(kg ha-1) 1614 (168)  1589 (333)  Integrated system 
Integrated cotton lint yield (kg 

ha-1) 1672 (300)  1697 (128)  Integrated system 
Old world bluestem seed yield 

(kg pls ha-1) 24 (22)  40 (22)   Integrated system 

† For cotton, observed values are from 2003 to 2007, after the switch to FiberMax 989 
cotton.  For old world bluestem, observed values are from 1999 to 2007 (unpublished data). 

†† Simulated values from Martin (2005) 
 

 

 

 

  



Texas Tech University, Cody Zilverberg, May 2012 

 

46 

 

Chapter 2 

Productivity and Water Use 
 

INTRODUCTION 

The Texas High Plains economy relies on irrigated agriculture, but this economy 

and way of life are threatened because of rapid declines in the Ogallala aquifer’s water 

level.  The Ogallala is the primary source of the region’s irrigation water, but recharge of 

the aquifer is estimated at about 25 mm yr
-1

 in the High Plains (HPUWCD, 2012).  

Sustainable withdrawal rates could be achieved by reducing the number of irrigated acres 

or by reducing the amount of water applied to current irrigated acres.  Given that current 

rates of water withdrawal greatly exceed recharge, it is unlikely that sustainable 

withdrawal rates will be achieved anytime soon.  However, as local policies are 

implemented to gradually decrease withdrawals and wells slowly go dry, it is imperative 

to seek ways to continue agricultural production in this region, while decreasing 

irrigation use.  Sustainable use of the aquifer may require agricultural systems that are 

predominantly non-irrigated, shifting valuable water resources to high-value crops.   

 Historically a vast grassland, the Texas High Plains were dominated by 

buffalograss (Buchloe dactyloides [Nutt.] Engelm.), blue grama (Bouteloua gracilis 

[Willd. ex Kunth] Lag. ex Griffths), and sideoats grama (Bouteloua curtipendula 

[Michx.] Torr.; Gould, 1975).  Heitschmidt et al. (2004) suggested that grazing 

indigenous rangelands is among the most sustainable of agricultural practices.  A grazing 

system based on non-irrigated native perennial forages would only require water for 

consumption by livestock.  Thus, perennial-based grazing systems are one way that 

regional agricultural production could be continued while decreasing pressure on the 

aquifer.  A potential drawback is that non-irrigated pastures are vulnerable to variations 

in precipitation that can limit productivity ha
-1

.   

Irrigation of forages for grazing has been suggested to be highly inefficient 

(Rosegrant et al., 2005) but would depend on type of forage and dynamics of the overall 

system.  Introduced warm-season C4 grasses adapted to west Texas generally require less 
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supplemental water than annual cropping systems (Allen et al., 2005; TAWC, 2010).  

Under limited irrigation, these grasses could increase productivity relative to non-

irrigated native grasses, and a grazing system that included some irrigated paddocks 

could provide a buffer against periods of insufficient precipitation.  Compared with 

annual cropping systems, perennial-based grazing systems can also reduce soil erosion, 

sequester carbon in soils, improve wildlife habitat, and reduce fossil fuel emissions.  

Integrating forages with annual cropping systems offers diversification, which can 

decrease risk, in addition to previously stated benefits of using perennials.   

 Thus, we designed and tested three forage-based systems for the Texas High 

Plains.  The systems integrated crop and livestock production while spanning a range of 

irrigation use possibilities.  In this paper, systems are described and evaluated for 

productivity and water use.  In subsequent papers, systems will be evaluated for quality 

of production, soil impacts, profitability, and fossil fuel energy use. 

  

METHODS 

Experimental Site 

 The research site was located in Northeast Lubbock County on the Texas Tech 

Agricultural Field Research Laboratory (101° 47’ W, 33° 45’ N; 993 m elevation).  The 

primary soil was Pullman clay loam (fine, mixed, superactive, thermic Torrertic 

Pauleustolls) on 0 to 1 percent slopes.  The region has a dry steppe climate, mild winters, 

and annual precipitation (1911 to 2011) averaging 471 mm (median 449 mm) at the 

nearby Lubbock weather station.  Typically, more than 75% of the precipitation falls 

between Apr. and Oct.  A Campbell Scientific 21X micrologger weather monitoring 

station (Campbell Scientific, Inc. Logan, UT) recorded precipitation and temperature at 

15-min intervals, from which hourly averages were calculated.  Additional rain gauges 

were placed at various points across the research area and were monitored visually. 

 Before the current research, this site had been a conventionally managed, furrow-

irrigated cotton (Gossypium hirsutum L.) -sorghum (Sorghum bicolor [L.] Moench) 
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rotation that produced yields typical of the region.  Cotton was planted from 1997 to 1999 

and 2001.  Sorghum was planted in 2000 and post-harvest residue was grazed by cattle.   

In 2002, the field was divided into three blocks and treatments were assigned to 

blocks in a randomized complete block design.  Initial treatments were a dryland (non-

irrigated) three-paddock crop (cotton)-forage-stocker cattle system (DRY) and an 

irrigated three-paddock crop (grass seed)-forage-stocker cattle system (MED; Fig. 2.1).  

Experimental evaluation of each system began when the system was well established; 

because establishment occurred at different rates, evaluation began in different years for 

DRY (2004) and MED (2007).  In 2009, the DRY system was incorporated into and 

replaced by a four-paddock, buffer-irrigated, integrated crop (cotton and grass seed)-

forage-stocker cattle system (LOW; Fig 2.1).  Note that systems were named for their 

irrigation levels; because one objective of the research was to investigate water 

conservation, there was no system that used a ‘high’ level of irrigation.  From 2009 to 

2011 in this experiment, LOW and MED replaced 26% and 39% of ET0, respectively 

(Table 2.1).     

Water was supplied to irrigated paddocks though a subsurface drip tape with 2.2-

cm inside diameter and 0.038-cm wall thickness (Eurodrip USA, Inc., Madera, CA).  

Water meters (Netafim model #36WMR2T1, 5.1 cm on bluestem and Netafim model 

#36M401.5T, 3.8 cm on bermudagrass; Netafim USA, Fresno, CA) were used to record 

quantities of irrigation water applied.  Emitters were placed at 0.36 m depth, spaced at 0.6 

m on 1-m centers, and could deliver 0.95 L hr
-1

 at 89.84 kPa.  Maximum water volume 

capacity was 1.5 mm h
-1

.  

Stocker Steers 

All systems were grazed by Angus and Angus-cross stocker steers (Bos taurus L.) 

obtained through Coldwater Creek Cattle Company, Stratford, TX.  Steers were 

vaccinated with Clostridium chauvoei-septicum-novyi-sordellii-perfringens Type C & D 

Bacterin-Toxoid (2004 to 2008: Fortress 7 [Pfizer Animal Health, NY, NY]; 2009 to 

2010: Vision 7 with SPUR [Merck, Summit, NJ]), infectious bovine rhinotracheitis, 

parainfluenza 3 virus, bovine viral diarrhea, and bovine respiratory syncytial virus (2004 

to 2008: Bovi-Shield 4; Pfizer Animal Health, NY, NY; 2009: Vista 5 SQ [Merck, 
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Summit, NJ]; 2010: Pyramid 5 [Fort Dodge Animal Health, Overland Park, KS]), and 

treated for internal parasites (2004 to 2008: Dectomax [Pfizer Animal Health, NY, NY]; 

2009: Cydectin [Fort Dodge Animal Health, Fort Dodge, IA]; 2009 and 2010: Safeguard 

[Merck, Summit, NJ)  before the beginning of grazing each year.  Immediately before 

grazing began, all steers were blocked according to weight and breed and were assigned 

randomly within blocks to the systems.  At initiation of grazing, steers were implanted 

(2004 to 2008: Ralgro [Merck, Summit, NJ]; 2009 to 2010: Revalor G [Merck, Summit, 

NJ]).  Steers were weighed at the end of grazing.  When the grazing season lasted more 

than 105 d, steers were reimplanted and weighed at 90- to 100-d intervals and salt and 

mineral supplements (Appendix B, Tables B1 and B2) were available ad libitum based on 

findings of Cradduck (2005).  Cottonseed cake (38% or 41% CP) was supplemented 

when forage CP did not meet requirements (NRC, 1996) to support a minimum of 0.45 

kg weight gain d
-1

.   

Through 2008, the end of the grazing season was considered the end of the 

experimental period for cattle.  Beginning in 2009, when grazing ended each year, steers 

were moved to the Burnett Center, New Deal for feedlot finishing on a steam-flaked 

corn-based diet to determine performance during the finishing phase and effects of 

stocker systems on carcass merit (Chapter 3).  When steers entered the feedlot they 

initially received a 65% concentrate diet that was increased to 90% over the course of 

approximately 21 d.  At slaughter, final live weights were collected on steers that grazed 

during the growing seasons of 2009 to 2010.  All cattle were handled under an approved 

Animal Care and Use Protocol.  

DRY: Dryland (non-irrigated), integrated crop-forage-stocker cattle system 

(2004 to 2008) 

Establishment (2002 to 2003) 

 This three-paddock non-irrigated system consisted of one paddock of native 

perennial grasses (4.5 ha; 57% of system area) and a two-paddock annual rotation of 

cotton and a warm-season annual grass (DRY; Fig. 2.1A). Each rotation paddock 

comprised 1.7 ha (22% of system area); thus, each block of the system included 8.0 ha.  

Establishment of native perennial grasses began in 2002 with disking and application of 
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0.95 L ha
-1

 glyphosate and 0.9 kg ha
-1

 ammonium sulfate to control weeds.  In June, a 

mixture of four native grasses (1.12 kg pure live seed [PLS] ha
-1

 blue grama [Bouteloua 

gracilis (Willd. ex Kunth) Lag. ex Griffiths], 2.24 kg PLS ha
-1

 sideoats grama [Bouteloua 

curtipendula (Michx.) Torr.], 2.24 kg PLS ha
-1

 buffalograss [Buchloe dactyloides (Nutt.) 

J.T. Columbus], and 0.56 kg PLS ha
-1

 green sprangletop [Leptochloa dubia (Kunth) 

Nees]) was planted with a Tye 2010 Stubble Drill (Tye Manufacturing, Lockney, TX) 

with 17.8 cm spacing.  In mid-July, glyphosate was reapplied with a rope wick to reduce 

tall weeds (primarily Johnsongrass [Sorghum halepense (L.) Pers.] and pigweed 

[Amaranthus spp.]).  Rainfall in the establishment year was slightly above normal.  

Native grasses established successfully and stands continued to improve over the next 

several years.  To aid establishment, the field was shredded with a rotary mower in 2002; 

in May 2003, forage was cut with a haybine and baled.   

Post-establishment management 

Fertilizer was broadcast-applied to native grasses in 2004 and 2006 at mean rates 

of 31 kg N ha
-1

, 8 kg P2O5 ha
-1

, and 17 kg S ha
-1

.  Control of broadleaf weeds in native 

grass pasture was accomplished by applying herbicides based on best management 

practices (Appendix B, Table 2.3). 

 Cotton was planted into a level, prepared seedbed in mid-May of each year (mean 

date 19 May) beginning in 2004.  Varieties were ‘FiberMax 960’ in 2004, ‘FiberMax BR 

989’ from 2005 to 2006, and ‘FiberMax 9058F’ from 2007 to 2010.  Fertilizer, pesticides, 

and harvest aids were applied based on soil tests and best management practices 

(Appendix B, Tables B3 and B6).  Cotton was broadcast fertilized in 2004, 2006, and 

2008 at mean rates of 40 kg N ha
-1

, 25 kg P2O5 ha
-1

, and 16 kg S ha
-1

 for years in which 

fertilizer was applied.  Mean cotton harvest date was 28 Nov.  Cotton was harvested with 

a 4-row commercial cotton stripper.  A boll buggy equipped with load cells was used to 

determine total weight of crop, and a commercial gin determined percentages of lint and 

seed.   

 A warm season annual grass was planted (mean date 15 May) in the alternate 

paddock each year.  In 2004, ‘SS200’ brown midrib sorghum (Sorghum bicolor [L.] 

Moench) was planted into a prepared seedbed. Once the rotation began, cotton stubble 
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was disked prior to planting with a Tye Drill.  ‘German’ foxtail millet (Setaria italica [L.] 

P. Beauv.) was planted from 2005 to 2007 and ‘Mucho Sweet’ forage sorghum in 2008.  

In 2007, the initial seeding was buried by sediment washed over the field after an intense 

rain, and foxtail millet was replanted on 6 June.  Fertilizer was broadcast applied in 2004, 

2006, and 2008 at average rates of 48 kg N ha
-1

, 28 kg P2O5 ha
-1

, and 18 kg S ha
-1

 for 

years in which fertilizer was applied.  Pesticides were applied based on best management 

practices (Appendix B, Table 2.3).  Because of excessive levels of nitrate (> 3%, dry 

matter basis [DMB]) in sorghum in yr 1, hay was harvested on 5 Aug. 2004, and no 

grazing occurred.  In all other years the warm season annual was grazed except in 2006 

due to drought.  

Stocker steers.  Angus and Angus crossbred beef stocker steers (initial mean BW 226 

kg; SD 17 kg) grazed native grasses beginning in early May (mean date: 8 May) except in 

2005, when steers began grazing native grasses on 8 June (Appendix C, Tables C2 and 

C6).  When conditions permitted, steers moved to the warm-season annual grass in 2005, 

2007, and 2008 for approximately 1 mo of grazing.   

Stocking rates were determined based on initial forage mass and expected forage 

intake.  The grazing season ended when there was insufficient forage to maintain target 

levels of cattle performance or to allow native grasses sufficient time for regrowth to 

ensure winter survival.  For each 8.0-ha block, four steers grazed during summer of 2004 

and 2005.  Five steers grazed during summer of 2006 to 2008.  In 2005 and 2006, an 

additional set of steers (initial mean BW 260 kg; SD 42 kg) grazed the dormant native 

grass pasture during winter (Jan. to Mar., 2005; Jan. to Apr., 2006).  In 2005, an average 

of 16 steers block
-1

grazed during winter.  In 2006, fifteen steers block
-1

 grazed during 

winter.  The fifth and final year of this system was completed in autumn 2008.   

LOW: Buffer-irrigated, integrated crop-forage-stocker cattle system  

(2009 to 2011) 

Establishment and post-establishment management 

 By 2009, five years of data had been collected on the non-irrigated DRY system.  

Paddocks of the existing DRY system were then combined with an adjacent 2.1-ha 

paddock (about 21% of the new system) of irrigated ‘WW-B. Dahl’ old world bluestem 
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[bluestem; Bothriochloa bladhii (Retz) S.T. Blake] that had been established in 2004.  

This created a revised 10-ha buffer-irrigated integrated crop-forage-stocker cattle system 

(LOW; Fig. 2.1C). The objective of this revised system was to create flexibility to 

manage drought in years when precipitation was insufficient to retain cattle in the system 

and to increase stocking rate. The bluestem was managed to provide a grass-seed harvest 

(mean date: 15 Oct.) and additional grazing, with the ability to ensure growth with 

supplemental irrigation in years where growth under non-irrigated conditions was 

insufficient to retain cattle throughout the season. Fertilizer was applied annually to 

bluestem through drip tapes at a rate of 67 kg N ha
-1

 and 12 kg S ha
-1

.  The remainder of 

this system remained as described for the DRY system.  Foxtail millet was the warm-

season annual forage grown in rotation with cotton.  Broadleaf herbicides were applied as 

needed (Appendix B, Table 2.4).   

Stocker steers.  Angus and Angus crossbred beef stocker steers (mean initial BW 261 

kg; SD 17 kg) began grazing native grasses in late May (mean date: 22 May; Appendix 

C, Table 2.1).  Steers then alternately grazed native grass, bluestem, and foxtail millet, 

depending on growth of the forages (Appendix C, Table 2.6).  Mean initial date of 

grazing foxtail millet was 1 Aug. and mean final date was 12 Aug.  Bluestem was 

managed primarily to use available forage by grazing, but grazing was terminated on 

bluestem in late summer (mean date 31 Aug.) to allow a bluestem seed harvest.  Eight 

steers grazed in each 10.1-ha block of this system in 2009.  The number of steers 

increased to 10 in 2010 because of underutilization of forage the previous year.  No 

grazing occurred in 2011 as a result of severe drought.  From Nov. 2010 through Oct. 

2011, the nearby Lubbock airport received 107 mm precipitation, the lowest Nov. 

through Oct. rainfall since recordkeeping began in 1911 (NOAA, 2011).  

MED: Irrigated integrated crop-forage-stocker cattle system (2007 to 2011) 

Establishment (2003 to 2006) 

This three-paddock irrigated system (MED; Fig. 2.1B) was composed of a 2.1-ha 

paddock (54% of total area) of bluestem and two, 0.9-ha paddocks (23% of total area, 

each) of ‘Tifton 85’ bermudagrass [Cynodon dactylon (L.) Pers.].  Establishment began 

in June 2003 with seeding of bluestem (3.4 kg PLS ha
-1

).  Bluestem was overseeded the 
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following Apr. to improve stands, cut for hay in 2004, and grazed by stocker steers in 

2005 and 2006 to complete establishment.  Bermudagrass was sprigged in June 2004 and 

shredded in Apr., May, and June 2005 during establishment. Bermudagrass was also 

grazed intermittently in 2005 and 2006 by stocker steers to aid system establishment.  

Herbicides were applied as needed (Appendix B, Table 2.5).  Injection of Treflan (Apr., 

Aug. 2006; Apr. 2007; June 2009) into irrigation tapes was used to decrease root 

intrusion into emitters. 

Post-establishment management 

Bluestem was shredded to maintain quality and encourage stand development 

when growth exceeded forage intake by steers and after seed was harvested (mean date 

15 Oct).  Bermudagrass was shredded in May 2007 to remove excess dormant forage. In 

addition to being grazed, forage in both bermudagrass paddocks was baled for hay in 

summer 2008.  In 2009 and 2010, one bermudagrass pasture was baled for hay each 

summer, in addition to being grazed.  Both bermudagrass paddocks were baled for hay in 

2011 but not grazed.        

Stocker steers.  Angus and Angus-cross stocker steers (mean initial BW 249 kg; SD = 

16 kg; Appendix C, Table 2.1) sequence grazed forages during the growing season 

beginning in mid-May (mean date 14 May; range 8 May to 24 May) as forage was 

available.  Grazing began on bluestem and ended on bermudagrass. Grazing was 

terminated (mean date: 4 Oct.) when growth of bermudagrass reached target plant heights 

to ensure adequate biomass for winter cover. Grazing of bluestem was discontinued in 

mid- to late-summer (mean date: 19 Aug.) to allow forage to restore energy reserves and 

produce a seed crop for harvest.   

From 2007 to 2010, fifteen steers grazed within each 3.9-ha system block each 

year and excess forage was harvested as hay.  In 2007, the number of steers was 

increased from 15 to 23 on 17 July because forage growth had exceeded forage 

consumption.  The additional steers had an initial BW of 354 kg.  No grazing occurred in 

2011 as a result of severe drought. 
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All Systems 

Exclosures 

  One permanently located grazing exclosure (4.9 x 4.9 m) was randomly placed 

near the center of each paddock in all systems at the beginning of the experiment. 

Vegetation, irrigation, fertilizer and herbicide applications were similar inside and outside 

the exclosures. Where cotton and a warm-season annual grass rotated annually, 

exclosures were removed to permit field operations and were replaced before cattle 

returned to graze.   

 Exclosures in pastures were managed as though they were hayfields, with mowed 

residue removed.  Bermudagrass was typically mowed on 28-d intervals.  Forage in the 

warm-season annual, bluestem, and native grass exclosures were mowed once during 

summer.  Mowing date depended on seasonal growth and environmental conditions.   

Sampling procedures 

Cotton and bluestem seed 

 Cotton lint yield was sampled with a field harvester as described above.  

Beginning in 2009, cotton was sampled for plant density and height in July.  Every 

second row was sampled along four parallel transects across the field.  Each sample 

consisted of a count of plants per linear meter and height of the final plant counted.  

Within exclosures, all rows were sampled except for the outermost row on each side of 

the exclosure and 1 m from the exclosure boundary.   

Bluestem seed was harvested with a commercial flail grass seed harvester (Flail-

A-Vac, Weatherford, OK), weighed, and cleaned.  Bluestem seed was not separated by 

block, thus only means are presented. 

Forage mass 

From 2009 to 2011, forage mass in grazed areas (outside exclosures) of LOW and MED 

was measured  at 28-d intervals by clipping six, 0.24-m
2
 quadrats spaced evenly along a 

diagonal from one corner of the paddock to the other.  One quadrat (0.24 m
2
) was clipped 

in a representative area within each exclosure.  Samples were dried at 55˚ C and weighed.  
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Clipping height approximated heavy grazing pressure for the specific forage type.  The 

four types of forage measured had different growth forms: foxtail millet was tall with 

several tillers coming from a single crown, bermudagrass was prostrate with many 

stolons, bluestem formed large and dense crowns when mature, and native grasses 

formed smaller crowns (blue grama, sideoats grama, and green sprangletop) or were 

prostrate (buffalograss).  Thus, clipping height differed for each type of forage and plant 

age.  Bermudagrass and buffalograss were clipped just above the mat of stolons.  When 

stolons rose above the thatch they were included in the sample.  Young bluestem and 

native grasses were clipped at about 2 cm.  Mature bluestem and native grasses were 

clipped above accumulated thatch, at a height above soil of up to 8 cm for native grasses 

and 15 cm for bluestem.  In practice, steers in experimental plots rarely grazed paddocks 

down to the clipping height because of moderate stocking rates.  All plants, desirable and 

undesirable, were included in estimates of forage mass.  Forage mass per system hectare 

was calculated as the weighted average of all paddocks comprising the system.  Warm-

season annual forage mass was only included in total system forage mass during the time 

that it was grazed.  Likewise, bluestem forage mass was not included in total system mass 

once it was deferred each autumn to permit regrowth for a seed crop. 

Species composition 

 From 2009 to 2011, non-destructive visual assessments of ground cover and 

sward species composition were conducted by one to three persons at the initiation of 

grazing in spring, mid-summer, and at the termination of grazing in autumn using the 

Double DAFOR Scale (hereafter DAFOR) as described by Abaye et al. (1997).  Ground 

cover was defined as the percentage of ground covered by standing plant material.  

Percentage of total biomass that was grass or broadleaf plants was estimated.  Each grass 

species present was classified as Dominant, Abundant, Frequent, Occasional, or Rare, 

relative to the Dominant grass species.  Broadleaf weeds were collectively ranked on the 

same scale, relative to the Dominant grass species.  On a separate scale, individual weed 

species were classified relative to the Dominant weed species.  For grasses and weeds, 

abundance was defined as frequency.  A single abundance category could contain 
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multiple species.  In native grass pastures, the four seeded grasses were classified as a 

single species group. 

Plant-animal relationships 

 In years when steers were only weighed at the beginning and ending of the 

grazing period, steer live weight on a given day was estimated by linearly interpolating 

between the two weights.  For years in which weight was measured more than two times, 

a quadratic equation of the form: y = a + bx + cx
2
 was used.  Live weight was used to 

estimate other variables, including forage allowance, animal unit grazing days, seasonal 

grazing pressure, and herbage intake.   

Forage allowance (Sollenberger et al., 2005) was calculated for LOW and MED 

for forage mass sampling dates (approximately every 28-d during the grazing season 

from 2009 to 2010) using the equation: 

                                   [2.1] 

Forage mass was the weighted average of forage mass on all paddocks in the system.  

Animal units (AU) were calculated following Allen et al. (2011): 

                                            [2.2] 

Animal unit grazing days (AUGD) was calculated as:   

  [2.3] 

Note that AUGD is not synonymous with animal unit days (Allen et al., 2011), which is a 

measure of forage quantity.   

Seasonal grazing pressure (SGP) was calculated as an intertemporal version of 

grazing pressure (Allen et al., 2011) using an equation modified from Song Cui (Dept. of 

Plant and Soil Science, Texas Tech University, Lubbock, TX, personal communication): 

           [2.4] 

where t is days since 1 Jan., FM is forage mass ha
-1

, and j is the number of forage mass 

sampling dates.  Thus, for 6 sampling dates occurring every 28 d beginning on 14 May in 
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a non-leap-year, t1=134, t2=162, t3=190, t4=218, t5=246, and t6=274.  The numerator and 

denominator were both expressed as kg per system ha.  Note that grazing pressure is the 

reciprocal of forage allowance. 

 Forage utilization (Smart et al., 2010) was calculated for native grass and foxtail 

millet using equation 2.5.  Maximum forage mass is synonymous with peak standing 

crop. 

                 [2.5] 

where residual forage mass was forage mass in the final sampling period and maximum 

forage mass was measured just before grazing began in foxtail millet.  In native grass 

pastures, maximum forage mass was estimated by multiplying forage mass in the 

exclosure (kg ha
-1

) by an adjustment factor.  For native grass in 2009 and 2010, the 

adjustment factors were 1.2 and 2.0, respectively.  Adjustment factors were based on 

researchers’ visual observations of additional growth inside exclosures after they were 

measured.  The assumption was tested with a sensitivity analysis.  Harvest efficiency 

(Smart et al., 2010) was calculated for native grass and foxtail millet using the equation: 

                         [2.6] 

 Herbage intake, net energy for maintenance (NEm, Mcal kg
-1

), and net energy for 

gain (NEg, Mcal kg
-1

), were estimated by iteration using equations derived from NRC 

(1996) and the nlm function in R (R Core Development Team, 2010).  The NRC (1996) 

equation 7-1 estimates intake based on shrunk body weight and NEm concentration of 

feed.  For diets less than 1.0 Mcal kg
-1

, we used a divisor of 0.95 as shown on p. 118 

(NRC, 1996).  Shrunk body weight (SBW) was calculated as live weight * 0.96, where 

live weight was estimated as previously described.  The NEm concentration of feed was 

not known, so live weight gain was used to estimate NEm and NEg, assuming a linear 

relationship between NEm and NEg for grazed pasture derived from appendix Table 2.1 

(NRC, 1996) for bermudagrass (late vegetative), sorghum-sudan pasture, grass pasture 

(Spring, Summer, and Fall), and range diets (June, July, Aug., Sept., and Winter).  The 

resulting equation was: 

                                             NEg = 0.9057 * NEm – 0.4522  [2.7] 
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and had an r
2
 of 0.9999.  Equation 2.7 (above), equation 7-1 (NRC, 1996), and the 

equation for maintenance energy requirement (0.077 * SBW
0.75

) were substituted into the 

equation for shrunk weight gain (NRC, 1996, p. 116) and solved for NEm.  Then, 7-1 

(NRC, 1996) estimated intake and equation 2.7 (above) estimated NEg.  The resulting 

equation was: 

 

  [2.8] 

where SWG is shrunk weight gain, SBW is shrunk body weight, FSBW is the expected 

final shrunk body weight at 28% body fat, which was fixed at 573 kg, and NEma was NEm 

if NEm > 1.0 and 0.95 otherwise.  This was simplified to: 

 

  [2.9] 

Note that the resulting estimate of forage intake did not account for differences in forage 

quality from paddock to paddock. 

Reporting values 

 All crops and paddocks in this analysis were components of larger systems, as 

previously described.  Input and production values are reported on a system basis and on 

an individual paddock basis.  System input use and production measurements were 

calculated as weighted totals of component parts.  Weighting values were from 

proportional land area.  Thus, DRY was weighted as 57% native grass, 22% cotton, and 

22% warm season annual.  LOW was weighted as 45% native grass, 17% cotton, 17% 

warm season annual, and 20% bluestem.  The MED system was weighted as 54% 
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bluestem and 46% bermudagrass.  In some cases total percentage does not equal 100% 

because of independent rounding. 

Statistical Analyses 

 Monthly forage mass of grazed perennial paddocks from May to Oct. in years 

2009 to 2011 was analyzed as a mixed model including field as a fixed effect, block as a 

random effect, and repeated measures for year and month.  In additional analyses, grazed 

areas and exclosures were compared by using separate models for each field and by 

including only those months in which exclosures were harvested.  These were mixed 

models with the fixed effect of grazing, random effect of block, and repeated measures 

for year (all forages) and month (bermudagrass only).  On a system-basis, forage mass 

inside exclosures was analyzed as a mixed model with the fixed effect of system, random 

effect of block, and repeated measure for year.  For grazed areas, forage allowance was 

analyzed using the fixed effect of system, the random effect of block, and repeated 

measures for month and year.  Grass seed yield was harvested in one year only, so it was 

analyzed as a mixed model with the fixed effect of field and random effect of block.     

 To analyze stocker performance, means of each block of each system were 

calculated across all years the system was evaluated.  Experimental units were systems, 

not individual steers.  Then, means were analyzed using the fixed effect of system and 

random effect of block.  Results of this analysis should be treated with caution given the 

fact that each system was evaluated over different years.  Feedlot performance was 

statistically evaluated for 2009 and 2010 to determine effects of previous grazing system 

on performance at the finishing phase.  The model included the fixed effect of system, 

random effect of pasture block, and when appropriate, the repeated measure of year. 

 The most common non-planted grass species were analyzed for changes in 

relative abundance in individual fields using a model that included the fixed effect of 

year, random effect of block, and repeated measure for season. 

 Interaction terms among fixed effects were included in all analyses.  Paired t-tests 

were used to perform mean separation at the highest order interaction(s) or main effect(s) 

for which there was a significant F-test.  A significance level of p = 0.05 was used except 
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where noted.  Statistical analyses were conducted using the nlme (Pinheiro et al., 2009) 

and lme4 (Bates and Maechler, 2010) packages of R (R Development Core Team, 2010). 

 

RESULTS 

Climatic Conditions and Water Use 

Mean maximum air temperature was 33.1° C in June; mean minimum air 

temperature was -2.9° C in Jan. (Fig. 2.2).  Mean annual precipitation was 602 mm (34% 

above 99-yr median) from 2004 to 2008 and 350 mm (22% below 99-yr median) from 

2009 to 2011 (Fig. 2.3).  Year-to-year variation was high (Fig. 2.4).  Crops in the DRY 

system received no irrigation water from 2004 to 2008.  LOW used an average of 44 mm 

irrigation yr
-1

 on a system basis, all of which was applied to bluestem.  MED averaged 

248 mm irrigation yr
-1

, with bermudagrass receiving more irrigation than bluestem (Table 

2.1). 

Total System Production 

The three systems produced a variety of different products (Table 2.2), making 

direct comparison of total system productivity challenging.  When a paddock of bluestem 

was added to the DRY system in order to form the LOW system, mean live weight gain 

increased and bluestem seed was added as a product.  However, cotton yield decreased 

per system hectare, partly because it was a smaller proportion of the new system (17% vs. 

22%).  The MED system produced more live weight gain than either of the other systems.  

It also produced bermudagrass hay, which was not produced by DRY or LOW; on the 

other hand, MED did not produce cotton.  As presented in Table 2.2, bluestem seed 

yields were higher in the MED system than the LOW system because the bluestem was a 

larger proportion of the MED system (54%) than of the LOW system (20%), but 

productivity ha
-1

 bluestem was similar for bluestem seed in the two systems. 
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Ground Cover and Species Composition 

Major non-planted grass species in bermudagrass pastures were johnsongrass, 

little barley (Hordeum pusillum Nutt.), rescue grass (Bromus catharticus Vahl), and 

bluestem (Appendix A).  Johnsongrass was more common inside cages than outside 

during summer and autumn (p < 0.05), whereas bluestem was more common outside 

cages than inside in all 3 yr (p < 0.05) and increased over the 3 yr in grazed areas (p < 

0.001).  Major non-planted grass species in bluestem pastures were johnsongrass and 

little barley.  Johnsongrass disappeared from grazed areas by mid-summer.  Major non-

planted grass species in native grass pastures were johnsongrass, kleingrass (Panicum 

coloratum L.), little barley, bluestem, rescue grass, and western wheatgrass (Agropyron 

smithii Rydb.).  Kleingrass increased in abundance (p < 0.01) from 2009 to 2011.  There 

were no non-planted grass species of importance in foxtail millet pastures.   

 The most common broadleaf weeds in bermudagrass and bluestem pastures were 

silverleaf nightshade (Solanum elaeagnifolium Cav.), ground cherry (Physalis spp.), and 

field bindweed (Convolvulus arvensis L.; Appendix A).  The most common broadleaf 

weeds in native grass pastures were silverleaf nightshade, ground cherry, field bindweed, 

kochia (Bassia scoparia [L.] A.J. Scott), and mare’s tail (Conyza canadensis [L.] 

Cronquist).  

 Ground cover exceeded 85% in grazed and non-grazed areas in all perennial fields 

and seasons, with a few exceptions.  Exceptions were short-lived and in all cases, ground 

cover in grazed areas exceeded that in non-grazed areas. 

Forage Mass 

 Although year x month and system x month interactions were present, the MED 

system maintained more forage mass than the LOW system in all months (p < 0.05; Fig. 

