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ABSTRACT 

The Ogallala Aquifer is depleting faster than its recharge rate due to intense 

irrigation practices in the semi–arid Southern High Plains region. In addition, climate 

change is predicted to aggravate stressors on agricultural production globally. Some 

producers with reduced well output are opting to convert their cultivated cropland to 

pasture. The warm season grass ‘WW– B.Dahl’ old world bluestem [Bothriochla bladii 

(Retz) S.T. Blake] (Dahl) supports good stocker growth at 0.8 to 1.0 kg average daily 

gain, and inclusion of legumes such as alfalfa could potentially increase economic value 

due to higher gain; however, little is known of the contributions of alfalfa to 

sustainability of pasture systems in a low-irrigation environment. A field study in the 

Ogallala Aquifer region of the Texas High Plains (New Deal, TX) was conducted to 

measure water footprint, enteric methane emissions, soil compaction from grazing, and 

economic value of stocker steers consuming forages with and without legumes through 

two summer grazing trials. Six tester steers grazed 6 treatment pastures (3 blocks of 2 

treatments) during summer to collect animal performance data for the water footprint 

study and the economic analysis. Methane emissions were collected continuously during 

five, 24-hour periods from 18 steers (3 per pasture) using the SF6 technique.  

The inclusion of legumes increased animal liveweight gain in 2018 and 2019, and 

tended to reduce water footprint in both 2018 and 2019 with respect to total rainfall + 

irrigation water + drinking water. In 2019, a significant reduction in water footprint was 

observed with respect to effective rainfall + irrigation water + drinking water by 6.1 m3 

kg–1 ha-1. When observing enteric methane emission, legume inclusion showed no 

statistical difference among treatments; however, in 2019 a tendency of 10 g steer–1 day–1 
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decrease was observed. The inclusion of legumes also increased value of gain by $63.04 

head–1 when observing values from previous research (2015, 2016, and 2017) and 2018–

2019 data. High intensity trampling did not increase soil bulk density in 2018, but did in 

2019. Where there was high soil disturbance from trampling coupled with rainfall, soil 

bulk density increased to 1.50 g cm–3 immediately post–trampling and decreased to 1.40 

g cm–3 before the next grazing season in May 2020. Decreases in soil bulk density were 

observed with adequate grazing deferment periods between grazing seasons.  

Management of these systems determines its ability to perform functions and 

processes effectively and sustainably, especially in the Southern High Plains (SHP) 

where producers are faced with threats to these ecosystems such as land degradation and 

resource scarcity, because they rely heavily on irrigation, tillage, and chemical inputs to 

be productive. Grazing stockers with legumes can reduce overall water use, potentially 

decrease impacts on the environment, and increase profitability with respect to individual 

liveweight gain compared to grass only scenarios. Effective management is necessary in 

improving soil health and can provide a buffer to agricultural systems facing global 

climate change while continuing to regulate air, nutrient, and water cycling. 
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CHAPTER I 

 

INTRODUCTION 

 
The Ogallala Aquifer is one of the largest aquifers in the world covering 

approximately 450,000 km2 in portions of eight states in the United States (Buchanan et 

al., 2015). The aquifer is in south–central South Dakota, most of Nebraska, a small 

southeast portion of Wyoming, small portions of eastern Colorado and New Mexico, 

western Kansas, and the panhandles of Oklahoma and Texas (Figure 1.1).  

 

 

 

 

 

 

 

 

 

Figure 1.1 Ogallala Aquifer boundary with respective altitudes (USGS).  

 

The Ogallala is considered an unconfined aquifer, where most of its recharge 

derives from percolation of rainwater and snowmelt [Texas Water Development Board 

(TWBD), 2018]. The saturated thickness of the aquifer can range from approximately 6 

m to >300 m (TWDB, 2018), depending on location. Saturated thickness is the vertical 

thickness within which the aquifer’s pores are saturated with water (Schloss and 
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Buddemeier, 2000). The Texas High Plains (THP) region is a large area of relatively 

small saturated thickness (Figure 1.2). The Ogallala yields about 30% of the groundwater 

used in the United States (USDA, NRCS Aquifer Initiative, 2011), which supports 

irrigated agriculture on approximately 27% of the overlying land. 

 

 

 

 

 

 

 

 

Figure 1.2 Saturated thickness of Ogallala aquifer in 1975 and 2015 

(Ogallalawater.org).  

 

Forty nine counties (approximately 58,408 km2) within the THP lie directly over 

the Ogallala Aquifer, where agriculture relies heavily on its water to produce crops and 

cattle. Maximum saturated thickness in the THP region is about 243 m, with an average 

thickness of about 29 m (TWBD, 2018). There are over 170,000 wells in the Ogallala 

Aquifer from which water is pumped, of which >50,000 are located in the THP (TWBD, 

2018).  

Irrigated crops in the THP region are primarily cotton (Gossypium hirsutum L.), 

corn (Zea mays L.), grain sorghum [Sorghum bicolor (L.) Moench], and wheat (Triticum 

aestivum L.) (Weinheimer et al, 2013), with corn and cotton requiring the most water. 
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Confined cattle feeding operations for slaughter in the THP constitute 30% of the total 

U.S. beef produced (Weinheimer et al., 2013), which annually feed about 2.93 million 

head (Dec. 1, 2019, USDA–NASS, 2019) in feedlots and forage–fed systems. With 

saturated thickness decline due to widespread irrigation, reducing water extraction is vital 

to the continued profitability and water conservation of the THP and the Ogallala 

Aquifer. One alternative to current extraction rates is increasing hectares of forage and 

stocker grazing systems and reducing irrigated acres, thus reducing high water use (Allen 

et al., 2005). 

Previous research conducted in the early 2000’s compared water use, profitability, 

and economics of two systems; cotton with spring–terminated wheat, a cotton rotation 

with grazed wheat and rye (Secale cereal L.), and a grazing system using a perennial 

grass, old world bluestem WW–B.Dahl [Bothriochla bladii (Retz) S.T. Blake] (hereafter 

abbreviated as Dahl) (Allen et al., 2003). Grazing cattle and integrating cattle with cotton 

decreased water use by as much as 24% when compared to the cotton continuous culture 

(Allen et al., 2012, Johnson et al., 2013), however, a cotton monoculture system was 

more profitable (Johnson et al., 2013), where the cotton monoculture had a 10–year gross 

margin of $233 ha–1, and the integrated system had a 10–yr gross margin of $228 ha–1. In 

the first 4 yr of the analysis, the integrated system was more profitable by $36 ha–1 

(Johnson et al., 2013). However, with the introduction of Fiber Max type cotton in 2003, 

the profitability of the crop–livestock integrated system shifted to cotton being more 

profitable. Cotton lint yields were similar between both systems during the 10–yr period, 

with a 35% increase in yield from the first 4–yr to the next 6–yr.  
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The cotton system was more profitable per hectare by $151 when summed over 

the 10–yr due to lower production expenses of the extra tillage in the monoculture cotton, 

and grass seed production yielded an average gross revenue of $472 ha–1 in the 10–yr 

period (Johnson et al., 2013). The integrated system used 24% less water than the cotton 

monoculture. Where water is adequate for irrigation and producers use high–yielding 

cotton cultivars, cotton is more profitable than an integrated system with livestock 

(Johnson et al., 2013). However, with the use of 24% less irrigation, where irrigation 

water is decreasing in some of these producers’ systems, an integrated system could be a 

relatively profitable alternative (Johnson et al., 2013). In the Texas High Plains, 

according to 2016 and 2017 data for upland cotton, yields averaged 872.5 kg ha–1, with 

an average gross margin of $550.71 ha–1 (USDA–NASS, 2019). Alternatively, gross 

margin of $535 ha1 can be achieved with Dahl (Johnson et al., 2013), exhibiting similar 

profitability compared to cotton alone suggesting that grasslands can potentially be 

lucrative in the THP. 

When grazing cattle on forages, average daily gain (ADG) and liveweight gain 

(LWG) per hectare, when stocked at the pasture’s carrying capacity, are the components 

that drive profitability, components which are affected by diet quality (Bowen et al., 

2018; Van Soest, 1994) and quantity. Water footprint is the amount of water utilized to 

produce a given increment of yield, such as a unit of LWG. Baxter et al. (2017b) noted 

that the inclusion of high–quality forages increased steer ADG and reduced the water 

footprint associated with a kilogram of LWG.  

Further, forage biomass accumulation will increase with decreasing stocking rates 

(Bemet, 1969), while animal production per hectare can increase with increased stocking 
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rates up to an optimum point (Reardon, 1977). Forage allowance is the dry weight of 

available herbage per unit of animal live weight (Sollenberger et al., 2005). The intake of 

available forage and its concentration of digestible nutrients determine animal 

performance (Mott, 1960). At low stocking rates, animals can select forage because there 

is little competition; therefore, patch grazing is more apparent at low stocking rates. 

Conversely, at heavy stocking rates relative to forage availability, animal performance 

decreases because intake is limiting (Mott, 1960).  

Converting portions of cropland to annual or perennial pastureland, making 

complete pastureland conversions for grazing from cropping systems, and use of expired 

Conservation Reserve Program (CRP) land for grazing can help conserve water and 

improve other environmental services, such as improved soil structure, reduced soil 

erosion, and improved wildlife habitat (USDA–FSA, 2019). While pastures with native 

and non–native grasses Dahl–alfalfa ed with legumes can be a suitable alternative to row 

crops, they also offer water resource conservation, improved infiltration into soil, less 

evaporative losses of rainfall, and therefore increased plant water–use efficiency, 

increased carbon sequestration in the form of soil organic matter, minimal inputs 

(fertilizer, herbicide, irrigation), and reduced methane (CH4) emissions from livestock 

compared to grasses without legumes. The historical use of grass monocultures in the 

Flint Hills of Kansas has led to a narrow grazing window that is typically a 3 to 4 month 

grazing period in summer where high ADG of stocker steers is the main objective. 

Prolonging that window by including diverse forage species can decrease the costs of 

dietary supplementation and improve the animal diets.  
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Beef production practices have a clear impact on that commodity’s water 

footprint; however, there is another impact livestock production has on the environment 

which has been extensively studied in feedlot scenarios, but inadequately studied on 

pastures: greenhouse gas (GHG) outputs. Agriculture contributes about 9% of total U.S. 

GHG emissions, and 55% of that contribution is composed of CH4 from enteric 

fermentation in ruminant livestock (Pitesky et al., 2009). Roughly 250–500 g of CH4 per 

bovine per day is emitted. Higher nutritive value forages have been shown to decrease 

CH4 production compared to lower nutritive value hay. In general, the more highly 

fibrous a feedstuff, the lower its digestibility, and typically the greater the CH4 

production (Chung et al., 2013; Mitchell–McCallister et al., 1996; McCaughey et al., 

1999; Moss et al., 2000). Therefore, pastures with legumes such as alfalfa (Medicago 

sativa L.) may reduce enteric CH4 production due to greater digestible organic matter in 

the diet. My research addresses the impacts of incorporating legumes in perennial 

pastures on water footprint, enteric CH4 emission, and soil compaction. Therefore, this 

research tests the hypotheses that growing Dahl with the legume alfalfa in combination 

with a grazed annual forage, increases ADG and profitability, while reducing CH4 

emissions from grazing cattle. 

Understanding the effect of grazing livestock with alfalfa (Medicago sativa L.) 

and its efficiencies on forage production, animal performance, water conservation 

(particularly water footprint), effects on enteric methane emission, and profitability 

compared to a grass only scenario is important so that scientists can make 

recommendations to producers on whether the integration of high quality forages is 

appropriate for their operations. Further, the Texas High Plains rangelands are 
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historically a perennial shortgrass ecosystem comprising of forages such as buffalograss 

(Buchloe dactyloides Nutt.), blue grama (Chondrosum gracile Willd.), and sideoats 

grama (Bouteloua curtipendula Michx.) (Gould, 1975; Allen et al., 2008), as well as a 

variety of perennial and annual forbs and shrubs. These forages perform well for native 

range grazing, however, in more intensive, rotational grazing management strategies, 

they may not perform as well as an improved species such as an Old World Bluestem. 

Since producers are going to harvest beef off these acres rather than a crop, they will 

consider both biomass production and water use efficiency (WUE) before adopting new 

forages (Philipp et al., 2007).  

To create more sustainable agricultural systems, we must understand how both 

aboveground (plant and animal) and belowground (soil) components interactively 

regulate soil health and ecosystem processes such as water use and GHG emissions, 

while being profitable. There is a need to execute whole–systems approaches to evaluate 

the tradeoffs or benefits between soil, plant, and animal components in improved pasture 

systems. 

The objectives and hypotheses associated with knowledge gaps were as follows;  

Objective 1.) to determine if supplying limited water to high–quality legumes results in 

more efficient overall forage to LWG conversions, and to determine the water footprint in 

relation to LWG.  

Hypothesis 1.) The inclusion of legumes such as alfalfa into Dahl increases 

rate of animal weight gain over a grazing season when compared with grass–

only pastures thanks to greater nutritive value compared to Dahl only.  
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Hypothesis 2.) Dahl–alfalfa pastures may require as much or more irrigation 

than grass–only pastures for favorable growth (Baxter et al., 2017b), but 

greater concentrations of digestible energy and crude protein in the Dahl - 

alfalfa mixture enhance gain per animal proportionately more, resulting in 

lower water footprint per unit of weight gain.  