2.5).  Forage mass available for grazing, which did not include bluestem that had been 

deferred for a seed harvest, was similar for the two systems from Sept. to Oct. (data not 

shown).   For perennial grasses, a field x month x year interaction was present. In 2009, 

native grass forage mass changed little throughout the growing season (Fig. 2.6).  In 

contrast, during 2010, native grass forage mass increased steadily before dropping off in 

Oct. as a result of grazing in Sept.  Foxtail millet showed similar mass changes from the 
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beginning of grazing to the end of grazing in both years despite differences in timing of 

grazing.  Forage mass patterns changed little for either bluestem or bermudagrass from 

2009 to 2010 (Fig. 2.6 and 2.7) despite a large difference in rainfall between the two 

years.  All perennial forages had similar quantities of mass in May, but diverged during 

the grazing season with bluestem having the most mass ha
-1

 in all other months.   

Severe drought in 2011 prevented planting foxtail millet, decreased growth of 

perennial forages, and led to the decision not to graze during 2011.  Evidence of the 

drought’s severity was provided by measurements of forage mass in the grazed areas of 

the experiment, which in 2011 were less than or similar to previous years, despite not 

being grazed in 2011 (p < 0.05; Figs. 2.5 to 2.7). 

Forage mass in grazing exclosures of all forage types was lowest in 2011, the 

extreme drought year (Table 2.3).  Bermudagrass exclosures were harvested only once in 

2011, as compared to three times annually from 2009 to 2010 (Table 2.4).  Bermudagrass 

exclosure mass was higher in 2010, the wet year, than 2009, a relatively dry year.  

However, contrary to expectations, grazing exclosures of all other forage types were 

highest in 2009.  This was probably due to sampling and mowing occurring earlier during 

2010, compared to 2009, to improve quality of harvested hay.  This contrasted 

management of bermudagrass exclosures, which were harvested at several points during 

the grazing season and were, therefore, less affected by sampling date.   

A comparison of forage mass in grazed and non-grazed exclosures was not 

conducted from 2009 to 2010 because the impact of grazing clearly decreased the 

quantity of forage mass in the grazed areas.  However, because of the lack of grazing in 

2011, it was possible to compare grazed and non-grazed areas of all perennial forages 

without the confounding effect of current-year grazing.  Results indicated exclosure areas 

of bluestem in the LOW system produced more forage mass than grazed areas in 2011, 

but there were no differences between grazed areas and exclosures of native grass, 

bermudagrass, or bluestem within the MED system.  Foxtail millet, the annual forage, 

was sampled within and outside of the grazing exclosure immediately before grazing 

began in 2009 and 2010.  This provided two tests of whether the previous 5 yr of grazing 

affected forage mass production.  Results indicated no differences due to the effect of 

grazing in this alternate year rotation. 
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Animal Productivity and Forage Utilization 

Animal unit grazing days ha
-1

 was higher for MED than LOW or DRY (Fig. 2.8).  

Winter grazing in the DRY system increased AUGD ha
-1

 but decreased average daily 

gain (ADG) by individual steers.  Animal unit grazing days ha
-1

 was greater for 

bermudagrass than any other forage in all years (Appendix C, Tables C5 and C6).  

Likewise, AUGD ha
-1

 was greater in MED than DRY and LOW in all years.  The AUGD 

ha
-1

 for bluestem was more than double that of native grasses in all years.  Native grass 

pasture and warm-season annual pasture had similar AUGD ha
-1

.  However, forage 

utilization, the fraction of forage that disappears, was 35% and 48% for native grass in 

2009 and 2010, respectively, compared with 78% and 95% for foxtail millet (data not 

shown).  Harvest efficiency, the fraction of forage consumed by steers, was 8% and 13% 

for native grass in 2009 and 2010, and 8% and 15% for foxtail millet in the same years 

(data not shown).  Residual forage mass was greatest for bluestem, followed by 

approximately equal residue values for bermudagrass and native grass (data not shown).  

Foxtail millet had the lowest residual forage mass. 

Mean steer live weight at initiation of winter (2005 to 2006) and summer (2004 to 

2008) grazing for DRY were 260 kg and 226 kg, and winter and summer live weight at 

cessation of grazing were 285 and 325 (Appendix C, Table 2.1).  Mean live weight at 

initiation of grazing (2009 to 2010) was 260 kg for LOW and MED, and mean live 

weight at cessation of grazing was 379 and 388 kg, respectively. 

Daily gains for winter (2005 to 2006) and spring (2004 to 2008) grazing for DRY 

were 0.31 kg hd
-1

 d
-1

 and 1.01 kg hd
-1

 d
-1

, respectively (Table 2.5).   Daily gains for LOW 

and MED from 2009 to 2010 were 1.02 kg hd
-1

 d
-1

 and 0.97 kg hd
-1

 d
-1

, respectively 

(Table 2.5).  Live weight gain ha
-1

 was greatest on MED, intermediate on LOW, and least 

on DRY; however, efficiency of irrigation water use for live weight gain was greater for 

LOW than MED (Table 2.5). 

In 2009 and 2010, forage allowance was lower on MED than LOW at all dates 

except Sept. 2009 (Table 2.6).  For both systems in 2009, forage allowance decreased 

sharply in Sept., when bluestem was deferred to allow seed production.  In 2010, 

bluestem was not grazed after 29 July for MED, whereas bluestem was grazed until 10 
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Sept. in LOW.  From 2009 to 2010, seasonal grazing pressure was an average of 3.5 

times higher on MED than LOW.  

The number of days steers spent in the feedlot did not differ between systems in 

2009 (Table 2.7).  In the feedlot, ADG did not differ between systems in 2009, but in 

2010, ADG was greater for LOW than MED.  In 2010, LOW also had greater total 

weight gain and better feed efficiency than MED, but dry matter intake, final weight, hot 

carcass weight, and dressing percent did not differ between systems.  

Crop Production 

Bluestem seed 

 From 2007 to 2008, the MED system’s mean grass seed yield was 23 kg PLS ha
-1

 

(standard deviation: 3.5; Table 2.8).  Bluestem grass seed was not harvested in 2009 from 

MED or LOW because weather conditions caused seed to shatter, nor in 2011 because of 

the combined effects of drought and a sandstorm.  Grass seed yield in 2010 (30.6 kg PLS 

ha
-1

) was not different between MED and LOW (p > 0.05).   

Cotton plant density, plant height, and lint yield 

 Cotton plant density and height were measured in 2009, but stands were poor and 

large patches with low plant density cast doubt on reliability of the data, so data were 

discarded.  In 2010, mean cotton plant density was 10.5 plants m
-2

, and did not differ 

(p=0.46) between grazed areas and exclosures.  However, cotton height at 50 days after 

planting differed (p < 0.05) between grazed (50.8 cm) and non-grazed areas (53.0 cm).  

From 2004 to 2008 in DRY, mean cotton lint yield was 977 kg PLS ha
-1

 (standard 

deviation: 218; Table 2.8) for years in which cotton was harvested.  Harvests were not 

obtained in 2006 because of drought and in 2007 because of an abundance of mare’s tail 

not controlled by herbicide applied.  In 2009 and 2010, cotton lint yield on LOW was 384 

and 625 kg ha
-1

, respectively. Cotton was not planted in 2011 as a result of severe 

drought.  
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DISCUSSION 

Water Use 

With respect to the Ogallala aquifer, DRY was clearly the most sustainable of the 

three systems, because it used no irrigation water.  Dryland farming will become more 

common in this region as irrigation wells go dry, but many farms currently retain the 

ability to pump large quantities of water.  For these farms, MED, which used ~ 250 mm 

irrigation annually, is a viable option with respect to medium-term irrigation use that 

permits a large increase in plant and animal productivity. 

Many farms are intermediate with respect to irrigation availability because they 

have functioning wells, but the wells are unable to meet the evapotranspiration demands 

of crops over the area serviced by the wells. For these intermediate farms, one option is to 

irrigate a fraction of the land and manage the rest as dryland, like LOW.  The LOW 

system used a mean of 44 mm of water, which is little greater than annual recharge for 

the Ogallala aquifer.  Thus, this rate of water use might be continued for many years over 

the region where water remains. 

A cross-section of  30  irrigated agricultural systems in two counties of the Texas 

High Plains, analyzed by the Texas Alliance for Water Conservation (TAWC 2011), 

averaged 284 mm irrigation yr
-1

 from 2007 to 2010 compared to 225 used by MED over 

the same period.  Sites in TAWC averaged 260 mm irrigation use yr
-1

 from 2009 to 2010, 

compared to 43 mm used by LOW over the same period.  Thus, both systems decreased 

irrigation use compared with means reported by TAWC. 

Vegetation, Grazing, and Animal Productivity 

Nine years after establishment of perennial pastures began, seeded species 

remained dominant in all pastures.  This is particularly noteworthy for Tifton 85 

bermudagrass, which is presumably at the northern limit of its geographic range.  

Observations indicated some winter-kill likely occurred before the 2010 and 2011 

grazing seasons.  Although Tifton 85 stands remained productive, the trend of increasing 

bluestem encroachment within bermudagrass pastures indicates Tifton 85 is susceptible 

to invasion and its long-term durability is questionable in this environment.  Tifton 85 is 
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known for high yield, quality, and improved animal performance but in this experiment it 

was fertilized and watered below levels typically used in higher precipitation regions.  

Irrigation use on Tifton 85 was restricted to meet our objective of water conservation, and 

fertilizer use was decreased accordingly.   

Within native grass pastures, many non-seeded grass and broadleaf species grew.  

Although the slight increase in western wheatgrass relative abundance was not 

statistically significant from 2009 to 2011, anecdotal observations indicated that the 

number and size of western wheatgrass patches increased rapidly from establishment to 

the present.  This was probably facilitated by the grazing season typically beginning in 

May, after western wheatgrass had passed its peak nutritive quality and warm season 

grasses had already begun new growth.  Therefore, at no point in the grazing season was 

western wheatgrass the preferred forage.  In contrast, kleingrass and johnsongrass were 

observed to be preferentially grazed; nevertheless, both grasses increased slightly in 

relative abundance over the past 3 yr.   

For irrigated pastures, forage mass differed little from 2009 to 2010, despite large 

differences in quantity and timing of rainfall.  The lack of change was a result, in part, of 

use of irrigation, haying, timing of grazing, and shredding for bluestem and 

bermudagrass.  Use of irrigation when rainfall was lacking provided the moisture 

necessary to maintain more uniform plant growth throughout the season.  When 

bermudagrass growth exceeded demand in 2009 and 2010, it was cut for hay.  When 

bluestem growth exceeded demand in the MED system in 2010, it was shredded and 

deferred from grazing from the end of July onward.  Unlike irrigated pastures, native 

grass growth differed between 2009 and 2010.  In 2009, a relatively dry year, native 

grasses grew little throughout the summer despite extremely low grazing pressure.  In 

2010, native grass forage mass continued to climb throughout the summer in response to 

greater quantities of rainfall, and declined rapidly from Sept. to Oct. when it was grazed 

and plants were senescing.  Heavy grazing in early autumn can be detrimental to long-

term persistence of a grass stand if continued year after year (Sosebee et al., 2004).  

However, even after grazing native grasses late in the 2010 season, 2720 kg ha
-1

 residue 

remained, well above the guidelines given by Sosebee et al. (2004) for mid-grasses.  

Foxtail millet forage mass, also produced under dryland conditions, showed similar 
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trends from 2009 to 2010, declining rapidly after grazing commenced.  Maximum forage 

mass of foxtail millet was higher in the dry year, 2009, because grazing began about one 

mo later in 2009 than 2010.  The delay in grazing initiation was a result of nitrate 

concentration that exceeded safe limits for livestock.  Grazing was deferred until nitrate 

concentrations decreased.  During subsequent grazing, steers did not display effects of 

toxicity.  The delay led to more forage mass production and increased plant maturity in 

2009.   

Low harvest efficiency indicated that although most of the foxtail millet 

“disappeared,” little of it was actually consumed by the grazing steers.  The rest was 

presumably trampled (visual observation), although this was not measured.  On the other 

hand, native grasses were more lightly used, and much of what “disappeared” was 

consumed by steers.  Utilization rates of native grass corresponded to light to moderate 

grazing pressure on the North American Great Plains, as reported by Smart et al. (2010), 

but harvest efficiency was lower than the 19 to 39% reported by Smart et al. (2010).  In 

our study, forage mass was measured earlier in the season than maximum forage mass, so 

maximum forage mass was estimated and could have lead to an underestimate of harvest 

efficiency.  To test the sensitivity of this estimation, we recalculated harvest efficiency 

based on the maximum measured forage mass.  The results were 9 and 19% harvest 

efficiency for 2009 and 2010 – modest increases that still resulted in low harvest 

efficiency.  Low harvest efficiency values for native grass and foxtail millet indicate that 

little forage was consumed relative to the amount produced.  This may be acceptable for 

perennial grasses, but is disappointing for annual grasses like foxtail millet, because there 

is little benefit to not maximizing consumption.  Harvest efficiency values were low 

compared to those reported by Smart et al. (2010), perhaps because grazing pressure in 

our experiment was also lower than in the experiments reported by Smart et al. (2010). 

In 2011, irrigated paddocks were watered and fertilized as they normally would 

be at the beginning of the season.  However, as the drought lengthened and it was 

determined that grazing would not occur, irrigation and fertilization were suspended until 

the end of Aug., when irrigation and fertilization were reinstated with the intention of 

harvesting bermudagrass hay and bluestem seed.  The late-season infusion of water was 

reflected in a small increase in forage mass of these paddocks at the end of the growing 
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season (Fig. 2.6 and 2.7).  Native grass forage mass actually declined throughout 2011 

because much of the standing forage mass was the previous year’s growth that was 

gradually decaying. 

Estimated intake ranged from a low of 1.9% of body weight by the second group 

of steers in the MED system in 2007 to a high of 2.6% of body weight by DRY steers in 

spring 2005 (data not shown).  Based on actual live weight gains of ~1 kg hd
-1

 d
-1

, forage 

allowance was sufficient to high for both systems and in all months from 2009 to 2010.  

The most forage mass was maintained by bluestem, and when this was deferred from 

grazing in late summer, both systems experienced large declines in forage allowance.  

Forage allowance in all months was higher in LOW than MED.  However, despite a 

lower forage allowance, MED supported a higher stocking rate, indicating it also had a 

higher forage growth rate.  Bermudagrass had the highest AUGD ha
-1

 of any forage in all 

years.  This occurred despite the fact that excess bermudagrass was removed as hay.  On 

the other hand, bluestem could have supported more AUGD ha
-1

 if it had not been 

deferred for seed production.  If bluestem was grazed later into the season, steers would 

have required an increase in CP supplementation to meet nutritional requirments (NRC, 

1996) based on CP concentration of clipped samples.  Animal unit grazing days ha
-1

 were 

slightly greater from native grass than warm-season annuals (sorghum or foxtail millet) in 

almost all years, despite the additional chemical and mechanical inputs required to 

produce the warm-season annual.  In addition, the warm-season annuals created toxicity 

concerns.  Sorghum was to be grazed in 2004 but plant tissue tests indicated nitrate 

concentrations were dangerously high for cattle grazing.  Therefore, sorghum was baled 

and removed from the site.  Rainfall was adequate in 2004 (687 mm), making it unlikely 

that high nitrate levels were caused by stress.  Subsequent soil testing to a 2-m depth 

revealed high soil nitrate levels (mean NO3
-
-N was 110 mg kg

-1
) below 0.90 m.  

Presumably, NO3
-
 accumulated above the caliche layer during cotton farming in previous 

years.  High nitrate tissue tests in 2009 on foxtail millet led to a delay in grazing to a time 

when maturity had increased and quality had presumably declined.  As a result of 

extreme weather, the Texas High Plains is a challenging environment in which to raise 

forage that is susceptible to accumulating NO3
-
 and prussic acid under stressful 

conditions. 
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Total steer weight gain and duration of grazing season varied with climatic 

conditions and forage production, but ADG by summer-grazing steers was excellent, near 

1 kg hd
-1

 d
-1

, for all systems.  This is similar to the ADG of steers on non-irrigated eastern 

gamagrass (Tripsacum dactyloides [L.] L.)-‘WW-Iron Master’ old world bluestem 

(Bothriochloa ischaemum L.) and native range-WW-Iron Master old world bluestem 

grazing systems in northwestern Oklahoma (Gillen et al., 1999) and slightly better than 

ADG of steers on a bluestem-small grains system in Lubbock County, TX (Allen et al., 

2005).  As noted by Gillen et al. (1999), the high performance of individual animals 

suggests performance ha
-1

 could have been improved by increasing stocking rates.   

Grazing native grasses when they were dormant was discontinued after 2006 

because it produced gains of less than 0.5 kg hd
-1

 d
-1

.  Although ADG was similar among 

all systems, live weight gain ha
-1

 varied greatly because of different stocking rates, 

ranked as MED > LOW > DRY.  This unsurprising result serves to quantify the tradeoffs 

between water conservation and agricultural productivity.  As the level of the Ogallala 

aquifer continues to decline, individual producers and the entire Texas High Plains region 

will be forced to reduce water consumption and may face productivity declines.  

Therefore, it is critical to make efficient use of remaining water resources. 

The number of days calves spend in a feedlot for finishing varies, but placing 

weaned calves on wheat pasture to graze during a growing phase of production before 

sending them to the feedlot can decrease time in feedlot from ~190 d to ~100 d because 

backgrounded calves enter the feedlot at a higher weight (~ 230 kg vs. ~410 kg; Choat et 

al., 2003; McCurdy et al., 2010; Winterholler et al., 2008; Anderson et al., 2005).  Calves 

that graze dormant native range instead of wheat before entering the feedlot have lower 

gains during the grazing period, lower initial body weight on entering the feedlot (278 

kg), and consequently spend more time in the feedlot (130 d; Choat et al., 2003).  By 

comparison, in 2010 our steers entered the feedlot lighter (396 kg) than calves that had 

previously grazed wheat pasture and spent more time (111 d) in the feedlot.  They did, 

however, decrease time spent in the feedlot relative to the typical period for weaned 

calves sent directly to the feedlot.  In 2009, our calves entered the feedlot lighter (371 kg) 

than in 2010 and spent more time in the feedlot (176 d), but were still in the feedlot less 

time than many calves that enter the feedlot at weaning. 
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Other Crops 

Bluestem produces seed once per year and timing of seed harvest is critical 

because of the tendency to shatter seed.  Landowners with their own seed harvester can 

often minimize shattering by harvesting in a timely fashion, and in some years it may be 

profitable to harvest seed on several subsequent days.  A seed harvester travelled 

approximately 80 km to harvest the experimental plots for this research, making multiple 

seed harvests infeasible and correct timing of harvests challenging.  Had a seed harvester 

been located on site, seed yields reported here would likely have been greater.  The 

additional income from grass seed helped offset the cost of fertilizer and irrigation 

applied to bluestem intended for grazing. 

Bermudagrass hay harvest only occurred when forage growth exceeded forage 

intake by steers.  Thus, it served a dual purpose- it provided an additional marketable 

product for the MED system, and it presumably improved the quality of grazed forage by 

removing old growth that would be replaced by new growth by the time the paddock was 

grazed again.  Contrary to expectations, quantity of bermudagrass hay harvested did not 

increase with increasing rainfall, probably because grazing management favored the 

consumption of higher-quality bermudagrass relative to lower-quality bluestem. 

 Cotton yield was remarkably high for dryland production in the first two yr but 

experienced crop failure in the 3
rd

, 4
th

, and 8
th

 yr, a common regional phenomenon.  In 

the 5
th

 through 7
th

 years, yields were moderate.  In year six (2009), low yield was a result 

of drought conditions throughout the growing season and a poor initial stand caused by 

crusting of the soil surface which prevented seed emergence. 

Possible Modifications to Systems 

 All systems produced good stocker live weight gains while using low, moderate, 

or no irrigation.  Although not measured, improvements were presumably made with 

respect to soil erosion and wildlife habitat, relative to the dominant regional crop, cotton.  

Complex agricultural systems like those described here require years of learning and 

adaptation before their performance is optimized.  Systems should remain dynamic to 

capitalize on changing environmental conditions and markets.  Experience with these 

systems suggests several ways they might be improved.  First, an effort should be made 
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to harvest excess bluestem growth as hay.  The ability to make hay from excess forage 

growth allows use of moderate stocking rates that are not likely to run out of forage in a 

brief drought, while efficiently utilizing forage resources when forage growth exceeds 

grazed forage needs.   Second, the proportion of bluestem in the LOW system could be 

adjusted to maximize and flexibility of the forage resources in the system.  In the dry year 

2009, the irrigated bluestem paddock extended the grazing season as hoped, but was not 

needed for that purpose in the wet year 2010 and could not compensate for the severity of 

the drought in 2011.  As configured, bluestem is only 20% of the system but provides 

more grazing than foxtail millet or native grasses.  Thus, the stocking rate must be set to 

match anticipated bluestem growth.  This results in a high stocking rate that quickly 

exhausts the resources in the foxtail millet and native grass pastures.  Thus, bluestem 

became the dominant forage type in the LOW system, rather than functioning as a 

“buffer” of forage in a drought year, as intended.  Third, the poor utilization of foxtail 

millet suggests it was not worth the resources invested in it.  This could be addressed by 

replacing foxtail millet with an alternative crop, decreasing the amount of inputs, or by a 

different stocking method such as strip-grazing, designed to improve use of the forage.  

These suggestions relate to the biological functioning of the systems, but further 

refinements could be suggested based on an in-depth economic analysis of the systems. 

 Previous suggestions for improving the system could be achieved by adjusting 

management practices.  With different infrastructure availability, other options become 

feasible.  For instance, ley farming might be an attractive option for production and 

conservation goals where irrigation water was limited but center-pivot irrigation 

infrastructure was already in place.  Ley farming includes long rotations of perennial and 

annual crops.  Perennial grasses need little or no water once established, but low and 

unpredictable precipitation totals make establishment of perennial grass risky in the 

Texas High Plains.  A center-pivot with limited available water could irrigate perennial 

grasses only during establishment, and use all remaining water on a portion of the field 

planted to a high-value crop, like cotton.  Similar rotations including cotton, peanut, and 

bahiagrass have been evaluated in the southeastern U.S. and have been shown to increase 

water infiltration, increase peanut yield and quality, maintain cotton yield (Katsvairo et 

al., 2007a; Katsvairo et al., 2007b), and might increase profitability (Katsvairo et al., 
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2006).  In addition, as the nematicide aldicarb (Temik) goes off the market, ley farming 

offers an alternative for nematode control (Katsvairo et al., 2006). 

 

CONCLUSION 

 Texas High Plains farmers and ranchers have many options for integrating crop 

and livestock production.  As irrigation water is increasingly limited by the declining 

level of the Ogallala aquifer and water conservation policy, perennial forages become 

attractive because of their ability to persist with little or no irrigation water, to decrease 

soil erosion, sequester carbon, and to improve wildlife habitat.  We have shown it is 

possible to create productive, water-conserving stocker calf systems in this region using 

native and non-native grasses while integrating the system with crop production.   

Systems similar to those presented in this research can be designed to match a site’s 

resources, including soil and water, in agreement with management objectives of the 

landowner and operator.   
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Figure 2.1. Conceptual (not actual physical arrangement) of three experimental crop-

forage-stocker cattle systems.  Arrows indicate crop rotations.  Systems are as follows: 

A) Non-irrigated system (DRY); B) Irrigated system (MED); C) buffer-irrigated system 

(LOW).  In some cases total percentage does not equal 100% because of independent 

rounding. 
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Figure 2.2. Mean temperatures and temperature extremes at the experimental site near 

New Deal, TX, during the experimental period (2004 to 2011). 
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Figure 2.3. Mean annual accumulated precipitation for the three integrated crop-forage-

livestock systems located at the experimental site near New Deal, TX. 
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Figure 2.4. Accumulated rainfall during experimental years, from 1 Nov. to 31 Oct. at the 

experimental site near New Deal, TX.  Years are labeled following the year of final 

measurement.  For example, rainfall from 1 Nov. 2010 until 31 Oct. 2011 is labeled as 

2011.  Odd years are dashed lines, even years are solid lines. 
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Figure 2.5. Forage mass of the grazed areas of two integrated crop livestock systems.  

The LOW system was a buffer-irrigated system designed to use low levels of irrigation 

and was composed of one field of cotton and three forage paddocks: native grasses, old 

world bluestem, and foxtail millet.  The MED system was an irrigated system designed 

for intermediate use of irrigation water, and composed of two paddocks: bermudagrass 

and old world bluestem.  In 2011, LOW and MED were not grazed as a result of severe 

drought.  There were Year*Month and System*Month interactions (p < 0.0001). 
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Figure 2.6. Forage mass of grazed areas in the LOW system, designed to decrease 

irrigation to low levels.  Foxtail millet and native grasses were not irrigated.  Foxtail 

millet was not planted in 2011 due to severe drought.  Native grasses and bluestem were 

not grazed in 2011 because of severe drought.  Bluestem was shredded to decrease 

standing dormant forage each Mar. or Apr.   
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Figure 2.7. Forage mass of grazed areas in the MED system, designed to use an 

intermediate quantity of irrigation water.  No grazing occurred in 2011 because of severe 

drought.  Bluestem was shredded to decrease standing dormant forage each Mar. or Apr.  

Bluestem was also shredded on 30 July 2010 to decrease standing forage.  Bermudagrass 

1 was shredded on 17 Aug. 2010 to decrease standing forage.
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Figure 2.8. Average daily gain (in spring and winter/additional periods) and animal unit grazing days (winter or spring) for 

each system.  Winter grazing only occurred in the DRY system.  “Additional” grazing occurred during summer in the MED 

system in 2007 only.  For this graph, the DRY system was divided into two periods: years in which there was no winter 

grazing, and years that included winter grazing. 
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Table 2.1. Irrigation water use for three crop-forage-livestock systems (DRY, LOW, and MED).  All values are in mm.  System totals are 
the weighted average of all component areas.  ET0 is reference evapotranspiration for a well-watered, 10-cm tall grass crop in Lubbock, 
TX (TexasET Network, 2011). 

System & forage type 2004 2005 2006 2007 2008 2009 2010 2011 Total 

Mean  
(2004 to 

2008) 

Mean  
(2009 to 

2011) 
DRY (2004-08) & LOW (2009-11)† 

           Whole system, irrigation 0 0 0 0 0 49 36 47 132 0 44 
Whole system, precipitation + irrigation 686 551 422 648 705 323 716 142 4193 602 394 

Whole system, replacement of ET0, % 
      

49  
     

42  
     

26  
      

47  
     

45  
     

21  
     

50  
       

8  
         

35  42 26 
Bluestem, irrigation       -          -          -          -          -    241 175 229 241 na 215 

            MED (2007-11) 
           Whole system, irrigation       -    - - 135 267 286 212 246 1146 201 248 

Whole system, precipitation + irrigation       -    - - 783 972 560 892 341 3548 877 598 

Whole system, replacement of ET0, % - - -     57  62   36  62  18      46  60 39 
Bluestem, irrigation       -    - - 109 251 269 175 229 1034 180 224 
Bermudagrass, irrigation       -    - - 165 284 305 255 265 1275 225 275 

            ET0 in Lubbock, TX 1405 1305 1601 1371 1561 1558 1445 1856 12,102 1449 1620 
†In 2009, an irrigated paddock of bluestem was added to the DRY system, and new system was named LOW. 
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Table 2.2. Mean annual production of three crop-forage-livestock systems (DRY, LOW, and 
MED) on a system-area basis (kg system ha-1).  

System   
Live weight 

gain 
Cotton 

lint 
Cotton 
seed 

Bluestem 
seed 

Bermudagrass 
hay 

Sorghum 
hay 

DRY 
       2004-2008 
 

76 127 189    0    0 295 
LOW 

       2009-2010 
 

106  87 116    3    0    0 
2011 

 
   0    0    0    0    0    0 

MED 
       2007-2008 
 

425    0    0  13 779    0 
2009-2010 

 
504    0    0    9 589    0 

2011      0    0    0    0 729    0 
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Table 2.3. Forage mass inside exclosures that were managed as 
hayfields.  All forages were cut once annually except bermudagrass, 
which was cut three times.  Values for bermudagrass are the mean sum 
of three cuttings each for fields 1 and 2. 

System / 
  forage Year kg ha

-1
 † 

kg cm
-1

 
irrigation 

LOW 
   Native grasses 2009   2931 na 

 
2010   2625 na 

 
2011   1750 na 

 
mean   2435 na 

Foxtail millet 2009   3819 na 

 
2010   3861 na 

 
2011        0 na 

 
mean   2560 na 

Bluestem 2009   8347 346 

 
2010   6917 395 

 
2011   3931 172 

 
mean   6398 305 

System totals - LOW 2009   3687   753§ 

 
2010   3264   907§ 

 
2011   1592   340§ 

 
mean     2848‡ 666 

MED 
   Bermudagrass 2009    7864 258 

 
2010 11,530 452 

 
2011   2750 263 

 
mean   7381 324 

Bluestem 2009   7708 287 

 
2010   4111 235 

 
2011   2847 125 

 
mean   4889 215 

System totals - MED 2009         7706   269§ 

 
2010   7999   377§ 

 
2011   2802   114§ 

  mean     6169‡ 254 

† As a result of severe drought in 2011, caged areas of native grasses 
and bluestem were not mowed, but the results of sampling are 
presented for comparison.  Foxtail millet was not planted in 2011. 
‡ For forage mass, system x year interaction was not significant (p = 
0.07).  System means differed (p < 0.05)  
§ For irrigation efficiency, system x year interaction was significant.  
System means differed in all years (p < 0.05) 
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Table 2.4. Forage mass inside MED system 
bermudagrass pasture exclosures, managed as 
hayfields.  Values are means of two bermudagrass 
pastures in each of three blocks (N=6).† 

Year 

kg ha-1 

1st 
cutting 

2nd 
cutting 

3rd 
cutting 

Seasonal 
total 

2009 3257 2326 2281    7864 
2010 5496 2986 3048 11,530 
2011 2750 - -    2750 
† An irrigation system leak led data for one pasture to 
be discarded for the 2nd and 3rd cuttings in 2009 and 
the 1st cutting in 2010. 
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Table 2.5. Performance of stocker steers while grazing on three integrated crop-forage-stocker cattle systems.  
Means of each system do not include winter grazing or the second group of cattle (G2) for the MED system in 
2007. 

   
ADG,  

kg hd-1 d-1  
Gain,  

kg hd-1  
Gain,  

kg ha-1  
Gain, kg cm-1 

irrigation  
Final Weight, 

kg hd-1 System Year† 
     DRY 2004 
 

1.09 
 

85 
 

43 
 

na 
 

313 

 
     2005-W 

 
0.14 

 
11 

 
20 

 
na 

 
299 

 
   2005-S 

 
1.09 

 
100 

 
50 

 
na 

 
300 

 
     2006-W 

 
0.50 

 
40 

 
74 

 
na 

 
271 

 
   2006-S 

 
0.86 

 
37 

 
23 

 
na 

 
262 

 
2007 

 
0.91 

 
106 

 
66 

 
na 

 
338 

 
2008 

 
1.10 

 
169 

 
105 

 
na 

 
416 

 
Mean 

 
  1.01‡ 

 
99§ 

 
57¶ 

 
na 

 
326¶ 

            LOW 2009 
 

1.08 
 

113 
 

90 
 

7.2 
 

362 

 
2010 

 
0.97 

 
124 

 
123 

 
14.1 

 
396 

 
Mean 

 
  1.03‡ 

 
119§ 

 
107¶ 

 
10.6# 

 
379¶ 

            MED       2007-G1 
 

0.48 
 

78 
 

304 
 

9.1 
 

305 

 
      2007-G2 

 
0.24 

 
20 

 
42 

  
372 

 
2008 

 
0.78 

 
120 

 
469 

 
7.1 

 
368 

 
2009 

 
0.95 

 
131 

 
512 

 
7.3 

 
381 

 
2010 

 
1.00 

 
128 

 
498 

 
9.5 

 
396 

  Mean     0.80‡   114§   446¶   8.3#   362¶ 
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Table 2.5.  Continued. 

† In 2005 and 2006, two groups of steers grazed: one group in winter-spring (W) and one group in spring-summer (S).  In the MED system 
in 2007, one group of steers grazed from May-Oct (G1) and one group from Jul-Oct (G2). 
‡ Mean of MED differs from means of DRY and LOW at p < 0.05.  Means of DRY and LOW do not differ. 
§ Mean of DRY differs from means of MED and LOW at p < 0.05.  Means of MED and LOW do not differ. 
¶ Means of all systems differ from one another at p < 0.05. 
# Means of LOW and MED differ from one another at p < 0.05. 
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Table 2.6. Forage allowance and seasonal grazing pressure (SGP) for an irrigated forage system (MED) and a limited 
irrigation forage system (LOW).  For a given Year and Month, the two Systems did not differ when followed by the same 
capital letter.  For a given System and Month, the two Years did not differ when followed by the same lowercase letter. 

 

  
Forage allowance (kg forage kg-1 live weight) 

 
SGP 

Year System   May 
 

June 
 

July 
 

Aug. 
 

Sept. 
 

Oct. 
 2009 LOW 

 
6.3 aA 

 
10.3 aA 

 
5.9 aA 

 
9.1 aA 

 
3.8 aA 

 
na 

 
0.13 

 MED 
 

2.2 aB 
 

  3.3 aB 
 

2.2 aB 
 

2.8 aB 
 

1.2 aA 
 

0.8 a 
 

0.48 
 

               2010 LOW 
 

5.1 aA 
 

  6.9 bA 
 

6.7 aA 
 

7.3 bA 
 

7.3 bA 
 

3.1 A 
 

0.15 
 MED   2.2 aB 

 
  2.4 aB 

 
2.4 aB 

 
2.7 aB 

 
1.0 aB 

 
0.8 aA 

 
0.51 
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Table 2.7. Feedlot performance of stocker steers from two integrated crop-forage-stocker cattle systems. 