Objective 2.) To examine the profitability and income avenues for producers in the THP 

when raising yearlings on pasture during summer months, and deduce whether there was 

a pattern in cattle market fluctuations over a 5–yr period with respect to optimizing the 

timing of buying and selling, and at what weight, to maximize value of gain.  

Hypothesis 1.) The addition of alfalfa will increase profitability because 

ADG will be greater than with Dahl–only systems, and nitrogen fertilizer 

input is not applied.  

Hypothesis 2.) Purchased yearlings impose more risk than contract yearlings 

in regard to profitability; however, are more profitable over the long term 

owing to larger margins. 

Objective 3.) To determine if the inclusion of alfalfa decreases CH4 emission from 

stocker steers with respect to CH4 emission per kg of ADG and emission per kg of dry 

matter intake, and to determine if there was a relationship between percentage of alfalfa 

in the diet and the daily rate of CH4 emitted during the collection period. 

Hypothesis 1.) The crude protein concentration of the diet does not limit steer 

growth in Dahl–alfalfa pastures compared to Dahl–only pastures early in the 

grazing season because of high proportions of alfalfa present in the pasture.  
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Hypothesis 2.) Organic and dry matter digestibilities are increased in Dahl–

alfalfa pastures compared to Dahl–only pastures, and therefore decrease CH4 

emissions per animal and per unit of dry matter intake, owing to likely higher 

passage rates through the rumen. 

Hypothesis 3.)  Organic matter digestibility is increased with the inclusion of 

more–digestible forages such as alfalfa, with greater forage intake in Dahl 

pastures compared to Dahl–alfalfa pastures. 

Hypothesis 4.) The proportion of alfalfa in the diet will vary over time 

depending on alfalfa proportion in the available forage, which is expected to 

decline as the grazing season progresses and differ between years.  

Objective 4.) To quantify the effect of brief cattle trampling at moderate stocking 

densities on soil bulk density in pearl millet, and determine if cattle have a cumulative 

(year on year) effect on soil bulk density in no–till annual forage crop systems. 

Hypothesis 1.) After the first year, since there will be no tillage between 

planting of pearl millet, soil bulk density will increase in the second year 

immediately post–trampling, and the soil bulk density will decrease after the 

cattle are removed from pastures due to natural recovery processes until the 

next trampling event.  
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CHAPTER II 

 

LITERATURE REVIEW 

 
Overview of the Texas High Plains Ecoregion 

The THP is a semi–arid steppe ecoregion (USDA–MLRA, 2006), with daily mean 

temperatures ranging from 10°C in January to 30°C in July (UDSA–FS, 2004), and 

average annual precipitation of around 375 to 550 mm with large fluctuations among 

years (USDA–MLRA, 2006). Most rainfall occurs at high intensity in the later spring 

months and early in the fall with a freeze–free period of about 225 days (USDA–MLRA, 

2006). Much of the land in the southern part of the THP (or Southern High Plains) is used 

for annual crop production. The USDA–MLRA (2006) reported that land use of this 

ecoregion consists of cropland (73%), followed by grassland (23%), urban development 

(3%), and other land uses (1%). Income for producers is primarily from cotton 

[Gossypium hirsutum L.] and grain sorghum [Sorghum bicolor (L.) Moench] in the 

southern portion of the THP, and wheat [Triticum aestivum L.], corn [Zea mays L.], and 

grain sorghum in the northern portion of the THP. Confined animal–feeding operations 

(CAFOs) are also economically important to the northern THP (USDA–MLRA, 2006). 

Agriculture in the THP ecoregion largely depends on water from the Ogallala 

Aquifer for irrigation, causing water withdrawals in this area to greatly exceed the 

aquifer’s recharge rate (Scanlon et al., 2012). Total withdrawals are estimated at about 

14,385 liters per day with 76.1% used for irrigation and 0.2% used directly for livestock 

(USDA–MLRA, 2006). Estimates predict that most of the aquifer in the THP will be 

depleted from as soon as 2028 to as late as 2050 attributable to irrigated agriculture, and 

in some areas, there is already effectively complete water depletion for pumping 
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purposes. Once the aquifer is depleted, it is estimated to take >6,000 yr to recharge from 

natural rainfall and will leave >2 million people without domestic water (Dennehy, 

2000). Therefore, it is imperative that producers in the THP reduce rates of water 

extraction from the Ogallala Aquifer. One alternative for producers to reduce water use in 

this region is to convert high–water–use cropland to low–water–requiring grasslands for 

livestock production.  

 

Cropland Conversions 

The Conservation Reserve Program (CRP) is administered by the USDA Farm 

Service Agency, whereby producers are paid a subsidy to convert erosion–prone land 

from agricultural production to normally non–harvested, non–grazed grassland or 

woodland to prevent erosion, improve soil health, increase water infiltration, and restore 

wildlife habitat (USDA, 2014). Landowners enter a 10–15 yr contract during which 

infrequent grazing or haying can potentially be included in a plan of operation, which is 

monitored by a Natural Resource Conservation Service (NRCS) specialist (Bigelow et 

al., 2020).  

The THP ecoregion has major soil resource challenges due to high winds which 

exacerbate wind and water erosion, and loss of organic matter, soil moisture, and 

productivity (USDA–MLRA, 2006). Conversions of cropland to CRP, along with 

implementing agronomic conservation practices, such as not incorporating crop residue, 

no–till, cover crops, windbreaks, and vegetative wind barriers, are important to sustaining 

of land productivity (USDA–MLRA, 2006). Utilization of grazing or haying a particular 
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parcel of CRP land under contract is dependent on its erosion severity index. For 

instance, if the index is high, less of the CRP land can be utilized for grazing or haying.  

Conversions from cropland to grassland for cattle production or for conservation 

programs is common in the US because of low crop prices, increasing production costs, 

and reduced pumping capacities. According to the 2017 Census of Agriculture, the 

amount of cropland in the United States decreased from 369 million ha in 2012 to 364 

million ha in 2017 (USDA, 2017), and the amount of pasture and rangeland in CRP 

decreased from 10.9 million ha to 8.9 million ha (USDA, 2017). Moreover, with 

declining water resources, especially in the THP, these conversions are occurring more 

rapidly as the water resources diminish. Lowered crop prices have historically increased 

conversions since the 1980s with the enrollment of former cropland into the CRP 

program (Bigelow et al., 2020), while exiting and re–enrollment of CRP acres were 

negatively correlated with commodity prices (Bigelow et al., 2020). For example, low 

crop prices during 1997‒2007 corresponded to periods where conversion rates from 

expired CRP contracts back to cropland remained low (Jones et al., 2013), such that low 

commodity prices kept producers from converting expired land back to cropland and the 

likelihood of re–enrollment was high. Consistent with that correlation, Morefield et al. 

(2016) observed high CRP–to–cropland conversions when corn prices had reached their 

all–time high in 2012. This suggests that CRP and land use are mainly driven by 

commodity prices. 

Several studies have addressed the use of post–contract CRP land (Figure 2.1). In 

1994 the Soil and Water Conservation Society found in a national survey that 56.3% of 

respondents in the Southern High Plains returned CRP area to crop production (Osborn et 
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al., 1994). A recent study conducted by the United States Department of Agriculture 

Economic Research Service (USDA–ERS) monitored re–enrollment and post–CRP 

management decisions during 2013–2016 (Bigelow et al., 2020, Figure 2.1). The majority 

of expiring contracts did not re–enroll in the program in any of the 4 yr. The re–

enrollment rate in Texas was around 21% (Bigelow et al., 2020). They also found that 

from 2013 to 2016 about 59% of expiring grassland CRP area, 60% of expiring wildlife 

habitat area, and 65% of expiring wetland area returned to annual cropping (Bigelow et 

al., 2020).    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Fate of expiring CRP acreage between 2013 and 2016. The left side 

summarizes cover area while enrolled in the CRP program. The right side shows the 

fate of the retired areas (Bigelow et al., 2020), indicating a massive shift to annual 

cropping.  

 

Further, with the 2014 Farm Bill, funding reductions have decreased re–

enrollment in the U.S. from 14.2 million ha (1995) to 9.5 million ha (2017) (USDA, 

2020), while, in contrast, the CRP area in Texas increased from 485,000 ha in 2016 to 

slightly over 1 million ha in 2017 (Stubbs, 2014). In 2016, Lubbock County alone had a 
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10,500 hectare enrollment (USDA, 2020), and in 2018, Texas had the greatest expiring 

land area nationwide, with most CRP area located in the Texas Panhandle. The area to 

expire in Texas in 2020 is 312,000 ha (USDA, 2020), with 1,933 ha located in Lubbock 

County. In 2020–2023, total contracts due to expire in Lubbock County will total 9,344 

ha (USDA, 2020). For continued ecological benefits of the expired CRP land (not re–

enrolling) to continue, expiring land must be kept as grasslands used for other low–

intensity agricultural practices including pastures for livestock grazing, or haying. 

The benefits of grasslands extend further than mitigating soil erosion, and 

positively influence overall soil health (Li et al., 2017). Therefore, converting back to 

cropland with conventional tillage would rapidly diminish soil organic carbon (SOC) 

stocks and microbial populations (Kallenbach et al., 2016). Providing incentives for 

landowners to convert annual cropland to perennial plant cover and keep land with 

expiring CRP contracts in grasses for livestock production would be advantageous for 

prolonging the usable life of the Ogallala Aquifer, increasing the soil water–holding 

capacity, and maintaining SOC stocks (Cotton and Acosta–Martinez, 2018). 

 

Establishment of Grasses in the Texas High Plains 

The decline in water production from the Ogallala Aquifer has accentuated the 

need for research on improving the efficiencies of irrigation and crop water use, while 

expanding the area of dryland crop production. Forage–based beef production can be an 

economical, resource–efficient component of a diversified farm enterprise in the THP 

compared to only producing row crops. Further, integrating row crops and beef 
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production could be lucrative in years when cotton or grain prices are low, and cattle 

prices are high.  

Establishing grasses in formerly cultivated areas has been a challenge owing to 

unfavorable environmental conditions of most semi–arid soils (Li et al., 1999), where 

water availability is the most limiting factor in crop production (Laurenroth et al., 1978). 

Lack of rainfall in dryland systems reduces the success of cultivated crops and grass 

establishment because of degraded soils, eroded topsoils, and depleted nutrients, 

especially where nutrient and soil carbon losses have exceeded inputs (Lal, 2004). By 

converting irrigated cropping systems to low–irrigation pastures for beef cattle, producers 

can realize income and prolong the usable life of the aquifer. Alternatively, converting 

parts of cropland to grazing land while retaining some cropland can provide an 

alternative source of income by stacking diverse enterprises (Allen et al., 2005, 2012).  

Once the decision to convert cropland to a pasture is made, determining the best 

options for planting becomes important. Typically, cultivars of grasses that have a long 

history of use as forage crops are planted, and the use of native grasses or non–native 

species in planted pastures is common. Planting native grasses that predated row–crop 

agriculture is not as common as establishing grasses that have been developed as 

improved forage cultivars (Li et al., 1999).  

The meaning of “improved pastures” in this context is that there had been some 

degree of genotypic and phenotypic selection of a grass population for desirable growth 

and/or quality traits, which usually entails species that are not native to a particular 

region. Perennial bunch grasses that are drought tolerant and relatively high in crude 

protein (CP) concentration and digestibility during the early summer months are the most 
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desirable species for producers (Redfearn, 2013); therefore, grasses such as old world 

bluestems (Bothriochloa spp.) are common in Texas improved pastures. Old world 

bluestems are drought tolerant (Dewald et al., 1995; Redfearn, 2013), have high 

production values, have soil–regenerating abilities, can promote water conservation in 

limited–irrigation pastures (Allen et al., 2012; Philipp et al., 2007), have high growth 

rates compared to native grasses, are compatible with limited chemical inputs (Johnson et 

al., 2013), and have adapted well to the THP, despite not having evolved there. There are 

several cultivars of old world bluestems (Dewald et al., 1995; Eck and Sims 1984), but 

determining the cultivars of forage to plant in improved pasturelands in THP can be 

difficult. 

Cultivars of old world bluestems planted in the THP originated from Asia, and are 

tolerant of low water supplies and cold, resistant to diseases and insects, palatable to 

livestock, and can withstand close, repeated grazing (Dabo et al., 1987; Redfearn, 2013). 

The three main cultivars extensively used in the THP are WW–Spar (B. ischaemum L.), 

WW–B.Dahl [Bothriochla bladhii (Retz) S.T. Blake] (hereinafter abbreviated as Dahl), 

and Caucasian bluestem [B. bladhii, formerly B. caucasica (Trin.) C.E. Hubbard], each 

having various advantages and disadvantages (Dabo et al., 1987; Redfearn, 2013). For 

example, Dahl has a later maturity (late flowering), which delays the decline in leaf to 

stem ratio during mid–late summer, but is not as cold tolerant as Caucasian, therefore 

may not retain vigor in the more freeze–prone areas of the THP (Redfearn, 2013). WW–

Spar is winter hardy and the most drought tolerant, but matures early (Dabo et al., 1987; 

Redfearn, 2013). Caucasian bluestem is the most productive and winter hardy; however, 

it is the least palatable among the three cultivars (Dabo et al., 1987; Redfearn, 2013). 
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While Dahl does not survive well north of Lubbock County, it does have the greatest leaf 

to stem ratio, and is high yielding (McCollum, 2000). Dahl has a longer grazing season, 

which is especially desirable in the THP where high average daily gain (ADG) from late 

spring through early fall is a major production goal of stocker producers.  