  
Initial weight, 

kg hd-1 

ADG, kg  
hd-1 d-1,  
entire 
period 

Gain, kg  
hd-1† 

DMI kg  
hd-1 d-1 

Efficiency,  
kg intake  
kg-1 gain 

Final 
weight,  
kg hd-1 ‡ 

Hot carcass 
weight,  
kg hd-1 

Dressing 
percent 

Days in feedlot 
‡ Year System 

2009 LOW 361 1.32 a 246 - - 608 - -   187 a 

 
MED 381 1.39 a 230 - - 611 - -   165 a 

           2010 LOW 396 1.92 b 214 10.08 a 5.25 a    599 a 367 a 61.2 a 111   

  MED 396 1.76 c 196 10.02 a 5.70 b   595 a 364 a 61.3 a 111 
† There was a main effect of Year (p < 0.001) and a trend by System (p = 0.0525). 
‡ Final weight was not tested for statistical significance in 2009 because steers were sent to harvest when they reached a target weight.  
Likewise, the days in feedlot variable was not tested for statistical significance in 2010 because all steers were sent to the feedlot at the same 
time, regardless of weight. 
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Table 2.8. Non-livestock outputs from LOW and MED systems.  Values are presented on a field 
hectare basis, not a system ha basis.  Bluestem seed is reported on pure live seed (PLS) basis. 

Item Units 2004 2005 2006 2007 2008 2009 2010 2011 

DRY/LOW 
         Cotton lint kg 1076 1129 0 0   727 384 626      0 

Cotton seed kg 1600 1680 0 0 1081 476 870      0 
Sorghum sudan hay kg 6786      0 0 0      0    0     0      0 
Bluestem seed kg PLS 

     
   0   29      0 

          MED 
         Bermudagrass hay kg 

   
  0 3361 1430 1112 1574 

Bluestem seed kg PLS       21    26       0     32      0 
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Chapter 3 

Quality of Forage, Beef Carcasses,  

Bluestem Seed, and Cotton Lint 
 

INTRODUCTION 

 Integrating crop and livestock production has been proposed as a way to address a 

variety of present agricultural concerns, including pest control, soil quality deterioration, 

nutrient concentrations, energy efficiency, ecological capital, system resilience, and 

economic performance (Gates, 2003; Franzluebbers, 2007; Kirschenmann, 2007; Allen et 

al., 2005).  Successful operation of integrated crop-livestock systems is challenging 

because it requires management of a diverse range of intermediate and final products in 

order to produce desirable quality and quantity of each.  Forage is a fundamental 

component of many crop-livestock systems and can be a final product, in the case of hay 

production, or an intermediate product when consumed by animals within the system.  

Monitoring forage quality and matching available forage to animal needs is essential to 

efficient production.  Specifically, young ruminants with high growth rates require 

forages with high concentrations of digestible energy and crude protein.  When these 

needs are not met, animal performance suffers unless supplementation is provided.  

Monitoring forage quality can identify when supplementation is needed, can guide the 

decision of when to move from one paddock or forage to the next, and can inform the 

creation of new crop-livestock systems. 

 We designed three integrated crop-forage-beef stocker systems for decreased 

irrigation water use and reduced soil erosion in the Texas High Plains (Chapter 2).  These 

perennial grass-based systems produced a variety of products, including forage for hay 

and grazing, feeder steers, grass seed, and cotton.  Quantities of production and water 

use, soil impacts, economics, and fossil fuel use of these systems have been evaluated 

elsewhere (Chapters 2, 4, 5, and 6), but product quality has yet to be evaluated.  The 

forages included in these systems have been previously evaluated by others in small plots 

or in different climates, but not under replicated, field-scale, grazed conditions in the 
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Texas High Plains.  Therefore, one objective was to characterize the quality of different 

forages in these systems during the grazing and haying seasons to understand how quality 

of each changed throughout the growing season.  In addition, because grazing animals are 

known to select forage based on individual needs and preferences rather than merely 

consuming available forage in equal proportions (Provenza et al., 2003; Arnold, 1964; 

Meyer et al., 1957), we compared our forage quality measurements with theoretical 

energy and protein requirements (NRC, 1996) based on animal performance.   

 The other products of these systems are valued for their quality as well as 

quantity.  Price premiums and discounts are offered for cotton lint and beef carcasses.  

Grass seed does not have a premium and discount pricing structure, but producers may be 

unable to sell poor-quality seed because it causes problems during planting.  Thus, an 

additional objective was to determine quality of cotton lint, beef carcasses, and bluestem 

seed relative to regional and industry standards and, in the case of beef carcasses and 

bluestem seed, determine whether quality was influenced by system. 

 

METHODS 

Experimental site and agricultural systems 

The site and systems were previously described in detail (Chapter 2).  Briefly, 

research was conducted at the Texas Tech Agricultural Field Research Laboratory (101° 

47’ W, 33° 45’ N; 993 m elevation) where the predominant soil was Pullman clay loam 

(fine, mixed, superactive, thermic Torrertic Pauleustolls) on 0 to 1 percent slopes.  Mean 

and median annual precipitation (1911 to 2011) were 471 mm and 449 mm, respectively, 

at the nearby Lubbock weather station.  More than 75% of precipitation typically falls 

between Apr. and Oct.  A Campbell Scientific 21X micrologger weather monitoring 

station (Campbell Scientific, Inc. Logan, UT) recorded precipitation and temperature at 

15-min intervals, from which hourly averages were calculated.  Visually monitored rain 

gauges were placed at various points across the research area. 
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Establishment of perennial forages occurred from 2002 to 2004.  These forages 

formed the basis of two integrated crop-livestock systems arranged in a randomized block 

design with three blocks.  The low-irrigation system (LOW) consisted of four paddocks.  

Three paddocks of this system were non-irrigated: 4.5 ha of a native perennial grass 

mixture (blue grama [Bouteloua gracilis (Willd. ex Kunth) Lag. ex Griffiths], sideoats 

grama [Bouteloua curtipendula (Michx.) Torr.], buffalograss [Buchloe dactyloides (Nutt.) 

J.T. Columbus], and green sprangletop [Leptochloa dubia (Kunth) Nees]), 1.7 ha foxtail 

millet [Setaria italica (L.) P. Beauv.], and 1.7 ha of cotton (Gossypium hirsutum L.).  

Foxtail millet and cotton rotated annually.  The fourth paddock, which was subsurface 

drip-irrigated, consisted of 2.1 ha of ‘WW-B. Dahl’ old world bluestem (bluestem; 

Bothriochloa bladhii [Retz] S.T. Blake).  A group of stocker steers sequence grazed 

native grasses, foxtail millet, and bluestem from spring to autumn as quality and quantity 

of the forages permitted.  The bluestem was deferred from grazing in late summer to 

permit a grass seed harvest each autumn.  Cotton was harvested in autumn.  This system 

was experimentally evaluated from 2009 to 2011.  From 2004 to 2008, the system did not 

include the irrigated bluestem paddock and was referred to as DRY.  The DRY system 

was evaluated for stocker weight gain, but forage quality samples were not analyzed. 

The medium-irrigation system (MED) consisted of three subsurface drip-irrigated 

paddocks: 2.1 ha of bluestem, and two, 0.9-ha paddocks of ‘Tifton 85’ bermudagrass 

(Cynodon dactylon [L.] Pers.).  The bluestem was managed similarly to bluestem in the 

LOW system, except that MED bluestem was allowed slightly more irrigation water 

(mean difference of 10 mm yr
-1

 from 2009 to 2011).  Bermudagrass pastures were grazed 

by stocker steers in sequence with bluestem, as quality and quantity permitted.  When 

forage growth exceeded intake by steers, bermudagrass was harvested for hay.   

At initiation of the experiment, a grazing exclosure was installed in each paddock.  

Exclosures were randomly located near the center of each paddock and have remained in 

place throughout the experiment.  These never-grazed areas were managed as hay fields.  

Bermudagrass exclosures were sampled and harvested three times annually in 2009 and 

2010, at 28-d intervals.  As a result of severe drought in 2011, exclosures were only 
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sampled and harvested once.  All other forages were sampled and harvested once 

annually at an appropriate time for a hay harvest. 

Stocker Steers 

Angus (Bos taurus) and Angus-cross stocker steers (mean initial BW and SD 226 

and 17 kg in DRY system from 2004 to 2008; 261 and 17 kg in LOW system from 2009 

to 2010; 249 and 16 kg in MED system from 2007 to 2010) grazed from May until Sept. 

or Oct. each year (Chapter 2).  Each year, steers were blocked according to weight and 

breed, and were randomly assigned to systems.  Steers were implanted with Ralgro or 

Revalor G (2004 to 2008: Ralgro [Merck, Summit, NJ]; 2009 to 2010: Revalor G [Merck, 

Summit, NJ]) at initiation of grazing, and were reimplanted and weighed at 90- to 100-d 

intervals.  Before grazing, all steers were vaccinated with Clostridium Chauvoei-

Septicum-Novyi-Sordellii-Perfringens Type C & D Bacterin-Toxoid (2004 to 2008: 

Fortress 7 [Pfizer Animal Health NY, NY]; 2009 to 2010: Vision 7 with SPUR [Merck, 

Summit, NJ]), infectious bovine rhinotracheitis, parainfluenza 3 virus, bovine viral 

diarrhea, and bovine respiratory syncytial virus (2004 to 2008: Bovi-Shield 4; Pfizer 

Animal Health, NY, NY; 2009: Vista 5 SQ [Merck, Summit, NJ]; 2010: Pyramid 5 [Fort 

Dodge Animal Health, Overland Park, KS]), and treated for internal parasites (2004 to 

2008: Dectomax [Pfizer Animal Health, NY, NY]; 2009: Cydectin [Fort Dodge Animal 

Health, Fort Dodge, IA]; 2009 and 2010: Safeguard [Merck, Summit, NJ).  Salt and 

mineral supplements (Appendix B, Tables C1 and C2) were available ad libitum.  

Cottonseed cake was supplemented when forage CP did not meet requirements for an 

average daily gain (ADG) of at least 0.45 kg (NRC, 1996).   

When grazing was completed each year from 2009 to 2011, steers moved to the 

Texas Tech University Burnett Center, New Deal, TX for finishing.  Steers initially 

received a 65% concentrate diet based on steam-flaked corn that was increased to 90% 

over approximately 21 d (Chapter 2).  Carcass characteristics were collected on steers 

that grazed in 2010; characteristics included longissimus area, USDA quality grade, 

marbling score, percentage of kidney-pelvic-heart fat (KPH), 12th rib thickness, and 

maturity score.  Dressing percent and yield grade were calculated.  The grid-based 

premium or discount was calculated based on mean prices from the week of slaughter 
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(USDA Market News Service, 2011).  All animals were handled under an approved 

Animal Care and Use Protocol.  

Forage Sample Collection and Preparation 

 Forage samples were collected from each pasture from May to Oct. from 2009 to 

2011, and subjected to quality analysis.  Samples were obtained by collating 15 to 25 

sub-samples from a transect within each pasture.  Sub-samples were collected at evenly 

spaced intervals along the transect by clipping at a height representing heavy grazing 

pressure.  In practice, this height varied depending on plant growth form and age.  The 

sod-forming grasses, bermudagrass and buffalograss, were clipped slightly above the mat 

of stolons.  Stolons elevated above the thatch were included in the sample.  Young bunch 

grasses, including bluestem and all native grasses except buffalograss, were clipped at 

about 2 cm.  Older bluestem and native grasses were clipped at a height above soil of up 

to 8 cm for native grasses and 15 cm for bluestem.  These clipping heights were 

necessary to stay above the dense and decadent material in the crowns of the 

bunchgrasses.  During the experiment, steers rarely grazed grasses down to clipping 

heights because of moderate stocking rates.  Live and dead plant material were included 

in samples, but relatively non-palatable species were excluded.  The most common 

species excluded were silverleaf nightshade (Solanum elaeagnifolium Cav.) and ground 

cherry (Physalis spp.).  Forage samples were dried at 55˚ C and ground in a Wiley mill 

(Comeau Technique Ltd., Vandreuil-Dorion, QC, Canada) to pass a 1-mm screen. 

Laboratory Procedures & Calculations 

 Measured forage quality attributes included neutral detergent fiber (NDF), acid 

detergent fiber (ADF), hemicellulose, cellulose, acid insoluble lignin (lignin), acid 

insoluble ash (ash), and crude protein (CP).  For bermudagrass and bluestem, quality 

attributes were determined using near infrared spectroscopy (NIRS).  Separate NIRS 

regression equations were developed for bermudagrass and bluestem by using previously 

collected samples from the research site in combination with samples collected during the 

study period.  A spectrophotometer (NIRSystems, Inc., Model #5000, Silver Spring, MD) 

was used to analyze all forage samples.  NIRSystems’ software (NIRS 2, Version 3.10) 
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was used to determine absorption characteristics.  Samples used to build the equations 

and all outliers were analyzed using conventional laboratory procedures described below.  

For bermudagrass NDF, the fit was poor between laboratory values and NIRS-predicted 

values; therefore, NIRS data were discarded for bermudagrass NDF, and all samples were 

analyzed in the laboratory.  Conventional laboratory procedures, rather than NIRS, were 

also used to analyze native grasses and foxtail millet because of a lack of sufficient 

samples to create regression equations for NIRS. 

 Percentage of CP was determined by a commercial laboratory (A&L 

Laboratories, Lubbock, TX) in 2009 and by using a LECO TruSpec CN analyzer (LECO 

Corp., St. Joseph, MI 49085) from 2010 to 2011.  Percentage of NDF was determined 

following Van Soest and Wine (1967) and Goering and Van Soest (1970).  Acid 

detergent fiber (Van Soest, 1963; Goering and Van Soest, 1970), hemicellulose (NDF 

minus ADF), cellulose, lignin, and ash were determined according to Goering and Van 

Soest (1970), using 72% H2SO4, as an extension of the ADF procedure.   

 Estimation of CP requirement was based on the metabolizable protein system 

(NRC, 1996).  Net energy for maintenance (NEm), net energy for gain (NEg), and dry 

matter intake (DMI), were estimated throughout the grazing season for each system based 

on live weight gain (Chapter 2) and equations from NRC (1996).  This “weight-based” 

method will be hereafter referred to as WB.  For comparison, NEm and NEl of clipped 

forage were also calculated using three alternative procedures from the literature.  The 

Van Soest (1979; as cited by Undi et al., 2008; hereafter VS) equation was: 

                                          NEm = (2.018 - 0.038 * ADF) * 0.7  [3.1] 

The Linn and Martin (1989; hereafter L&M) procedure required calculation of total 

digestible nutrients (TDN) and metabolizable energy (ME) as inputs to the equation for 

NEm: 

                                                TDN = 88.9 - (0.779 * ADF)  [3.2] 

                                                   ME = 1.808 * TDN  / 50  [3.3] 

                             NEm = 1.37 * ME - 0.138 * ME
2
 + 0.0105 * ME

3
 - 1.12  [3.4] 
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The Conrad et al. (1983; hereafter Conrad) equation estimated NEl: 

                                             NEl = 1.98 - 1.73 * (ADF / 100) [3.5] 

In the above equations, ADF was expressed as a percentage of dry matter.  NEm and NEl 

were expressed as Mcal kg
-1

 dry matter.   

Cotton and Bluestem Seed 

 Percent purity, germination, and dormancy of bluestem seed was determined by a 

commercial lab, Hulsey Seed Laboratory (Decatur, GA).  Cotton lint quality was 

determined by the Texas Tech University Fiber & Biopolymer Research Institute 

(Lubbock, TX).  Qualitative descriptions of cotton quality were based on Cotton, Inc. 

(2012).  Lubbock classing office data were obtained using EFS(R) USCROP (TM) 

software v. 5.4.0 (Cotton, Inc., Cary, NC). 

Statistical Analyses 

 Forage data were analyzed using analysis of variance with field or system as the 

main plot fixed effect, and year and month as repeated measures.  Block was a random 

effect.  Terms for interaction among fixed effects were included in the model, and when 

interaction terms were statistically significant (α = 0.05), main-effect terms included in 

the interaction were ignored.  Mean separation (α = 0.05) was conducted using the F-

protected technique and error terms as described by Little and Hills (1978).  Analysis of 

animal performance was identical to analysis of forage quality, with the exception that 

the main-plot factor was always system, never field.   

 

RESULTS 

Climatic Conditions 

Annual precipitation differed greatly from year to year from 2009 to 2011.  The 

year 2009 was dry, 2010 was wet, and 2011 was the driest year since recordkeeping 

began in 1911 (Chapter 2).  The LOW and MED systems used annual averages of 44 mm 
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yr-1 and 248 mm yr-1 of irrigation water, respectively (Chapter 2).  Air temperature 

ranged from a minimum of -10.4 ˚C to a maximum of 37.6 ˚C (Chapter 2). 

Forage Quality 

When analyzed on a system basis, both CP (Fig. 3.1) and NDF (Fig. 3.2) included 

a system x year x month interaction.   Neutral detergent fiber was almost always between 

70 and 80%, whereas CP was almost always between 5 and 14%.  Crude protein in the 

MED system was almost always equal to or greater than CP in the LOW system.  The 

month-to-month trend for CP was similar in 2009 and 2010, but differed in 2011.  Over 

the course of 3 yr, NDF content was similar between the two systems.  Month-to-month 

trends of NDF were similar in 2009 and 2011, but differed in 2010.   

When analyzed on a field basis, CP and NDF both had a field x year x month 

interaction.  In the LOW system, native grass (Fig. 3.3) and bluestem (Fig. 3.4) CP 

remained below the CP requirement for steers (NRC, 1996) through the entire grazing 

season in 2009 and 2010, and both showed month-to-month trends that differed across 

years.  In contrast, foxtail millet had more than adequate CP throughout the time it was 

grazed in 2009.  In 2010, foxtail millet was initially high in CP, but dropped below the 

CP requirement by the time it was no longer grazed (Fig. 3.3).  In the MED system, 

bluestem performed similar to bluestem in the LOW system.  Bermudagrass CP exceeded 

the CP requirement from June to early Sept. in 2009 and 2010 (Fig. 3.5). 

Generally speaking, NDF of individual paddocks was higher in 2010 than 2009 or 

2011, especially in late summer.  Foxtail millet (Fig. 3.6) and bluestem (Fig. 3.7) month-

to-month changes in NDF were similar across all years, but differed greatly from year to 

year in native grass (Fig. 3.6) and bermudagrass (Fig. 3.8) pastures.  Bluestem and foxtail 

millet also had greater ADF in 2010 than other years, but native grass ADF was highest 

in 2011 and bermudagrass showed little change in ADF across months or years.  Native 

grass (Fig. 3.8) had highly divergent month-to-month trends in ADF across years, but all 

other forage types (Figs. 3.9 and 3.10) showed consistent trends across years. 

Detailed results of other forage fractions (hemicellulose, cellulose, lignin, and 

ash) are presented in Appendix D.  Briefly, hemicellulose ranged from about 24 to 40% 
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of dry matter (DM), with foxtail millet containing the lowest concentrations and 

bermudagrass containing the highest.  Cellulose concentration ranged from 23 to 36% of 

DM, with foxtail millet containing the lowest concentration; bluestem and native grasses 

had the highest concentrations.  Lignin concentration ranged from about 4 to 7% of DM.  

Ash content varied from 3 to 9% of dry matter, reaching its highest concentration in 

native grass in 2011.   

Net energy for maintenance varied widely across the different techniques used to 

estimate it (Table 3.1).  Estimates ranged from a low of 0.03 Mcal kg
-1 

by the VS 

equation in summer 2011 LOW system forage, to a high of 1.83 Mcal kg
-1 

by the WB 

method for summer 2009 in the MED system.  Estimates of NEm by the LM procedure 

were intermediate, but nearer the WB method than the VS equation. 

Carcass Quality, Bluestem Seed Quality, and Cotton Quality 

No carcass quality traits differed between systems (Tables 3.2 & 3.3).  On 

average, 68% of steers graded USDA Choice; despite the high mean quality grade, the 

mean discount was -$1.39 carcass
-1

, mostly as a result of steers that graded select rather 

than Choice.   

 Bluestem seed collected in 2010 had high germination rates (Table 3.4) and pure 

live seed (PLS) ranged from 49 to 60%.  The percentage of pure seed, dormant seed, 

PLS, and germination rate were similar between systems.  No statistics were performed 

because seed was not separated by block when harvested.     

 Lint quality of cotton produced by the DRY system yielded a premium price 

above the base loan rate in all years (Table 3.5).  All cotton was considered “white” and 

color was “good middling” to “strict low middling.”  Strength ranged from “average” to 

“very strong.”  Micronaire ranged from base rate to premium.  Uniformity was 

“intermediate” except for one block in 2005, which was “low.” 
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DISCUSSION 

Forage Crude Protein and Fiber 

 Forage quality of the grasses in this experiment have been previously evaluated 

under varying conditions, but this experiment contributed by providing quality 

measurements under grazed conditions of long-established stands subject to the weather 

extremes of the Texas High Plains, which ranged from the driest year on record (2011; 96 

mm) to a year (2010; 680 mm) 44% above mean annual precipitation.  In general, the 

MED system maintained greater CP than the LOW system (Fig. 3.1), at least in part as a 

result of higher N fertilization rates, but fiber content (Fig. 3.2) of the systems differed 

little.  Crude protein declined from June or July to the end of the grazing season, except 

for 2011, for reasons explained below.  In 2010, fiber content of both systems increased 

earlier than in 2009 or 2011; this might be explained by more rapid maturing in response 

to increased water availability (Philipp et al., 2005).  On adjacent plots, Cui et al. (in 

review) found no effect of N fertilization on bluestem fiber content.   

 Averaging forage quality measures at the system level obscured interesting and 

relevant differences at the paddock level.  Although CP of LOW was less than MED, 

foxtail millet had very high CP concentrations during the time it was grazed.  Native 

grass CP was relatively more stable throughout the growing season of 2009, the only year 

that it was fertilized, compared to 2010.  Crude protein of native grass in 2011 was also 

stable because it was extremely low.  Low values were caused by most of the standing 

forage being senesced plant material grown the previous year.   

 At a range site in north-central Texas, Heitschmidt et al. (1989) found that 

composite forage samples averaged 8.5% and 7.7% CP year-round for heavy and 

moderate grazing, respectively, compared to 7.3% in native grass grazed areas in the 

present study.  Despite similar results, there were several differences between that study 

and the current study: Heitschmidt et al. (1989) included winter samples, their pastures 

were not fertilized, some sampled species differed, and local climates differed.  Other 

studies have evaluated individual grasses used in the current study’s native grass forage 

mixture (buffalograss, blue grama, sideoats grama, and green sprangletop) and western 



Texas Tech University, Cody Zilverberg, May 2012 

 

103 

 

wheatgrass, which was common in our pastures but not planted.  During a 2-yr study in 

Goodwell, OK, buffalograss CP concentration increased linearly with the application of 

N, from an average of 9% without fertilization to 12.5% with 136 kg ha
-1

 (Springer and 

Taliaferro, 2001).  Rauzi et al. (1969) found blue grama and western wheatgrass to have 

15.4 and 14.5% CP respectively, in June in Cheyenne, WY; however, both grasses 

declined steadily in CP until the end of Oct., when they had 5.3% and 4.7% CP, 

respectively.  In Sept., blue grama responded to rainfall by briefly increasing CP to about 

13%.  In the first year of an experiment, Rodgers (1996) found clipped blue grama CP 

declined from 8.1% in May to 5.0% in Oct.  Hand-picked buffalograss was 7.1% in May, 

increased to 8.3% in June, and then declined to 6.0% in Oct.  Clipped sideoats grama was 

4.5% in May, increased to 7.3% in June, and then declined to 3.4% in Oct.  In the second 

year, June samples were 9.3%, 9.3%, and 6.7% for blue grama, buffalograss, and sideoats 

grama, respectively—considerably greater than in the first year.  Like Rauzi et al. (1969), 

Rodgers found that blue grama and other species responded to rainfall by increasing CP.  

Green sprangletop leaves and stems contained 11 and 7% CP at maturity, respectively, in 

a southern Texas study (Polk et al., 1976).   

 Ortega-Ochoa (2006) found mean CP of bluestem was 6.2% from June to Oct. 

over the course of 2 yr, compared to 7.7% in the current study.  In a summary of 

literature CP and NDF values of bluestem, Cradduck (2005) found mean annual CP 

levels below 6% in a pair of studies.  In studies that reported CP by month or season, 

early spring CP was greater (above 12%) and early autumn CP was lower (below 7%); 

both spring and autumn values were higher than in the present study.  Mean NDF values 

were near 70%.  In the current study, CP trends were similar to those summarized by 

Cradduck (2005) from literature, and NDF was slightly higher. 

Native grass and bluestem CP concentrations were below steer requirements 

throughout the grazing seasons of 2009 and 2010; however, forage samples were 

probably lower in quality than what was actually grazed, because grazing cattle are 

known to select higher-quality diets than the average of what is available (Provenza et al., 

2003; Arnold, 1964; Meyer et al., 1957).  Actual diets on native grass and bluestem 

pastures were probably adequate in CP to meet a goal of 0.45 kg ADG until Aug. or Sept.  
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In 2009 and 2010, bluestem CP declined from June to Oct.  In 2011, the decline ended in 

Sept. and then increased in response to late season irrigation applied to promote a seed 

harvest.  Bermudagrass CP followed trends similar to bluestem, including in 2011, when 

late-season irrigation was applied to encourage a hay harvest.  Although trends were 

similar, bermudagrass CP concentration was almost always greater than bluestem.   

 Marsalis (2004) found Tifton 85 bermudagrass had CP, NDF, ADF, 

hemicellulose, and cellulose percentages of 18, 68, 35, 33, and 26 averaged over 2 yr of 

growth from May to Sept. at New Deal, TX, compared with 12, 74, 38, 35, and 28 in 

grazed areas of the present study and 15, 74, 37, 36, and 28 in non-grazed areas.  Thus, 

quality in the Marsalis (2004) study was clearly superior to both grazed and non-grazed 

areas in the present study.  One possible explanation is that grazed area samples in the 

present study contained more dead plant material, primarily stolons, that had been ripped 

out of the ground by activities of steers.  In addition, Marsalis (2004) applied more 

fertilizer and used a higher clipping height. 

Interestingly, the year-to-year variation present in native grass and foxtail millet 

ADF values were absent in bluestem and bermudagrass.  Instead, bluestem and 

bermudagrass consistently showed a large drop in ADF from May to June, before 

remaining steady throughout the rest of the year.  The early-season drop in ADF is 

probably because the bluestem and bermudagrass began growth later than native grasses, 

and their May samples included a relatively large proportion of senesced plant material, 

relative to new growth.  The lack of year-to-year variation in bluestem and bermudagrass 

might be caused by the irrigation system compensating for decreased precipitation in low 

rainfall years, thereby creating more uniform soil moisture conditions across years. 

Estimation of NE 

 It is no surprise there was a difference in estimated NEm and NEl among methods 

based on clipped forage analysis (L&M, VS, and Conrad) and actual weight gains of 

steers (WB; Table 3.1).  Methods based on clipped forage were expected to 

underestimate NE because clipped forage was expected to be lower in quality than forage 

selected by grazing steers.  On the other hand, the WB method relied on estimates of 
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intake; intake estimates are known to vary based on environment, management, cattle 

type, energy concentration, and other forage and animal characteristics (NRC, 1996).  An 

additional consideration is that grazing activity increases the maintenance energy 

requirement and would affect the estimate of NE.  The large discrepancy in estimated NE 

values indicates at least one of the methods used was inadequate for estimating the diet 

quality of steers in this study. 

 If VS estimates of NEm were correct, steers would have had to select forage with 

an energy concentration several times greater than the average in the paddocks to meet 

actual performance levels; this magnitude seems unlikely.  To better understand the 

actual magnitude of differences in diet resulting from animal selection, we investigated 

this topic further.  In late summer 2010, it was observed that bluestem within the LOW 

system was developing distinct patches of moderately grazed and non-grazed areas as a 

result of grass growth outpacing forage consumption and repeated defoliation of 

preferred areas.  On 1 Sept., sampling was conducted to compare quality of repeatedly 

defoliated and avoided areas.  At six locations distributed across the length of each block, 

adjacent grazed and avoided patches were identified.  Avoided patches were sampled at 

the normal cutting height and at a height that removed the top 15 cm of a plant, which 

was mostly leaf.  The tops of grazed areas were sampled to remove the top 5 cm of a 

plant, which was mostly leaf.  Entire plants sampled at the normal clipping height were 

higher in NDF, ADF, cellulose, and lignin, and lower in CP than the tops of plants in 

grazed and avoided areas (Table 3.6).  Tops of plants in avoided areas were lower in CP 

than tops in repeatedly defoliated areas.  Thus, by repeatedly defoliating the same plants, 

steers were improving their diet quality relative to the mean quality of forage available; 

however, this difference was not enough to account for the difference between VS and 

WB estimates of NEm. The L&M procedure produced NEm estimates that were on 

average 76 and 84% of the minimum and maximum WB estimates of NEm.  Avoided 

areas had 93% as much NEm as repeatedly defoliated areas, as estimated by L&M; thus 

one-third or more of the difference between WB and L&M estimates could be attributed 

to selective grazing.  The WB and L&M estimates were much closer to one another than 

the VS estimates and support the idea that grazers selected forage more nutritious than 
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the average available.  Nevertheless, the CP value of repeatedly defoliated areas remained 

below estimated CP requirements for 1 Sept. 

 Estimates of NEm by the L&M and WB procedures were subjected to further 

analysis (Fig. 3.12).  For each WB estimate, there were two to three L&M estimates 

because at each point in time used to estimate WB, there were two to three forages in 

each system.  The WB values were able to explain little of the variation in L&M (r
2
 = 

0.25); this is not surprising given animal selection and that the several forages in each 

system sometimes varied greatly in quality. 

Carcass Quality 

 Beef carcass characteristics can be influenced by the type of forage animals graze 

before slaughter (Allen et al., 1996).  Compared with grain-finished beef, grass-finished 

beef can have fat that is more yellow in color due to higher levels of beta-carotene in 

forage or differences in fatty acid profiles (Leheska et al., 2008).  Consumers have 

negative perceptions of yellow fat (Muchenje et al., 2009) despite the fact that beef with 

yellow fat might have beneficial health effects (Dunne et al., 2009).  The duration of time 

on a concentrate diet required to decrease fat yellowness depends on diet; some decrease 

in yellowness can occur as soon as 26 d after initiating a concentrate-based diet, but 

longer periods of time (beyond 100 d) can further decrease yellowness (Dunne et al., 

2009).  Yellow fat was not a problem for any carcass in our study, indicating that feedlot 

duration (111 d; Chapter 2) was sufficient to eliminate or reduce yellowness, if present, to 

an acceptable level.   

Although carcasses received, on average, a small discount, the majority (61% 

averaged across both systems) of carcasses were not discounted.  Carcass quality was 

comparable to those of other steers grazing winter wheat or range grasses before entering 

feedlots (e.g., Anderson et al., 2005; Choat et al., 2003; McCurdy et al., 2010; 

Winterholler et al., 2008).  A higher percentage of steers graded USDA Choice (68%) in 

our systems than in an alternative crop-livestock system at the same site, where 54% 

graded Choice (Allen et al., 2005).  Steers in that system grazed bluestem, rye, and wheat 

before spending an average of 125 d in a commercial feedyard. 
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Bluestem Seed Quality and Cotton Quality 

 Cotton quality was good enough to provide a premium price in all years.  Most of 

the premium was a result of color and length properties of the cotton.  Mean lint quality 

at the Lubbock classing office was similar to experimental lint quality; the greatest 

differences were that experimental cotton had greater micronaire and less leaf than mean 

classing office cotton.   Lint quality from two adjacent irrigated experimental treatments 

was also available from 2004 to 2008, and was assessed for comparison (Table 3.5).  

Treatments were a continuous cotton system (CON) and an integrated crop-livestock 

system (INT) that was in rotation with wheat, rye, and fallow (Allen et al., 2005).  The 

premium for the DRY system was greater than for the irrigated systems in all 3 yr, mostly 

due to differences in micronaire between the three systems.     

Bluestem seed quality is considered excellent when germination is above 90% 

and PLS is greater than 55%; the range 45 to 50% PLS is considered acceptable (Rick 

Kellison, Dept. of Plant and Soil Science, Texas Tech University, Lubbock, TX, personal 

communication, 21 Feb. 2012).  By these standards, PLS in 2008 was acceptable.  

Germination and PLS were excellent in both systems in 2010.  High PLS percent 

indicated that seed lots were relatively clean.  Lots that contain large amounts of trash 

increase the propensity of the seed planter to plug when operating and require handling 

more seed volume.  One key to obtaining high germination rates is to delay harvest until 

most seeds have matured.  It is possible to have high PLS but poor initial germination if a 

seed lot contains a large amount of dormant seed.  Dormant seed is problematic because 

the timing of its germination is unknown and the producer cannot control the conditions, 

such as soil moisture, when the seed germinates.  Neither dormant seed nor trash were 

problems with the seed collected from the LOW and MED systems. 