Dahl generally has 1 to 2 percentage–point greater CP concentration than the 

other old world bluestems with concentrations of 9 to 12% from May‒July (Allen et al., 

2005). Dahl persists well in the THP area thanks to its ability to establish relatively easily 

on a wide variety of soil types (Sims, 1988). Dahl readily produces seed in late summer 

to early fall if soil moisture is available, allowing for harvesting of the seed as a potential 

additional income avenue (Allen et al., 2005). The advantage of maintaining a leafy 

canopy into mid and late summer is its desirable nutritive value for animal consumption 

for a longer period, as well as providing additional income from seed harvests in the fall 

(Allen et al., 2005; Johnson et al., 2013). This cultivar also inhibits pasture infestations 

by fire ants (Solenopsis invicta Buren) and harvester ants (Pogonomyrmex spp.) 

(Bhandari et al., 2018). 

Dahl is a desirable forage resource option for producers wanting to convert to 

grasses in the THP and can be productive in both low irrigation and dryland scenarios.  

 

Water Footprint 

Water footprint is the volume of water provided as an input or consumed per mass 

of a given output (Chapagain and Hoekstra, 2004; Hoekstra and Hung, 2002). The water 

portion of that ratio (numerator) can be partitioned into various sources or uses such as 

diverted or stored groundwater and surface water (blue water), precipitation stored in the 
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soil (green water), and water that is degraded by pollution or used to dilute waste to 

usable standards (gray water) (Chapagain et al., 2006). A life–cycle accounting of some 

or all of those water inputs associated with the production, processing, transport, and 

disposal of a commodity results in the water footprint ratio of water volume to output of 

commodity mass (e.g. a unit of lint, grain, meat, milk, eggs, etc.). The water footprint of 

cotton lint can range from about 1.47 m3 kg–1  (Mekonnen and Hoekstra, 2010) to about 

10.06 m3 kg–1 (Chapagain et al., 2006), with 56% of this value attributed to the crop 

production stage, and 44% to the ginning and textile phases (Chapagain et al., 2006). 

Approximately 42% of that value is blue water (ground and surface).  

When assessing animal products, such as beef, the growth phase of the animal 

from birth to slaughter is much longer than of a crop like cotton. In stages where the 

animal is consuming only or predominantly forages, specifically in the cow–calf and 

stocker phases, water footprint of blue water is much lower (about two–thirds lower, 0.22 

m3 kg–1) than in the feedlot phase because of the latter’s high dietary content of 

concentrates (Gerbens–Leenes et al., 2013). Feed concentrates have a significant water 

footprint and need for blue water as irrigation for profitable yields (1.1 m3 kg–1). Cattle 

consume from 11 to 113 liters of water per day, therefore drinking water is included in 

the water footprint accounting in both scenarios (grass–fed and feedlot).   

Previous studies have evaluated and affirmed the environmental and economic 

value of Dahl in water use, productivity, forage nutritive value, soil quality, and grazing–

system energy consumption under limited–input conditions (Acosta–Martinez et al., 

2010; Allen et al., 2005, 2012; Baxter et al., 2017b; Johnson et al., 2013; Fultz et al., 

2013; Philipp et al., 2007; Zilverberg et al., 2012). Dahl was considered a practical choice 
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as a warm–season perennial grass under limited irrigation (Allen et al., 2012) in the THP 

compared to other perennial grasses for conserving water within forage–based beef 

production systems while integrating it with row–crop production.  

It is important to note that row crops typically yield substantially less when they 

are water stressed (Fischer, 1980), and popular crops grown in the THP such as cotton, 

require about 516 mm of water in a growing season for high yields (Chapagain et al., 

2006). An advantage of implementing old world bluestems into irrigated production 

systems is that their nutritive value, vigor, and persistence can be maintained in the midst 

of water stress and low water input. 

 

Alfalfa Interseeded into Dahl 

While there are many advantages of Dahl, there are some limitations. For 

example, warm–season perennial grasses, especially during their reproductive stage or if 

they are water stressed in late summer, have CP concentration and dry matter digestibility 

that are diminished to levels that limit cattle growth (Philipp et al., 2005). Therefore, the 

inclusion of leguminous species can improve the forage nutritive value for cattle 

throughout the entire grazing period (Cui et al., 2013) under limited irrigation, as well as 

reduce or eliminate nitrogen (N) fertilizer requirements thanks to biological N fixation.  

Previous research conducted at the Texas Tech Forage–Livestock Research 

Laboratory near New Deal, TX has shown that inclusion of the legumes alfalfa and 

yellow sweetclover [Melilotus officinalis (L.) Lam.] resulted in steer ADG of 0.94 kg d–1 

compared to grass–alone (mostly Dahl) systems with 0.79 kg d–1, with gain per area 

being 211 kg ha–1 with legume inclusion compared to 132 kg ha–1 in grass–only pastures 
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(Baxter et al., 2017a). Interestingly, the water footprint associated with LWG also 

decreased with the inclusion of legumes, even though alfalfa is typically a high water–

consuming species (Baxter et al., 2017b). Water footprint was 2.4 m3 kg–1 in the legume 

Dahl–alfalfa  compared to 3.3 m3 kg–1 in the grass–alone treatment (Baxter et al., 2017b). 

Research is needed to confirm the results of Baxter et al. (2017a,b) and better predict the 

situations under which a normally management–intensive species like alfalfa would 

reduce the water footprint and enhance system profitability.  

 

Alfalfa Inclusion Impact on Animal Performance 

Forage management is another potential approach to mitigating CH4 production, 

such as the inclusion of leguminous species, particularly alfalfa. Alfalfa grown under 

limited irrigation improved the forage quality over perennial warm–season grasses for 

cattle growth throughout a summer grazing period (Cui et al., 2013) at the Texas Tech 

Forage–Livestock Research Laboratory in New Deal, TX. Further research showed that 

inclusion of alfalfa and yellow sweetclover resulted in steer ADG of 0.94 kg d–1 

compared to grass–alone (mostly Dahl) systems with 0.79 kg d–1, with gain per area 

being 211 kg ha–1 with legume inclusion compared to 132 kg ha–1 in grass–only pastures 

(Baxter et al., 2017). Alfalfa inclusion in the diet delivers a greater flow of digestible 

nutrients in support of animal growth than warm–season grass alone. 

Kopp et al. (2003) found that alfalfa and smooth bromegrass (Bromus inermis 

Lyess.) resulted in greater CP concentration than grass–only in that the Dahl – alfalfa 

pasture had 13.3% CP in the first cut compared to 8.3% in pure grass. The alfalfa portion 

had lower NDF and ADF concentrations when compared with pure bromegrass. Cool–
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season and annual species are generally higher in nutritive value than warm–season 

grasses and perennials (Ball et al. 2001). Alfalfa is a cool–season legume, for which 

ruminal degradability of organic matter was greater in alfalfa silage (73.3%) than in 

timothy (Phleum pratense L.) silage (66.9%) (Hassanat et al., 2014). Dry matter intake 

and CP digestibility also increased with greater amounts of alfalfa silage in the diet. 

Legumes are low in total fiber (NDF), digest quickly, and have reduced the amount of 

CH4 (g kg–1 d–1 DMI) emitted from animals when in the diet compared with grass–only 

diets (McCaughey et al., 1999; Waghorn et al., 2002). Therefore, pastures with legumes 

such as alfalfa may increase animal performance, potentially resulting in increased 

profitability.  

 

Pearl Millet 

In situations where producers choose not to convert all their cropland to perennial 

pasture, but still want to stack enterprises with grazing during the summer months, the 

use of an annual warm–season grass can be an option. Pearl millet [Pennisetum glaucum 

(L.) R. Br.] is an annual warm–season forage grass that can yield well with minimal 

nutrient inputs and can develop and persist whether irrigated or dryland (Bhattarai et al., 

2019; Singh et al., 2017), with a water requirement of 400–600 mm. It has favorable 

concentrations of CP and in vivo digestibility in grazing cattle (Andrews and Kumar, 

1992), and has had an average observed in vitro dry matter digestibility (IVDMD) of 713 

g kg–1 in the THP region (Bhattarai et al., 2020a).  

Pearl millet is relatively drought tolerant compared to other warm–season annual 

forages due to its deep rooting depth of 1.5 m (Faye et al., 2019). This rooting behavior is 
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directly related to water availability and soil texture and structure (Faye et al., 2019). 

Pearl millet also has a moderate water use efficiency (WUE) averaging about 89.5 kg of 

DM ha–1 mm–1 in the THP (Bhattarai et al., 2020b). Pearl millet produces leafy tillers and 

its growth is favored at 25‒35oC (Marsalis, 2012).  

Pearl millet can be established in a variety of soil types in mid–late spring, and if 

grazed moderately, can support two to three grazing rotations (Andrews and Kumar, 

1992). To produce enough regrowth for more than one grazing bout, producers should 

start the first grazing before the boot stage and remove cattle at a residue height of about 

15 cm (Andrews and Kumar, 1992). Pearl millet forage yield has been observed in the 

THP to attain 3890 to 6000 kg ha–1 when three cuts were made at 30–d intervals 

(Machicek, 2018). A highly desirable trait of pearl millet for grazing situations is the 

absence of prussic acid toxicity, in contrast to annual forage types related to sorghum 

[Sorghum bicolor (L.) Moench], and its virtual absence of tannins, which reduce protein 

degradability in the rumen (Gulia et al., 2007).  

 

Cattle in the Texas High Plains 

The THP consists of 26 counties with Amarillo, TX being the primary trade 

center for agricultural industries, particularly beef. Agricultural land within the THP 

includes more than 5.2 million ha, with 3.2 million ha comprising pasture (Amosson et 

al., 2012). This region is known as one of the largest beef producers in the U.S. Confined 

animal feeding operations (CAFOs) make up the largest type of producers of fed cattle, 

which receive high–concentrate diets (Steiner, 2015). In addition, cow–calf and stocker 

cattle operations are also a large part of the economy, where three quarters of a million 
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stocker cattle were fed on winter wheat 2013–2017 (Benavidez et al., 2019). The value of 

fed beef exceeds that of swine, lamb, and poultry production, averaging more than $2.4 

billion annually during 2013‒2017 and a 28% increase during 2009‒2012, with the 

stocker market value averaging around $409 million annually (USDA–NASS, 2019).  

Cattle feeding in CAFOs will continue to be a driving force in the livestock 

industry for the THP with an average of 2.2 million head of cattle on feed and over 4 

million marketed annually (USDA–NASS, 2019). In the 1970’s, the cattle industry in the 

THP grew exponentially, and then stabilized in the early 2000’s. There was a small 

decline in annual numbers in 2013–2017; however, this was likely attributed to the trend 

toward heavier slaughter weights and longer feeding periods (Benavidez et al., 2019). 

Over the years, livestock production has increased feeding efficiencies, resulting in 

reduced costs of inputs for increasing liveweight gain. Confined feeding operations have 

a few million head of cattle on feed at any given time, and as long as the demand for 

feedlot cattle is stabilized, cow–calf operations will continue to meet the demand and 

produce more young cattle (Benavidez et al., 2019).  

The economic impact of CAFOs in the THP does not stop at the feedlot. 

Industry–leading meat packers have large plants with thousands of workers. The packers 

include facilities such as JBS, Cargill, Tyson, and smaller family–owned packers like 

Edes and Caviness, which can process 2,600 head per day (Benavidez et al., 2019). The 

transportation industry also benefits from CAFOs and processing plants. Cattle must be 

shipped from the cow–calf operations to the feedlots, and then transported to the packers 

after feed–out. Once processed, the meat and by–products are sold to consumers and 

shipped all over the US and the world (Benavidez et al., 2019).  
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As the Ogallala Aquifer continues to decline, a new era of cattle feeding is on the 

horizon. About 28.6% of the agricultural water use in this region can be attributed to the 

beef industry, with much of that usage being used, directly and indirectly, in the CAFO 

sector (Guerrero et al., 2013). A large amount of that water use is indirectly due to the 

CAFO’s dependability on feed grains. Stocker operations typically graze dryland or 

limited–irrigation land; therefore, their water usage is minimal when compared to that of 

CAFO’s. Currently, the stocker industry is not as large as the feedlot industry, with only 

0.75 million head in the 26–county area accounted for in 2013–2016. A large portion of 

these stockers graze winter wheat pastures near the feedlots in which they will be finished 

and fattened (Benavidez et al., 2019).  

The large indirect water usage associated with feeding cattle can be credited to the 

concentrate diets derived from crops such as corn, grain sorghum, and various crop by–

products, which annually require 450‒600 mm of water depth for production (Guerrero et 

al., 2013). With groundwater decline, there is increasing importance placed on reducing 

the amount of nonrenewable water associated with feed production. Not only does 

stocker cattle production offer a potentially financially competitive alternative for 

enterprise stacking in areas where pumping capacities have been greatly reduced, it could 

also contribute to lowering the cost of weight gain by shortening the feeding period, and 

contribute to reducing the beef life–cycle water use. Light stocker cattle can experience 

high compensatory growth at starting body weights of 180, 225–230, and 275 kg (Brazle, 

2000). These lighter weights have the ability to gain substantially faster than steers in the 

275–320 and 320+ kg body–weight groups (Brazle, 2000). Fall–born steer calves gained 
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slower than spring–born yearling steers, showing that maximum weight gain for stocker 

cattle was achieved when grazing native grass for less than 100 days (Brazle, 2000).  

The goal of stocker producers to increase profitability is by maximizing ADG 

with reduced costs of feeding forages. Furthermore, the ADG on these forages depends 

on their nutritive value, and limiting factors include dry matter digestibility, irrespective 

of whether the calves come directly from the cow–calf operation or were fed grain prior 

to foraging (Beck et al., 2013). Steers grazing winter wheat can gain 0.9 to 1.8 kg d–1 

(Beck et al., 2013), and steers grazing Dahl can gain 0.65 to 1.04 kg d–1 (Baxter et al., 

2017a). The inclusion of a legume such as alfalfa can increase ADG by 0.24 kg d–1 or 

more (Baxter et al., 2017a). Grazing wheat in the THP is usually done from November to 

March (Segarra et al., 1994), and grazing of Dahl from May to August or September 

(Allen et al., 2005). Thus, the timing of grazing has a large impact on animal 

performance as well. If a pasture is predominantly warm–season perennial forages, 

grazing during colder months when the forage is dormant, and quality is lower will 

inhibit animal performance compared to months when the forages are actively growing.  

Forage biomass accumulation will increase with decreasing stocking rates 

(Bemet, 1969), while animal production per hectare can increase with increased stocking 

rates up to an optimum point (Reardon, 1977). Forage allowance is the dry weight of 

available herbage per unit of animal live weight (Sollenberger et al., 2005). The intake of 

available forage and its concentration of digestible nutrients determine animal 

performance (Mott, 1960). At low stocking rates, animals can select forage because there 

is little competition; therefore, patch grazing is more apparent at low stocking rates. 
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Conversely, at heavy stocking rates relative to forage availability, animal performance 

decreases because intake is limiting (Mott, 1960).  

 

Soil Health 

Soil health refers to a soil’s capacity to function as a living ecosystem that is vital 

to sustaining plants, animals, and humans in a particular ecoregion (Doran, 2002). 

Maintaining soil health to enhance or sustain plant and subsequent animal productivity 

while enhancing water and air quality is vital in the optimization of increased plant and 

animal productive capacity (Doran, 2002). Further, soil is affected by management and 

land–use decisions (Doran, 2002). Litter retention on the soil surface slows soil moisture 

loss from the upper couple centimeters of the soil (Winkel and Roundy, 1991), which 

helps maintain favorable soil moisture and temperature levels and allows seedlings to 

become well established. When seedlings are establishing, it is important that deep roots 

and multiple tillers form before grazing starts to assure vigorous regrowth after grazing 

events. The amount and type of vegetative cover influence hydrological functions of the 

soil (Blackburn, 1975; Thurow et al., 1986), particularly with midgrass and tallgrass 

species that resemble Dahl.  

Grazing, especially at high stocking densities, increases soil bulk density (Warren 

et al., 1986); however, favorable water infiltration rates can be sustained with proper 

grazing management practices that maintain adequate vegetative cover (Russell 

and Bisinger, 2015) and that allow for soil–compaction recovery. High bulk density 

causes reduced pore space and less aerobic micro–environments, resulting in 

denitrification, less mineralization of organic N, loss of organic N, and leaching of nitrate 
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(Duiker, 2004). Rotational stocking can result in less bare ground, thanks to reduced 

overgrazing and patch grazing, thereby promoting rapid plant recovery after grazing, 

compared to continuous year–round stocking (Teague et al., 2008).  

Measuring bulk density is the easiest and most relevant, quantitative method of 

assessing soil compaction (Van Haveren, 1983). Grazing annual forages established via 

conservation tillage has raised concerns about soil compaction. Since grazing has been 

shown to increase soil bulk density (Warren et al., 1986) without tillage between 

plantings with annual forages, there may be a year–to–year cumulative soil compaction 

problem in clay–loam soils. This could be attributed to less exposed soil in perennial 

pastures compared to annual systems, where plants are less deeply rooted for exploring 

the soil for water and nutrients, and where there is little to no plant residue on the soil 

surface to decrease the destructive forces of raindrop impacts.  

Soil porosity is a driver of greenhouse gas fluxes between the atmosphere and the 

soil. Tillage has been shown to change soil porosity, where soil gas fluxes are affected, 

particularly when focusing on carbon dioxide (CO2). Furthermore, reduced tillage 

increases SOC sequestration and reduces soil organic matter oxidation compared with 

conventional tillage (Lal and Kimble, 1997; Follett, 2001; West and Post, 2002). 

Additionally, degraded soil structure and tillage disturbances have an inhibitory effect on 

soil CH4 oxidation when compared to native grassland soils (Mosier et al., 1991; Ojima et 

al., 1993), where the uptake of CH4 is reduced in tilled ecosystems. A major atmospheric 

component contributing to climate change is CH4, whose relative global warming 

potential is 28 times that of CO2.  
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Tillage upsets the ecosystems where methanotrophic (CH4–consuming via 

oxidation) bacteria thrive (Hutsch, 1998a; Willison et al., 1995), such that the macro and 

micro–pores within a soil volume (where CH4 oxidation to CO2 occurs) are disturbed and 

sometimes destroyed (Conrad, 1996). Frequent tilling and disturbance decreases soil 

structure and aggregation. Further, the oxidation of CH4 is substrate–dependent; 

therefore, the rate of transport of CH4 is regulated by soil structure and linked directly to 

soil aggregation, air–filled porosity, and geometry of peds (Dorr et al., 1993, Kruse et al., 

2013). Therefore, soil compaction strongly reduces CH4 uptake and oxidation by 

methanotrophs, and could possibly induce net emission from soil by creating a favorable 

environment for methanogens (CH4–generating via reduction).  

Deferment of grazing, regardless of whether in an annual or perennial 

management system, may allow soil bulk density to recover (decline) after a high–

stocking–density grazing bout. Shaver et al. (2016) found no consistent impacts of 

grazing on soil bulk density after 20–yr of spring and fall grazing of corn residues. 

Grazing of corn residues did not decrease corn grain yield when there was sufficient time 

and plant regrowth between grazing events (Shaver et al., 2014). Therefore, 

understanding the required deferment period to mitigate compaction and re–establish 

surface cover will inform how to establish perennial and annual grasses, as well as 

improve soil health, maximize carbon sequestration, and maximize water infiltration 

rates. 
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Enteric Methane Emissions 

Beef production practices have a clear impact on water footprint and soil 

compaction. There is another impact by livestock production on the environment which 

has attracted extensive study in feedlot systems, but not so extensively on pastures: 

outputs of the GHG’s CH4 and N2O. Climate change is predicted to aggravate stressors on 

agricultural production globally (IPCC, 2014) and in the U.S. Southern Plains region 

(Steiner et al., 2018) owing to increased emissions of GHG. Agriculture contributes about 

9% of total U.S. greenhouse gas emissions (EPA, 2018), with CH4 from enteric 

fermentation in livestock making up about 55% of that emission when expressed as CO2 

equivalents (Pitesky et al., 2009). 

Methane has 28 times more global warming potential than that of CO2 (IPCC, 

2014), and the concentration of CH4 in the atmosphere has increased 143% in the last 

century, while CO2 has increased about 33% (IPCC, 2013). These gases make up the 

largest proportions of gases produced in the rumen and reticulum, and the proportion of 

each is dependent on rumen microbial ecology and fermentation substrate (Sniffen and 

Herdt, 1991). Ruminant livestock emit 179 to 358 g of CH4 per head per day (Johnson 

and Johnson, 1995).  

Ruminants do not produce enzymes in the rumen to digest fibrous feedstuffs. 

They provide an environment in which microorganisms, mainly bacteria, secrete enzymes 

that degrade fibrous carbohydrates during fermentation. Ruminants then utilize the end–

products from fermentation and microbial biosynthesis for energy (Van Soest, 1994). The 

animal ingests feed which is delivered to the reticulo–rumen via the esophageal orifice. 

Once the feed enters the rumen, contractions help inoculate the ingesta with 
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microorganisms (Van Soest, 1994). Ingesta is regurgitated, undergoes remastication and 

reinsalivation, and is then reswallowed. The microorganisms attach to the feed particles 

while reducing the particle size. The digestion of carbohydrates, namely, the structural 

polysaccharides, starch, and sugars, by microorganisms creates volatile fatty acids 

(VFAs) (mainly acetic, propionic, and butyric acid, but also formic and valeric acids), 

hydrogen gas (H2) , and CO2 (Dewi et al., 1994).  

In methanogenesis H2 reduces CO2 via methanogenic microorganisms. Methane is 

formed in a few ways, where, predominantly methanogenic archaea reduce CO2 with H2 

to produce CH4, which results in removal of excess hydrogen ion accumulation (CO2 + 

8H+ → CH4 + 2H2O). Also, formic acid (HCOOH) is reduced to produce one CH4 

molecule and two water molecules (HCOOH + 6H+ → CH4 + 2H2O) (Van Soest, 1994). 

Methane is eructated out of the rumen via the esophagus and into the atmosphere (Van 

Soest, 1994).  

Plant structural fiber is degraded by rumen microbes in an anaerobic environment 

where production of VFAs, CO2, and H2 are products. Hydrogen gas and CO2 then 

become substrates used by methanogens to produce CH4 (Ellis et al., 2008). The removal 

of H2 is important so that re–oxidation of cofactors such as NADH, NADPH, and FADH 

can occur, otherwise the accumulated H2 would inhibit production of VFAs (Wolin, 

1975) and inhibit metabolism of rumen microorganisms thus reducing overall 

degradation of carbohydrates, microbial growth, and synthesis of microbial protein 

(Lakhani et al., 2017). Shifts in fermentative metabolic pathways of H2 producers would 

be affected wherein in order to support complete oxidation of all substrates, the buildup 

of H2 in the rumen must be reduced (Lakhani et al., 2017).  
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Increased in partial pressure due to H2 accumulation inhibits normal microbial 

enzymes that are involved in electron transfer reactions such as NADH dehydrogenase 

which results in accumulation of NADH, therefore reducing rumen fermentation (van 

Lingen et al., 2016). Forage quality influences ruminal CH4 production, such that forages 

high in nutritive value produce less CH4 than lower nutritive value forages (Johnson and 

Johnson, 1995). This response is driven by altering the fermentation pathway resulting 

from greater amounts of easily fermentable carbohydrates and less neutral detergent fiber 

(NDF), which leads to greater rate of digestion and quicker passage rate out of the rumen 

(Beever et al., 1986). 

Digestion of hemicellulose correlates positively with CH4 production (Haresign 

and Cole, 1981; Holter and Young, 1992), while digestibility of cellulose and CH4 output 

had a negative relationship (Holter and Young, 1992). Legume forages have lower CH4 

yield due to lower fiber concentration (especially low in hemicellulose), higher dry 

matter intake by the animal, and faster passage rate through the digestive tract than 

grasses (Beauchemin et al., 2008). Further, C4 grasses typically yield more CH4 than C3 

plants (Archimede et al., 2011) because the C4 metabolic pathway leads to more lignin 

and hemicellulose in the plant tissues, which in turn, slows intake and fiber digestion 

(Wilson, 1994).  

Methanogens are vital in the terminal step of carbohydrate fermentation, where 

the archaea allow other microorganisms involved in fermentation to function optimally in 

the oxidization of feed substrates. In contrast, the complete absence of methanogens 

would decrease feed degradation in the rumen owing to their ability to keep H2 pressure 

in the rumen low (Mitchell–McCallister et al., 1996). Therefore, excessive reduction in 
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CH4 production could result in decreased extent of fermentation, thus shifting the end–

product from acetate to propionate and perhaps increased digestion of starch in the small 

intestine (Tamminga, 1992). Fermentable starch may escape the rumen to be digested 

enzymatically in the small intestine, thus reducing the losses of energy associated with 

CH4 production and adding to the energy supply to the animal (Dijkstra et al., 2011).   

In animals consuming mixed grain and forage diets or all–grain diets, which entail 

fermentation of more starch than with all–forage diets, fermentation is shifted to more 

propionic acid production at the expense of acetic acid, where decreases in VFA 

concentration decreases ruminal pH (Haresign and Cole, 1981; Hook et al., 2011). 

Decrease in ruminal pH (greater amounts of H+) reduces H2 availability, which decreases 

methanogenic archaea activity (Hook et al., 2011; Martin et al., 2010). As rumen pH 

becomes more acidic, Lactobacilli bacteria thrive adn propionate production is favored, 

thereby shifting the hydrogen sink from CH4 production to propionate (Bannink et al., 

2006). The formation of acetic and butyric acids yields approximately one mole of gas, 

whether that be CO2 or CH4, per mole of hexose fermented; however, propionic acid 

yields no CO2 or CH4 (Jung et al., 1993). The production of CH4 represents a 2‒12% loss 

of gross energy intake (GEI) (Dewi et al., 1994) to the atmosphere at the expense of 

accretion of muscle, milk, and fiber.  