 

CONCLUSION 

 Previous research on these agroecosystems documented good live weight gains 

for cattle on pasture (Chapter 2).  Here, we have quantified the forage quality based on 

live weight gains and direct measurements of clipped forage.  Forage quality varied by 
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forage type, month, and year.  In general, foxtail millet and bermudagrass were the 

highest quality forages.  Equations by Linn and Martin (1999) and Conrad et al. (1983) 

produced similar estimates of quality of clipped forage samples.  These estimates based 

on clipped samples were lower than estimates of forage quality based on stocker live 

weight gain and reinforced the suggestion that animals select higher quality diets than the 

average of what is available.   

Agricultural production often focuses on quantities produced, but value of 

products in our experimental systems also depends on quality-based economic premiums 

and discounts.  Simultaneously managing for yield and quality can be challenging 

because management that increases yield sometimes decreases quality, and vice versa.  

We found that both systems, LOW and MED, produced beef carcasses of good quality 

that received negligible discounts.  Cotton lint produced by the LOW and DRY systems 

merited premium prices in all years and was higher quality than that produced in adjacent 

irrigated cotton fields.  Bluestem seed quality was acceptable to excellent in years it was 

measured.  The two systems produced beef carcasses and bluestem seed of equivalent 

quality.  These systems, which were designed to decrease irrigation use and soil erosion 

while continuing agricultural production, have demonstrated that they can also produce 

good to excellent agricultural products. 
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Figure 3.1. Crude protein of two crop-forage-stocker systems (LOW and MED) during 

the grazing season from 2009 to 2011.  Each point is the weighted average of all forages 

in the system.  Within a year and month, points followed by the same letter do not differ 

(p > 0.05). 
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Figure 3.2. Neutral detergent fiber (NDF) of two crop-forage-stocker systems (LOW and 

MED) during the grazing season from 2009 to 2011.  Each point is the weighted average 

of all forages in the system.  Within a year and month, points followed by the same letter 

do not differ (p > 0.05). 
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Figure 3.3. Crude protein (CP) of clipped samples of mixed perennial native grass pasture 

and foxtail millet during the grazing season from 2009 to 2011.  Dotted lines indicating 

estimated CP requirements (NRC, 1996) of grazing steers, based on actual daily gains, 

are labeled by year on the graph.  Forage CP is indicated by different symbols for each 

year.  Within a month, points followed by the same letter are not statistically different (p 

< 0.05).  In native grass non-grazed areas, samples from all years were compared even 

though in 2009 they were sampled in July instead of June.  In native grass, analysis of 

variance indicated CP differed between grazed and non-grazed areas in 2009 only.  There 

was no affect of grazing on CP of foxtail millet.  Foxtail millet was not tested for 

differences across months because it was not sampled in the same months in 2009 to 

2010.  No grazing occurred in 2011. 
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Figure 3.4. Crude protein (CP) of clipped samples of old world bluestem pasture from 

two crop-forage-stocker systems (LOW and MED) during the grazing season from 2009 

to 2011.  Forage CP is indicated by different symbols for each year.  Dotted lines 

indicating estimated CP requirements (NRC, 1996) of grazing steers, based on actual 

daily gains, are labeled by year on the graph.  Within a month, points followed by the 

same letter are not statistically different (p < 0.05).  Non-grazed areas were compared 

across years despite the fact that they were not sampled in the same month each year.  For 

Bluestem-LOW, capital ‘A’ indicates CP differed between grazed and non-grazed areas 

in June 2011.  There were no other differences between grazed and non-grazed areas in 

either paddock.  No grazing occurred in 2011. 
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Figure 3.5. Crude protein (CP) of clipped samples of bermudagrass pasture during the 

grazing season from 2009 to 2011.  Forage CP is indicated by different symbols for each 

year.  Dotted lines indicating estimated CP requirements (NRC, 1996) of grazing steers, 

based on actual daily gains, are labeled by year on the graph.  Within a month, points 

followed by the same letter are not statistically different (p < 0.05).  There were no 

differences between grazed and non-grazed areas in any month.  Within non-grazed 

areas, there was a significant effect of month for Bermudagrass 2 only.  Mean separation 

revealed that July differed from Aug. and Sept.  Because the one hay harvest in 2011 was 

in a different month than previous years, it was not compared to previous years.  No 

grazing occurred in 2011. 
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Figure 3.6. Neutral detergent fiber (NDF) of native grass and foxtail millet pastures 

within the LOW system.  Within a month, points followed by the same letter are not 

statistically different (p < 0.05).  In native grass non-grazed areas, samples from all years 

were compared even though in 2009 they were sampled in July instead of June.  There 

were no differences in non-grazed areas across years.  In addition, analysis of variance 

indicated there was no effect of grazing on NDF in months when the non-grazed area was 

sampled for native grass or foxtail millet.  Foxtail millet was not tested for differences 

across months because it was not sampled in the same months in 2009 and 2010.  

Horizontal bars (―) at the bottom (native grass) or top (foxtail millet) of each graph 

indicate when that pasture was grazed during 2009 and 2010.  Grazing did not occur in 

2011 because of severe drought. 
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Figure 3.7. Neutral detergent fiber (NDF) of bluestem within the LOW and MED 

systems.  Within a month and pasture grazed area, points followed by the same letter are 

not statistically different (p < 0.05).  For non-grazed areas, points followed by the same 

lowercase letter were not statistically different across years (regardless of month).  

Capital ‘A’ indicates that in 2011 the non-grazed area had higher NDF than the grazed 

area, within the same month.  Capital ‘B’ indicates that in 2010 the cage had lower NDF 

than the grazed area, within the same month.  Horizontal bars (―) at the bottom indicate 

when each pasture was grazed during 2009 and 2010.  Grazing did not occur in 2011 

because of severe drought. 
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Figure 3.8. Neutral detergent fiber (NDF) of bermudagrass within the MED system.  

Within a month and pasture grazed area, points followed by the same letter are not 

statistically different (p < 0.05).  For Bermudagrass 1 in the month of Aug., the non-

grazed area differed from the grazed area and differed from other non-grazed areas in 

other months.  For Bermudagrass 2 in the non-grazed area, points followed by the same 

lowercase letter are not statistically different (p < 0.05) across years (within a month) and 

points followed by the same uppercase letter are not statistically different (p < 0.05) 

across months (within a year).  The capital ‘X’ indicates grazed and non-grazed areas 

differed only in Aug. 2010.  Because the one hay harvest in 2011 was in a different 

month than previous years, it was not compared to previous years.  There was no 

difference between grazed and non-grazed areas in 2011.  Horizontal bars (―) at the 

bottom indicate when each pasture was grazed during 2009 and 2010.  Grazing did not 

occur in 2011 because of severe drought. 
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Figure 3.9. Acid detergent fiber (ADF) of native grass and foxtail millet pastures within 

the LOW system.  Within a month, points followed by the same lowercase letter are not 

statistically different (p < 0.05).  For non-grazed areas, points followed by the same 

lowercase letter were not statistically different across years (regardless of month).  

Capital ‘A’ indicates that in 2009 and 2010 the non-grazed area had higher ADF than the 

grazed area, within the same month.  The grazed area of foxtail millet was not tested for 

differences among months and years because it was not sampled in the same months in 

2009 and 2010.  Horizontal bars at the bottom (native grass) or top (foxtail millet) of each 

graph indicate when that pasture was grazed during 2009 and 2010.  Grazing did not 

occur in 2011 due because of severe drought. 
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Figure 3.10. Acid detergent fiber (ADF) of bluestem within the LOW and MED systems.  

Within a month and pasture grazed area, points followed by the same lowercase letter are 

not statistically different (p < 0.05).  For non-grazed areas, points followed by the same 

lowercase letter were not statistically different across years (regardless of month).  

Capital ‘A’ indicates that in 2009 and 2011 the cage had higher ADF than the grazed 

area, within the same month.  Horizontal bars at the bottom indicate when each pasture 

was grazed during 2009 and 2010.  Grazing did not occur in 2011 because of severe 

drought. 
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Figure 3.11. Acid detergent fiber (ADF) of bermudagrass within the MED system.  

Within a month and pasture grazed area, points followed by the same letter are not 

statistically different (p < 0.05).  In non-grazed areas, points followed by the same 

lowercase letter are not statistically different (p < 0.05) across years (within a month).  

Also in the non-grazed area, points followed by the same uppercase letter are not 

statistically different (p < 0.05) across months (within a year).  In bermudagrass 1, the 

capital ‘X’ indicates the grazed and non-grazed areas differed in July 2009, July 2010, 

and Aug 2010.  Because the 1 hay harvest in 2011 was in a different month than previous 

years, it was not compared to previous years.    There was no difference between grazed 

and non-grazed areas in 2011.  Horizontal bars at the bottom indicate when each pasture 

was grazed during 2009 and 2010.  Grazing did not occur in 2011 because of severe 

drought. 
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Figure 3.12. Comparison of two estimates of net energy for maintenance (NEm).  On the 

x-axis, NEm is estimated by a weight-based (WB) estimate, using steer live weight and 

NRC (1996) equations (Chapter 2).  On the y-axis, NEm is estimated from acid detergent 

fiber using equations from Linn and Martin (1999; LM).  The bold dotted line is a “one-

to-one” line.  Solid lines show regression results for LOW and MED. 
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Table 3.1. Estimated net energy (NE) values of forage based on four different methods. 

System Year Season 
NEm or NEl, Mcal kg

-1
 

Minimum value  Maximum value 

   WB† L&M Conrad VS  WB L&M Conrad VS 

DRY 2004 summer 1.62 - - -  1.62 - - - 
 2005 winter 1.03 - - -  1.03 - - - 
 2005 summer 1.60 - - -  1.60 - - - 
 2006 winter 1.23 - - -  1.23 - - - 
 2006 summer 1.45 - - -  1.45 - - - 
 2007 summer 1.50 - - -  1.50 - - - 
 2008 summer 1.62 - - -  1.62 - - - 
            
LOW 2009 summer 1.44 1.11 1.20 0.22  1.79 1.52 1.48 0.65 
 2010 summer 1.40 0.98 1.12 0.09  1.66 1.36 1.37 0.48 
 2011 summer - 0.91 1.08 0.03  - 1.19 1.26 0.30 
            
MED 2007 summer 1.23 - - -  1.23 - - - 
 2007     summer2‡ 1.07 - - -  1.07 - - - 

 2008 summer 1.41 - - -  1.41 - - - 
 2009 summer 1.26 1.04 1.16 0.16  1.83 1.38 1.39 0.50 
 2010 summer 1.39 1.00 1.14 0.12  1.72 1.41 1.40 0.52 
 2011 summer - 1.10 1.20 0.21  - 1.38 1.38 0.50 

† WB = “weighted-based” method, based on NRC (1996) equations and live weight of steers (Chapter 2); 
L&M = equation from Linn and Martin (1999) using measured forage quality from clipped grass samples; 
Conrad = equation from Conrad et al. (1983); VS = equation attributed to Van Soest (1979) by Undi (2008) 
using forage quality from clipped grass samples. 
‡”Summer 2” refers to an additional group of cattle that began grazing on 16 July and finished grazing on 11 
Oct. at the same time as the normal “summer” group. 
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Table 3.2. United States Department of Agriculture (USDA) quality grade of 
beef carcasses from two integrated crop-livestock systems, LOW and MED, in 
2010.   After grazing from May to Sept., steers were placed in a feedlot on a 
finishing diet.  Steers were in the feedlot 111 d.  All values are percentages. 

System 
Premium 

Choice 
Choice Select 

Choice or 
Premium Choice † 

LOW 13 57 30 70 a 
MED 41 25 34 66 a 

† Numbers followed by the same letter are not statistically different (p > 
0.05) 

 

 

Table 3.3. Carcass traits of stocker steers from two integrated crop-livestock systems, LOW and MED, in 2010.  After grazing 
from May to Sept., steers were placed in a feedlot on a finishing diet.  Steers were in the feedlot 111 d. 

System 
 

Dressing 
percentage † 

 

Longissimus 
muscle 

area, cm2 
 

Internal 
fat, % 

 

Yield 
grade 

 

Marbling 
score 

 

12th rib fat 
thickness, cm 

 

Mean 
premium 

or 
discount 

LOW 
 

61.2 a 
 

83.2 a 
 

2.7 a 
 

3.1 a 
 

430 a 
 

1.14 a 
 

-$1.36 a 
MED   61.3 a   83.9 a   2.8 a   3.1 a   439 a   1.12 a   -$1.42 a 

† Numbers within a column followed by the same letter are not statistically different (p > 0.05) 
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Table 3.4. Quality of WW-B. Dahl old world bluestem seed 
harvested from two integrated crop-livestock systems, LOW and 
MED.  No seed was harvested in 2009 and 2011 because of crop 
failures.  Data was not available in 2007. 

System Year 

Pure 
seed, 

% 
Germination, 

% 
Dormant 
seed, % 

Pure live 
seed 

(PLS), % 

MED 2008 na na na 49 
LOW 2010 63 95 0 60 
MED 2010 58 95 2 56 
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Table 3.5. Lint quality of non-irrigated cotton in the DRY (2004 to 2008) and LOW (2009 to 2010) systems.  Years 2006 and 
2007 were crop failures.  Lint quality from the Lubbock, TX classing office and two adjacent irrigated experimental 
treatments are provided for comparison.  Lubbock classing office data were obtained using EFS(R) USCROP (TM) software v. 
5.4.0 (Cotton Incorporated, Cary, NC).  Adjacent irrigated systems were a continuous cotton system (CON) and an 
integrated crop-livestock system (INT) that was in rotation with wheat, rye, and fallow (Allen et al., 2005).  The quality 
premium is calculated as premium above the base loan rate.  Values are means of three blocks.  

Year System Micronaire 
Length, 

cm 
Uniformity 

index 
Strength, 

g tex-1 
Reflectance 

(Rd) 
Yellowness 

(+b) 
Leaf 

Premium, 
¢ kg-1 lint 

2004 Lubbock 3.62 2.71 80.23 28.44 73.02 8.72 3.63 
  DRY 3.57 2.68 80.57 28.23 74.93 7.83 2.00  1.5 

 INT 2.80 2.69 79.47 25.30 72.00 8.83 2.67 -17.5 
 CON 3.40 2.74 80.37 26.40 73.87 8.23 2.33 -0.7 

2005 Lubbock 3.66 2.75 80.19 28.77 80.43 8.39 2.86 
  DRY 4.06 2.62 79.47 28.63 79.00 7.40 1.33  2.1 

 INT 3.13 2.77 78.20 27.77 80.33 7.20 2.00 -2.2 
 CON 2.93 2.77 77.77 27.00 79.80 6.97 2.00 -2.4 

2008 Lubbock 3.62 2.93 80.51 29.71 79.04 8.21 3.23 
  DRY 3.78 2.91 80.13 28.30 79.80 7.73 2.00  4.3 

 INT 2.91 3.00 79.73 28.00 80.17 8.50 3.00 -1.0 
 CON 3.19 3.05 80.63 28.60 79.83 8.57 1.33 3.3 

2009 Lubbock 3.63 2.84 80.09 29.51 80.71 7.63 3.21 
  LOW 3.84 2.81 79.97 28.90 81.50 7.47 2.33  9.2 

2010 Lubbock 4.03 2.85 80.59 30.19 76.10 8.35 2.30 
  LOW 4.60 2.90 81.47 31.00 79.87 8.73 1.67 11.6 

 

 



Texas Tech University, Cody Zilverberg, May 2012 

 

128 

 

 

 

Table 3.6. Forage quality of “patches” in the grazed area of bluestem in the LOW system.  Patches were 
either “avoided”, where little grazing occurred, or “grazed”, where repeated defoliation occurred.  
Patches were clipped at the normal clipping height, or only the tops (top 15 cm for avoided patches, 
top 5 cm for grazed patches) of plants were clipped.   

Clipping treatment NDF† ADF† Cellulose Hemicellulose Lignin Ash CP† NEm† 

Avoided, normal 78.0 a 45.9 a 35.2 a 32.1 a 6.5 a 5.0 a 4.2 a 1.08 

Avoided, tops 73.6 b 42.9 b 32.3 b 31.1 a 5.6 b 5.0 a 5.3 b 1.16 

Grazed, tops 74.2 b 42.8 b 32.7 b 31.6 a 5.7 b 4.7 a 7.4 c 1.16 

† All values are percentages of dry matter.  Within a column, values followed by the same letter are 
not different (P > 0.05).  NDF = neutral detergent fiber.  ADF = acid detergent fiber.  CP = crude protein.  
NEm = net energy for maintenance, calculated following Linn and Martin (1999). 
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Chapter 4 

Soil Properties 
 

INTRODUCTION 

 On 27 Oct. 2011, a dust storm reminiscent of the Dust Bowl swept through 

Lubbock, TX, serving as a vivid reminder of the vulnerability of Texas High Plains soils.  

Conventionally tilled cotton (Gossypium hirsutum L.) in the Texas High Plains is highly 

susceptible to wind erosion (Zobeck et al., 2007) and the 2011 cropping season had been 

a disaster because of record-breaking drought—of 3.1 million ha of cotton planted, only 

1.3 million ha were harvested (ERS, 2012), and the millions of failed annual crop ha left 

behind less residue than normal to hold soil in place.  Nevertheless, cotton is the 

dominant regional crop because of its ability to produce profits under both non-irrigated 

and irrigated conditions, although non-irrigated crop failures are common.  The 

magnitude of the 2011 drought was such that even irrigated cotton fields were abandoned 

for lack of moisture.  The percentage of regional cotton ha that are non-irrigated has been 

on the rise since the mid- 1990s (Chapter 1) and is likely to continue to rise as the 

Ogallala aquifer continues to decline and local regulations restricting water use are put 

into place.  As more land is cropped without irrigation, crop failures may become more 

common. 

 Soil organic matter and soil organic carbon (SOC) are well known to improve 

productivity of agricultural soils by, for instance, increasing water infiltration and water 

holding capacity, improving aeration, reducing erosion, and providing nutrients to plants 

(Brady and Weil, 2008).  Erosive events like the dust storms that frequent the Texas High 

Plains preferentially remove topsoil that is enriched in SOC.  Thus, local motivation 

exists to reduce erosion and maintain or increase SOC for improved agricultural 

productivity and air quality, while simultaneously reducing reliance on the Ogallala 

aquifer.  In addition, soils have gained increasing global attention for their ability to 

sequester C and, thereby, decrease atmospheric CO2 concentrations.   
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 One option proposed to address regional soil and water concerns is the integration 

of crop and livestock production, based on production of perennial forages (Allen et al., 

2005; Allen et al., 2008; Chapter 2).  Native and restored grasslands decrease erosion 

relative to annual crops (Zobeck et al., 2007) while sequestering SOC (e.g. Knops and 

Tilman, 2000; Burke et al., 1995) and can be grown with little or no irrigation water.  

Non-native old world bluestem grass species (Bothriochloa spp.) have been extensively 

planted for forage production in the Texas High Plains (Allen et al., 2005; Ortega Ochoa 

et al., 2007) but other improved and native grass species are also utilized.  Cultural 

practices, including irrigation, fertilization, and grazing treatments, differ by plant species 

according to how the species responds to those treatments.  Cultural practices are also 

likely to affect species’ abilities to influence soil properties, including accumulation of 

SOC.  For instance, both irrigation and fertilizer increase aboveground biomass 

production, which can lead to greater return of crop residue to the soil and increase SOC.  

However, improved soil moisture and fertility can also increase rate of SOC decay.  

Grazing can cause soil compaction resulting in reduced plant growth, but non-grazed 

grasslands can accumulate decadent material that limits future plant growth and leads to 

changes in botanical composition. 

 Particulate organic matter (POM) is a relatively labile pool of SOM composed 

mostly of incompletely decomposed plant residue, but may also contain fungal hyphae, 

seeds, spores, and faunal skeletons (Gregorich and Janzen, 1996) with a relatively short 

turnover time (Carter, 1996).  It may be 5 or more yr before a management change is 

detectable in measurements of SOC (Sequeira and Alley, 2011), but changes in POM-C 

might be detected within 1 to 2 yr.  Thus, POM-C has been recognized as an early 

indicator of changes in SOC status as a result of changes in management (Wander 2004).  

As a relatively more labile fraction, POM-C has also been suggested for use as an 

indicator of potential short-term mineralization of C and plant nutrients from soil organic 

matter (Wander 2004).   

 In 2002, several experimental agroecosystems were established near New Deal, 

TX to address soil and water concerns.  These systems integrated crop and beef cattle 

production and were based on different perennial forages (Chapter 2).  Productivity, 
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product quality, economic performance, and fossil fuel use by these systems have been 

evaluated elsewhere (Chapters 2, 3, 5, and 6).  In the current research, our main objective 

was to evaluate these systems’ potential to increase SOC.  To do this, we measured 

POM-C, which is used as an indicator of changes in SOC due to management, and we 

calculated the less labile mineral associated fraction of C.  We evaluated individual crop 

and forage species under field-scale conditions and cultural practices appropriate for 

each, and we evaluated the systems as composites of individual paddocks.  A secondary 

objective was to evaluate the effect of grazing on C storage and soil compaction. 

   

METHODS 

Description of Site and Systems 

Samples were collected from two integrated crop and livestock agroecosystems at 

the Texas Tech University Field Research Laboratory located near New Deal, TX (101° 

47’ W, 33° 45’ N; 993 m elevation).  Mean and median annual precipitation at the nearby 

Lubbock weather station were 471 mm and 449 mm from 1911 to 2011 (NOAA, 2011).  

The farming systems were established on Pullman clay loam soils (fine, mixed, 

superactive, thermic Torrertic Pauleustolls; Soil Survey Staff, NRCS) on 0 to 1 percent 

slopes with a mean of 45% sand, 26% silt, 29% clay and a pH of 7.6 in the top 20 cm. 

 Details regarding the experimental design were previously described (Chapter 2).  

Briefly, the experimental site was on land that had been in a long-term cotton-sorghum 

rotation under conventional tillage and furrow irrigation.  From 1997 to 2001, cotton was 

grown in all years except 2000, when sorghum was grown.  Management was similar 

before 1997, but a detailed prior cropping history was not available.  The agroecosystem 

experiment began in 2002 with establishment of two integrated crop-livestock systems in 

a randomized block design, with three blocks.  The first system was a low irrigation 

system (LOW) consisting of four paddocks (10 ha total), three of which were non-

irrigated.  On a system-wide basis from 2009 to 2011, the LOW system replaced a mean 

of 35% of reference evapotranspiration (ET0) with precipitation and irrigation (Chapter 

2).  Non-irrigated paddocks were: native grass mixture (4.5 ha; grass species: sideoats 
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grama [Bouteloua curtipendula (Michx.) Torr.], blue grama [Bouteloua gracilis (Willd. 

ex Kunth) Lag. ex Griffths], buffalograss, [Buchloe dactyloides (Nutt.) Engelm.], and 

green sprangletop [Leptochloa dubia (Kunth) Nees]), cotton (1.7 ha; Gossypium hirsutum 

L.), and foxtail millet (1.7 ha; Setaria italica L.).  Cotton and foxtail millet were grown 

with conventional tillage and rotated on an annual basis such that one field contained 

cotton and the other contained foxtail millet each year.  Throughout this text, cotton and 

foxtail millet fields will be referred to by the vegetation type that was present in the field 

during sampling.  The fourth paddock, which was irrigated, contained ‘WW-B. Dahl’ old 

world bluestem (2.1 ha; hereafter bluestem; Bothriochloa bladhii [Retz] S.T. Blake).  The 

LOW system was grazed by a group of 8 to 10 Angus and Angus crossbred steers (Bos 

taurus; mean initial body weight: 261 kg; SD: 17 kg).  Annual fertilizer applications were 

moderate, ranging from 0 to 56 kg ha
-1

 except in 2009, when 60 to 90 kg ha
-1

 were 

applied (Appendix B).  Mean annual irrigation applied to bluestem was 215 mm.  

The medium irrigation system (MED) consisted of three irrigated paddocks (3.8 

ha total): one paddock of bluestem (2.1 ha; established in 2003 to 2004) and two 

paddocks of ‘Tifton 85’ bermudagrass (0.9 ha each; Cynodon dactylon L.; established in 

2004).  From 2009 to 2011, the MED system replaced a mean of 60% of ET0 with 

precipitation and irrigation (Chapter 2).  The MED system was grazed by 15 Angus and 

Angus crossbred steers (mean initial BW: 249 kg; SD: 16 kg).  Bermudagrass hay was 

harvested when forage growth exceeded forage demand by steers.  Mean annual N 

fertilizer applications were 196 kg ha
-1

 on bermudagrass and 67 kg ha
-1

 on bluestem 

(Appendix B). Mean annual irrigation on bluestem was 207 mm and on bermudagrass 

was 255 mm, but depended on environmental conditions (Chapter 2).  

Grazing season of both systems was from May to Sept. or Oct. from 2009 to 

2010.    Grass seed was harvested from bluestem each autumn if there was an economic 

yield.  Seed was harvested in the year (2010) of soil measurement. 

When paddocks were established, a caged exclosure (4.9 x 4.9 m) was located 

near the center of each paddock.  Exclosures were managed as hayfields cut one to three 

times annually depending on forage growth; grazing has not occurred in exclosures since 

start of the experiment in 2002.  
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Sampling Procedures 

Soil samples were obtained from grazed areas and exclosures in all paddocks on 

19 July 2010 by digging a hole with a spade and removing a smooth-faced vertical slice 

of soil.  In grazed areas, four to five sub-samples were composited to form a single 

sample.  Within exclosures, two subsamples were composited to form each sample.  Each 

sub-sample was divided into two depths: 0 to 5 cm and 5 to 20 cm.  Soil samples were 

passed through a 4.75-mm sieve, air dried, and identifiable organic material greater than 

2 mm was removed by hand.  Particulate organic matter (POM) was determined using a 

method based on Marriott and Wander (2006b), modified by Wander (personal 

communication).  Ten grams of air-dried soil was placed in a 30-ml plastic bottle and 

filled with a solution of 10% sodium hexametaphosphate.   A 54-μm mesh screen was 

secured to the top of the bottle and secured with a lid whose top was previously removed 

to expose the mesh.  Bottles were placed in a container also filled with 10% sodium 

hexametaphosphate and were shaken on a reciprocal shaker for 1 hour, after which all 

solution and sediment in the container were replaced with filtered water.  Next, samples 

were shaken for 10 min before water and sediment were again replaced with fresh water.  

Shaking with filtered water was repeated 10 times, for a total of 100 min of shaking in 

filtered water and 60 min of shaking in 10% sodium hexametaphosphate solution.  

Material remaining in bottles after shaking, defined as POM, was rinsed on a 54-μm 

mesh and dried at 50°C.  Dried samples were weighed and ground to a fine powder with 

a mortar and pestle.  Total C and N of POM samples were determined by combustion 

with a LECO TruSpec CN analyzer (LECO Corp., St. Joseph, MI 49085).  Soil organic C 

was measured by combustion of sieved samples. A subset of samples were analyzed for 

inorganic C by treating with acid before combustion.  No significant inorganic C was 

detected, so all C was assumed to be SOC.  Analysis of total C and inorganic C was 

conducted by Lisa Fultz at Texas Tech University.  Mineral associated C, a fraction 

relatively more humified than SOC (Wander and Yang, 2000), was calculated as SOC 

minus POM-C (Yoo and Wander, 2008; Domínguez et al., 2009). 

 On 23 and 24 Apr. 2010, fields were sampled for penetration resistance using a 

FieldScout sc900 Soil Compaction meter equipped with an integrated depth sensor and 
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external GPS unit (Garmin GPSmap 60CSx, Olathe, KS).  The foxtail millet field had 

been disked 11 d prior and the cotton field had been disked 24 d prior.  In each field, four 

transects were sampled.  Each transect crossed the entire width of the field and was 

approximately 45° to the previous transect, creating a ‘zig-zag’ pattern that extended 

across the entire length of the field.  Cultivated fields (cotton and foxtail millet) did not 

yet have growing plants.  In native grass pastures and bluestem paddocks, readings were 

taken in plant interspaces because standing plant material interfered with the depth 

sensor.  In bermudagrass paddocks, there were no plant interspaces, but there was an 

accumulated mat of dead and dormant stolons and plant residue; thus, before taking a 

sample in bermudagrass pastures, a metal plate with a hole in the center was placed on 

the ground to provide the level surface needed by the depth sensor.  In all paddocks, litter 

was removed from the sampling point before taking a sample.  Within exclosures, two 

transects were sampled in an ‘X’ pattern.  At least 15 and 6 subsamples were taken in 

each grazed and non-grazed area, respectively. Before statistical analysis, subsamples 

were averaged for each field.  Because of time constraints, one of the bluestem paddocks 

(from the LOW system) and one of the bermudagrass paddocks in each block were not 

sampled. 

Statistical Analyses 

Data were analyzed two ways.  First, to compare systems, values were calculated 

as the weighted average of all paddocks in a system, according to grazing treatment 

(grazed or non-grazed) and sampling depth.  This was a split-split plot mixed model with 

system in the main plot, grazing treatment as the subplot, sampling depth as the sub-sub 

plot and all possible interactions.  The second approach compared individual vegetation 

types (fields) regardless of system.  Data were analyzed in the same fashion as above 

except that the main plot was field rather than system.  For both system-level and field-

level analyses, when an effect was determined by analysis of variance to be significant, 

F-protected t-tests were carried out at the highest level of significance to determine 

differences among treatments.  An α = 0.05 value was used to determine statistical 

significance for all tests.  All analyses were carried out using the nlme (Pinheiro et al., 
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2009) and lme4 (Bates and Maechler, 2010) packages of R (R Core Development Team, 

2010).   

 

RESULTS 

Systems-level Analyses  

 Of the three factors considered at the systems-level (i.e., system, grazing, and 

depth), depth accounted for most of the differences in C and N concentrations and ratios 

(Table 4.1).  Within both systems, the concentrations of POM-C and mineral associated C 

were greater at the 0 to 5 cm depth than at the 5 to 20 cm depth (Tables 4.2 and 4.3), 

despite differences in interaction terms.  The ratio of POM-C:SOC was also greater in 

surface soil (Table 4.4).  Thus, although POM-C and SOC both decreased with depth, C 

in surface soils was relatively more labile. 

Field-level Analyses 

Similar to systems-level analyses, field-level analyses showed the main effect of 

depth and interactions including depth were often significant (Table 4.5).  However, in 

contrast with the systems-level analyses, field-level analyses uncovered more differences 

due to grazing and field effects (Table 4.6).  The main effect of field or one of its 

interactions was significant for every measurement involving C (Table 4.5), and grazing 

also influenced results.  Nitrogen was less influenced by treatments.  The POM C kg
-1

 

soil was greatest for surface (0 to 5 cm) bermudagrass, followed by surface soil of other 

perennial grasses (Table 4.7).  At the 5 to 20 cm depth, POM-C was numerically greatest 

for bermudagrass and native grass, but there were no significant differences at this depth.   

Grazed areas had more mineral associated C than non-grazed areas at both depths, 

but the difference was only significant at 0 to 5 cm (Table 4.8).  Grazed and non-grazed 

areas both had greater concentrations of mineral associated C at 0 to 5 cm, compared with 

5 to 20 cm.  Tilled fields (foxtail millet and cotton) had numerically less mineral 

associated C than perennial pastures at both depths, but the difference was only 

significant at 0 to 5 cm (Table 4.8).  Likewise, bermudagrass had the numerically greatest 
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mineral associated C at both depths; at 0 to 5 cm, these differences were significant at P 

= 0.05, but at 5 to 20 cm depth, bermudagrass differed from other treatments when P = 

0.20.  Despite having more mineral associated C in absolute terms, bermudagrass had a 

relatively low proportion of its SOC in the mineral associated C pool (Table 4.9).  The 

ratio of POM-C:SOC was less for cotton than bermudagrass and native grasses (Table 

4.9).  When separated by depth, the ratio at 5 to 20 cm (0.11) was less than at 0 to 5 cm 

(0.23).     

Mean POM-C:POM-N ratio was 19.4, with a range from 12.2 to 34.2 (Table 4.6).  

There was a significant interaction of field x subunit x depth; however, mean separation 

revealed most differences were caused by only two values that exceeded the mean: native 

grass non-grazed area at 5 to 20 cm (34.2) and foxtail millet non-grazed area at 5 to 20 

cm (32.7).  The C:N ratio of standing forage varied across fields (Table 4.10) but was 

poorly correlated with POM-C:POM-N during May to Sept. (r = 0.208; P = 0.058) and 

not correlated during Oct. (r  = 0.030; P = 0.887). 

Similar to results for POM-C, POM-N was greater at 0 to 5 cm (0.12 g kg
-1

 soil) 

than at 5 to 20 cm (0.05 g kg
-1

 soil).  Concentration of POM-N by field also followed a 

trend similar to POM-C, with the greatest concentrations occurring in bermudagrass soils 

and the least concentration under cotton (Appendix E).  The ratio of POM-N to total soil 

N was greater at 0 to 5 cm (0.17) than at 5 to 20 cm (0.09). 

Penetration Resistance 

 Lower resistance values were measured in non-grazed areas than in grazed areas 

at all depths, although differences were not statistically significant from 15 to 20 cm (Fig. 