 

Strategies for Methane Reduction 

There is potential to reduce enteric CH4 emissions. Polyhalogenated compounds, 

ionophores like monensin, sulfite, nitrate (Haresign and Cole, 1981), higher–digestibility 

forages, probiotics, bacteriocins, essential oils, and even phenotypic and genotypic 
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selections of cattle having reduced CH4 emission production regardless of feeding type 

and diet (Boadi et al., 2004; Pinares–Patino et al., 2013) are examples of strategies that 

potentially inhibit enteric CH4 emissions. Further, inclusion of starch in the diet  could 

increase feed passage rate and degradation while decreasing CH4 per unit of fermentable 

organic matter by as much as 4–5% of GEI in low–grain diets (Mitchell–McCallister et 

al., 1996).   

Feed additives and ionophore inclusion can also diminish CH4 emissions (Moss et 

al., 2000), inducing decreases by as much as 24% (Sauer et al., 1998). The decline could 

be due to increased propionate production via suppression of the presence of Gram–

positive ruminococci bacteria and proliferation of Gram–negative bacteria (Newbold et 

al., 1988); however, long–term feeding of ionophores has not shown consistent 

reductions in CH4 production (Sauer et al., 1998).  

One promising strategy for methane reduction is inclusion of higher digestibility 

forages in diets (Chung et al., 2013; Mitchell–McCallister et al., 1996; McCaughey et al., 

1999; Moss et al., 2000). If the concentration of readily fermentable carbohydrates in the 

diet is increased, theoretically, there would be a potential reduction in cellulolytic 

bacteria and greater numbers of lactic–acid and propionic–acid producing bacteria 

(Haresign and Cole, 1981). The inclusion of leguminous forages has decreased CH4 

emission (Mitchell–McCallister et al., 1996; Moss et al., 2000), and C3 grasses have 

shown potential to yield less CH4 compared to C4 grasses (Kurihara et al., 1999).  

Grazing managment has also shown promising effects on reducing emission. 

Pinares–Patino et al. (2007) reported in a 2–yr study that CH4 emission (g head–1 d–1) did 

not differ between low and high continuous–stocking rates in either year. However, 
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organic matter digestibility and organic matter intake were lower in the low continuous–

stocking treatment compared to high continuous stocking. As the grazing season 

progressed, however, CH4 emission per digestible feed intake was greater at low stocking 

than at high stocking rate. Further, CH4 yield was positively correlated with organic 

matter intake.  

A potential grazing strategy to mitigate CH4 emission could be to initiate grazing 

earlier in the season. Stocking when the majority of the forages are in early vegetative 

stages rather than reproductive stages decreases emissions by as much as 2% of GEI 

thanks to reduced lignin concentration in the forage (Robertson and Waghorn, 2002). 

Another management strategy that could reduce CH4 emissions is higher stocking rates. 

Low, continuous stocking rates (1.1 steer ha–1) emitted more CH4 (306.7 L head–1 d–1) 

than high, continuous stocking rates (2.2 steers ha–1, 242.2 L head–1 d–1), whereas 

rotational stocking decreased CH4 by 9% when compared to continuously stocked 

pastures (McCaughey et al., 1997). Further, lightly, continuously stocked pastures had the 

greatest ADG of 1.48 kg day–1, while the lowest animal performance of 1.07 kg day–1 

was achieved on heavily, continuously stocked pastures (McCaughey et al., 1997). 

Rotational stocking, at high and low stocking rates, had ADGs of 1.26 and 1.29 kg d–1, 

respectively (McCaughey et al., 1997). Rate of CH4  emitted per kg of body weight was 

also not significantly different among any treatments, indicating that manipulating CH4 

production with changes in grazing management is not easy to achieve (McCaughey et 

al., 1997). Inclusion of alfalfa coupled with earlier grazing could reduce CH4 production 

per unit of digestible organic matter intake, wherein livestock producers in the U.S. 
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Southern Plains can provide more highly digestible feed as a tactic for mitigating climate 

change stressors (Steiner et al., 2018).  
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ABSTRACT 

The primary agronomic products in the Texas High Plains (THP) are grain crops, beef 

cattle (Bos spp.), and cotton (Gossypium hirsutum L.). To support profitable yields, 

supplemental irrigation water is extracted from the Ogallala Aquifer at rates greatly 

exceeding recharge. More resource–efficient practices are necessary for sustainable 

production of crops and beef in the THP. We sought to quantify the amount of water 

consumed in forage and beef production (water footprint) as an aid in analyzing water 

consumption, and to determine whether high–quality legumes such as alfalfa (Medicago 

sativa L.) reduce the water footprint. Stocker steers grazed replicated pastures containing 

grass (‘WW–B.Dahl’ old world bluestem, Bothriochloa bladhii (Retz) S.T. Blake) alone 

or grass–legumes in 2018 and 2019. The inclusion of legumes increased steer average 

daily gain and reduced water footprint per kg of liveweight gain (LWG) in both years. In 

2018, water footprint of total irrigation, rainfall, and drinking water was reduced from 

29.8 m3 kg–1 LWG to 24.1 m3 kg–1 LWG (P=0.01) and from 39.7 m3 kg–1 LWG to 31.6 

m3 kg–1 LWG in 2019 (P=0.001) by including legumes with the WW– B.Dahl. These 

results demonstrate that inclusion of higher nutritive–value legumes with a warm–season 

perennial grass reduces the water footprint of stocker cattle growth and therefore 

contributes to reducing water consumption in the beef production supply chain.  

 

  



                            Texas Tech University, Kathryn Radicke–Vanderburg, August 2020 

51 

INTRODUCTION 

The Ogallala Aquifer is the largest aquifer in the United States, which 

underlies eight states in the U.S. High Plains, spanning over 450,000 km2. The Ogallala 

region is dependent on the aquifer for irrigation water resulting in an approximately 36% 

contribution to the nation’s value of crop and beef commodities (Guerrero et al., 2013). 

Further, this essentially non–renewable resource has a recharge rate that is limited to deep 

percolation (Bauer, 2017), which occurs rarely owing to the high evaporation rates in 

comparison to rainfall in this semi–arid environment (Baumhardt et al., 2010, McGuire, 

2003). The three main types of crops in the Texas High Plains (THP) are cotton 

(Gossypium hirsutum L.), corn (Zea mays L.), and small grains like winter wheat 

(Triticum aestivum L.), where the goals of high yield and profitability drive producer 

decisions on timing and amounts of water application. The fate of the aquifer has been a 

policy issue since the 1970s (Peterson et al., 2003), with many portions of the aquifer in 

West Texas and parts of Kansas in rapid decline. There are current policies in place that 

regulate usage and encourage reduced water consumption to help conserve water and 

prolong the life of the aquifer.  

Irrigated land area in the High Plains experienced a post–World War II 

exponential boost when substantially more and deeper wells were drilled, increasing 

cropland by 2.42 million hectares (Bauer, 2017). Crops grown in the THP ecoregion, 

there is a regional difference with regard to the amount of irrigation used to irrigate the 

three main crops, with volume demand of irrigation being 41% for corn, 23% for winter 

wheat, and about 18% for cotton in the northern portion of the THP, and 62% for cotton 

in the southern portion of the THP (Colaizzi et al., 2009). Severely reduced pumping 



                            Texas Tech University, Kathryn Radicke–Vanderburg, August 2020 

52 

capacities that force producers to irrigate at lower rates and/or irrigate fewer hectares will 

likely be the future in the THP. Further, in the southern portion of the THP, it is estimated 

that 30% of the saturated thickness has been lost since pre–development levels, with 

saturated thickness continuing to decline throughout the entire region (de Brito Neto et 

al., 2016; Steward et al., 2013). As declines in water supply and projected increases in 

drought severity due to climate change diminish future crop yields, producers in the THP 

will seek alternative, less water–intensive crops (Peterson et al., 2003), implement 

conservation practices, and some reduce input costs to increase profit incentive (Marek et 

al., 2005).   

One way to improve income stability and maintain profitability during years of 

water deficit is to diversify income sources. Partial or complete conversion of land from 

row crops to forage grasses can not only increase profit and reduce risk, but also promote 

other environmental benefits, especially reduction in water consumption. The specific 

grass studied in this research is ‘WW–B.Dahl’ old world bluestem [Bothriochla bladii 

(Retz) S.T. Blake] (hereafter abbreviated as Dahl). Dahl persists well in the THP area 

thanks to its ability to establish relatively easily on a wide variety of soil types (Sims, 

1988), is drought and cold tolerant, and maintains a longer growth period before reaching 

reproductive maturity (Allen et al., 2005). Delaying stem elongation and flowering into 

the latter part of summer maintains desirable nutritive value of the grass for animal 

consumption for a longer period, as well as provides additional income potential from 

seed harvests in the fall (Allen et al., 2005; Johnson et al., 2013). This cultivar also 

inhibits pasture infestations by fire ants (Solenopsis invicta Buren) and harvester ants 

(Pogonomyrmex spp.) (Bhandari et al., 2018), among other environmental and economic 
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values such as increased water use efficiency, productivity, soil quality, and grazing–

system energy consumption under limited input conditions (Acosta–Martinez et al., 2010; 

Allen et al., 2005, 2012; Baxter et al., 2017b; Johnson et al., 2013; Fultz et al., 2013; 

Philipp et al., 2007; Zilverberg et al., 2012).  

Previous research indicates that Dahl is a practical choice as warm–season 

perennial grass under limited irrigation (Allen et al., 2012) compared to other adapted 

perennial grasses, for producers wanting to conserve water in an integrated row–crop and 

cattle system. With increasing climate variability, effective management of soil 

sustainably promotes healthy soil functions. Grasslands with livestock grazing rather than 

solely intensive row cropping helps build soil health by reducing soil disturbance and 

providing continuous plant cover (Bhandari et al., 2018).   

In addition to the benefits of Dahl, there are also some disadvantages. With deficit 

irrigation or dryland scenarios, bluestems are water stressed in late summer, and crude 

protein (CP) concentration and dry matter digestibility are diminished to levels that can 

limit cattle growth (Philipp et al., 2005). Therefore, the inclusion of leguminous species 

can improve the forage nutritive value (Cui et al., 2013) under limited irrigation, as well 

as reduce or eliminate nitrogen (N) fertilizer requirements through biological N fixation. 

In addition, interseeding high–quality legumes into these systems could potentially 

further enhance soil health and carbon sequestration.  

Previous research conducted at the Texas Tech Forage–Livestock Research 

Laboratory at New Deal indicated that inclusion of the legumes alfalfa (Medicago sativa 

L.) and yellow sweetclover [Melilotus officinalis (L.) Lam.] resulted in steer average 

daily gain (ADG) of 0.94 kg d–1 compared to grass–alone (mostly Dahl) systems of 0.79 
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kg d–1, with liveweight gain (LWG) per area being 211 kg ha–1 with legume inclusion 

compared to 132 kg ha–1 in grass–only pastures, indicating higher quality forage with the 

legumes (Baxter et al., 2017a). The definition of water footprint is the amount of water 

involved in the production of a unit of output, or the volume of water needed or 

consumed per mass of beef LWG in a livestock production scenario. 

The ratio of a product output to the amount of input invested to achieve that 

output reveals the use–efficiency of that input (Kirkham, 2005). For example, the amount 

of carbon assimilated, or forage biomass produced, per unit of water used by the crop to 

assimilate biomass is defined as water–use efficiency (WUE) (Kirkham, 2005). Higher 

WUE outcomes are desired in semi–arid environments because of water scarcity and 

unreliability of rainfall, which is crucial for environmental sustainability of agriculture 

(Kirkham, 2005). Scientists often determine WUE values as a relationship between yield 

and water involved including transpiration, evaporation, changes in soil moisture, as well 

as water supplied to the crop including any precipitation that falls during a growing 

season and irrigation (Jones, 2004; Kuglitsch et al., 2008).  

Since WUE is an important concern in the THP, water footprint of commodity 

production in a life–cycle analysis of water use is also important. Water footprint is 

communicated as the reciprocal of WUE, i.e. input per output (Mekonnen and Hoekstra, 

2012). In–depth water footprint analyses encompass the ratio of virtual water (total life–

cycle impacts) to commodity output. Virtual water comprises three main components; 

blue water, which is surface and ground water or stored water; green water, which is 

rainfall and/or transpired water; and gray water, consisting of the amount of water needed 

during production to dilute pollution from nutrients and pesticides. In regard to meat 
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production, beef has a large water footprint relative to crops grown directly for human 

consumption (Mekonnen and Hoekstra, 2012).  

A water footprint analysis in the THP found that cotton has the greatest water 

footprint (18.8 m3 kg–1 lint yield), irrigated alfalfa has an intermediate water footprint of 

1.1 m3 kg–1 to 2.8 m3 kg–1(51% green water, 49% blue water), and corn has the lowest 

(0.9 m3 kg–1)(Multsch et al., 2016). Further, a calculation of water footprint restricted to a 

beef stocker phase showed decrease with the inclusion of alfalfa in a pasture system, 

relative to grass only, even though alfalfa is typically a high water–consuming species 

(Baxter et al., 2017b). Water footprint values were 2.4 m3 kg–1 LWG in the grass–legume 

Dahl – alfalfa  compared to 3.3 m3 kg–1 in the grass–only treatment when including only 

the blue water component. Cattle in confined feeding operations tend to have higher 

water footprint values than cattle on predominantly forage diets because feed 

concentrates such as corn have a great need for blue water as irrigation for profitable 

yields (Mekonnen and Hoekstra, 2012). The amount of drinking water used is minuscule 

in the water footprint analysis. Cattle consume from 11 to 113 liters of water per day, and 

drinking water is included in the water footprint accounting in both scenarios (grass fed 

and feedlot). 