4.1).  Non-grazed native grass resistance was least and grazed bermudagrass resistance 

greatest (Table 4.11).  Cultivated fields (cotton and foxtail millet) had the lowest 

resistance to a depth of 7.5 cm, after which their resistance increased to levels equal to or 

greater than perennial grass pastures (Fig. 4.2).  At 15 to 20 cm, cultivated fields had the 

greatest resistance (911 kPa).  Perennial grasses followed a different pattern, with 

resistance increasing from 2.5 to 5.0 cm and then remaining nearly constant to a depth of 
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20 cm (Fig. 4.2). Bermudagrass provided the most resistance of any field to a depth of 

12.5 cm. 

 

DISCUSSION 

Effects of Vegetation Type 

Particulate organic matter is useful as an indicator of nutrient mineralization 

potential and as an indicator of longer-term trends in SOC changes.  The effect of 

vegetation on SOC and SOC fractions reported in the literature is not consistent, as 

previous research has found both significant effects (Knops and Tilman, 2000; Christian 

and Wilson, 1999; White et al., 1996; Post and Kwon, 2000) and no effects of vegetation 

type (McLauchlan et al., 2006).  We found that POM-C concentration differed by 

vegetation type; however, each vegetation type received different irrigation quantity, 

fertilization quantity, and mechanical operations according to appropriate cultural 

practices, confounding interpretation.  Bermudagrass had the highest levels of POM-C 

but also received the highest levels of irrigation and fertilizer; however, vegetation type 

appeared to affect POM-C independent of input level because native grass pastures, 

which received the lowest level of fertilizer and no irrigation, accumulated more POM-C 

than bluestem pastures, which received intermediate fertilizer and irrigation.  For annual 

crops, tillage also likely played a role, as tillage is known to increase mineralization of 

organic matter (e.g. Mann, 1986).  In our experiment, annual crops foxtail millet and 

cotton had lower levels of POM-C than perennial grasses.  This is consistent with 

literature that has shown increased SOC and labile C when old fields were converted to 

perennial grass (e.g. Jastrow et al., 1996; McLauchlan et al., 2006; Gebhart et al., 1994; 

Baer et al., 2002; Robles and Burke, 1998). 

Vegetation types in this experiment were grouped into systems that were grazed 

by beef steers.  The MED system, which included bermudagrass and bluestem, received 

moderate quantities of irrigation and fertilizer, whereas the LOW system, which included 

native grass, cotton, foxtail millet, and bluestem, received low input levels.  Although not 
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statistically significant, the MED system accumulated 26% more POM-C in the top 20 

cm of soil than the LOW system.  Thus, MED not only received more synthetic N, it 

likely mineralized more organic N on an annual basis.  It is also likely to sequester more 

C in its soil, which will benefit plant growth, but the amount sequestered might not be 

enough to offset the global warming potential associated with using fertilizer and 

irrigation (Liebig et al., 2010; Chapter 6). 

Particulate organic matter is used as an indicator of two processes: C storage and 

nutrient mineralization.  Storage requires humification of C into recalcitrant forms that 

resist degradation, while mineralization requires the respiration of C and release of CO2 

into the atmosphere.  It is possible, at least theoretically, to increase C inputs to the soil 

while simultaneously increasing their rate of degradation so that an increase in SOC is 

entirely due to increases in relatively labile C, such as POM-C.  This might improve plant 

growth but would not promote a long-term increase in SOC stocks, and if the 

management that caused POM-C to increase was discontinued, gains in SOC would be 

rapidly lost as POM was mineralized.  Therefore, we also investigated whether mineral 

associated C, a relatively more humified C pool that is potentially more stable than POM-

C, was also accumulating.  We found that changes in SOC were accompanied by similar 

changes in both mineral associated C and POM-C.  Mineral associated C differed by 

vegetation type, with bermudagrass containing 32% more mineral associated C than 

annual fields in the upper 20 cm of soil.   

Despite having more mineral associated C in absolute terms, bermudagrass had a 

relatively low proportion of its SOC in the mineral associated C pool as reflected by its 

high POM-C:SOC ratio.  Although the difference in POM-C:SOC ratio was statistically 

different only among a few fields, the numerical differences followed the same pattern as 

other C measures: bermudagrass > native grass > bluestem > annual crops.  The ratio 

indicates bermudagrass SOC was more labile and will likely undergo further 

mineralization.  Mineralization makes nutrients available for plant growth, and in this 

case, bermudagrass contained much more POM-N (222 kg ha
-1

) in the top 20 cm of soil 

than any of the other vegetation types (native grass: 168 kg ha
-1

, bluestem 141 kg ha
-1

, 

annuals 136 kg ha
-1

).  Perennial fields had larger pools of both POM-C and mineral 



Texas Tech University, Cody Zilverberg, May 2012 

 

139 

 

associated C relative to annual fields; this suggests perennial fields are mineralizing more 

nutrients for plant growth while simultaneously placing more C into more recalcitrant 

forms.  However, our results did not measure turnover of C pools, and research using 

other fractionation techniques showed the mineral associated C contained both stable and 

recent C inputs (Swanston et al., 2005). 

Mean POM-C:N ratio was 19.4:1 in our experiment, close to the 20:1 ratio 

suggested as typical by Wander (2004).  The POM-C:N ratio was greater than the mean 

C:N ratio of the whole soil (13:1), indicating that POM was relatively less decomposed 

(Sequeira and Alley, 2011) and likely to mineralize further while also protecting more C 

and moving it into the relatively more recalcitrant mineral associated C pool.   

Franzluebbers and Stuedemann (2008) found that biologically active fractions, 

including POM, responded to management but were not more sensitive than total C and 

N.  This ran contrary to expectations because POM is often regarded as an early indicator 

of management-induced changes (Six et al., 2002; Dalal and Mayer, 1986).  We found 

that POM produced mixed results in this role.  When mean separation was conducted on 

the field x depth interaction, POM-C achieved more statistical separation among 

treatments than SOC.  This occurred despite the long-term nature of the project, and 

supported the suggestion that POM-C is more sensitive than SOC to management 

changes.  On the other hand, POM-C did not detect the grazing x depth effect that was 

detected by SOC.  Soil samples were taken 9 yr after management changed; apparently, 

this was enough time to detect some changes in SOC without relying on the more 

sensitive POM-C.   

 Surprisingly, native grass had statistically greater POM-C and numerically greater 

mineral associated C than bluestem plots, despite the fact that bluestem plots produced 

more biomass (see Chapter 2).  There are several possible explanations for this.  First, 

native grasses might have allocated a greater proportion of their sequestered C 

belowground than bluestem.  In central Texas, introduced grasses (including B. 

ischaemum, from the same genus as B. bladhii used in this experiment) had lower root 

biomass and root mass fraction compared with native grasses (Wilsey and Polley, 2006), 

and Zobeck et al. (2011) found B. ischaemum and B. bladhii had similar root biomass.  
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Therefore, although aboveground biomass production was greater for bluestem than 

native grass, the opposite could have been true belowground.  However, differences 

between introduced and natives found by Wilsey and Polley (2006) were only significant 

beyond 20 cm depth.  A second possibility is that POM turned over more rapidly in 

bluestem soils as a result of differences in litter quality (Chapter 3) or soil fertility.  A 

third possibility relates to our sampling procedures.  Bluestem could have concentrated 

its roots near drip irrigation tapes that provided water and fertilizer at 36 cm, well below 

our 20-cm sampling depth.  If rooting was concentrated at this depth, however, it would 

run contrary to the findings of Wilsey and Polley (2006), who found that root 

concentration of B. ischaemum was greatly reduced below 20 cm. 

 Zobeck et al. (2011) found bluestem (B. bladhii, as in this experiment) had POM-

C concentration of 8.06 g kg
-1

 soil to a depth of 15 cm, which was similar to POM-C in 

B. ischaemum soils but greater than POM-C in B. caucasica soils.  Four years later, Cui 

(2011) resampled the same plots after they had been interseeded with legumes and found 

slightly lower concentrations.  In our experiment, POM-C concentrations were more 

similar to those found by Marriott and Wander (2006a) for annual cropping systems that 

used synthetic N (1.7 g POM-C kg
-1

 soil) or had fertility based on use of annual legumes 

or annual legumes and manure (2.3 g POM-C kg
-1

 soil).   

As expected, cultivated fields had the least penetration resistance near the surface 

but the greatest resistance from 15 to 20 cm, because cultivation loosens surface soils but 

can also cause compaction of subsurface soils below the plow layer.  Perennial grasses, 

especially bermudagrass, followed a different pattern.  Observations suggested that high 

resistance near the surface of bermudagrass soils was caused by the grass’s thick 

rhizomes just beneath the surface.  The greater stocking density of steers in bermudagrass 

pastures could also have contributed, but even in non-grazed areas, bermudagrass 

provided the greatest resistance.   

Effects of Grazing 

Grazing, especially at high densities, can increase soil compaction and decrease 

water infiltration (Daniel et al., 2002).  Lower water availability and decreased aeration 
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caused by compaction inhibit plant growth.  After up to 7 yr of grazing, we found that 

grazing did increase penetration resistance to a depth of 12.5 cm in this experiment.  

Nevertheless, few differences in plant growth between grazed and non-grazed areas were 

identified (Chapter 2), differences in POM-C were small and insignificant, and SOC was 

actually greater in grazed than non-grazed areas (SOC data courtesty of Lisa Fultz, Dept. 

of Plant and Soil Science, Texas Tech University, Lubbock, TX).   Mineral associated C 

was 7% greater in the top 20 cm of grazed areas than non-grazed areas, with most of the 

difference occurring in the top 5 cm.  Franzluebbers and Stuedemann (2007) found 

grazing cover crops had mixed effects on soil C and N fractions and that grazing cover 

crops was a viable conservation approach.  In our study, the more rapid accumulation of 

C in grazed areas might be caused by greater levels of organic matter input in grazed 

areas.  Non-grazed areas were treated as hayfields, so each year much of their 

aboveground sequestered C was removed.  Soil organic C commonly accumulates more 

rapidly under grazing than haying because grazing returns more biomass to the soil 

(Schnabel et al., 2001).   

 

CONCLUSION 

 All three perennial grass pastures, each managed according to different cultural 

practices, showed promise for restoring long- and short-term C to soils relative to an 

annual crop rotation of cotton and foxtail millet.  This offers landowners several options 

for reducing erosion and increasing the long-term productivity of their soils, while 

simultaneously reducing the concentration of atmospheric CO2.  Surprisingly, native 

grass pastures that received little fertilizer and no irrigation placed more C into the 

relatively less labile C pools than did bluestem, which received moderate levels of 

fertilizer and irrigation and produced more aboveground biomass.  This is encouraging 

because it suggests low-input native grasses offer an inexpensive, effective, and 

environmentally friendly way to improve soil quality.  Bermudagrass stored more C than 

bluestem or native grasses in both labile and less-labile pools, but also required greater 

levels of irrigation and fertilizer.  Further research is needed to determine whether C 

storage was sufficient to offset the C released by fertilizer and irrigation.  Although 
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grazing increased soil penetration resistance, grazed areas stored higher levels of less 

labile, mineral associated C than hayed areas, indicating that grazing is not incompatible 

with promoting C storage in soils. 
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Figure 4.1. Resistance to penetrometer provided by grazed and non-grazed areas at 

different depths below the soil surface.  Values are means of all fields (N = 15).  

Resistance values within a grazing treatment not followed by the same lowercase letter 

are different (P < 0.05).  Resistance values within a depth not followed by the same 

uppercase letter are different (P < 0.05).   
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Figure 4.2. Resistance to penetrometer provided by fields at different depths below the 

soil surface.  Values are means of grazed and non-grazed areas (N = 6).  Resistance 

values within a field not followed by the same lowercase letter are different (P < 0.05).  

Resistance values within a depth not followed by the same uppercase letter are different 

(P < 0.05).  Foxtail millet and cotton were in rotation.  For penetration resistance data, 

fields are referred to by the crop that was present the previous year, because sampling 

was conducted before planting.  Thus, the ‘foxtail millet’ field for penetration resistance 

is the ‘cotton’ field for all other soil measurements, and vice versa. 
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Table 4.1. Summary of statistical significance for analyses of particulate organic matter (POM) 
and soil organic C (SOC) on a system-level basis.  Interaction terms are abbreviated using the 
first letters of the main effects (e.g. S x G is the interaction of System x Grazing). 

Dependent 
variable 

 Effect† 

 System Grazing Depth S x G S x D G x D S x G x D 

POM-C  ns ns *** ns * ‡ ns 
POM-N  ns ns *** ns ns ns ns 
POM-C:N  ns ns ns ns ns ns * 
POM-C:SOC  ns ns *** ns ‡ ns ns 
POM-N:Total N  ns ns *** ns ns ns ‡ 
Mineral associated C  ns ns *** ns ns * ns 
SOC §  ns ns *** ns ‡ * ns 

† ns = not significant (P > 0.10) 
‡ Significant at P ≤ 0.10 
* Significant at P ≤ 0.05 
** Significant at P ≤ 0.01 
*** Significant at P ≤ 0.001 
§ SOC data courtesy of Lisa Fultz, Texas Tech University 

 

 

Table 4.2. Mean particulate organic matter C (POM-C) of two crop-
livestock systems.  Values are weighted means of all fields within each 
system, weighted by proportional area.  Means include grazed and 
non-grazed areas.  Standard error across rows is 0.11.  Standard error 
in columns is 0.14.  

System  
Depth 

0 to 5  5 to 20 

  POM-C, g kg-1 soil † 

LOW  1.98 a  0.78 b 
MED  2.65 a  0.83 b 

† Within a row or column, means not followed by the same letter are 
different (p < 0.05). 
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Table 4.3. Mean mineral associated C in grazed and non-
grazed areas.  Values are weighted means of all fields 
within each system, weighted by proportional area.  
Standard error across rows is 0.16.  Standard error in 
columns is 0.26. 

  Mineral associated C, g kg-1 soil † 

System 
 Depth, cm 

 0 to 5  5 to 20 

Grazed  8.10 a  6.24 b 
Non-grazed  7.17 a  6.07 b 

† Within a row or column, means not followed by the 
same letter are different (p < 0.05). 

 

 

Table 4.4. Mean ratios of particulate organic matter C 
(POM-C) to soil organic C (SOC).  Values are weighted 
means of all fields within each system, weighted by 
proportional area.  Values include grazed and non-grazed 
areas.  Standard error is 0.014. 

Depth, cm POM-C:SOC † 

0 to 5 0.23 a 
5 to 20 0.12 b 

† Means not followed by the same letter are different (p 
< 0.05). 
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Table 4.5. Summary of statistical significance for analyses of particulate organic matter 
(POM) and soil organic C (SOC) at a field-level basis.  Interaction terms are abbreviated 
using the first letters of the main effects (e.g. F x G is the interaction of Field x Grazing). 

Dependent 
variable 

 Effect† 

 Field Grazing Depth F x G F x D G x D F x G x D 

POM-C  *** ns *** ns *** ‡ ns 
POM-N  * ‡ *** ns ns ns ns 
POM-C:N  ns ns ns * ns ns * 
POM-C:SOC  * ns *** ns ‡ ns ns 
POM-N:Total N  ns ns *** ns ns ns ns 
Mineral associated C  * * *** ns ** * ns 
SOC§  ** ‡ *** ns *** ** ns 
Penetrometer  * *** *** *** *** *** ns 

† ns = not significant (P > 0.10) 
‡ Significant at P ≤ 0.10 
* Significant at P ≤ 0.05 
** Significant at P ≤ 0.01 
*** Significant at P ≤ 0.001 
§ SOC data courtesy of Lisa Fultz, Texas Tech University 
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Table 4.6. Summary of carbon (C) and nitrogen (N) in soil particulate organic matter (POM) and whole soil. 

Depth Grazing Field 
POM C,  

g kg-1 

Mineral 
associated C, 

g kg-1 
POM-C : 

SOC 
POM-N,  
mg kg-1 

POM, 
C:N 

Whole 
soil, C:N 

POM-N: 
Total N 

0 to 5 cm Non-grazed Cotton 1.16 5.78 0.17 78 16.07 13.52 0.15 

  

Foxtail millet  1.45 5.81 0.20 98 14.75 13.54 0.18 

  

Native grass 2.37 7.28 0.25 127 18.52 13.78 0.19 

  

Bluestem - LOW 2.03 6.57 0.24 105 19.41 12.51 0.15 

  

Bluestem - MED 1.75 7.05 0.20 107 17.34 13.36 0.16 

  

Bermudagrass 1 3.03 8.83 0.25 139 21.93 13.24 0.15 

  

Bermudagrass 2 2.75 8.13 0.26 126 21.74 13.12 0.15 

 

Grazed Cotton 1.14 6.82 0.14 87 13.21 12.64 0.14 

  

Foxtail millet  1.49 5.80 0.21 95 18.30 12.92 0.17 

  

Native grass 2.56 8.98 0.21 140 22.77 14.37 0.18 

  

Bluestem - LOW 2.06 7.24 0.22 99 22.90 10.63 0.11 

  

Bluestem - MED 2.68 8.08 0.25 166 19.91 13.68 0.20 

  

Bermudagrass 1 3.37 8.36 0.28 170 19.69 12.69 0.18 

  

Bermudagrass 2 3.42 9.55 0.26 197 18.52 14.16 0.21 
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Table 4.6. Continued. 

Depth Grazing Field 
POM C,  

g kg-1 

Mineral 
associated C, g 

kg-1 
POM-C : 

SOC 
POM-N,  
mg kg-1 

POM, 
C:N 

Whole soil, 
C:N 

POM-N: 
Total N 

5 to 20 cm Non-grazed Cotton 0.63 5.78 0.10 21 32.65 12.48 0.04 

  

Foxtail millet  0.71 5.52 0.11 62 12.21 14.35 0.13 

  

Native grass 1.03 5.89 0.15 35 34.15 14.66 0.07 

  

Bluestem - LOW 0.59 5.81 0.09 28 20.85 13.10 0.06 

  

Bluestem - MED 0.80 6.12 0.11 51 16.44 14.61 0.11 

  

Bermudagrass 1 0.99 6.77 0.13 91 12.47 11.79 0.14 

  

Bermudagrass 2 0.80 6.46 0.11 35 23.60 12.76 0.06 

 

Grazed Cotton 0.60 5.53 0.10 38 18.84 10.64 0.07 

  

Foxtail millet  0.61 5.64 0.10 44 15.32 11.94 0.08 

  

Native grass 0.85 5.97 0.13 64 13.84 12.02 0.11 

  

Bluestem - LOW 0.74 5.92 0.11 47 15.94 13.28 0.09 

  

Bluestem - MED 0.69 6.39 0.10 27 25.26 12.67 0.05 

  

Bermudagrass 1 0.99 6.34 0.14 41 24.42 16.95 0.09 

    Bermudagrass 2 0.97 7.61 0.12 105 13.23 12.30 0.16 
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Table 4.7. Particulate organic matter C (POM-C) in soil of 
different forages and crops.  Values are means of grazed and 
non-grazed areas in three experimental blocks.  Standard 
error within a column is 0.19.  Standard error within a row is 
0.18. 

Forage 
POM-C,  

g kg-1 soil† 

0 to 5 cm  5 to 20 cm 

Cotton 1.1467 b 

 

0.6117 a 

Foxtail millet 1.4700 bc 0.6617 a 

Native grass 2.4633 d 0.9386 a 

Bluestem-LOW 2.0425 cd 0.6628 a 

Bluestem-MED 2.2183 d 0.7456 a 

Bermudagrass 1 3.2012 e 0.9889 a 

Bermudagrass 2 3.0817 e  0.8833 a 
† Within a column or across a row, means not followed by 
the same letter are different (p < 0.05). 
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Table 4.8. Mineral associated C as affected by grazing, forage 
type, and soil sampling depth.  For grazing treatments 
(N=21), standard errors across rows are 0.13 and standard 
errors within columns are 0.17.  For different fields (N=6), 
standard errors across rows are 0.25 and standard errors 
within columns are 0.47. 

Effect  
 Mineral associated C,   

g kg-1 

Grazing  0 to 5 cm  5 to 20 cm 
   Grazed  7.8 a  6.2 b 
   Non-grazed  7.1 c  6.0 b 

 
 

 
 

 Field  
 

 
    Cotton  6.3  abe  5.7  e 

   Foxtail millet  5.8    ae  5.6  e 
   Native grass  8.1  cd  5.9  e 
   Bluestem – LOW  6.9 abc  5.9  e 
   Bluestem – MED  7.6 bcd  6.3  e 
   Bermudagrass 1  8.6    d  6.6  e 
   Bermudagrass 2  8.8    d  7.0  e 
† Within a row or column, means not followed by the same 
letter are different (p < 0.05).  Grazing effects should not be 
compared to Field effects 
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Table 4.9. Ratio of particulate organic 
matter C (POM-C) to soil organic C (SOC).  
Values are means of two depths, 0 to 5 cm 
and 5 to 20 cm (N=6).  Standard error is 
0.013. 

Field 
POM-C : 

SOC 
 Cotton 0.13 a 

Foxtail millet 0.15 ab 
Native grass 0.19 b 

Bluestem - LOW 0.17 ab 
Bluestem - MED 0.17 ab 
Bermudagrass 2 0.19 b 
Bermudagrass 1 0.20 b 

† Means not followed by the same letter do 
differ (p < 0.05). 
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Table 4.10. Mean carbon to nitrogen ratio of standing vegetation, averaged 
over 2009 and 2010. 

Effect   C:N† 

May to Sept.  Grazed  Non-grazed 
  Foxtail millet  21.5  16.0 
  Native grass  32.4  39.3 
  Bluestem – LOW  34.1  24.2 
  Bluestem – MED  31.9  23.4 
  Bermudagrass 1  23.4  18.8 
  Bermudagrass 2  20.7  18.3 

 
 

 
 

 Oct.  
 

 
   Foxtail millet  na  na 

  Native grass  39.7  na 
  Bluestem – LOW  51.2  na 
  Bluestem – MED  48.1  na 
  Bermudagrass 1  33.2  na 
  Bermudagrass 2  30.0  na 
† Grazed areas were sampled monthly from May to Oct.  Non-grazed areas 
were sampled once annually (June or July) for foxtail millet, native grass, 
and bluestem and thrice annually for bermudagrass (June, July, and Aug. or 
Sept.).  There was little or no foxtail millet standing in Oct. because it had 
been grazed in mid-summer. 
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Table 4.11. Mean penetrometer resistance readings across 
depths from fields in grazed and non-grazed areas.  (N=24).  
Standard error across rows is 24.  Standard error within 
columns is 42. 

Forage or crop 

 Resistance, kPa† 
 Non-grazed  Grazed 

Cotton ‡  662 bc  694 bc 
Foxtail millet ‡  647 bc  572 ab 

Native grass  461 a  666 bc 
Bluestem-MED  573 ab  746 c 

Bermudagrass 1  699 bc  934 d 
† Means within a column or row not followed by the same 
letter differ (p < 0.05).   
‡ Foxtail millet and cotton were in rotation.  For penetration 
resistance data, fields are referred to by the crop that was 
present the previous yr, since sampling was conducted before 
planting.  Thus, the ‘foxtail millet’ field for penetration 
resistance is the ‘cotton’ field for all other soil measurements, 
and vice versa. 
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Chapter 5 

Economics 

INTRODUCTION 

 Agricultural producers in the Texas High Plains face the challenge of remaining 

profitable in the face of declining natural resources.  The Ogallala aquifer, once thought 

to be an inexhaustible sea of underground water, is now recognized as a non-renewable 

resource that is fast declining.  Depth to water has increased 1.96 m over the past 10 yr 

(HPUWCD, 2011a), and once-productive wells continue to go dry.  Within 20 yr, many 

wells are projected to be inadequate to operate a center pivot irrigation system (Mulligan 

et al., 2009; Mulligan et al., no date).  And, with every increase in depth-to-water, the 

cost of pumping water increases.  Water conservation districts have recognized the 

problem and are implementing restrictions on quantities of water pumped in order to 

postpone the aquifer’s depletion (HPUWCD, 2011b).   

 Record high cotton prices in 2010 coincided with the expiration of many 

Conservation Reserve Program (CRP) contracts and resulted in converting perennial 

grassland to annual crop farming before the 2011 planting season.  Much of the new 

cropland was non-irrigated, and when the record-breaking drought of 2011 occurred and 

crops failed across the Texas High Plains, soils were left vulnerable to erosion.  On 17 

Oct. 2011, a dust storm reminiscent of the Dust Bowl swept across Lubbock, TX.  

Economics and Mother Nature had collaborated to create a ‘perfect storm’ symbolic of 

erosive losses that decrease yields and cost billions of dollars annually to replace lost 

nutrients and water in the U.S. alone (Pimentel et al., 1995).   

 Farmers are a heterogeneous group of decision makers motivated by profit, 

altruism, and other needs (Chouinard et al., 2008), and they undertake a complex 

decision-making process when deciding what to plant.  Profit is just one of the variables 

considered, but is obviously a very important one.  Agricultural systems integrating 

forages and/or livestock into crop production have been suggested as a way to maintain 

or improve profit (Katsvairo et al., 2006; Martin, 2005) and decrease risk (Zentner et al., 
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1986; Chavas et al. 2009; Martin, 2005).  Previous research in the Texas High Plains has 

shown that crop and livestock production can be successfully integrated from biological 

and economic perspectives for the purpose of reducing reliance on the Ogallala aquifer 

and reducing soil erosion (Allen et al., 2005).  Since then, additional integrated crop-

livestock systems have been proposed that would further decrease irrigation water use 

and cover a larger area of ground with perennial grass (Chapter 2), thereby moving closer 

to sustainable rates of water use.  For these new systems to be widely adopted will 

require that they also meet producers’ financial goals.  The purpose of this research was 

to perform a detailed analysis of the financial performance of the proposed crop-livestock 

systems and to identify areas of strength and weakness that will guide modification of the 

systems to enhance their future performance. 

  

METHODS 

 Three agricultural systems were experimentally evaluated near New Deal, TX in a 

complete randomized block design with three blocks from 2004 through 2011.  Design of 

systems, system productivity, quality of production, impacts on soil, and fossil fuel 

energy use were described elsewhere (Chapters 2, 3, 4, and 6).  Briefly, a non-irrigated 

crop-forage-livestock system (DRY) and an irrigated crop-forage-livestock system 

(MED) were established in a randomized block design with 3 blocks (total of 42 ha), 

beginning in 2002.  After establishment, the systems were experimentally evaluated for 5 

yr.  The DRY system’s experimental evaluation (2004 to 2008) began before evaluation 

of MED (2007 to 2011) because DRY established earlier.  In 2009, the DRY system was 

modified and renamed LOW.  The LOW system has been evaluated for 3 yr (2009 to 

2011).  Note that the three systems are named for their irrigation quantities relative to 

typical irrigated crop production in the region.  A HIGH level of irrigation was not 

included in the experiment because one experimental goal was water conservation. 

 The DRY system was composed of three paddocks: one paddock with a mixture 

of native grasses, and a two-paddock rotation of cotton (Gossypium hirsutum L.) and 

foxtail millet (Setaria italica [L.] P. Beauv.).  In some years, foxtail millet was replaced 
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with sorghum (Sorghum bicolor [L.] Moench).  The native grass and foxtail millet 

paddocks were grazed by a group of Angus and Angus crossbred stocker steers (Bos 

taurus; Chapter 2).  Cotton (varieties: FiberMax BR 989, 2005 to 2006; FiberMax 9058F, 

2007 to 2010) was harvested for lint and seed.  The DRY system became the LOW 

system in 2009 when one paddock of irrigated ‘WW-B. Dahl’ old world bluestem 

(Bothriochloa bladhii [Retz] S.T. Blake; hereafter bluestem) was added to the three 

paddocks already in the DRY system.  Bluestem was also grazed by the stocker steers 

and was harvested for grass seed.  The MED system was composed of three paddocks, all 

of which were irrigated.  Two paddocks were planted to ‘Tifton 85’ bermudagrass 

(Cynodon dactylon [L.] Pers.) and one to bluestem.  All three paddocks were grazed by 

stocker steers (Chapter 2).  Seed was harvested from bluestem as in LOW.  When forage 

growth exceeded consumption by steers, excess bermudagrass was harvested as hay. 

Analyses 

Systems were analyzed for net returns (revenue minus all expenses) on a system 

hectare basis under static and variable price scenarios.  Using recent (2010) static prices 

highlighted differences in profitability due to differences in productivity.  In contrast, the 

variable price scenario used actual prices for each experimental year, illustrating the 

impact of fluctuating markets on profitability and producer risk over the experimental 

period. 

Three additional analyses were carried out using static prices including: 1) gross 

margin (revenue minus variable expenses); 2) net returns assuming no cost for land or 

labor to care for stockers (i.e. the landowner provided his own labor for stockers but still 

hired custom operators for farming operations); and 3) same as 2, but with the 

assumption that the landowner was paid a flat rate kg
-1

 steer live weight gained rather 

than purchasing and selling steer calves at the beginning and end of the grazing period.  

Fixed costs included land, irrigation infrastructure, a pickup truck, barbed wire fence, and 

livestock waterers.  The exclusion of these fixed costs differentiated gross margin from 

net returns.  All mechanical operations were considered custom operations; thus, there 

was no fixed cost associated with maintaining tractors and machinery.  Interest was 
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charged on operating capital for 6 mo, in the case of all forages and crops, or for the 

entire grazing period, in the case of grazing expenses.  

Profitability of systems in the scenarios described above was calculated in two 

steps.  First, the profitability of each system component was calculated based on the land 

area occupied by that component.  Second, system profitability was calculated as the 

weighted average of the component parts.  This allowed comparison among systems as 

well as comparison among components of systems.  The two paddocks of bermudagrass 

in the MED system were analyzed as a single field.  Some revenue sources (i.e., cotton 

lint, bermudagrass hay, and bluestem seed) were produced on a single field and could be 

credited to that field in their entirety.  However, all forages contributed to the revenue 

received for steer live weight gain; therefore, revenue from sale of steers was divided 

among the forages.  Weighing steers every time they changed pastures would have 

provided measurements of weight gained on each field, and those data could have been 

used to partition revenue.  However, that technique would also increase stress on cattle 

and reduce weight gain over the experimental period, resulting in weight gains below 

what a producer would expect to achieve.  Therefore, steers were weighed only 3 to 4 

times per grazing season and revenue was divided among forages based on the estimated 

number of animal unit grazing days each forage provided (Chapter 2) when grazing 

revenue minus grazing expense (not including expenses related to forage production) was 

positive.  The equations were 

             AUGDV = (stocker revenuet – stocker expenset) / AUGDt [5.1] 

 

                                    GMp = AUGDp x AUGDV [5.2] 

 

where AUGDV is the value of one animal unit grazing day, stocker revenuet is total 

revenue from stocker calves, stocker expenset is total expense associated with stockers 

(excluding pasture expenses), AUGDt is the total number of animal unit grazing days 

provided by the system, GMp is grazing margin for a paddock, and AUGDp is the number 
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of animal unit grazing days provided by the paddock.  The GMp was calculated as net 

returns (revenue minus all expenses) or gross margin (revenue minus variable expenses).  

In some years, grazing revenue minus grazing expense was negative, and in these 

instances allocating the economic loss based on animal unit grazing days would penalize 

those paddocks that provided the most grazing.  Therefore, when the value of grazing was 

negative, we divided the loss among paddocks according to their area-based proportion of 

the system. 

 The value of 1 kg of live weight gain was calculated for each of the systems using 

the following equation: 

                                        $ kg
-1

 live weight gain =  

[ (sale price x final weight) – (purchase price x initial weight) ] / [5.3] 

                                     (final weight – initial weight) 

 Finally, to determine optimum time to sell stockers, the steer growth function 

(Chapter 2) was multiplied by modeled seasonal price and maximized.  Seasonal price 

was modeled using the following: 

                                                      Price = Month + Year [5.4] 

where Month is a fixed variable and Year is random.   

Prices 

Prices of inputs used in each year were obtained from actual receipts when 

available.  If receipts were not available, an appropriate price was used from data 

gathered by the Texas Alliance for Water Conservation (TAWC; TAWC 2011) project, 

USDA (2012), Texas AgriLife budgets (Extension Agricultural Economics, 2012), or a 

custom rates survey (Klose et al., 2011).  The static price scenario required that all inputs 

and outputs have an estimated price for the 2010 production year.  For inputs whose use 

was discontinued before 2010, a price index was used to adjust the old price to 2010 

levels.   
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Several prices of importance, including output prices, merit brief explanations.  

Cotton price fluctuated greatly during 2010; we chose to use $3.09 kg
-1

 cotton lint, which 

was the price received when the experimental cotton was sold in 2010.  The variable cost 

of irrigation was estimated based on actual distance to water at the experimental site (90 

m), and assumptions made by TAWC (2011) regarding common regional irrigation 

standards: 103 kPa discharge, 60% pump efficiency, 88% motor efficiency, electricity 

$0.031 MJ
-1

, $0.96 cm
-1

 maintenance and repair, and $0.35 cm
-1

 for labor.  The fixed cost 

of an irrigation system was $185 ha
-1

 yr
-1

.  Monthly Amarillo stocker and feeder cattle 

prices (David Anderson, Texas A&M University, personal communication) were 

obtained and appropriate purchase and sales prices were applied according to the months 

when grazing began and ended each year.  In 2010, May stockers were valued at $2.74 

kg
-1

, Sept. feeders were $2.37 kg
-1

, and Oct. feeders were $2.19 kg
-1

.   

 

RESULTS & DISCUSSION 

System Performance 

On average, only the DRY system was profitable when static 2010 prices were 

used (Table 5.1).  Under the variable price scenario, mean net returns were negative for 

all systems (Table 5.1).  Net returns of the DRY and LOW systems were better with fixed 

prices than variable prices, but worse for MED.  The improvement in DRY and LOW 

profitability when using static prices was primarily a result of the increase in cotton 

revenue caused by the high price of cotton lint in 2010 (Tables 5.2 and 5.3).  Mean native 

grass profitability was not affected by a change from static to variable prices and foxtail 

millet profitability actually improved under variable prices.  Bluestem and bermudagrass 

profitability decreased under fixed prices, partly because of a less favorable price spread 

between purchase and sales prices of steers in 2010, and partly because of an increase in 

the cost of irrigated land values. 

Irrigation use and productivity of the three systems were rank ordered as DRY < 

LOW < MED (Chapter 2), but profitability was ranked exactly the opposite: MED < 
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LOW < DRY.  The three systems were not evaluated over the same time periods (DRY: 

2004 to 2008; LOW: 2009 to 2011; MED: 2007 to 2011) and annual quantities and 

timing of precipitation differed greatly across years.  Four of the 5 yr that DRY was 

evaluated received favorable precipitation, compared with 3 of 5 yr for MED and 1 of 3 

yr for LOW.  The DRY system also had the advantage of being evaluated at the 

beginning of the experiment, 2 yr after deep plowing and the last cotton harvest that took 

place at the experimental site before establishment of perennial grasses.  This may have 

increased mineralization of organic material and, in the annual fields, the 2 yr of fallow 

may have permitted water banking and decreased pest pressure.  Cotton yield was 

remarkably high in the first 2 yr of DRY, as was yield of sorghum in the first yr.  

Nevertheless, when DRY and MED were both evaluated in 2007 and 2008, DRY 

outperformed MED.  In addition, 2010 was an extremely wet year (Chapter 2) but LOW 

and MED failed to be profitable.   

The LOW system was formed by adding a paddock of bluestem to the DRY 

system.  That bluestem paddock actually had a lower net return than any other paddock in 

the LOW system from 2009 to 2011.  One reason the bluestem’s profitability was poor 

was because the grass seed harvest failed in 2009 and 2011.  A second reason was the 

inability to fully use the forage it produced.  The LOW system was understocked in 2009 

despite dry conditions.  Stocking rate was increased from 0.8 to 1.0 steers system ha
-1

 for 

the following year, but 2010 was extraordinarily wet and the system was again 

underutilized.   This highlighted the need to harvest excess forage for hay to avoid 

overstocking while efficiently utilizing forage grown and increasing revenue.  It also 

emphasized the need for long-term research that experiences a range of environmental 

conditions (Chapter 2). 

Assuming the land was already paid for and that the landowner provided all labor 

for stockers (no cost of land or labor) improved the bottom line of all systems, but was 

not enough to make net returns positive for LOW or MED (Table 5.1).  Contract grazing, 

which assumed no expenses for delivery, veterinary cost, processing, land, or labor, and 

revenue of $0.77 kg
-1

 live weight gain, was less profitable than purchasing and selling 

steers (Table 5.1). 
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Performance of Individual Paddocks 

 The lack of profitability by the systems begs a pair of questions: was there a 

particular paddock or paddocks that performed better or worse than others?; and why 

were the individual paddocks profitable or unprofitable?  To answer these questions, 

grazing revenue was allocated to each paddock according to equations 5.1 and 5.2 and 

was presented separately from non-grazing revenue and expenses (Table 5.4).  On 

average, cotton had greater revenue, expenses, and gross margin than grazed fields.  

Native grass grazing gross margin was at least as good as foxtail millet grazing gross 

margin, but expenses for native grass were much lower than for foxtail millet.  

Surprisingly, foxtail millet in the DRY system had greater non-grazing revenue than 

grazing gross margin, despite the fact that non-grazing revenue only occurred in one year, 

2004, when sorghum (which took the place of foxtail millet in 2004) was baled for hay 

rather than grazed.  This suggests it could be more profitable to make sorghum hay than 

to graze foxtail millet, but with only 1 yr of sorghum hay data, results are not conclusive.  

Alternatively, grazing could be made more efficient, perhaps by using strip grazing.  Less 

than 20% of the foxtail millet grown was actually consumed by steers (Chapter 2).  Mean 

cost of a grazing day on sorghum and foxtail millet was $5.41 at 65 grazing day ha
-1

.   

The forages included within systems in this experiment have been previously 

evaluated as monocultures.  In years with favorable price differentials, mean gross 

margin of non-irrigated grazed bluestem was $258 ha
-1

 compared with $194 ha
-1 

for 

irrigated treatments (Ortega-Ochoa et al., 2007).  Two relatively low levels of sprinkler-

applied water used in the experiment (178 mm yr
-1

 or 102 mm yr
-1

; Ortega Ochoa et al., 

2007) did not improve profitability.  Compared with the present study, Ortega Ochoa et 

al. (2007; see also Ortega Ochoa, 2006) had a greater stocking density and lower cost ha
-

1
.  The Dudensing (2005) simulations of grazing WW-B. Dahl old world bluestem in 

Lubbock County, TX, contrasted with the Ortega-Ochoa et al. (2007) results by 

indicating that increasing applications of water improved forage growth and kg of stocker 

live weight gain ha
-1

; however, economic results were similar to Ortega-Ochoa et al. 

(2007): profitability would be maximized by eliminating irrigation or by using irrigation 

only under conditions of severe moisture deficiency.  Phillips and Coleman (1995) 
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compared productivity and economic returns of dryland bermudagrass, old world 

bluestem, and tallgrass native range (primarily little bluestem [Schizachyrium scoparium 

(Michaux) Nash], big bluestem [Andropogon gerardii Vitman], and indiangrass 

[Sorghastrum nutans (L.) Nash]) at El Reno, OK.  Net returns animal
-1

 and ha
-1

 were 

positive for native range during all 3 yr of the study, compared with two positive years 

for old world bluestem and one positive year for bermudagrass.  Variability of net returns 

for native range was less than the other two systems, but the improved grasses 

compensated for unprofitable years by making high profits in good years.  Mean returns 

ha
-1

 yr
-1

 for the three systems were:  native range, $19; bermudagrass, $27; and old world 

bluestem, $108. 

Within the present study’s LOW system, bluestem had a greater gross margin 

than native grass, because of higher grazing gross margin and non-grazing revenue.  

However, bluestem’s fixed costs (land rent and irrigation infrastructure) were also much 

greater than native grass, resulting in lower net returns for bluestem than native grass.  

Within the MED system, bermudagrass had a higher gross margin and net returns than 

bluestem, because of a higher grazing gross margin and lower expenses.  In fact, 

bermudagrass used more inputs than bluestem, but expenses in bluestem exceeded those 

in bermudagrass because bluestem was charged 2/3 of the revenue from its grass seed 

production to cover the cost of harvesting, cleaning, and marketing.  This payment 

arrangement, which is typical for grass seed production, inflates both revenue and 

expenses for grass seed budgets, because the producer actually receives only 1/3 of the 

value of the seed and there is no exchange of cash for harvesting, cleaning, and 

marketing.  

Revenue and Expense Relative to Live Weight Gain 

Because live weight gain was the primary product produced by all systems, we 

further explored the revenue and variable costs associated with gain, on a system basis 

(Table 5.5).  Cost kg
-1

 live weight gain exceeded revenue kg
-1

 live weight gain in most 

years for both systems, with several exceptions: 2004 and 2007 in the DRY system, and 

2010 in the MED system.  For 2004, sorghum in the DRY system was hayed rather than 

grazed, so the costs associated with sorghum production were not associated with grazing 
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and thus, pasture cost was decreased (Table 5.5).  In 2007, DRY stockers were not 

supplemented with anything besides block salt and mineral and the stocking rate was low, 

which reduced labor and other animal husbandry costs.  For the MED system, 2010 was 

characterized by reduced need for irrigation as a result of timely and abundant rainfall, 

and a lack of using a mineral lick tub, which had been provided in 2006 (DRY only) and 

2008 to 2009 (all systems).  Mineral lick tubs proved to be very expensive and did not 

justify their cost.  Revenue kg
-1

 live weight gain could be used to establish a maximum 

cost kg
-1

 live weight gain that would allow systems to be profitable.  Data showed a wide 

range of values, but for most years in the DRY and LOW systems, revenue fell between 

$1.40 and $1.60 kg
-1

 live weight gained.  For MED, most values were between $1.05 and 

$1.60.   

In an analysis of profitability of grazing stocker cattle on bermudagrass (Cynodon 

dactylon
 
[L.] Pers.), Bransby (1989) noted that price margin (selling price minus 

purchase price) affects optimal economic stocking rate.  As per kilogram sales price 

decreases with respect to purchase price, optimum economic stocking rate also decreases.  

Similarly, Ethridge et al. (1987) found that for range and improved pasture grazing 

scenarios in Garza County, TX, profit could be maximized by timing the buying and 

selling of stocker cattle to correspond to favorable prices, rather than timing buying and 

selling to correspond to maximum stocker weight gains.  Ethridge et al. (1990) made the 

same conclusions, and added that “the risk-efficient set of production/marketing 

strategies, considering both price and weather risks in the Southern Plains, includes 

strategies that assume normal and low prices and normal and low forage production.”  

Although higher prices lead to higher returns, managing with the expectation of higher 

prices increases a producer’s risk (Ethridge et al., 1990).  In our study, despite the fact 

that mean market prices for feeder steers declined from $245 to $235 kg
-1

 from Aug. to 

Oct., and despite the fact that steer growth rate was declining over the same period (Fig. 

5.1), profitability would not have been improved by selling calves earlier than they were 

actually sold in either 2009 or 2010.  This was because at the end of the grazing season, 

modeled steer live weight growth rate was 0.58 kg d
-1 

in 2009 and 0.64 kg d
-1

 in 2010; 

these rates were great enough to compensate for the daily marginal decrease in market 

price, which was $0.0022 kg
-1

.   
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Proposed Changes to Systems to Improve Profitability 

 Given the poor economic performance of the LOW and MED systems, we 

propose changes that could improve the systems’ profitability without changing their 

components and making only minimal changes to their grazing strategies (Table 5.6).  

This analysis was based on gross returns from individual paddocks using static 2010 

prices (Table 5.2).  Decreasing or eliminating fertilizers, herbicides, and mechanical 

operations on non-irrigated forages is suggested.  On irrigated forages, decreasing 

shredding and herbicides is suggested.  Revenue could be increased without adjusting 

stocking rates by harvesting excess bluestem for hay and improving grazed forage 

utilization.  With respect to the latter, foxtail millet would be strip-grazed to improve 

utilization.  This should increase the number of animal unit grazing days on foxtail millet 

and decrease grazing pressure on bluestem, which could then produce a larger hay 

harvest.  Finally, mineral lick tubs were replaced by mineral blocks after 2009 and this 

practice should continue.  The proposed changes would improve the LOW system gross 

margin ha
-1

 from -$20 to $106, and the MED system from -$207 to -$31.  The proposed 

changes do not include decreases in irrigation or fertilizer on irrigated paddocks because 

yield response to such changes is uncertain.  Other research (Ortega Ochoa et al. 2007 

and Dudensing, 2005) suggested bluestem was more profitable when non-irrigated, so 

this should be considered.  Another potential improvement not included in Table 5.6 

would be to begin grazing earlier in the season, when steer purchase price is lower and 

forage is still dormant.  Although weight gains would be lower and CP supplementation 

would be required, there might still be positive economic benefits.  To achieve the 

hypothetical improvements in profitability (Table 5.6) would require production to be 

maintained despite decreases in inputs; this is a questionable assumption, but even if 

wrong, the small decrease in output would likely be justified by the relatively large 

decrease in costs. 
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CONCLUSION 

 Integrated crop-livestock systems in the Texas High Plains can decrease irrigation 

water use and soil erosion relative to the region’s typical crop, cotton, while remaining 

economically competitive (Allen et al., 2005; Collins, 2003).  The integrated systems 

presented in Chapter 2 further reduce reliance on irrigation water and place more soil 

under perennial vegetation.  A non-irrigated system (DRY) was evaluated during 5 yr, 

four of which received above-normal precipitation, and was profitable under the static 

price scenario.  However, this analysis has shown that all three systems (DRY, LOW, and 

MED) must improve before they will become economically competitive with cotton or 

the integrated crop-livestock system described by Allen et al. (2005).  Specifically, inputs 

on non-irrigated land must be decreased to bring down costs, forage utilization must be 

improved, possibly by harvesting more hay, and mineral supplement to stockers must be 

targeted specifically to deficient minerals in a cost-effective form.  Profitability was 

greater for purchasing and selling stocker calves than for contract grazing, although risk, 

which was not evaluated, might be increased by ownership.  The lessons learned from 

this analysis should guide changes to existing integrated systems and development of 

improved systems adapted to local sites in order to improve their profitability while 

addressing issues of sustainable resource use. 
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Figure 5.1. Actual mean monthly price of feeder steers in Amarillo (open circles), 

modeled price of feeder steers in Amarillo (solid line), and modeled weight of stocker 

steers in 2010 (dashed line). 
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Table 5.1. Mean annual profit of three integrated crop-livestock systems in the Texas High Plains, in 
$ ha-1.  The growing year for 2011 (1 Nov. 2010 to 31 Oct. 2011) was the driest on record and was 
therefore presented separately because of its atypical nature. 

  
Variable 

prices 

 Static (2010) prices 

System Years 

 

Net 
returns Gross margin 

Net returns, no cost for land 
& labor 

Net 
returns 

 Owned 
cattle 

Contract 
grazing† 

DRY 2004 to 2008   -74   179   257  283  206 
LOW 2009 to 2010 -239  -170   -20   -48   -99 

 2011 -379  -357 -220 -246 -246 
MED 2007 to 2010 -520  -689 -207 -111 -318 

 2011 -819  -815 -378 -568 -568 

† Contract grazing assumed no expenses for delivery, veterinary cost, processing, land, or labor for 
stockers, and revenue of $0.77 kg-1 live weight gain 
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Table 5.2. Net returns of components of three integrated crop-livestock systems in the Texas High Plains, in 
$ ha-1.  A system’s totals are the weighted average of its component paddocks.  All values based on 2010 
prices. 
System & Component 2004 2005 2006 2007 2008 2009 2010 2011 
DRY (2004-08) / LOW(2009-11) 626 532 -356 -161 254 -289 -51 -357 
   Cotton 2,731 2,854 -622 -505 1,500 272 683 341 
   Native grass    -75     -43 -171   -20   -33 -214 -54 -116 
   Sorghum/Foxtail millet   347   -294 -573 -182   -241 -477 -494 -366 
   Bluestem - - - - - -771 -288 -894 
 

        MED (2007-11) 
   

-1,113 -578 -761 -304 -815 
   Bermudagrass 

   
-1,286 -452 -659 -175 -718 

   Bluestem 
   

-965 -687 -848 -415 -899 
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Table 5.3. Net returns of components of three integrated crop-livestock systems in the Texas High 
Plains, in $ ha-1.  A system’s totals are the weighted average of its component paddocks.  All 
values based on variable prices (prices change from one year to the next). 
System & Component 2004 2005 2006 2007 2008 2009 2010 2011 
DRY (2004-08) / 
LOW(2009-11) 

231 87 -580  -91 -18 -428 -51 -379 

   Cotton 774 762 -507 -438 154 -416 683 -373 
   Native grass 37 -37 -500    42      0 -215 -54 -118 
   Sorghum/Foxtail millet 195 -267 -862 -93 -237 -495 -494 -399 
   Bluestem - - - - - -849 -288 -940 

 
        

MED (2007-11) - - - -613 -463 -700 -304 -819 
   Bermudagrass - - - -761 -410 -581 -175 -672 
   Bluestem - - - -486 -509 -803 -415 -945 
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Table 5.4. Mean revenue and returns from system components, based on 2010 prices.  The growing year for 2011 (1 Nov. 2010 to 31 Oct. 2011) 
was the driest on record was therefore excluded from the means because of its atypical nature. 

System/ 
Component 

Size, 
ha 

Animal 
unit 

grazing 
days ha-1 

Animal unit grazing 
day value, weighted 

average Grazing 
gross 

margin† 

Non 
grazing 
(crop) 

revenue 

Variable 
expense, 

land 
Gross 

margin 

Total 
expense, 

land 
Net 

returns Gross Net 

    
 -------------------------------- $ ha-1 ‡ ----------------------------- 

DRY (winter grazing)   8.0 
 

-0.16 -0.39 
  

 -15 
 

-36 
Cotton   1.7 9 

 
 - - - -3 - -24 

         Foxtail millet/sorghum   1.7 38 
 

 - - - -11 - -39 
Native grass   4.5 150 

 
 - - - -21 - -39 

DRY (summer grazing)   8.0 
 

1.54 1.22 
  

 267 
 

193 
Cotton   1.7 0 

 
 - 1954 701 1253 763 1191 

         Foxtail millet/sorghum   1.7 27 
 

 46 162 313 -105 375 -176 
Native grass   4.5 53 

 
 78 - 45    32 107 -48 

LOW (2009-2010) 10.1 
 

1.04 0.88 
  

    -20 
 

-170 
Cotton   1.7    0 

 
 - 1,669 1,130    539 1,192 477 

         Foxtail millet/sorghum   1.7   43 
 

  44 -   461  -417   523 -485 
Bluestem   2.1 239 

 
 247   383   689    -59 1,121 -529 

Native grass   4.5   44 
 

  47 -   112    -65   174 -134 
MED (2007-2010)   3.8 

 
0.24 0.12 

  
    -207 

 
-689 

Bermudagrass   1.8 644 
 

 268   275   620    -148 1,053 -643 
     Bluestem   2.1 254 

 
  90   521   800    -258 1,232 -729 

† Grazing gross margin was calculated using equation 5.2.  In this table, grazing gross margin does not always equal animal unit grazing 
days multiplied by gross animal unit grazing day value because grazing gross margin is a simple mean but animal unit grazing day value is 
a weighted average, weighted by the number of animal unit grazing days in a given year. 
‡System totals are the weighted averages of their component parts.   
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Table 5.5. Cost and value kg-1 live weight gain for each of three crop-forage-livestock systems in the Texas High Plains.  Pasture cost 
includes all variable expenses minus revenue on pastures grazed in a given year.  Cattle husbandry includes all cattle-related costs 
except purchase of cattle.  Cost kg-1 live weight gain is the sum of pasture costs and cattle husbandry costs divided by live weight gain.  
Revenue kg-1 live weight gain is the value of marketed calves minus value of purchased calves divided by live weight gain. 

System 2004 2005 2006 2007 2008 2009 2010 

Mean 
(2004-
2006) 

Mean 
(2007-
2010) 

DRY (2004-08) / LOW (2009-11) 
         Pasture cost, $ ha-1 system 34 54 136 80 77 249 137 75 136 

Cattle husbandry, $ ha-1 system 33 194 300 44 84 90 83 175 75 
Live weight gain, kg ha-1 system 43 70 97 66 105 90 122 70 96 
Cost, $ kg-1 live weight gain 1.59 3.52 4.50 1.88 1.53 3.77 1.79 3.20 2.24 
Revenue, $ kg-1 live weight gain 1.59 3.35 3.40 1.99 1.40 1.57 1.56 2.78 1.63 

          MED (2007-2011) 
         Pasture cost, $ ha-1 system - - - 333 150 446 310 - 310 

Cattle husbandry, $ ha-1 system - - - 455 454 434 305 - 411 
Live weight gain, kg ha-1 system - - - 381 469 514 494 - 464 
Cost, $ kg-1 live weight gain - - - 2.07 1.29 1.71 1.25 - 1.58 
Revenue, $ kg-1 live weight gain - - - 0.46 1.07 1.16 1.59 - 1.07 
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Table 5.6. Inputs that might be reduced and new sources of revenue in two agricultural systems (LOW and MED) to improve 
profitability.  In each column, the total amount saved ha-1 is listed, followed in parentheses by the quantity, in number of operations yr-1 
or kg yr-1 that would be reduced. 

 LOW (2009 to 2010)  MED (2007 to 2010) 

Input to reduce Cotton 
Native 
grass 

Foxtail 
millet 

Bluestem Stockers  Bluestem Bermudagrass Stockers 

Disking $31 (1)  $62 (2)       

N fertilizer $9 (17 kg) $15 (30 kg) $28 (56 kg)       

Broadcast 
fertilizer 

 $12 (1) $12 (1)  
 

   
 

Herbicide & 
application 

 $40 (1) $88 (1.5) $48 (1) 
 

 $36 (0.8) $36 (0.8) 
 

Shredding    $53 (1)   $93 (1.8) $20 (0.4)  

Mineral lick tub     $15 (12 kg)    $57 (43 kg) 

Total savings $40 $67 $190 $101 $15  $129 $56 $57 

Net revenue 
from additional 
hay or grazing 

  
$0 

(20 AUGD)† 
$103 

(1500 kg) 

 

 
$45  

(750 kg) 
 

 

Current gross 
margin 

$539 -$65 -$417 -$59 
 

 -$258 -$148 
 

New paddock  
gross margin 

$579 $2 -$227 $145 
 

 -$84 -$92 
 

New system  
gross margin 

$106  -$31 

† Foxtail millet would be strip-grazed, which would produce an additional 20 animal unit grazing days (AUGD) on foxtail millet.  This 
would not increase the total number of animal unit grazing days (AUGD) in the system or directly increase revenue from foxtail millet, 
but would reduce grazing pressure on bluestem and contribute to a larger hay harvest. 
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Chapter 6 

Energy Use and Carbon Emissions 
 

INTRODUCTION 

 Conventional agricultural systems rely on fossil fuel energy both directly, by 

burning it for fuel, and indirectly by using products created with fossil fuel energy (West 

and Marland, 2002; Weinheimer et al., 2010; Zilverberg et al., 2011).  Fossil fuel-reliant 

products like N fertilizer and irrigation water can greatly improve productivity ha
-1

, but 

their use also raises several concerns.  First, from the agricultural producer’s perspective, 

these inputs are expensive and their prices can fluctuate greatly from year to year as the 

price of energy varies.  Second, from a national perspective, reliance on foreign energy 

for agriculture poses a threat to food security.  Third, because fossil fuels are non-

renewable, reliance upon them is not indefinitely sustainable.  This is problematic 

because long before fossil fuel supplies are exhausted, economic theory suggests their 

price will escalate due to scarcity and this may preclude their widespread use in 

agriculture.  Fourth, from a global perspective, the burning of fossil fuels emits CO2, a 

greenhouse gas, into the atmosphere.  For all of these reasons, it is important to 

understand how fossil fuels are used in agricultural production so that we can improve 

energy efficiency. 

 Agriculture is an essential part of the Texas High Plains economy, and cotton 

(Gossypium hirsutum L.) is the region’s dominant crop.  Recently, the decrease in 

availability of irrigation water from the Ogallala aquifer prompted a search for integrated 

crop-livestock systems that use less water,  less N fertilizer and other chemicals, and 

decrease erosion relative to irrigated cotton (Allen et al., 2005; Chapter 2).  Like other 

U.S. agricultural systems, these integrated systems rely on fossil fuels and fossil fuel 

products for their continued operation, but this has not yet been quantified.  Research has 

shown that beef cow-calf (Zilverberg et al., 2011; Cook et al., 1980; Ward et al., 1977) 

and stocker (Koknaraglu et al., 2007; Heitschmidt et al., 1996; Ward et al., 1977) 
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operations can use relatively large amounts of fossil fuels but also vary greatly based on 

management practices.   

Our proposed crop-livestock systems take weaned stocker calves from an initial 

weight of ~245 kg to a final weight of ~355 kg, at which time they are sent to a feedlot 

for finishing.  Koknaraglu et al. (2007) and Cook et al. (1981) showed that pasturing 

cattle before feedlot finishing was effective in decreasing total energy expenditure and 

improving efficiency of live weight gained, but Pelletier et al. (2010) and Heitschmidt et 

al. (1996) found that time in the feedlot improved efficiency.  There are many 

management options for backgrounding stocker calves on pasture and those differences 

affect energetic efficiency.  It was our objective to evaluate fossil fuel use of three 

integrated crop-forage-beef stocker systems that have been tested as alternative 

agroecosystems in the Texas High Plains (Chapter 2).  Specifically, we sought to: 1) 

determine the magnitude of fossil fuel use and C emissions; 2) determine whether 

increasing agricultural inputs would improve energetic efficiency; and 3) identify the 

largest expenditures of fossil fuel energy so that efforts to improve efficiency can be 

properly targeted. 

     

METHODS 

The three previously described integrated systems (DRY, LOW, and MED; 

Chapter 2) were analyzed for their use of fossil fuel energy and associated carbon (C) 

emissions following the procedure established by Zilverberg et al. (2011).  Briefly, 

energy budgets were constructed for the stockers and each field within each system.  

Energy budgets resembled financial budgets with the exception that expenses were 

expressed in units of energy (MJ) or C (kg C).  All energy values were reported as total 

energy values unless noted otherwise.  Total energy is the sum of direct and indirect 

energy, where direct energy includes fuel and items consumed during use (such as 

fertilizer and pesticides) and indirect energy includes energy from depreciable assets 

(such as tractors and irrigation infrastructure).  Energy and C expense of many common 

agricultural inputs are available in the literature (e.g. West and Marland, 2003).  For field 
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operations that were unavailable, values were calculated following Bowers (1992).  For a 

few items, no literature value or methodology was available other than the “dollar-to-

energy” methodology (Heichel, 1973), which estimates energy based on market price.  

We used 7.29 MJ US$
-1

 following Zilverberg et al. (2011). 

Energy and C used by each system was calculated as the weighted average of its 

fields, based on area, plus energy for stockers steers.  All energy expenditures were 

grouped into one of the following categories: irrigation (including energy required to 

pump water and irrigation infrastructure); fertilizer (fertilizer only- does not include 

energy required for application); mechanical operations (planting, tillage, chemical 

application, harvest, pickup truck use, etc.); pesticides (all non-fertilizer agricultural 

chemicals; includes cotton harvest aids); stockers (includes energy required for the 

production of weaned calves and their transportation to the experimental site), and other 

(primarily seed and miscellaneous costs related to livestock production, such as 

veterinary expense and dietary supplements). 

Energy efficiency (MJ kg
-1

 live weight gain) and C efficiency (kg C kg
-1

 live 

weight gain) were calculated on a system basis by dividing total system energy or C by 

total kg live weight gain.  To more accurately characterize the energy required for live 

weight gain and to allow comparison with research done on other stocker systems, we 

recalculated energy efficiency.  The second calculation excluded energy used for 

products other than live weight gain (cotton, hay, and grass seed) because these did not 

contribute directly to stocker live weight gain, and excluded “stockers” energy. 

To determine differences among systems and the effect of precipitation on live 

weight gain efficiency, we used an additive multiple regression model: 

                                  LGE = Precip + System + Block [6.1] 

where LGE was live weight gain efficiency, Precip was precipitation during the crop year 

(1 Nov. to 31 Oct.) measured in mm, System was a categorical variable corresponding to 

one of the three systems (DRY, LOW, or MED), and Block was the experimental block.  

Precip and System were fixed; Block was random.  Thus, each system had three 

observations (the three blocks) for each year it was evaluated, excluding 2011. 
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 In addition to calculating live weight gain efficiency on a system basis, as 

described above, we also calculated efficiency of individual products at the field level.  

This was complicated by the fact that most fields (cotton, bluestem [Bothriochloa bladhii 

(Retz) S.T. Blake], and bermudagrass [Cynodon dactylon (L.) Pers.]) produced multiple 

products.  To address these issues, energy was assigned to coproducts based on the 

proportion of the field’s revenue generated by each product.  For example, 93% of the 

revenue from the cotton field was produced by lint, while only 7% was produced by 

cotton seed.  Therefore, lint was charged with 93% of the energy expended in the cotton 

field and cotton seed was charged with 7% of the energy.   

A further complication was that live weight gain was produced from forage grown 

on all fields except cotton.  Quantity of live weight gained on each paddock was not 

known, but total live weight gain and number of animal unit grazing days provided by 

each paddock was known (Chapter 2).  Therefore, each paddock was credited with 

producing live weight gain in proportion to the number of animal unit grazing days that 

each provided. 

Because of severe drought in 2011, cotton and foxtail millet (Setaria italica [L.] 

P. Beauv.) were not planted, bluestem seed harvest failed, and no grazing occurred.  

Thus, results from 2011 were not included in means. 

 

RESULTS AND DISCUSSION 

Total Energy Used and C Emitted 

 Kilograms of C ha
-1

 emitted as a result of fossil fuel use (Table 6.1) was highly 

correlated (0.98 to 1.00) with total energy ha
-1

; thus, results for energy use generally 

applied to C emitted and vice versa.  The MED system emitted the most C ha
-1

, followed 

by the LOW system, and then the DRY system (Table 6.1).  Bermudagrass emitted more 

C than any other field within any system.  Non-irrigated cotton released more C than non-

irrigated foxtail millet or native grasses, but less than the irrigated bluestem or 

bermudagrass.  The native grass pasture emitted the least C. 
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Total energy ha
-1

 used by the MED system was greater than used by DRY or 

LOW (Fig. 6.1).  In the drought year of 2011, energy used by MED and LOW was 

greatly decreased, primarily because no stockers were brought into the system.  The years 

2005 and 2006 were higher-energy-use years for DRY, primarily because additional 

groups of stocker calves grazed during the dormant season.  Increasing stocking rates 

increased energy use mostly because we included energy required to produce stockers in 

a cow herd before they arrived at the experimental site (Zilverberg et al., 2011).  Higher 

stocking rates also increased energy requirements for transportation, processing, and salt 

and mineral supplements, but these required much less energy than maintenance of the 

cow herd.   

Categories of Energy and C 

 Stockers were the largest energy expense for all three systems (Fig. 6.2).  The 

“stocker” energy was the energy required to maintain the cow herd that produced the 

stockers plus the energy to transport stockers to the experimental site.  Including this 

energy in calculations is similar to including the energy required to produce seed for 

planting crops.  Assumptions about the origin of stocker calves can have a large effect on 

stocker system energy budgets.  For instance, Zilverberg et al. (2011) analyzed a variety 

of U.S. cow-calf systems with contrasting climates and management strategies and found 

a range of 3000 MJ to 12,600 MJ cow
-1

 yr
-1

.  Pelletier et al. (2010) reported 15,000 MJ 

cow
-1

 yr
-1

 was required to maintain a herd in Iowa.  Our analysis assumed calves were 

raised on Texas High Plains rangeland, which is a relatively low energy-use cow-calf 

system (Zilverberg et al., 2011).  If calves had come from elsewhere, the energy cost 

required for stockers could have been four to five times greater.   

The MED system expended large amounts of energy on irrigation and fertilizer.  

Synthetic fertilizer was also a large portion of the energy expense for high-stocking rate 

cow-calf systems analyzed by Zilverberg et al. (2011) but not for cow-calf systems based 

on rangeland.  Fertilizer is an expensive energy input primarily because most synthetic 

nitrogenous fertilizers use natural gas as their feedstock (Whitehead, 1995).  Legumes 

have shown promise as a method to reduce energy use and reliance on synthetic fertilizer 

in the Texas High Plains (Cui, 2011; Cui et al., in review), but an energetic analysis has 
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not yet been conducted.  Indeed, because of their high water requirements and 

establishment costs, there is some doubt whether or not legumes would in fact save 

energy.   

Irrigating U.S. corn (Zea mays L.), soybeans (Glycine max [L.] Merr.), and winter 

wheat (Triticum aestivum L.) more than doubles C emissions associated with energy use 

(West and Marland, 2002).  In the Texas High Plains, irrigation is a regional concern not 

only because of its energy and economic expenses, but also because of the declining level 

of the Ogallala aquifer (HPUWCD, 2012).  As the aquifer continues to decline, the 

viability of systems like LOW and MED, which rely on the aquifer for irrigation, will be 

threatened.  However, even before wells go completely dry, their declining water level 

means more energy and economic expense will be required to lift water to the soil 

surface.  The MED system used the most irrigation water and will be most affected by 

changes in the aquifer’s condition. 

The DRY and LOW systems expended less energy on irrigation, fertilizer, 

mechanical operations, and stockers, but expended more energy on pesticides.  This was 

because cotton in the LOW and DRY systems used a large amount of herbicide and 

harvest aids, both of which were included in the pesticide category (Fig. 6.3). 

Energy and C efficiency 

 For most products, standard deviation was quite high, indicating wide year-to-

year differences in efficiency (Table 6.2).  Live weight gain efficiency ranged from 72 

MJ kg
-1

 on bermudagrass to 236 MJ kg
-1

 on foxtail millet (Table 6.2).  Bermudagrass, 

generally regarded as a high-input forage, was slightly more efficient than native grasses 

(72 to 83 MJ kg
-1

) which are generally considered low-input forage.  However, 

bermudagrass in this experiment received atypically low levels of water and fertilizer and 

native grass received atypically high levels of fertilizer and herbicide application.  High 

input levels applied to bermudagrass yielded a large number of animal unit grazing days 

(Chapter 2) and improved efficiency.  In addition, a portion of the energy (27%) used by 

bermudagrass was charged to hay production (Table 6.2).  If no hay was produced and 
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animal unit grazing days remained the same, efficiency on bermudagrass (99 MJ kg
-1

 live 

weight gain) would have been less than native grasses.  