Water footprint analyses have been done for cropping systems and cattle in recent 

years with interests in declining groundwater resources. Much of the research only 

considers blue water, and there are gaps in knowledge of the water footprint of beef 

production in regions where water supply is in decline. Knowledge is lacking on 

management practices that can be employed to enhance efficiency of water use for 

producing marketable beef. The current research analyzes the amount of water used to 
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achieve a kilogram of cattle LWG to reduce the water footprint in grazing systems. The 

objectives were to determine if supplying limited water to high–nutritive–value legumes 

results in increases in animal performance, and determine if legume inclusion lowers 

water footprint with respect to greater LWG and low blue and green water inputs. Where, 

the hypotheses are the inclusion of legumes such as alfalfa into Dahl requires similar 

water inputs as Dahl only, but increases rate of animal weight gain over a grazing season 

when compared with grass–only pastures thanks to greater nutritive value compared to 

Dahl only, resulting in lower water footprint per unit of weight gain.  

 

MATERIALS AND METHODS 

Study Site 

A field study was conducted in 2018 and 2019, 10 km east of New Deal, TX at 

the Texas Tech University Forage Research Lab (33.045' N, 101.047' W; 993 m 

elevation) located in Lubbock County. Soils are characterized as a Pullman clay–loam 

(fine, Dahl–alfalfa ed, super–active, thermic Torrertic Paleustolls), with 0 to 1% slopes, 

containing a thick layer of CaCO3 (caliche) at 60 to 120 cm depths (Brooks et al., 2000). 

Daily mean temperatures range from 10°C in January to 30°C in July (UDSA–FS, 2004), 

with annual precipitation averaging 470 mm with large fluctuations among years (Soil 

Survey Staff, 2017), and monthly potential evapotranspiration (PET) averaging 156 mm 

(Texas A&M AgriLife Extension, 2016).  

Two thirds of the annual precipitation typically falls during May through 

September, and there is usually a monthly deficit of at least 100 mm (Baxter et al., 

2017b) in relation to evaporative demand during the summer months. Rainfall was 
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recorded manually by averaging the water collected from two rain gauges located at the 

far east and west corners of the project area and recorded for monthly rainfall Table 3.1. 

Pastures were irrigated with subsurface drip tapes (Netafim, Fresno, CA, USA) located 

approximately 0.36 m deep with injection emitters every 0.6 m, set to deliver 1.47 L h–1 

at 88.3 kPa during the growing season, not exceeding 230 mm of applied irrigation for 

the season. At each well, turbine water meters (Master Meter WNT–01, Fort Worth, TX) 

tracked the total amount of water applied. Individual pasture irrigation water was 

recorded monthly during the year. Four access tubes for a Dynamax PR2 Profile Probe 

System soil moisture sensor (Dynamax, Inc., Houston, TX) were located in each pasture 

to monitor volumetric soil water content at 10, 20, 30, 40, 60, and 100 cm depths. Data 

were collected once a week and used to monitor soil moisture, and to make irrigation 

scheduling decisions. All fertilizer applications on non–leguminous pastures were applied 

through the drip irrigation system at 67 kg N and 12 kg S ha–1 yr–1. 
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Table 3.1. Actual and effective rainfall by month for two beef stocker 

grazing treatment systems from May until the termination of grazing. 

Grazing was terminated in August in 2018 and September in 2019. 

 2018 2019 

Month 
Actual  

Rainfall 

Effective  

rainfall†  

Actual 

rainfall 

Effective  

rainfall   

 mm mm  Mm mm 

May  32 16 109 47 

June 44 21 50 24 

July 23 11 24 12 

August 46 22 21 10 

September – – 200 80 

 Total 145 70 403  173 

† Effective rainfall: calculated following Martin and Gilley (1993) and 

assumptions from Risinger and Carver (1987). 

 

 

Dahl was seeded at 3.36 kg PLS ha–1 in June 2003 and in April 2004. In 2016, 

alfalfa and yellow sweetclover were interseeded into existing Dahl stands. Pastures were 

configured in blocks consisting of three replicates of two treatments: 1) 2.06–ha pastures 

of Dahl and 2) 2.06–ha pastures of Dahl–alfalfa mixture. Six adjacent 0.87–ha pastures of 

pearl millet (Pennisetum glaucum L.) were seeded each year at 16.5 kg PLS ha–1 and 

fertilized with 33.6 kg ha–1 N and 5.9 kg ha–1 S each spring.  

Steers were randomly assigned to each pasture, and by stratifying weights across 

blocks so that each block had the same average starting weight. Average incoming weight 

was 227 kg head–1 in 2018 and 239 kg head–1 in 2019. Steers grazed millet pastures 

infrequently throughout the summer for 3 to 5 d at a time to allow short–term rests for 

Dahl and Dahl–alfalfa pastures. Numbers of cattle grazing days on pasture are indicated 
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in Table 3.2. Total forage availability was monitored using the clip–and–weigh method 

every other week and recorded to make decisions (Table 3.3) on the management of put-

and-take grazers. This method was performed using twenty 0.1-m2 quadrats laid 

randomly in each treatment replicate and clipped by species. Clipped forage was placed 

in paper sacks, and dried at 55oC for 48 h. The dried forage was weighed, and biomass 

was calculated. Herbage allowance was calculated by dividing biomass in kg ha–1 by the 

unit of steer liveweight ha–1.  

Each pasture contained one waterer on the far west side, which was equipped with 

a turbine water meter (Master Meter WNT–01, Fort Worth, TX) to track total water 

consumed by cattle in each pasture and recorded monthly.  

 

Table 3.2. Cattle days on pasture for each beef 

stocker grazing systems from late May to early 

June until termination of grazing.   

Year Treatment 
Grazing 

duration 

Total trial 

duration 

  ––––––– Days ––––––– 

2018 Dahl–alfalfa  58   

 Dahl 58 81 

 Millet 23  

    

2019 Dahl–alfalfa  86  

 Dahl 86 127 

 Millet 41  
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Table 3.3. Forage availability by date for Dahl and Dahl–alfalfa treatments 

starting before steers were placed in treatments until termination of grazing.  

Date Treatment Dahl Alfalfa Millet 

  –––––––––––––––kg DM† ha–1––––––––––––––– 

5–23–18 Dahl 

Dahl–alfalfa  

1100 

1013 

– 

1080 

0 

0 

6–8–18 Dahl 

Dahl–alfalfa  

1360 

1134 

– 

971 

882 

543 

6–29–18 Dahl 

Dahl–alfalfa  

2023 

1575 

– 

910 

661 

666 

7–20–18 Dahl 

Dahl–alfalfa  

1347 

721 

– 

551 

1329 

1751 

8–9–18 Dahl 

Dahl–alfalfa  

1315 

857 

– 

154 

419 

288 

     
5–22–19 Dahl 

Dahl–alfalfa  

1597 

1057 

– 

1003 

0 

0 

6–13–19 Dahl 

Dahl–alfalfa  

3001 

1487 

– 

653 

710 

580 

7–4–19 Dahl 

Dahl–alfalfa  

2307 

1080 

– 

520 

946 

981 

7–25–19 Dahl 

Dahl–alfalfa  

2055 

1285 

– 

630 

1840 

1410 

8–15–19 Dahl 

Dahl–alfalfa  

1550 

1134 

– 

971 

1264 

1020 

8–30–19 Dahl 

Dahl–alfalfa  

1315 

550 

– 

330 

486 

390 

† DM, Dry matter basis 

  

 All pastures were shredded each fall to favor new growth the next growing 

season. Yearling, Angus–influenced (Bos taurus L.) steers (initial body weights of 

227±13 kg and 239±10 kg) grazed each pasture from June to August in 2018 and June to 

September in 2019. Six tester steers were continuously stocked in each treatment through 
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the trial period with put–and–take grazers placed in pastures based on forage availability 

to keep herbage allowance the same between treatments. Stocking rates were no less than 

2.9 head ha–1 and no more than 5.8 head ha–1 at any given time in the grazing season for 

the Dahl and Dahl–alfalfa treatments. Animal weights were recorded upon arrival and 

departure, by weighing twice over 48 h, and averaging the two weights to minimize 

differences in rumen–fill effects. Double weights were also recorded every 28 d for 

calculating ADG (kg d–1 on per–head basis) and LWG (kg ha–1 for pasture productivity of 

beef and kg per experimental unit for water footprint calculation). Steers grazed for 81 d 

in 2018, and 127 d in 2019 (Table 3.2).  

 Steers in both systems were given poloxalene blocks, ad libitum, at the beginning 

of the grazing trial to avoid differential energy supplementation while preventing bloat in 

Dahl–alfalfa, with mineral and salt blocks throughout the end of the grazing season.  

 

Calculation of System Inputs 

Effective rainfall was estimated to account for the amount of precipitation that 

was stored in the root zone and available for plant use (Brouwer and Heibloem, 1986). 

The equation for effective rainfall (adapted from USDA SCS, 1993) is as follows. 

 

Effective rainfall =  25.4SF(0.04931 𝑃0.82416 − 0.11556)(100.000955𝐸𝑇𝐶)                (1)                     

where:  

SF = soil water storage factor 

Ptotal = monthly precipitation, mm 

ETC = month crop evapotranspiration, mm (PET replaced ETC for this analysis)  
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Potential evapotranspiration was used instead of actual ET owing to lack of 

weighing lysimeters for the forages. Grazing also created a heterogeneous canopy cover 

therefore, PET was more suitable for this equation. The usable soil water storage depth 

was adjusted for soil type (Pullman clay loam) based on data provided by Risinger and 

Carver (1987): 

 

Storage depth = (0.531747 + 0.011621 * D – 8.943 * 10–5 * D2 + 2.321 * 10–7 * D3)     (2)                                                                                        

Where:  

D= 50% of available soil water capacity (D = 85 mm).  

 

Using monthly water meter readings, drinking water and total applied irrigation 

were calculated and totaled for each replicate (Table 3.5). Animal units (AU) refers to 

one mature non–lactating 500–kg beef animal fed at maintenance level (Allen et al., 

2011, corrected for metabolic body weight) with AUD based on the number of days in 

pastures. They were calculated as follows;      

AUD/ha = (animal units / ha) × grazing days      (3) 

ADG = (final weight ‒ initial weight) / days     (4) 

Total LWG per area = ((testers × grazing days) / 2.87 ha)) × ADG      (5) 

 

Calculation of System Performance 

The latter was used to calculate total water used by the herd for water footprint 

calculations by converting to the whole–field scale. Volumes of rainfall, effective 

rainfall, total irrigation, and water consumed by cattle on the whole–field scale were 

summed for the numerators of the water footprint value. In total, three water footprint 
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values were calculated with respect to the outputs (denominators) of LWG for the two 

treatments. Mathematical conversions were made to achieve the water footprint 

calculations. Each calculation has its own assumptions and limitations in the calculations; 

for example, total rainfall would overestimate the calculated water footprints, because not 

all rainfall is considered effective. Therefore, using effective rainfall reduces error, 

assuming that the above equations for effective rainfall are correct. The third water 

footprint calculation was done without rainfall to target ground water use for irrigation 

and drinking (aquifer derived, i.e. blue water) in each system.  

 

Statistical Analysis 

This study was laid out in a randomized complete block design with 3 

replications. Data were analyzed by analysis of variance using PROC GLM in SAS 9.4 

(SAS Inc., Cary, NC; Littell et al., 2006). Treatment, year, and treatment x year was set 

as a fixed effect and block (as 3 replicates) was considered random. A repeated statement 

was used for the 2–yr analysis using a first–order autoregressive covariance structure. 

The effects of treatment (Dahl–alfalfa and Dahl–only), year (2018 and 2019), and 

treatment by year on water footprint were analyzed using analysis of variance. Mean 

separations were done using the least significant difference at a 5% significance level. 

Tendencies were discussed at P ≤0.10.  

 

RESULTS AND DISCUSSION 

Average daily gain of stocker steers grazing Dahl–alfalfa was greater than that of 

Dahl–only by 0.05 kg d–1 in 2018 (P = <0.0001) and by 0.26 kg d–1 in 2019 (P = 

<0.0001) (Table 3.4). When observing the 2 yr average, the inclusion of alfalfa into the 
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Dahl statistically increased ADG by 0.14 kg day–1 (P = 0.03). Additionally, LWG per 

hectare tended to be higher by 4 kg ha–1 in 2018 (P = 0.09) and 68 kg ha–1 higher in 2019 

(P = 0.01) in the Dahl–alfalfa treatment compared to the Dahl only. The inclusion of 

higher–nutritive–value alfalfa increased LWG ha–1 by 37 kg ha–1 (P = 0.06).  

 

Table 3.4. Mean ADG and LWG by year of each treatment system during two years; 

data averaged across three replicates.   

Year Treatment ADG† SEM‡ P–Value LWG§ SEM P–Value 

  kg d–1 %  kg ha–1 %  

2018 Dahl–alfalfa  1.15 
 

 

0.16 

 

 

<0.0001 

191 
 

 

4.22 

 

 

0.09 
Dahl 1.10 187 

       

2019 Dahl–alfalfa  1.07 
 

0.15 
 

<0.0001 
284 

 

8.19 
 

0.01 

Dahl 0.81 216 

        

Average Dahl–alfalfa  1.11 
 

0.16 
 

0.05 
238 

 

13.03 
 

0.06 

Dahl 0.96 201 

† ADG: Average daily gain per head. 

‡ SEM: standard error of the mean. 

§ LWG: liveweight gain per hectare. 

 

When observing water inputs, specifically blue–water inputs, 39 m3 more irrigation 

water was used in Dahl than in Dahl–alfalfa, and 9 m3 more drinking water was 

consumed by steers in Dahl in 2018 (Table 3.5). In 2019, 494 m3 more water was used to 

irrigate Dahl treatments, and 9 m3 more water was consumed by steers in than in the 

Dahl–alfalfa treatment.   
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Table 3.5.  Irrigation and drinking water volumes for two beef stocker 

grazing treatment systems from May until the termination of grazing. 

Grazing was terminated in August for 2018 and September for 2019.   

  
Irrigation SEM Drinking water SEM 

  m3  m3  

2018 Dahl 4541  

3 
33  

18 
Dahl–alfalfa 4502 24 

2019 Dahl 4099  

7 
33  

18 
Dahl–alfalfa 3605 24 

 

 

Legume presence in the Dahl–alfalfa pasture statistically decreased water 

footprint in 2019 (P = 0.0001) and tended to decrease water footprint in 2018 (P = 0.08, 

respectively) when observing total rainfall, irrigation, and drinking water (Table3. 6). 

When observing  effective rainfall, water footprint was not decreased with alfalfa 

inclusion in 2018(P = 0.23; Table 3.6), but was in 2019 (P = 0.04). Further, when 

removing rainfall and effective rainfall from the calculation, and including only 

groundwater for irrigation and drinking, legume inclusion also reduced water footprint in 

2019, but was not statistically significant in 2018 (P =0.05 and 0.42, respectively). When 

observing year effects, water footprint was greater in 2019 than in 2018 for total rainfall 

(P = <0.0001). Further, when considering effective rainfall, and irrigation + drinking 

only, water footprint was lower in 2019 than in 2018 (P = 0.0023, respectively) as well as 

when irrigation and drinking water were only considered (P = <0.0001). There were no 

significant treatment by year interactions.  
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Table 3.6. Water footprint of two beef stocker grazing treatment systems with respect to observed animal liveweight 

gain based on three rainfall inputs with corrected irrigation; data averaged across replicates. 

  Grazing treatment system System effect 

P–value 

 Year effect 

P–value 

System x year effect 

P–value 
Water inputs Year Dahl Dahl–alfalfa 

   –––––m3 kg–1 –––––    

Total rainfall + irrigation + 

drinking water 

2018 47.8 46.6 0.08‡ 
 

<0.0001§ 
 

0.14§ 

2019 70.4 55.6 0.0001 

       

Effective rainfall† +  

irrigation + drinking water 

2018 36.3 35.1 0.23 
 

0.0023 
 

0.41 

2019 33.4 27.3 0.04 

       

Irrigation + drinking water 2018 25.5 24.4 0.42 
 

<0.0001 
 

0.79 

2019 16.8 14.6 0.05 

† Effective rainfall: calculated following  USDA–SCS (1993) and assumptions from Risinger and Carver (1987). 

‡ P–values within a year represent treatment system effect.  

§ P–values represent differences between year interactions. 
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Average daily gain and amount of irrigation applied were greater in 2018 than in 

2019 (Table 3.4 & 3.5), while mean monthly and effective rainfall were greater in 2019 

compared to 2018 (Table 3.1). Cattle in the Dahl treatment consumed 9 m3 more water in 

both years than steers in the Dahl–alfalfa treatment (Table 3.5) because of the greater 

carrying capacity (and thus stocking rates) of the Dahl treatment each year, but there was 

no difference between years in drinking water consumption by the steers (Table 3.5).  

Observed total LWG per hectare averaged over 2 yr was 238 kg ha–1 in the Dahl–

alfalfa system and 201 kg ha–1 in the Dahl–only system, indicating that the inclusion of 

alfalfa increased the value by 37 kg ha–1 for the 2–yr average, and by 4 kg ha–1 in 2018 

and 68 kg ha–1 in 2019 (Table 3.4). This 37 kg ha–1 increase in LWG resulted in a lower 

mean water footprint of 68.1 m3 kg–1 LWG (Table 3.6) across both years. In 2019 mean 

water footprint in the Dahl treatment was 22.6 m3 kg–1 LWG ha-1 higher than in 2018.  

The overall mean reduction in water footprint in Dahl–alfalfa suggests that the 

steers were more efficient at converting the irrigation water into LWG than the steers on 

Dahl, likely owing at least partly to greater nutritive value as suggested by the superior 

ADG (Table 3.4). Had ADG been a little higher in the Dahl–alfalfa or Dahl ADG been 

lower in 2018, a statistical reduction  in water footprint with respect to legume inclusion 

would have likely been observed. Managing legumes in Dahl–alfalfa  pastures with 

warm–season grasses under minimal irrigation can increase the efficiency of beef 

production, resulting in a lower water footprint. 

These findings are consistent with previous research conducted at the same site by 

Baxter et al. (2017b) who observed that the inclusion of alfalfa in the THP can decrease 

water footprint of cattle grazing warm season perennial grasses while enhancing LWG 
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per hectare. Baxter and others noted a reduction in water footprint in all three years when 

observing  all inputs (total rainfall + corrected irrigation + drinking water, effective 

rainfall +corrected irrigation + drinking water, and corrected irrigation + drinking water) 

with respect to legume inclusion in the diet. Interestingly, reduced LWG in kg replicate–1 

were observed with the legume inclusion; however, water use in the grass only treatments  

was double that of the legume pastures resulting in lowered water footprint even though 

LWG per replicate was lower with legume inclusion. Moot et al. (2008) in New Zealand 

also found that WUE could be improved if legumes were included in the system. Further, 

proper grazing management should sustain legume production for continued water use 

improvements.  

Projected climate changes, such as more extreme whether events, dictate future 

stresses on agricultural production and therefore jeopardize food production and food 

security (Fuhrer, 2003, Jones and Thornton, 2003). Resiliency in agroecosystems can aid 

in maintaining food and fiber production if challenged by severe drought. Diversification 

at the landscape scale by integrating multiple production systems such as cropping and 

livestock rotations (Gurr et al., 2003) can increase resiliency. Monoculture cropping is 

widely practiced by virtue of economies of scale with one crop type achieving large 

yields with simplified inputs, compared to multiple types of inputs in diversified systems. 

Further, corn requires 3810–6470 mm of water in a growing season (Kisekka et al., 

2017), whereas Dahl needs only 1270–2540 mm (Ortega–Ochoa, 2006). Dahl and Dahl–

alfalfa pastures in this research were irrigated at levels exceeding the minimum needs of 

water Dahl requires, however, irrigation applied was still less than that of the average 

water needs of corn (Table 3.5).  
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High levels of cattle performance on Dahl were achievable with low irrigation 

levels and high N fertilizer rates in this research and have been observed in other research 

as well (Dudensing, 2005). Average daily gain of 0.96 kg d–1 can be achieved with grass–

only systems. Further, ADG can be increased by 15% to 1.11 kg d–1 without increasing 

water needs under deficit irrigated scenarios by using legumes like alfalfa as 

demonstrated in the current trial (Table 3.4) and demonstrated by a 19% increase by 

Baxter et al. (2017a) (0.94 kg day–1 on grass–alfalfa vs. 0.79 kg day–1 on grass only). 

In annual cropping systems, management  is relatively simplistic with regard to 

not having to move livestock through pastures and monitor forage availability. 

Additionally, annual systems are less dynamic in their management such that inputs are 

similar from year to year, compared to grassland ecosystems which can have dynamic 

management needs in each pasture. However, input costs of fertilizers and pesticides in 

monoculture systems can be high, while grasses can be productive with minimal inputs. 

According to Johnson et al. (2013), when irrigation was adequate, a monoculture cotton 

system had greater profitability than the integrated system because of high–yielding 

capacity of cotton when irrigated. However, when pumping capacity is severely reduced, 

integrated systems may be more profitable as well as reducing economic risk. Further, 

even though cotton monoculture was more profitable when compared to integrated 

systems with adequate water supply, profitability was only increased by $15 ha–1, at $272 

ha–1 in the cotton monoculture system and $257 ha–1 in the integrated system (Johnson et 

al., 2013). The $15 ha–1 advantage of continuous cotton could be worth less in years 

when there is a complete loss from damaging weather events like hail.  
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Some areas over the Ogallala Aquifer have already exhibited severely reduced 

pumping capacities, resulting in irrigation being concentrated on smaller portions of land. 

Therefore, with decreased overall crop productivity of an enterprise due to fewer hectares 

being irrigated, enterprise profitability is greatly limited. At current pumping rates, the 

Ogallala Aquifer will continue to decline and significantly reduce the area of irrigated 

cotton and other row crops. This may force some producers to adopt forage–crop–

livestock systems. It is possible to approach this challenge by integrating dryland cotton 

with forage systems or to plant cotton on smaller portions of land under pivot or drip 

irrigation to concentrate water on a smaller area, while producing drought–tolerant 

forages for beef production on the other portions of the system. 

 

CONCLUSIONS 

Decreasing water footprint associated with stocker animal growth can be achieved 

by increasing the nutritive value of forages consumed in a grazing system. Legumes 

increased per–animal performance by 0.15 kg d–1 and season–long LWG per hectare by 

37 kg. Water footprint was statistically decreased as a result of including legumes in all 

methods of calculation in 2019 and reduced in 2018 but not significantly, including 

green–plus–blue and blue water only. The results show that inclusion of robust legumes 

like alfalfa can contribute to providing a sustainable and resource–efficient forage in the 

THP in the stocker phase of the beef production cycle.  
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ABSTRACT 

The Ogallala Aquifer is the largest freshwater aquifer in the United States, with 

withdrawal rates in the Texas High Plains (THP) for agricultural irrigation greatly 

exceeding recharge. Cropland conversion to perennial pasture is an option for adapting to 

declining irrigation capability; however, low–quality warm–season forages limit cattle 

weight gain. Inclusion of high–quality legumes could increase profitability of grazing 

systems and provide an alternative income source. The objective of this research was to 

assess the profitability and income potential of beef-stocker grazing using local market 

data and results from two pasture performance trials conducted over 5 yrs. The trials 

compared a perennial warm–season grass base with and without legumes, of which only 

the latter received N fertilizer. Inclusion of legumes replaced input costs of N fertilizer 

and increased average daily gain (ADG) and liveweight gain (LWG) per hectare in both 

trials. The grass–legume system in 2018 and 2019 caused lower profitability per hectare 

compared to the grass–only system due to lower value of gain in 2018 and lower carrying 

capacity of the grass–legume system in 2019. Rate of gain was 0.88 kg head–1 d–1 in the 

grass–only treatment and 1.03 kg head–1 d–1 for grass–legume when averaged over 5 yr, 

with market values of $2.02 kg–1 of gain and $2.64 kg–1 of gain, respectively. Variability 

among years in value of gain was due to fluctuations in market prices and differences in 

marketing weights of the cattle; however, when considering the 5–yr averages of ADG 

and value of that gain, the inclusion of legumes resulted in overall more profitability per 

kg of weight gain. Alfalfa can increase the value of gain in pasture grazing systems. 

However, carrying capacity ultimately drives profitability regardless of small decreases 

in liveweight gain as long as performance is not drastically decreased.  
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INTRODUCTION 

The Ogallala Aquifer is one of the largest aquifers in the world, and the largest in 

the US. It lies under 45.24 million hectares in eight states including South Dakota, 

Wyoming, Nebraska, Kansas, Colorado, Oklahoma, Texas, and New Mexico (McGuire, 

2017). The Texas High Plains (THP), located in the southernmost part of the Ogallala 

Aquifer, is one of the largest agricultural areas in the US.  Profitable yields in the THP 

rely heavily on irrigation, leading to a high withdrawal rates of water from the Aquifer 

compared to its natural recharge, causing a net depletion (McGuire, 2017). Much of the 

area of the aquifer that is declining is concentrated in the southern–most region, with the 

entire aquifer depleting an average of 0.23% of saturated thickness every year. (McGuire, 

2017). Every state overlying the Ogallala Aquifer except South Dakota is exhibiting 

some degree of groundwater decline, with Texas having the greatest change of –12.5 m 

from predevelopment (1950) to 2015 and a water level change of –0.46 m from 2013 to 

2015 (McGuire, 2017).  

The need for irrigation is driven by severe water deficits, caused by the semi–arid 

nature of the region, where most rainfall occurs during late spring to early fall, averaging 

380 to 560 mm annually (USDA‒MLRA, 2006). Corn (Zea mays L.), upland cotton 

(Gossypium hirsutum L.), winter wheat (Triticum aestivum L.), and grain sorghum 

[Sorghum bicolor L. (Moench)] are the major irrigated crops in the THP (Colaizzi et al., 

2009). There is a regional difference within the THP with regard to the amount of 

irrigation that is used to irrigate the three main row crops, with volume demand of 

irrigation being 41% for corn, 23% for winter wheat, and about 18% for cotton in the 

Northern Texas High Plains (Colaizzi et al., 2009). Producers in this area are seeking 
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alternative, less water–intensive crops and potentially moving towards more cotton 

production for comparable gross incomes. When observing the volume demand of 

irrigation in the Southern Texas High Plains (between Canyon and Midland), 62% 

volume demand is pumped for cotton, 3% for corn, and 3% for winter wheat (Colaizzi et 

al., 2009). Cotton is a key crop in the THP contributing $2.47 billion to the Texas 

economy (USDA–NASS, 2017); therefore, it will likely not be eliminated from 

producers’ operations unless yields no longer achieve profitability. Although new cotton 

cultivars are becoming more drought tolerant, switching from irrigated to rainfed systems 

significantly reduces yields by at least 50% (Chen et al., 2018). 