Bluestem efficiency (78 MJ kg
-1

) was intermediate between native grass and 

bermudagrass, but like bermudagrass, it benefitted by producing a coproduct.  If no 

bluestem seed had been harvested, efficiency would have been 96 MJ kg
-1

 live weight 

gain on LOW and 121 MJ kg
-1

 live weight gain on MED, worse than bermudagrass and 

native grass.  All perennial forages were more efficient than the annual, foxtail millet.  

This was a result, in part, of the annual’s requirement for tillage and planting operations, 

but also because forage utilization of foxtail millet was poor (Chapter 2).  Backgrounding 

calves from Iowa on Oklahoma and Kansas wheat pasture required 61 MJ kg
-1

 live 

weight gain, with 72% of the energy required for the cow-calf phase (calculated from 

Pelletier et al., 2010), as compared to 49% (DRY), 25% (LOW), and 38% (MED) in our 

research.     

 Sorghum (Sorghum bicolor [L.] Moench) hay was only produced in one year, but 

its efficiency was much greater than bermudagrass hay (Table 6.2).  This suggests that a 

warm-season annual forage might be more energy efficient when hayed rather than 

grazed, although more years of data and a complete analysis of haying and hay feeding 

would be required to obtain conclusive results.  The only product of any system in the 

drought year of 2011 was bermudagrass hay.  Hay from the drought year required more 

than double the energy of the previous four years’ mean. 

 Production of bluestem seed in the LOW system seems to have been more 

efficient than in the MED system; however, this is probably a result of different 

proportions of energy attributed to seed in each system because both bluestem fields used 

similar amounts of energy (Fig. 6.3) and mean seed yield was slightly greater in the MED 

system (Chapter 2).  Energy required to produce 1 kg lint or cotton seed nearly doubled 

from the DRY to LOW system.  This occurred because mean yields were higher but 

inputs were lower during the DRY system years.  Mean yields of DRY cotton were 

exceptionally high during the first 2 yr, perhaps because soils had been deep ploughed 

and then left fallow for 2 yr before the first cotton crop was planted in DRY.  Ploughing 

and fallowing could have increased organic matter mineralization, allowed soil moisture 
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to accumulate, and reduced pest pressure.  In addition, the first 2 yr received favorable 

precipitation.   

Ward et al. (1977) reported a variety of non-irrigated and irrigated backgrounding 

systems required from 8 to 56 MJ kg
-1

 live weight gained.  For comparison, we calculated 

efficiency of live weight gain production without including the energy required from the 

cow-calf phase (stocker energy) or coproducts produced by the integrated systems (Fig. 

6.4; cotton seed, cotton lint, hay, and bluestem seed).  Efficiency values varied by year, 

ranging from 18 to 90 MJ kg
-1

 live weight gained.  This range included the values for the 

backgrounding phase of calves on Oklahoma and Kansas wheat pasture (32 MJ kg
-1

; 

calculated from Pelletier et al., 2010) and a Colorado range-sorghum stocker operation 

(22.8 MJ kg
-1

 live weight gain; Cook, 1976).  On average, however, our systems required 

more energy (DRY: 41.0; LOW 65.0; MED: 49.9 MJ kg
-1

 live weight gain) than wheat 

pasture and range-sorghum systems and were on the high end of the range given by Ward 

et al. (1977).  Steers in our experiment received growth stimulants but not ionophores 

(Chapter 2).  In an experiment designed to test the effect of the ionophore monensin, 

monensin made a small improvement in energy efficiency of live weight gain of steers 

grazing smooth bromegrass (Bromus inermis Leyss.) in Iowa (Koknaraglu et al., 2007). 

Graphic representation suggested positive correlation between precipitation and 

efficiency of live weight gain (Fig. 6.4).  This was investigated further using multiple 

regression (Eq. 6.1) and results indicated efficiency increased with precipitation (Table 

6.3).  This result is not surprising, but has different explanations for irrigated and non-

irrigated systems.  The amount of grazing and forage growth available in a non-irrigated 

system depends on precipitation.  Irrigated systems, on the other hand, can maintain 

relatively constant forage productivity and grazing in dry and wet years by applying 

supplemental irrigation; however, the supplemental irrigation comes at an energetic cost 

and reduces the system’s overall efficiency.  The regression also indicated that efficiency 

of DRY differed from LOW (p < 0.10) while controlling for precipitation, but MED did 

not differ from either system. 
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CONCLUSION 

 The irrigated MED system, based on bermudagrass and old world bluestem 

forages, used the most fossil fuels ha
-1

 and emitted the most C ha
-1

 associated with fossil 

fuel use.  This was a result primarily of a greater stocking rate and using higher quantities 

of fertilizer and irrigation.  However, the MED system also had higher production levels 

than the non-irrigated DRY system, but there was no difference between these two 

systems in efficiency of producing live weight gain of beef stocker steers.   Intensifying 

production had little effect on overall energy efficiency of live weight gain.  Efficiency 

was affected by precipitation; as precipitation increased, efficiency improved.  Efficiency 

of gain was similar on all perennial forages, but was less on the annual forage, foxtail 

millet.   

 Despite relying on solar energy captured by forage plants, these perennial-based 

grazing systems required large quantities of fossil fuel energy.  This is problematic 

because it raises the economic cost of production, increases reliance on non-renewable 

foreign energy supplies, and releases CO2 into the atmosphere.  Efforts to improve energy 

efficiency should target the largest energy input categories.  This means improving N- 

and water-use efficiency of forages and reducing the quantity of energy required to 

maintain a cow herd.  Additional improvements in efficiency would also come from 

increasing forage utilization, especially on the annual foxtail millet. 
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Figure 6.1. Energy (GJ ha
-1

) used by each of three crop-forage-livestock systems. 
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Figure 6.2. Mean annual energy use and categories of energy used by three crop-forage-

livestock systems. 
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Figure 6.3. Mean annual energy use and categories of energy used by fields within three crop-forage-livestock systems (DRY, LOW, 

and MED).  Energy required to produce stocker calves (at the cow-calf phase of production) is not included in this graph because 

stockers spent time on all fields.
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Figure 6.4. Energy efficiency (MJ kg
-1

 live weight gain) of three integrated crop-

livestock-systems.  Energy required to produce stockers offsite (the cow-calf herd) was 

not included in this calculation.  All systems produced outputs in additional to live weight 

gain, including hay, grass seed, and cotton.  For each system, efficiency is presented with 

(―) and without (- - -) the energy required to produce these additional outputs.  Bars 

indicate annual precipitation, in cm. 
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Table 6.1. Mean annual carbon emissions resulting 
from fossil fuel use in three integrated crop-forage-
livestock systems.  Emissions from soils and biota 
were not included.  Means exclude the severe 
drought year of 2011. 

Systems and 
components 

Proportion 
of total 
area† kg C ha-1 ‡ 

DRY system 
 Cotton 0.22 148 

Foxtail millet 0.22 119 
Native grasses 0.57   18 
Livestock § 

 
137 

System total 1.00 205 

   LOW system 
  Cotton 0.17 242 

Foxtail millet 0.17 169 
Native grasses 0.45   42 
Bluestem 0.20 268 
Livestock § 

 
  81 

System total 1.00 226 

   MED system 
  Bermudagrass 0.46 436 

Bluestem 0.54 266 
Livestock § 

 
429 

System total 1.00 774 
† Portion of the system area covered by each 
component.  Totals do not sum to 1.00 because of 
independent rounding. 
‡   System totals are the weighted means of the 
components in each system.  Livestock spent time 
on all parts of the system; therefore their energy is 
calculated over the entire system area. 
§  Includes inputs for production of weaned calves 
on a cow-calf operation, transport to the stocker 
site, and all inputs used in the stocker operation 
other than forage production. Does not include C 
emitted from production of forage crops because 
that was included in a separate row for each forage 
crop. 
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Table 6.2. Energy (MJ) per unit of production.  Energy expense is distributed 
among coproducts according to the proportion of revenue generated by each.  
Means are production-weighted averages to avoid inflated values caused by 
years of low productivity. 

System and system components Units Mean † 
Standard 
Deviation  

Mean 
portion 
of field 

revenue 
DRY (2004 to 2008)     

  Cotton lint kg  13  4 0.93 
Cotton seed kg        0.54        0.23 0.07 

     Live weight gain, foxtail millet‡ kg 236 156 1.00 
Sorghum hay‡ kg        0.92 - 1.00 

     Live weight gain, native grass kg  85 53 1.00 

     LOW (2009 to 2010) 
    Cotton lint kg  25  8 0.93 

Cotton seed kg       0.89      0.41 0.07 

     Live weight gain, foxtail millet kg 198 26 1.00 

     Bluestem seed kg PLS  216 - 0.20 
Live weight gain, bluestem kg  77  23 0.80 

     Live weight gain, native grass kg  81 68 1.00 

     
     MED (2007 to 2010) 

    Bermudagrass hay kg      5.0       0.85 0.27 
Live weight gain, 

bermudagrass kg  72  22 0.73 

     Bluestem seed kg PLS 279  91 0.35 
Live weight gain, bluestem kg  79  11 0.65 

     MED (2011) 
    Bermudagrass hay kg    13.6 - 1.00 

† Live weight gain values include all costs associated with stocker production 
on site as well as energy required to produce stockers on a cow-calf operation. 
‡ In 2004, sorghum was planted in place of foxtail millet and was cut for hay 
rather than grazed.  For this reason, sorghum hay is the mean of one yr and live 
weight gain on foxtail millet in the DRY system is the mean of 4 yr (2005 to 
2008). 



Texas Tech University, Cody Zilverberg, May 2012 

 

195 

 

 

Table 6.3. Regression results from equation 6.1, where the dependent 
variable was energy efficiency measured as MJ kg-1 live weight gain.  For 
this regression, efficiency values did not include energy required to 
produce other products, like cotton, hay, and grass seed (see Fig. 6.4).  
Precipitation was measured in mm.  The intercept was allowed to differ 
for each system.  DRY differed from LOW (P < 0.10), but MED did not 
differ from DRY or LOW.  There were a total of 33 observations. 

Parameter Coefficient 
Standard 

Error 
t p 

Intercept     
DRY 84.15 12.45 6.76 <0.0001 

LOW 99.21 11.57 8.57 <0.0001 

MED 91.00 12.19 7.46 <0.0001 

Precip         -0.07113         0.01933 -3.68   0.0010 
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Chapter 7 

Conclusions 
 

 We evaluated three integrated crop-forage-beef stocker systems based on 

perennial grasses (DRY received no irrigation, evaluated 2004 to 2008; LOW received 44 

mm yr
-1

 irrigation, evaluated 2009 to 2011; and MED received 229 mm yr
-1

 irrigation, 

evaluated from 2007 to 2011).  These systems were designed to decrease water 

withdrawals from the Ogallala aquifer and decrease soil erosion relative to conventional 

irrigated agriculture.  The purpose of testing agricultural systems is not to identify a 

perfect system that will be replicated across a landscape.  Rather, systems are evaluated 

to identify strengths, weaknesses, and synergisms among their components and this 

information can be used to design systems that match specific locations.  With this in 

mind, we evaluated each system as a whole, but we also evaluated the components within 

each system.  We used diverse criteria to evaluate the systems in order to provide a well-

rounded perspective of their potential sustainability.  A subset of representative criteria 

were presented in graphic form (Fig. 7.1) to illustrate the relative strengths and 

weaknesses of these systems.  In the figure, values farther from the origin are more 

preferred.  The graphic makes it clear that no system dominated the other systems in all 

categories.  Thus, the preferred system depends on objectives and criteria of the person 

making the judgment, be they landowner, manager, or concerned citizen.  The following 

paragraphs briefly summarize our major findings and present suggestions for the future. 

 With respect to forage mass produced and animal live weight gained ha
-1

 (Fig. 

7.1), MED was the highest performing system, followed by LOW.  This was in 

accordance with expectations, given that these systems received greater levels of water 

and N than DRY.  Nine years after establishment of the first grasses in the experiment, 

ground cover was excellent, and all planted forage species remained dominant within 

their paddocks, although there was some concern over several species invading native 

grass pastures (DRY and LOW systems) and bluestem invading bermudagrass pastures 

(MED system).  Forage quality varied by season and year, but across all forages tested, 
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quality was generally highest for the annual, foxtail millet.  Bermudagrass was the 

highest quality perennial forage but was also the last to produce sufficient forage to graze 

in the spring.  Crude protein supplementation was needed to meet steers’ nutritional 

requirements for an average daily gain of at least 0.45 kg animal
-1

 when grazing native 

grasses (DRY and LOW systems) or bluestem (LOW and MED systems) in Sept. and 

Oct.  Over the course of the grazing season, however, average daily gains were excellent 

on all systems, averaging ~ 1 kg animal
-1

 for DRY and LOW and 0.8 kg animal
-1

 for 

MED.  Carcass quality was similar between systems and 68% of steers graded USDA 

Choice.  Bluestem seed quality was good to excellent, and cotton lint quality merited 

economic premiums in all years.      

 Analysis of soil C fractions indicated that C accumulated in perennial grass soils, 

relative to cotton-foxtail millet rotation fields, where soils were tilled annually.  

Accumulation occurred in both relatively shorter- and longer-term C pools, indicating 

perennial fields were simultaneously mineralizing and storing more C in their soils.  

Highest C concentrations were found in bermudagrass soils (MED system; Fig. 7.1), and 

in surface (0 to 5 cm) soils. 

 Economic performance was an area of weakness for all systems.  The DRY 

system had the highest gross margin (Fig. 7.1) and net returns of the three systems, and 

MED had the lowest.  Mean profit of DRY was positive only when using current (2010), 

high cotton prices.  The spread between DRY and the other two systems was greater for 

net returns than gross margin because MED and LOW had additional expense for 

irrigation systems and were assumed to be placed on higher-value land.  The MED 

system used the most energy (MJ) ha
-1

 and emitted the most C ha
-1

 (Fig. 7.1) associated 

with fossil fuel use; however, energetic efficiency of producing an animal unit grazing 

day did not differ between MED and other systems.  The energetic efficiency of DRY 

exceeded that of LOW. 

 Chapters 2 and 5 suggested improvements based on knowledge gained from this 

experiment.  Harvesting underutilized forage for hay would increase production and 

revenue.  Reducing input levels, especially fertilizer on non-irrigated fields, herbicide, 

and mechanical operations, could greatly decrease costs with little effect on productivity 
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but would likely influence botanical composition.  Our results indicated that, in the semi-

arid High Plains of Texas, an integrated crop-livestock system relying on perennial non-

irrigated forages had profit potential (DRY).  Irrigated forages, bermudagrass and 

bluestem, did not produce enough product to justify the expense of irrigation and 

fertilizer.  Changes in management strategies, based on information gained thus far, may 

allow targeted strategies to improve the input to output ratios of these systems while 

conserving water and optimizing other benefits.  More research is warranted.  These 

irrigated forages may also have a role to play in high-value systems, including purebred 

cattle or organic beef production, or to restore damaged soils.  The annual foxtail millet 

was itself unprofitable, but may have contributed to above-normal cotton yields in the 

annual rotation.  Landscape-scale planting of non-irrigated forages will decrease regional 

agricultural productivity, but changes are inevitable given the declining availability of 

irrigation water.  The LOW system’s irrigation water use was near the upper-bound of 

estimated regional water recharge, so it could presumably be continued for many years 

without depleting the Ogallala aquifer.  The MED system, however, was well above 

recharge rates; switching to MED from a thirsty crop, like corn, would merely delay 

depletion of the aquifer.  

Finally, I would like to sketch the design of a new ley-farming system based on 

the lessons learned here.  Ley farming systems include multiple years of perennial 

forages in rotation with annual crops.  The system I propose would combine a large area 

of non-irrigated native perennial grass that could be grazed with a smaller area of higher-

value annual crops, such as cotton, that would rotate.  The system could hold promise for 

sites where center-pivot irrigation infrastructure is already in place but water availability 

is not sufficient to irrigate the entire area traversed by the irrigation system.  Water would 

be available to establish perennial grasses if needed, but most water would be dedicated 

to annual crops.  Perennial grasses would decrease erosion, rebuild soil organic matter 

and improve other soil quality properties, and improve wildlife habitat while also 

providing products like grazing, hay, and grass seed.  Annual cropland would remain in 

rotation for at least 3 yr before returning to sod.  Such a system might permit continued 

productive and profitable regional land use without exhausting our soils and water 

supply. 
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 Technological advances have enabled agriculture to feed and clothe a growing 

global population with great success, but we now recognize that much of our natural 

resource base has been diminished as a result of demands for high productivity.  It is 

critical that we integrate agricultural production with improved conservation of natural 

resources and view ourselves as stewards of agroecosystems.  The research described in 

this document has detailed the functioning of specific systems and their pieces; these 

systems and pieces may be adapted and integrated in a variety of ways across the regional 

landscape as one of many solutions to continuing agriculture in the Texas High Plains. 
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Figure 7.1. Relative performance of three agroecosystems in selected performance 

criteria.  Values further from the origin are preferred.  The right side of the graph 

(Economics) is truncated to improve readability.  In Economics, DRY > LOW > MED.  

Units in the graph are relative but were based on: Energy efficiency, MJ kg
-1

 live weight 

gain; Live weight gain, kg ha
-1

; Economics, gross margin ($) ha
-1

; Soil C, g particulate 

organic matter C (POM-C) m
-2

; Irrigation, mm; C emissions, kg C ha
-1

. 
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Appendix A 

Forage Species Composition and Ground Cover
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Figure A1. Percentage ground cover for non-grazed (Cage) and grazed (Pasture) areas of 

a buffer irrigated, integrated crop-forage-beef cattle system (LOW) and a limit-irrigated 

integrated crop-forage-beef cattle system (MED), by year and field.  Field labels are as 

follows:  Berm1 and Berm2 are bermudagrass fields in the MED system; Bluestem-LOW 

and Bluestem-MED are old world bluestem fields in the LOW and MED systems, 

respectively; Native mix is a mixture of four native grasses; and Foxtail millet is foxtail 

millet that was in rotation with cotton. 
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Figure A2. Grass biomass (excluding weed biomass), as a percentage of total biomass for 

a buffer irrigated, integrated crop-forage-beef cattle system (LOW) and a limit-irrigated 

integrated crop-forage-beef cattle system (MED), by field.  Data was averaged across 

years and grazed and caged areas because of lack of statistical differences.  Field labels 

are as follows:  Berm1 and Berm2 are bermudagrass fields in the MED system; 

Bluestem-LOW and Bluestem-MED are old world bluestem fields in the LOW and MED 

systems, respectively; Native mix is a mixture of four native grasses; and Foxtail millet is 

foxtail millet that was in rotation with cotton. 
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Figure A3. Weed abundance for non-grazed (Cage) and grazed (Pasture) areas of a buffer 

irrigated, integrated crop-forage-beef cattle system (LOW) and a limit-irrigated integrated 

crop-forage-beef cattle system (MED), by year and field.  Weed abundance was 

measured on a scale ranging from 0 (not present) to 5 (Dominant) relative to the 

dominant grass species.  Field labels are as follows:  Berm1 and Berm2 are bermudagrass 

fields in the MED system; Bluestem-LOW and Bluestem-MED are old world bluestem 

fields in the LOW and MED systems, respectively; Native mix is a mixture of four native 

grasses; and Foxtail millet is foxtail millet that was in rotation with cotton. 
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Figure A4. Relative abundance of the most common grass species in bermudagrass 

pastures.  Abundance was measured on a scale ranging from 0 (not present) to 5 

(Dominant) relative to the dominant grass species.  Values are means of the two 

bermudagrass paddocks in a limit-irrigated integrated crop-forage-beef cattle system 

(MED).  Common names are bermudagrass (Cyda), johnsongrass (Soha), little barley 

(Hopu), ‘WW-B. Dahl’ old world bluestem (Bobl), and rescuegrass (Brca).   
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Figure A5. Relative abundance of grass species in bluestem pastures.  Abundance was 

measured on a scale ranging from 0 (not present) to 5 (Dominant) relative to the 

dominant grass species.  Values are means of the two ‘WW-B. Dahl’ old world bluestem 

paddocks in a buffer irrigated, integrated crop-forage-beef cattle system (LOW) and a 

limit-irrigated integrated crop-forage-beef cattle system (MED).  Common names are 

johnsongrass (Soha), little barley (Hopu), and WW-B. Dahl old world bluestem (Bobl). 
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Figure A6. Relative abundance of grass species in native grass pastures in a buffer 

irrigated, integrated crop-forage-beef cattle system (LOW).  Abundance was measured on 

a scale ranging from 0 (not present) to 5 (Dominant) relative to the dominant grass 

species group.  Common names are johnsongrass (Soha), kleingrass (Paco), little barley 

(Hopu), native grass mixture of sideoats grama, blue grama, green sprangletop, and 

buffalograss (Bo), ‘WW B. Dahl’ old world bluestem (Bobl), rescuegrass (Brca), and 

western wheatgrass (Agsm).  
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Figure A7. Relative abundance of broadleaf weeds in bermudagrass pastures in a limit-

irrigated integrated crop-forage-beef cattle system (MED).  Abundance was measured on 

a scale ranging from 0 (not present) to 5 (Dominant) relative to the dominant weed 

species.  Common names are field bindweed (Coar), ground cherry (Ph), silverleaf 

nightshade (Soel), Texas blueweed (Heci), and thistle (Ci). 
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Figure A8. Relative abundance of broadleaf weeds in old world bluestem pastures.  

Abundance was measured on a scale ranging from 0 (not present) to 5 (Dominant) 

relative to the dominant weed species.  Values are means of the 2 ‘WW-B. Dahl’ old 

world bluestem paddocks in a buffer irrigated, integrated crop-forage-beef cattle system 

(LOW) and a limit-irrigated integrated crop-forage-beef cattle system  (MED).  Common 

names are field bindweed (Coar), ground cherry (Ph), and silverleaf nightshade (Soel). 
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Figure A9. Relative abundance of broadleaf weeds in native grass pastures in a buffer 

irrigated, integrated crop-forage-beef cattle system (LOW).  Abundance was measured on 

a scale ranging from 0 (not present) to 5 (Dominant) relative to the dominant weed 

species.  Common names are field bindweed (Coar), ground cherry (Ph), kochia (Bapr), 

mare’s tail (Coca), and silverleaf nightshade (Soel). 
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Figure A10. Relative abundance of broadleaf weeds in foxtail millet pastures in a buffer 

irrigated, integrated crop-forage-beef cattle system (LOW).  Abundance was measured on 

a scale ranging from 0 (not present) to 5 (Dominant) relative to the dominant weed 

species.  Common names are cotton (Gohi), devil’s claw (Prpa), puncturevine/goathead 

(Trte), pigweed (Am), and silverleaf nightshade (Soel). 
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Appendix B 

Chemical Inputs and Nutritional Supplements 
 

Table B1. Formulation of mineral supplements provided to stocker steers in three 
integrated crop-livestock systems. 

Mineral Unit 
Mineral  
lick tub† 

12:12 
Mineral 
blocks‡ 

41% CP 
cottonseed 

cake 

38% CP 
cottonseed 

cake 

NaCl % § 18.5 § § 

Ca % 5 13 0.3 0.3 
P % 4 12 1 1 
K % 2.5 1 1 1 

Mg % 2 1 § § 
Co ppm 7 67 § § 

Cu ppm 675 1467 § § 
I ppm 33 155 § § 
Mn ppm 2700 2820 § § 

Se ppm 8.8 37 § § 
Zn ppm 2700 4935 § § 

Vitamin A IU kg-1 220500 330750 44100 44100 

Vitamin D IU kg-1 22050 33075 § § 

Vitamin E IU kg-1 220.5 330.75 § § 
Crude protein % § § 41 38 

Crude fat % § § 3 1.5 
Crude fiber % § § 13 13 

† Manufactured by New Generation Feeds (Poteau, OK) 
‡ Manufactured by Purina Mills, LLC (St. Louis, MO) 

 § Not a significant source 
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Table B2. Quantities of supplements provided to stocker steers in three integrated crop-livestock systems, by year. 

Item Unit 
2005   2006   2007   

2008 2009 2010 
Winter Summer   Winter Summer   

Period 
1 

Period 
2 †   

DRY/LOW                           

41% CP cottonseed cake kg hd-1 42 0 
 

80 23 
 

0 0 
 

0 0 0 

38% CP cottonseed cake kg hd-1 0 0 
 

0 0 
 

0 0 
 

21 7 0 

Safeguard dewormer (20% CP) kg hd-1 0 0 
 

0 0 
 

0 0 
 

1 0 0 

Salt blocks kg hd-1 3 6 
 

0 0 
 

0 0 
 

14 8 0 

Sulfur salt blocks kg hd-1 0 0 
 

2 0 
 

9 0 
 

0 0 0 

West TX SC mineral (loose) kg hd-1 0 0 
 

1 0 
 

0 0 
 

0 0 0 

Mineral lick tub kg hd-1 0 0 
 

12 0 
 

0 0 
 

34 29 0 

12:12 Mineral blocks kg hd-1 0 0 
 

0 0 
 

0 0 
 

0 0 11 

              MED 
            41% CP cottonseed cake kg hd-1 na na 

 
na na 

 
5 0 

 
0 0 0 

38% CP cottonseed cake kg hd-1 na na 
 

na na 
 

0 0 
 

21 8 0 

Safeguard dewormer (20% CP) kg hd-1 na na 
 

na na 
 

0 0 
 

1 0 0 

Salt blocks kg hd-1 na na 
 

na na 
 

0 0 
 

8 6 0 

Sulfur salt blocks kg hd-1 na na 
 

na na 
 

2 2 
 

0 0 0 

Mineral lick tub kg hd-1 na na 
 

na na 
 

0 0 
 

20 23 0 

12:12 Mineral blocks kg hd-1 na na   na na   0 0   0 0 9 

† Period 2 covers the time from 16 July, when the stocking rate of the MED systems increased. 
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Table B6. Fertilizer application to paddocks in the DRY, LOW, and MED systems.  Values are in kg ha-1. 

System 
 

2004 
 

2005 
 

2006 
 

2007 
 

2008 

DRY/LOW 
 

N   P2O5   S   N   N   P2O5   S   N   S   N   P2O5   S 

Native grass 
 

  33 
 

  17 
 

 0 
 

 0 
 

  29 
 

 0 
 

33 
 

 0 
 

 0 
 

   0 
 

 0 
 

 0 
Cotton 

 
  33 

 
  17 

 
 0 

 
 0 

 
  29 

 
 0 

 
33 

 
 0 

 
 0 

 
  51 

 
22 

 
13 

Warm season       
annual 

 
  56 

 
  28 

 
 8 

 
 0 

 
  36 

 
34 

 
33 

 
 0 

 
 0 

 
  51 

 
22 

 
13 

Old world bluestem 
 

   0 
 

   0 
 

 0 
 

 0 
 

  33 
 

 0 
 

 0 
 

67 
 

12 
 

  67 
 

 0 
 

12 

                         MED 
                        Bermudagrass 
 

222 
 

111 
 

33 
 

44 
 

250 
 

 0 
 

25 
 

222 
 

40 
 

226 
 

 0 
 

40 

Old world bluestem      0      0    0    0     56    0    0   67   12     67    0   12 
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Table B6. Continued. 

System 
 

2009 
 

2010 
 

2011 

DRY/LOW 
 

N   P2O5   S   N   P2O5 S Zn 
 

N   S   Zn 

Native grass 
 

  60 
 

11 
 

18 
 

   0 
 

 0  0 0 
 

  0 
 

 0 
 

0 
Cotton 

 
  90 

 
39 

 
22 

 
 56 

 
11 17 2 

 
 55 

 
22 

 
2 

Warm season annual 
 

  56 
 

11 
 

17 
 

 56 
 

11 17 2 
 

 55 
 

22 
 

2 
Old world bluestem 

 
  67 

 
  0 

 
12 

 
 67 

 
 0 12 0 

 
 67 

 
12 

 
0 

                   MED 
                  Bermudagrass 
 

200 
 

  0 
 

36 
 

222 
 

 0 40 0 
 

111 
 

20 
 

0 
Old world bluestem     67     0   12    67    0 12 0    67   12   0 
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Appendix C 

Forage Mass and Grazing 
 

Table C1. Initial mean body weight, kg 

System Year 
Winter 
grazing 

Spring/Summer/Autumn 
grazing 

DRY 
   

 
2004 

 
227 

 
2005 288 200 

 
2006 231 225 

 
2007 

 
233 

 
2008 

 
247 

LOW 
   

 
2009 

 
249 

 
2010 

 
273 

MED 
   

 
     2007-1† 

 
230 

 
   2007-2 

 
354 

 
2008 

 
248 

 
2009 

 
249 

  2010   269 

†2 groups of steers grazed during spring/summer/fall 
2007 
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Table C2. Grazing schedule for three integrated crop-forage-
livestock systems in the Texas High Plains.  Systems were a non-
irrigated system (DRY), a low-irrigation level system (LOW), and a 
medium-irrigation level system (MED).  Grazing did not occur in 
2011 because of severe drought. 

  
Grazing season 

  
Winter/Dormant 

 
Summer/Growing 

  
DRY 

Year   Enter   Exit   Enter   Exit 

2004 
 

- 
 

- 
 

4 May 
 

21 Jul 
2005 

 
20 Jan 

 
7 Apr 

 
8 Jun 

 
8 Sep 

2006 
 

19 Jan 
 

12 Apr 
 

16 May 
 

28 Jun 
2007 

 
- 

 
- 

 
8 May 

 
31 Aug 

2008 
 

- 
 

- 
 

2 May 
 

2 Oct 

  
LOW 

Year   Enter   Exit   Enter   Exit 

2009 
 

- 
 

- 
 

20 May 
 

2 Sep 
2010 

 
- 

 
- 

 
24 May 

 
29 Sep 

         

  
MED 

Year   Enter   Exit   Enter   Exit 

2007 
 

- 
 

- 
 

8 May 
 

11 Oct† 
2008 

 
- 

 
- 

 
2 May 

 
2 Oct 

2009 
 

- 
 

- 
 

20 May 
 

5 Oct 
2010   -   -   24 May   29 Sep 

†Stocking density was increased on 16 July 07. 
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Table C3. Forage mass of grazed areas of pastures in two integrated crop-livestock systems 
(LOW and MED), in kg ha-1 

Forage type 
Year 

Month 

5 6 7 8 9 10 

LOW 
 

      Native grass 2009 1849 2745 1986 2053 2440 2282 
Native grass 2010 1812 2296 2521 3373 4049 2720 
Native grass 2011 1794 2169 1912 2206 1822 1287 
Foxtail millet † 2009 

   
4433    845 

 Foxtail millet † 2010 
  

3704   174 
  Bluestem 2009 1914 5031 2789 3914 4181 4886 

Bluestem 2010 2715 4933 3447 5190 4565 4301 

Bluestem 2011 1535 1829 2065 2035 1688 2625 
MED 

       Bluestem 2009 2294 5250 2868 4259 4250 5090 
Bluestem 2010 3158 3451 3516 4132 5347 5676 
Bluestem 2011 1280 1863 1912 2023 1854 2623 
Bermudagrass 1 2009 2317 1486 2292 3377 3924 2646 
Bermudagrass 1 2010 1405 2109 2963 3565 4070 2889 
Bermudagrass 1 2011 1815 2083 3086 2447 2810   3456‡ 

Bermudagrass 2 2009 1683 1900 2690 2882 3757 2449 
Bermudagrass 2 2010 1202 1812 2486 2919 2308 2509 
Bermudagrass 2 2011 1868 2005 2866 2725 2796   3412‡ 

† Foxtail millet was sampled at initiation and termination of grazing, only.  In 2010, the 
“August” sample was taken on 27 July.  Foxtail millet was not planted in 2011 due to 
drought.   
‡ Sample was taken on 27 Sept., before the paddock was cut for hay. 
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Table C4. Animal unit grazing days ha-1 cm-1 irrigation. 
System/paddock 2007 2008 2009 2010 

DRY & LOW - - 12 26 

Native grass - - - - 

Sorghum - - - - 

Foxtail millet - - - - 

Bluestem - -  8 13 

 
    

MED 42 16 14 17 

Bermudagrass 57 18 16 24 

Bluestem 22 13 11  9 

 

 

Table C5. Animal unit grazing days ha-1 yr-1. 

System/paddock 2004 2005 2006 2007 2008 2009 2010 Mean 

DRY & LOW 25 124 108 34 70 58 94 73 
Native grass 43 164 191 42 101 27 61 90 
Sorghum 0 - - - 59 - - 30 
Foxtail millet - 128 0 46 - 36 50 52 
Bluestem - - - - - 195 283 239 

Cotton stubble 0 18 0 0 0 0 0 3 

         MED - - - 567 414 389 368 434 
Bermudagrass 1 - - - 1055 461 382 672 642 
Bermudagrass 2 - - - 829 579 617 558 646 
Bluestem - - - 243 323 293 155 253 
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Table C6. Details of grazing animals, estimated intake, stocking density, and stocking rate for a non-irrigated crop-livestock system (DRY; 2004 to 
2007) and a buffer-irrigated crop-livestock system (LOW; 2009 to 2011). 