A 10–yr economic analysis on the same study plots as this research was 

undertaken to an irrigated cotton monoculture system to an irrigated cotton–forage–beef 

cattle system (integrated system) in the Southern High Plains of Texas (Johnson et al., 

2013). The base perennial pasture grass in the latter system was ‘WW– B.Dahl’ old world 

bluestem [Bothriochla bladii (Retz) S.T. Blake] (hereafter referred to as Dahl). From 

1999 to 2002, the integrated system was more profitable; however, in 2003 to 2008, the 

cotton monoculture system was more profitable. They attributed this shift to the 

introduction of higher–yielding cotton cultivars, wherein the irrigated cotton monoculture 

system had a 10–yr gross margin of $272 ha–1 and the integrated system had a 10–yr 

gross margin of $257 ha–1 (Johnson et al., 2013). Although the integrated system was less 

profitable by $15 ha–1 for the 10‒yr average, the diversification of enterprises in the long 

run did not decrease profit substantially. In years of significant crop loss, producers 

would still profit on land containing cattle grazing systems. Additionally, income from 
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Dahl seed production provided average annual gross income of $472 ha–1 in the 10–yr 

analysis (Johnson et al., 2013).  

In an integrated livestock study in south Alabama, livestock grazed winter annual 

forages of oat (Avena sativa L.) or annual ryegrass (Lolium mutiflorum Lam.) in relay 

cropping with cotton as a summer crop (Siri–Prieto et al., 2005). Interseeding oat 

increased cotton lint yield by an average of 250 kg ha–1 and seed–cotton yield by 70 kg 

ha–1 compared to ryegrass–interseeded plots. Net returns from winter–annual grazing 

averaged $30.30 to $32.72 ha–1 year–1, providing additional income for producers with 

only 80 d of grazing. Net returns from winter–annual grazing averaged $30.38 to $32.81 

ha–1 yr–1.  Cropland conversion to improved grassland is a potentially profitable approach 

for farmers facing reduced pumping capacities and unfavorable cropping conditions in 

the THP (Deines et al., 2020). In the past, land interconversions between pastureland and 

cropland have been driven by crop prices and production costs (Bigelow et al., 2020).  

Hart et al. (1988) studied the costs and economic value of grazing steers in 

different grazing pressures. Their analysis included losses on the steers, and costs 

associated with owning one’s own livestock. The cost of owning a 250–kg steer bought 

in the spring for $1.59 kg–1 amounted to $55, plus $20.01 for the interest on a loan to buy 

steers and keep them for 150 d at 12.25% interest, plus salt, mineral licks, tubs, implants, 

vaccination, trucking, other veterinary and supplement cost, and death losses. These costs 

could be around $30 per animal totaling $105.01 per steer or $0.70 per steer per day. 

Based on these costs, they found that optimum stocking rates of 57.7 AUD ha–1 would 

net a 16% profit.  
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 Multiple sources of income reduce risk when farmers face crop losses or 

significantly lower yields in years whose growing conditions are less favorable than in 

favorable years. Further, when compared with a continuous monoculture of cotton in 

production systems (Allen et al., 2005, 2012), different avenues of income are desirable 

so producers can prosper in years when cotton or grain prices are low, and cattle prices 

are high, and vice versa. An advantage of integrating improved forages into production 

systems is that their nutritive value and yield can be at manageable levels in the midst of 

water–deficit stress (Philipp et al., 2005). Row crops, however, will yield substantially 

less when they are water stressed compared to full irrigation strategies (Fischer, 1980). 

Although Dahl is productive, regenerates soils, promotes water conservation in limited–

irrigation pastures (Allen et al., 2012), requires minimal chemical inputs (Johnson et al., 

2013), and is well adapted to the THP, crude protein (CP) concentration and dry matter 

digestibility are diminished to levels that limit cattle growth in late summer (Philipp et 

al., 2005). High CP and digestibility are especially desirable in the THP region where 

high average daily gain (ADG) from late spring through early fall is a critical economic 

production goal in stocker operations. The inclusion of leguminous species can improve 

the forage nutritive value for cattle throughout the entire grazing period (Cui et al., 2013) 

under limited irrigation and increase ADG (Baxter et al., 2017). 

Producers with old Conservation Reserve Program (CRP) land whose contracts 

have expired with no opportunity to re–enter the program, but who do not want to convert 

already–established areas back to cropland, have other options. Contract, or custom, 

grazing can reduce the risks of buying and selling cattle when the risks and fluctuations 

in the cattle market seem insecure and unacceptable. Contract grazing is an alternative for 
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producers who do not want to own a cow–calf or commercial herd. It is a fee–based 

seasonal arrangement which many feedlots employ where the pasture owner provides the 

pasture, shelter, water, and grazing management to care for the feedlot operators’ 

animals. It is also an enterprise option that reduces risk and provides flexibility to match 

stocking rates with overall available forage for each season. It allows producers to decide 

whether they want to graze annual forage crops on portions of cropland without complete 

conversion to pastures or to graze converted permanent pasturelands. Custom grazing can 

also be coupled with purchased yearlings to reduce risk, and can be lucrative if done with 

minimal animal and land inputs.  

This study performed an economic analysis to examine the profitability and 

income potential for producers in the THP who are considering grazing yearlings during 

the summer. The objective was to compare the economic value of grass–only pasture 

systems receiving N fertilizer with that of grass–legume systems with no N fertilizer. 

This study also analyzed patterns in cattle market fluctuations over a 5–yr period with 

respect to optimizing the buying and selling time, and at what weight, to maximize value 

of gain. Results will contribute to formulating management recommendations that 

maximize profits for purchased yearlings and contract–grazing options. 

 

MATERIALS AND METHODS 

Study Site 

Experiments were conducted in Lubbock County (33°045' N, 101°047' W; 993 m 

elevation) at the Texas Tech Forage–Livestock Research Laboratory, 10 km east of New 

Deal, TX. Soils in the pastures are characterized as a Pullman clay–loam (fine, mixed, 
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super–active, thermic Torrertic Paleustolls), with 0 to 1% slopes, containing a thick layer 

of CaCO3 (caliche) at 60 to 120 cm depths (Brooks et al., 2000). New Deal, TX, has daily 

mean temperatures ranging from 10°C in January to 30°C in July (UDSA–FS, 2004), and 

average annual precipitation of 469 mm with large fluctuations among years (Soil Survey 

Staff, 2017). Two thirds of the annual precipitation falls during the May–September 

primary growing season. Rainfall averages 300 mm during the season, which was 

supplemented with irrigation not exceeding 230 mm. 

In 2016, alfalfa [Medicago sativa L.] and yellow sweetclover [Melilotus 

officinalis Lam.] were interseeded into Dahl stands that had been seeded in 2004. Dahl 

and Dahl–alfalfa pastures were equipped with subsurface drip irrigation systems 

(Netafim, Fresno, CA, USA). All fertilizer applications on non–leguminous pastures were 

applied through the drip irrigation system (67 kg N and 12 kg S ha–1 yr–1).  

 

Experimental Design 

This analysis relies on data from two separate experiments performed at the New 

Deal field laboratory. Baxter et al. (2017) evaluated the effect of legumes interseeded into 

Dahl stands on steer growth and the amount of water associated with that growth. Steer 

ADG data from 2014, 2015, and 2016 were used from Baxter et al. (2017) and from a 

new trial conducted in 2018 and 2019 to quantify the market value of the gain in those 5 

yr. Further, a budget analysis was examined only for 2018 and 2019 to avoid 

confounding due to differing management practices and inconsistencies in stocking rates 

between the two studies. The experimental design for 2018 and 2019 consisted of three 

2.06 ha and 0.89 ha pasture blocks of each treatment: 1) Dahl and millet growing alone, 
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and 2) a mixture of the Dahl and alfalfa and a separate millet pasture with three replicates 

of each treatment in a randomized complete block design. Yearling, Angus–influenced 

Bos taurus steers grazed each replicate from May to September in each year. Six tester 

steers grazed the Dahl–alfalfa and Dahl treatment continuously through the trial period; 

however, 6 extra steers remained in the Dahl treatments as well. Each treatment had six 

tester steers for the trial; however, extra steers (put–and–take grazers) were stocked based 

on forage availability with a target forage allowance of 1 kg DM kg LW−1 (Minson, 

1990). Therefore, Dahl treatments consistently had six more steers per replicate 

throughout 2018 and 2019.  

 In the fall, all pastures were shredded to 6-cm stubble height to allow for new 

growth the next growing season. In May, 67 kg N and 12 kg S ha–1 yr–1 were applied via 

irrigation to the Dahl–only pastures. Upon arrival, all steers were weighed once, then 

again 24 h later, and weights were averaged. Steers were tagged and stratified based on 

total group weight into each block. Each pasture had a same start weight and were 

intermixed with heavy and light steers. Average incoming weight was 226.8 kg.  

 Steers in the Dahl–only pastures were given ad libitum mineral and salt blocks 

(North American Salt Company, Overland Park, KS; NaCl = min. 980 g kg–1 and max. 

1000 g kg–1 ) through the grazing seasons. Steers in the Dahl–alfalfa treatment were 

given ad libitum poloxalene blocks (Ridley U.S. Holdings Inc., Mankato, MN; 66 g 

poloxalene kg–1; CP = min. 40 g kg–1; crude fat = min. 0.5 g kg–1; crude fiber = min. 125 

g kg–1; NaCl = min. 195 g kg–1 and max. 230 g kg–1; K = min. 18 g kg–1 ; I = min. 43 mg 

kg–1; Se = min. 13 mg kg–1) to prevent bloat at the beginning of the grazing trial and 

mineral throughout the grazing season. Steers were weighed every 28 d, and in 2018 and 
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2019 forage allowance was calculated via the clip–and–weigh method. Twenty, 0.1 m2 

quadrats were laid randomly in each treatment replicate and clipped by species. Clipped 

forage was transported in paper sacks and dried at 55oC for 48 h. The forage was 

weighed, and biomass was calculated. Forage allowance was calculated as biomass in kg 

ha–1 and divided by animal liveweight ha–1.  

 

Economic Analysis 

 An annual detailed cost and return budget was performed. Value of gain was 

determined and calculated for years 2014, 2015, 2016, 2018, and 2019 by multiplying the 

market price by the initial livestock weight and multiplying the market price by the final 

livestock weight. The value of the initial weight was then subtracted from the value of the 

final and divided by the total weight gained during the trial. The equation is as follows:  

 

Value of gain = (value of final weight – value of initial weight) / (final weight – initial weight)  (1) 

 

The custom–grazing price used was according to the contract between our 

research unit and the cattle owner in Friona, TX, ($1.10 kg–1) and personal 

communication with Friona industries and Cactus Feeders, which ranged from $0.99 kg–1 

to $1.43 kg–1. A conservative price was chosen from among the sources of price 

information. A sensitivity analysis was performed using the value of added gain to assess 

how variability in the market with respect to weight class and weight gain between years 

affects net returns.  Input and output prices for only 2018 and 2019 were used. The price 

scenarios used fixed production costs for inputs such as labor, fuel, repairs, shredding, 

fertilizer for Dahl–only pastures, poloxalene in the Dahl–alfalfa treatment, mineral licks, 
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fly repellent, and ear tags for steers. Differences in irrigation cost was accounted for by 

year and amount applied, as well as costs to establish the Dahl in 2004 and alfalfa in 

2016. Total variable costs were determined from expenses for both years, and gross 

margin was calculated with respect to steer weight gain, cost of gain, and stocking rate 

(Tables 1 and 2). Fixed costs on land and equipment vary considerably across farming 

operations; therefore, assumptions were made on the level of fixed costs to keep the 

budget as simple as possible. The cost of pasture establishment with respect to seed, 

tillage, and planting was included, but other establishment costs, including time for 

pasture establishment, water use if irrigation was needed for establishment, herbicide 

treatment, and infrastructure such as working pens for cattle and fencing were not 

included in the analysis.  

 

RESULTS AND DISCUSSION 

Average daily gains were greater in Dahl–alfalfa than in Dahl–only pastures in 4 

of the 5 yr (Table 4.1). In 2014, Dahl steers outgained Dahl–alfalfa steers by a mean of 

0.05 kg d–1, which resulted in less seasonal LWG per steer. Number of days on pasture 

for 2014 was less than in subsequent years except for 2018, when steers grazed for 81 d, 

rather than the 86 d observed in 2014 (Table 4.1). Average daily gain the Dahl pastures 

was the least in 2016 where steers gained an average of 0.61 kg compared to 1.01 in the 

Dahl–alfalfa.  
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Table 4.1. Individual average daily gain and individual total weight gain by 

year grazing Dahl and Dahl–alfalfa.  

Treatment 2014 2015 2016 2018 2019 Average 

 