  Forage type Ha Enter Exit 
Days 

grazed 
No. of 
steers 

Mean 
weight,  
kg hd-1 

Mean 
animal 
units 
field-1 

Estimated 
intake, 
kg ha-1 

Animal 
grazing 

days  
ha-1 yr-1 

Stocking 
density,  
hd ha-1 

Animal 
unit 

grazing 
days  

ha-1 yr-1 

2003-
2004 

Native grass 4.5 4 May 21 Jul 78 4 270 2.5 443 69 0.88 43 

Sorghum 1.7     0 0             

System totals 8.0     78       251 39 0.50 25 

                        

2004-
2005 

Native grass 4.5 20 Jan 22 Mar 61 15 293 10.0 1192 202 3.31 135 
Cotton 1.7 22 Mar 25 Mar 3 15 297 10.2 154 26 8.62 18 
Sorghum residue 1.7 25 Mar 7 Apr 13 15 298 10.2 723 112 8.62 76 
Native grass 4.5 7 Jun 4 Aug 58 4 231 2.2 290 51 0.88 29 

Foxtail millet 1.7 4 Aug 8 Sep 35 4 281 2.6 543 80 2.30 52 

System totals 8.0     170       1148 190 1.12 124 

                        

2005-
2006 

Native grass 4.5 19 Jan 12 Apr 83 15 251 8.9 1605 275 3.31 164 
Native grass 4.5 16 May 28 Jun 43 5 243 2.9 285 47 1.10 28 
Foxtail millet 1.7     0 0             
System totals 8.0     126       1070 182 1.45 108 
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Table C6. Continued. 

  

Forage type Ha Enter Exit 
Days 

grazed 

No. 
of 

steers 

Mean 
weight, 
kg hd-1 

Mean 
animal 
units 
field-1 

Estimated 
intake, 
kg ha-1 

Animal 
grazing 

days  
ha-1  
yr-1 

Stocking 
density,  
hd ha-1 

Animal 
unit 

grazing 
days  

ha-1 yr-1 

2006-
2007 

Native grass 4.5 8 May 23 Jul 76 5 201 2.5 529 84 1.10 42 

Foxtail millet 1.7 23 Jul 31 Aug 39 5 153 2.1 831 112 2.87 46 

System totals 8.0     115       480 72 0.62 34 

                        

2007-
2008 

Native grass 4.5 2 May 25 Aug 115 5 310 3.5 892 127 1.10 89 

Sorghum 1.7 25 Aug 19 Sep 25 5 387 4.1 598 72 2.87 59 

Native grass 4.5 19 Sep 2 Oct 13 5 408 4.3 134 14 1.10 12 
System totals 8.0     153       711 95 0.62 70 
                        

 



Texas Tech University, Cody Zilverberg, May 2012 

 

227 

 

Table C6. Continued. 

  

Forage type Ha Enter Exit 
Days 

grazed 

No. 
of 

steers 

Mean 
weight, 
kg hd-1 

Mean 
animal 
units 
field-1 

Estimated 
intake, 
kg ha-1 

Animal 
grazing 

days  
ha-1  
yr-1 

Stocking 
density,  
hd ha-1 

Animal 
unit 

grazing 
days  

ha-1 yr-1 

2008-
2009 

Bluestem 2.1 20 May 1 Jun 12 8 257 4.9 282 46 3.87 28 

Native grass 4.5 1 Jun 21 Jun 20 8 277 5.1 227 35 1.76 23 
Bluestem 2.1 21 Jun 20 Aug 60 8 321 5.7 1684 232 3.87 167 
Foxtail millet 1.7 20 Aug 30 Aug 10 8 355 6.2 358 46 4.60 36 
Native grass 4.5 30 Aug 2 Sep 3 8 361 6.3 42 5 1.76 4 
System totals 10.1     105       591 83 0.79 58 
                        

2009-
2010 

Native grass 4.5 24 May 3 Jun 10 10 278 6.4 115 22 2.21 14 

Bluestem 2.1 3 Jun 22 Jun 19 10 292 6.7 500 92 4.84 62 
Native grass 4.5 22 Jun 30 Jun 8 10 306 6.9 99 18 2.21 12 
Bluestem 2.1 30 Jun 14 Jul 14 10 316 7.1 393 68 4.84 48 
Foxtail millet 1.7 14 Jul 26 Jul 12 10 329 7.3 411 69 5.74 50 
Bluestem 2.1 26 Jul 10 Sep 46 10 357 7.8 1408 223 4.84 173 
Native grass 4.5 10 Sep 29 Sep 19 10 389 8.3 279 42 2.21 35 
System totals 10.1     128       769 127 0.99 94 
                        

Mean   8.7     134         119 0.89 81 
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Table C7. Details of grazing animals, estimated intake, stocking density, and stocking rate for a limit-irrigated crop-livestock system (MED; 
2007 to 2011). 

  Forage type Ha Enter Exit 
Days 

grazed 

No. 
of 

steers 

Mean 
weight, 
kg hd-1 

Mean 
animal 
units 
field-1 

Estimated 
intake, 
kg ha-1 

Animal 
grazing 

days  
ha-1 yr-1 

Stocking 
density,  
hd ha-1 

Animal 
unit 

grazing 
days  

ha-1 yr-1 

2006-
2007 

Bluestem 2.1 8 May 6 Jun 29 15 238 8.6 1166 211 7.26 121 

Bermuda2 0.9 6 Jun 14 Jun 8 15 249 8.9 767 135 16.84 80 

Bermuda1 0.9 14 Jun 17 Jul 33 15 260 9.2 3259 556 16.84 340 

Bermuda2 0.9 17 Jul 7 Aug 21 23 356 17.8 3538 542 25.82 420 

Bluestem 2.1 7 Aug 21 Aug 14 23 360 18.0 1018 156 11.14 122 

Bermuda1 0.9 21 Aug 14 Sep 24 23 364 18.1 4119 620 25.82 488 

Bermuda2 0.9 14 Sep 27 Sep 13 23 368 18.3 2271 336 25.82 267 

Bermuda1 0.9 27 Sep 8 Oct 11 23 370 18.4 1944 284 25.82 227 

Bermuda2 0.9 8 Oct 11 Oct 3 23 372 18.4 712 77 25.82 62 

System totals 3.8     156       5019 787 5.05 567 

                        

2007-
2008 

Bluestem 2.1 2 May 28 May 26 15 258 9.1 1151 189 7.26 115 

Bermuda1 0.9 28 May 5 Jun 8 15 271 9.5 853 135 16.84 85 

Bermuda2 0.9 5 Jun 25 Jun 20 15 282 9.8 2197 337 16.84 219 

Bluestem 2.1 25 Jun 1 Jul 6 15 292 10.0 292 44 7.26 29 

Bermuda1 0.9 1 Jul 22 Jul 21 15 303 10.3 2433 354 16.84 243 

Bluestem 2.1 22 Jul 25 Aug 34 15 325 10.8 1790 247 7.26 179 

Bermuda2 0.9 25 Aug 22 Sep 28 15 349 11.5 3740 472 16.84 360 

Bermuda1 0.9 22 Sep 2 Oct 10 15 364 11.8 1332 168 16.84 133 
System totals 3.8     153       4180 597 3.90 414 
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Table C7. Continued. 

  Forage type Ha Enter Exit 
Days 

grazed 

No. 
of 

steers 

Mean 
weight, 
kg hd-1 

Mean 
animal 
units 
field-1 

Estimated 
intake, 
kg ha-1 

Animal 
grazing 

days  
ha-1 yr-1 

Stocking 
density, 
hd ha-1 

Animal 
unit 

grazing 
days  

ha-1 yr-1 

2008-
2009 

Bluestem 2.1 20 May 2 Jun 13 15 258 9.1 570 94 7.26 57 

Bermuda1 0.9 2 Jun 9 Jun 7 15 271 9.5 742 118 16.84 74 
Bermuda2 0.9 9 Jun 19 Jun 10 15 282 9.7 1096 168 16.84 109 
Bluestem 2.1 19 Jun 30 Jun 11 15 294 10.1 539 80 7.26 54 
Bermuda1 0.9 30 Jun 10 Jul 10 15 306 10.4 1173 168 16.84 116 
Bermuda2 0.9 10 Jul 31 Jul 21 15 322 10.8 2564 354 16.84 254 
Bluestem 2.1 31 Jul 2 Sep 33 15 347 11.4 1830 240 7.26 182 
Bermuda2 0.9 2 Sep 21 Sep 19 15 367 11.9 2520 320 16.84 254 
Bermuda1 0.9 21 Sep 5 Oct 14 15 377 12.1 2010 236 16.84 191 
System totals 3.8     138       3918 538 3.90 389 
                        

2009-
2010 

Bluestem 2.1 24 May 3 Jun 10 15 275 9.6 465 73 7.26 46 

Bermuda2 0.9 3 Jun 10 Jun 7 15 283 9.8 776 118 16.84 77 
Bermuda1 0.9 10 Jun 22 Jun 12 15 293 10.0 1372 202 16.84 135 
Bluestem 2.1 22 Jun 30 Jun 8 15 303 10.3 407 58 7.26 40 
Bermuda2 0.9 30 Jun 10 Jul 10 15 312 10.5 1207 168 16.84 118 
Bermuda1 0.9 10 Jul 16 Jul 6 15 320 10.7 739 101 16.84 72 
Bluestem 2.1 16 Jul 29 Jul 13 15 329 11.0 707 94 7.26 69 
Bermuda1 0.9 29 Jul 16 Aug 18 15 345 11.4 2344 303 16.84 229 
Bermuda2 0.9 16 Aug 7 Sep 22 15 365 11.8 2971 371 16.84 293 
Bermuda1 0.9 7 Sep 24 Sep 17 15 385 12.3 2365 286 16.84 235 
Bermuda2 0.9 24 Sep 29 Sep 5 15 396 12.6 847 84 16.84 71 
                        
System totals 3.8     128       3770 499 3.90 368 
                        

Mean   4.5     167.3         517 3.09 434 
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Figure C1. Steer live weight on each of three systems (DRY, LOW, and MED) on dates when they were weighed from 2004 to 2010.
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Appendix D 

Forage Quality 
 

Table D1. Percentage of crude protein (CP) of native grass pastures in grazed (G) 
and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N   7.6    

 
G 10.1 10.8 10.0 10.1 9.1 9.1 

2010 N  6.1     

 
G 9.5 7.5 8.2 6.1 5.1 5.3 

2011 N  4.2     

  G 5.2 5.0 4.8 5.2 4.9 4.6 
† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.23.  The LSD for comparing grazed and non-
grazed areas within the same year and month is 1.52.  The LSD for comparing two 
non-grazed areas across months and years is 0.56. 

 Table D2. Percentage of neutral detergent fiber (NDF) of native grass pastures in 
grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

73.6 
   

 
G 75.7 75.6 71.3 71.6 69.5 73.7 

2010 N 
 

73.8 
    

 
G 73.8 74.2 74.3 77.1 77.2 78.2 

2011 N 
 

74.3 
      G 77.5 75.0 75.3 71.5 73.1 75.8 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 2.10.  There was no effect of grazing.  Non-grazed 
area NDF did not differ by year. 
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        Table D3. Percentage of acid detergent fiber (ADF) of native grass pastures in 
grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

42.6 
   

 
G 41.7 39.9 39.4 39.9 39.6 42.3 

2010 N 
 

42.7 
    

 
G 42.2 40.8 43.1 45.3 44.9 47.5 

2011 N 
 

45.9 
      G 47.9 47.1 47.0 45.8 48.3 50.3 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.47.  The LSD for comparing two years within the 
non-grazed area is 2.05.  The LSD for comparing grazed and non-grazed areas 
within the same month and year is 3.44. 

        Table D4. Percentage of hemicellulose of native grass pastures in grazed (G) and 
non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

31.0 
   

 
G 34.0 35.8 31.9 31.7 29.9 31.4 

2010 N 
 

31.3 
    

 
G 31.6 33.5 31.5 31.4 32.0 30.9 

2011 N 
 

28.3 
      G 29.6 27.9 28.3 25.6 24.9 25.4 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.44.   
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        Table D5. Percentage of cellulose of native grass pastures in grazed (G) and non-
grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

29.3 
   

 
G 29.9 29.1 28.4 29.0 28.7 29.3 

2010 N 
 

29.4 
    

 
G 28.8 28.8 29.4 31.2 31.8 32.5 

2011 N 
 

31.3 
      G 33.8 32.8 33.4 33.4 34.6 35.9 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.22.   
 
 

       Table D6. Percentage of lignin of native grass pastures in grazed (G) and non-
grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

5.5 
   

 
G 5.7 5.1 5.3 5.3 5.4 6.4 

2010 N 
 

4.9 
    

 
G 6.0 4.8 5.7 6.7 6.1 6.8 

2011 N 
 

4.9 
      G 5.6 5.5 5.1 4.9 5.0 5.3 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 0.40.   

        Table D7. Percentage of acid insoluble ash of native grass pastures in grazed (G) 
and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

7.8 
   

 
G 6.0 5.7 5.7 5.7 5.5 6.6 

2010 N 
 

8.3 
    

 
G 7.5 7.2 7.8 7.8 7.3 7.9 

2011 N 
 

9.7 
      G 8.4 8.8 8.5 7.6 8.7 9.1 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 0.62.   
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Table D8. Percentage of crude protein (CP) of foxtail millet in 
grazed (G) and non-grazed (N) areas.  Foxtail millet was 
sampled twice yr-1, when grazing began and ended.† 

    Month 

Year Grazing 7-1 7-2 8 9 

2009 N   16.0  

 
G   15.6 12.1 

2010 N 17.1    

  G 16.9 8.4   
† There was no difference between grazed and non-grazed 
areas in months when both were sampled. 
 

Table D9. Percentage of neutral detergent fiber (NDF) of 
foxtail millet in grazed (G) and non-grazed (N) areas.  Foxtail 
millet was sampled twice yr-1, when grazing began and ended. 
† 

    Month 

Year Grazing 7-1 7-2 8 9 

2009 N 
  

58.2 
 

 
G 

  
59.3 61.0 

2010 N 63.4 
     G 62.0 68.6     

† There was no difference between grazed and non-grazed 
areas in months when both were sampled. 
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      Table D10. Percentage of acid detergent fiber (ADF) of foxtail 
millet in grazed (G) and non-grazed (N) areas.  Foxtail millet 
was sampled twice yr-1, when grazing began and ended. † 

    Month 

Year Grazing 7-1 7-2 8 9 

2009 N 
  

29.7 
 

 
G 

  
30.5 32.7 

2010 N 36.0 
     G 36.8 44.3     

† There was no difference between grazed and non-grazed 
areas in months when both were sampled. 

 
 

     
Table D11. Percentage of hemicellulose of foxtail millet in 
grazed (G) and non-grazed (N) areas.  Foxtail millet was 
sampled twice yr-1, when grazing began and ended.  

    Month 

Year Grazing 7-1 7-2 8 9 
2009 N 

  
28.5 

 

 
G 

  
28.8 28.3 

2010 N 27.6 
     G 25.5 24.6     

      
      Table D12. Percentage of cellulose of foxtail millet pastures in 

grazed (G) and non-grazed (N) areas. 

    Month 

Year Grazing 7-1 7-2 8 9 

2009 N     23.3   

 
G 

  
23.9 26.1 

2010 N 27.0 
     G 28.1 33.6     
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      Table D13. Percentage of lignin of foxtail millet pastures in 
grazed (G) and non-grazed (N) areas. 

    Month 

Year Grazing 7-1 7-2 8 9 

2009 N     4.1   

 
G 

  
4.6 4.8 

2010 N 4.0 
     G 4.3 7.3     

      

      Table D14. Percentage of acid insoluble ash of foxtail millet 
pastures in grazed (G) and non-grazed (N) areas. 

    Month 

Year Grazing 7-1 7-2 8 9 

2009 N     2.3   

 
G 

  
2.0 1.8 

2010 N 4.8 
     G 4.2 3.1     

 

Table D15. Percentage of crude protein (CP) of bluestem pastures in the LOW 
system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

10.4 
   

 
G 12.4 12.0 10.0 7.9 6.9 5.7 

2010 N 
 

11.6 
    

 
G 5.6 9.8 10.4 6.5 4.7 4.8 

2011 N 
 

6.2 
      G 7.0 8.9 6.5 5.5 5.0 8.7 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.23.  The LSD for comparing grazed and non-
grazed areas within the same year and month is 2.13.  The LSD for comparing two 
non-grazed areas (across years and months) is 1.42. 
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Table D16. Percentage of neutral detergent fiber (NDF) of bluestem pastures in the 
LOW system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N     72.2       

 
G 72.0 71.8 71.6 71.2 73.4 75.7 

2010 N 
 

72.0 
    

 
G 77.4 73.9 72.9 76.4 78.2 79.1 

2011 N 
 

74.8 
      G 76.3 71.6 72.0 71.3 72.7 74.5 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 2.10.  The LSD for comparing grazed and non-
grazed areas within the same year and month is 2.31.  The LSD for comparing two 
non-grazed areas (across years and months) is 1.80. 

 
 

        Table D17. Percentage of acid detergent fiber (ADF) of bluestem pastures in the 
LOW system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N     42.4       

 
G 44.0 41.6 40.6 41.3 40.3 42.5 

2010 N 
 

40.8 
    

 
G 48.9 42.3 44.1 45.2 46.5 46.4 

2011 N 
 

44.5 
      G 45.3 42.2 42.3 42.4 43.6 43.1 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.47.  The LSD for comparing two years within the 
non-grazed area is 1.29.  The LSD for comparing grazed and non-grazed areas 
within the same month and year is 1.66. 
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        Table D18. Percentage of hemicellulose of bluestem pastures in the LOW system in 
grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N     29.6       

 
G 26.9 30.2 31.0 30.2 32.6 32.8 

2010 N 
 

30.2 
    

 
G 30.1 31.0 29.1 31.6 31.8 32.1 

2011 N 
 

30.2 
      G 30.6 29.4 30.1 29.7 30.2 31.1 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.44.   

 
 

        Table D19. Percentage of cellulose of bluestem pastures in the LOW system in 
grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

31.3 
   

 
G 32.6 29.1 29.7 30.8 30.7 33.2 

2010 N 
 

30.2 
    

 
G 35.5 31.6 32.1 33.7 35.6 36.3 

2011 N 
 

33.6 
      G 34.9 31.0 31.2 31.5 32.0 32.6 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.22.   
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        Table D20. Percentage of lignin of bluestem pastures in the LOW system in grazed 
(G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 
2009 N 

  
6.4 

   
 

G 6.0 5.7 5.7 5.4 5.8 5.7 
2010 N 

 
5.9 

    
 

G 7.0 6.0 6.4 6.2 6.4 6.4 
2011 N 

 
5.4 

      G 5.6 5.3 5.4 5.4 5.3 5.6 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 0.40.   

 

 
 

       Table D21. Percentage of acid insoluble ash of bluestem pastures in the LOW 
system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

4.9 
   

 
G 5.4 6.4 4.9 4.9 4.2 4.0 

2010 N 
 

4.4 
    

 
G 6.6 4.6 5.5 5.6 5.1 4.9 

2011 N 
 

5.7 
      G 5.0 6.1 5.6 5.3 5.5 4.7 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 0.62.   
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Table D22. Percentage of crude protein (CP) of bluestem pastures in the MED 
system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

11.1 
   

 
G 11.1 11.5 10.7 7.7 6.2 5.3 

2010 N 
 

11.5 
    

 
G 6.8 10.4 11.6 7.1 5.8 5.8 

2011 N 
 

7.4 
      G 7.6 8.7 6.8 6.0 5.1 10.0 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.23.  The LSD for comparing grazed and non-
grazed areas within the same year and month is 2.01.  The LSD for comparing two 
non-grazed areas (across years and months) is 1.56. 

 

 

Table D23. Percentage of neutral detergent fiber (NDF) of bluestem pastures in the 
MED system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N     71.3       

 
G 72.7 72.9 71.8 70.6 74.5 76.2 

2010 N 
 

72.0 
    

 
G 76.9 73.0 72.4 77.5 76.6 76.8 

2011 N 
 

73.7 
      G 74.7 71.6 70.5 69.5 71.8 73.1 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 2.10.  The LSD for comparing grazed and non-
grazed areas within the same year and month is 2.34.  The LSD for comparing two 
non-grazed areas (across years and months) is 1.82. 
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        Table D24. Percentage of acid detergent fiber (ADF) of bluestem pastures in the 
MED system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N     43.7       

 
G 44.7 42.7 42.1 41.4 42.2 42.9 

2010 N 
 

41.3 
    

 
G 48.5 42.5 43.1 46.5 45.0 44.9 

2011 N 
 

43.8 
      G 44.4 41.6 41.3 41.5 43.6 42.4 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.47.  The LSD for comparing two years within the 
non-grazed area is 0.99.  The LSD for comparing grazed and non-grazed areas 
within the same month and year is 1.28. 

 
 

       Table D25. Percentage of hemicellulose of bluestem pastures in the MED system in 
grazed (G) and non-grazed (N) areas.  †  

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N     28.0       

 
G 27.4 30.8 29.8 29.7 32.1 33.5 

2010 N 
 

30.0 
    

 
G 30.1 30.2 28.9 31.5 31.8 31.5 

2011 N 
 

30.0 
      G 30.3 29.9 30.2 29.4 29.6 30.5 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.44.   
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        Table D26. Percentage of cellulose of bluestem pastures in the MED system in 
grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

31.9 
   

 
G 33.3 30.1 29.8 30.3 32.2 32.4 

2010 N 
 

30.7 
    

 
G 35.3 31.6 31.7 34.6 33.8 34.0 

2011 N 
 

32.4 
      G 34.0 31.3 30.0 30.3 31.8 31.8 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.22.   
 
 

       Table D27. Percentage of lignin of bluestem pastures in the MED system in grazed 
(G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

5.9 
   

 
G 6.3 6.2 5.7 5.2 5.8 5.8 

2010 N 
 

5.9 
    

 
G 7.1 6.1 6.1 6.3 6.2 6.3 

2011 N 
 

5.3 
      G 5.5 5.2 5.1 5.0 5.3 5.6 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 0.40.   
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        Table D28. Percentage of acid insoluble ash of bluestem pastures in the MED 
system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

6.0 
   

 
G 5.2 6.0 6.2 5.7 4.7 4.9 

2010 N 
 

4.3 
    

 
G 6.3 4.5 5.0 5.7 5.3 5.0 

2011 N 
 

6.3 
      G 4.8 5.5 5.7 5.6 5.7 4.7 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 0.62.   
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Table D29. Percentage of crude protein (CP) of bermudagrass pasture 1 in the MED 
system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

16.1 15.9 14.2 
 

 
G 12.0 18.5 13.5 12.7 11.8   7.0 

2010 N 
  

15.1 13.9 11.2 
 

 
G   5.9 15.1 14.9   10.0   9.8   9.4 

2011 N 
     

14.1 
  G   7.7   9.8   8.3   8.4 14.1 14.6 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.23.  Because non-grazed areas were only 
sampled once in 2011 due to drought, non-grazed areas of 2011 were analyzed 
separately from 2009 and 2010.  Grazed and non-grazed areas did not differ in any 
year.  The effect of year was not significant.  Month showed a trend (p = 0.067).     

 

 

Table D30. Percentage of neutral detergent fiber (NDF) of bermudagrass pasture 1 
in the MED system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N     75.7 70.4 73.1 
 

 
G 73.0 73.9 74.5 73.0 74.2 77.8 

2010 N 
  

76.5 74.8 
  

 
G 77.1 72.7 74.2 79.8 79.5 78.2 

2011 N 
     

75.0 
  G 75.5 72.9 72.4 70.3 72.3 76.5 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 2.10.  Because non-grazed areas were only 
sampled once in 2011 due to drought, non-grazed areas of 2011 were analyzed 
separately from 2009 and 2010.  There was no difference between grazed and non-
grazed areas in Oct. 2011.  In 2009 and 2010, the non-grazed area differed from 
the grazed area in Aug.  In non-grazed areas, Aug. differed from other months. 
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        Table D31. Percentage of acid detergent fiber (ADF) of bermudagrass pasture 1 in 
the MED system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N     37.2 36.1 36.9   

 
G 41.9 35.2 37.9 38.6 37.9 39.4 

2010 N 
  

39.7 37.4 
  

 
G 45.8 37.7 37.5 40.1 37.9 38.3 

2011 N 
     

37.1 
  G 40.3 38.2 37.9 37.9 35.5 37.1 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.47.  Because non-grazed areas were only 
sampled once in 2011 due to drought, non-grazed areas of 2011 were analyzed 
separately from 2009 and 2010.  There was no difference between grazed and non-
grazed areas in Oct. 2011.  The non-grazed area differed from the grazed area in 
Aug. 2009 and 2010, and in July 2010.  In non-grazed areas, Aug. differed from 
other months in 2010.  In non-grazed areas, years 2009 and 2010 differed in July 
and Sept. 
 
 

       Table D32. Percentage of hemicellulose of bermudagrass pasture 1 in the MED 
system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N     37.0 34.0 36.4   

 
G 27.9 38.8 36.5 34.9 37.0 38.4 

2010 N 
  

33.7 32.2 
  

 
G 26.7 34.0 34.6 34.8 36.4 35.9 

2011 N 
     

37.3 

  G 37.4 37.2 35.1 33.7 36.7 37.3 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.44.   
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        Table D33. Percentage of cellulose of bermudagrass pasture 1 in the MED system in 
grazed (G) and non-grazed (N) areas.  † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

28.8 27.4 27.6 
 

 
G 30.1 26.1 28.6 29.6 28.6 30.7 

2010 N 
  

30.6 27.6 
  

 
G 32.8 28.6 28.0 30.9 29.4 29.2 

2011 N 
     

27.8 

  G 29.5 27.2 27.1 26.4 26.1 28.5 
† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.22.   
 
 

       Table D34. Percentage of lignin of bermudagrass pasture 1 in the MED system in 
grazed (G) and non-grazed (N) areas.  † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

4.7 4.1 4.8 
 

 
G 5.9 5.1 5.3 4.8 5.3 5.9 

2010 N 
  

5.1 4.1 
  

 
G 6.7 5.5 5.4 5.7 5.5 5.5 

2011 N 
     

5.0 
  G 5.8 5.4 5.4 5.4 5.1 5.0 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 0.40.   
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        Table D35. Percentage of acid insoluble ash of bermudagrass pasture 1 in the MED 
system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

3.8 4.3 4.6 
 

 
G 5.1 4.2 4.3 4.0 4.3 2.7 

2010 N 
  

4.0 5.7 
  

 
G 4.4 3.4 4.2 4.2 3.6 4.1 

2011 N 
     

4.4 
  G 5.1 5.4 5.8 6.3 4.6 3.8 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 0.62.   

 

Table D36. Percentage of crude protein (CP) of bermudagrass pasture 2 in the MED 
system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

16.6 13.9 15.1 
 

 
G 13.0 17.6 16.3 12.2 12.5 8.6 

2010 N 
  

16.6 15.5 11.4 
 

 
G 7.7 18.5 17.2 13.9 9.5 9.0 

2011 N 
     

14.6 
  G 7.4 10.2 9.2 8.9 14.7 15.4 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.23.  Because non-grazed areas were only 
sampled once in 2011 due to drought, non-grazed areas of 2011 were analyzed 
separately from 2009 and 2010.  There was no effect of grazing in any year.  For 
2009 and 2010, there was a grazing x month interaction: within non-grazed areas, 
July differed from Aug. and Sept. 
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Table D37. Percentage of neutral detergent fiber (NDF) of bermudagrass pasture 2 
in the MED system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

72.2 70.1 73.7 
 

 
G 71.9 73.6 75.5 73.5 72.8 79.7 

2010 N 
  

75.1 71.4 
  

 
G 73.1 70.2 72.5 78.5 80.9 78.8 

2011 N 
     

75.5 

  G 76.4 71.9 71.5 69.2 73.8 75.3 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 2.10.  Because non-grazed areas were only 
sampled once in 2011 due to drought, non-grazed areas of 2011 were analyzed 
separately from 2009 and 2010.  There was no difference between grazed and non-
grazed areas in Oct. 2011.  For 2009 and 2010, there was a Grazing x Year x Month 
interaction.  Among non-grazed areas in 2009, months 8 and 9 differed.  Among 
non-grazed areas in 2010, all months differed from one another.  Grazed and non-
grazed areas differed from one another in Aug. 2010 but not other months.  In 
non-grazed areas, Sept. 2009 differed from Sept. 2010. 
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        Table D38. Percentage of acid detergent fiber (ADF) of bermudagrass pasture 2 in 
the MED system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N     37.2 36.1 36.9   

 
G 41.9 35.2 37.9 38.6 37.9 39.4 

2010 N 
  

39.7 37.4 
  

 
G 45.8 37.7 37.5 40.1 37.9 38.3 

2011 N 
     

37.1 
  G 40.3 38.2 37.9 37.9 35.5 37.1 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.47.  Because non-grazed areas were only 
sampled once in 2011 due to drought, non-grazed areas of 2011 were analyzed 
separately from 2009 and 2010.  There was no difference between grazed and non-
grazed areas in any year or month.  In non-grazed areas, Aug. differed from other 
months in 2010.  In non-grazed areas, years 2009 and 2010 differed in Sept. 

 
 

       Table D39. Percentage of hemicellulose of bermudagrass pasture 2 in the MED 
system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N     36.4 33.7 36.1   

 
G 28.0 38.2 38.2 34.8 36.4 38.9 

2010 N 
  

33.9 32.9 
  

 
G 26.1 35.8 34.4 36.4 37.2 39.8 

2011 N 
     

38.2 
  G 37.0 38.5 35.7 34.0 37.3 37.4 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.44.   
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        Table D40. Percentage of cellulose of bermudagrass pasture 2 in the MED system in 
grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

28.2 27.7 26.9 
 

 
G 27.8 26.2 28.4 27.8 28.1 29.8 

2010 N 
  

29.3 26.7 
  

 
G 29.7 25.9 26.7 29.6 30.6 29.1 

2011 N 
     

27.3 
  G 29.5 26.9 26.9 26.7 26.0 28.2 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 1.22.   
 
 

       Table D41. Percentage of lignin of bermudagrass pasture 2 in the MED system in 
grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

4.6 4.4 4.8 
 

 
G 5.6 5.1 5.0 5.2 5.4 6.4 

2010 N 
  

4.8 4.1 
  

 
G 6.2 5.0 5.0 5.2 5.4 5.7 

2011 N 
     

4.6 
  G 6.0 5.3 5.5 5.5 5.1 4.7 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 0.40.   
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        Table D42. Percentage of acid insoluble ash of bermudagrass pasture 2 in the MED 
system in grazed (G) and non-grazed (N) areas. † 

    Month 

Year Grazing 5 6 7 8 9 10 

2009 N 
  

4.1 4.9 4.7 
 

 
G 5.7 3.9 3.6 4.5 4.0 3.6 

2010 N 
  

4.0 5.4 
  

 
G 4.9 3.3 4.2 4.0 3.2 3.1 

2011 N 
     

3.6 
  G 5.5 5.3 5.5 5.9 4.5 3.8 

† The least significant difference (LSD; p < 0.05) for comparing two grazed-area 
years within the same month is 0.62.   



Texas Tech University, Cody Zilverberg, May 2012 

 

252 

 

Appendix E 

Soil 
 

Table E1. Systems-level analysis of particulate organic matter (POM) 
nitrogen (N).  Systems-level values are the weighted average of fields 
in the system, weighted by proportional area contributed by each 
field. 

Depth, cm POM-N, g kg-1 soil † 

0 to 5 0.13 a 
5 to 20 0.05 b 

† Means not followed by the same letter are different (p < 0.05). 

 

Table E2.Systems-level analysis of particulate organic matter (POM) carbon (C) to nitrogen (N) ratio.  
Systems-level values are the weighted average of fields in the system, weighted by proportional area 
contributed by each field. 

System Grazing Depth, cm POM-C : POM-N † 

LOW Grazed 0 to 5 20.4 
 Grazed 5 to 20 15.4 
 Non-grazed 0 to 5 17.6 
 Non-grazed 5 to 20    27.4 † 

MED Grazed 0 to 5 19.5 
 Grazed 5 to 20 22.3 
 Non-grazed 0 to 5 19.4 
 Non-grazed 5 to 20 17.2 

† LOW-Non-grazed-5 to 20 differed from LOW-Non-grazed-0 to 5 and from LOW-Grazed-5 to 20 at p < 
0.05. 
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Table E3.  Field-level analysis of ratio 
of particulate organic matter (POM) 
nitrogen (N) to whole soil N. 

Depth, cm POM-N : Soil N † 

0 to 5 0.17 a 
5 to 20 0.09 b 

† Means not followed by the same 
letter are different (p < 0.05). 

 

 

Table E4.  Field-level analysis of particulate 
organic matter (POM) nitrogen (N).  

Field POM-N, mg kg-1 † 

Cotton 43 
Foxtail millet 64 
Native grass 71 

Bluestem-LOW 54 
Bluestem-MED 63 
Bermudagrass 1 88 
Bermudagrass 2 93 

† Means not followed by the same letter 
are different (p < 0.05). 

 

 


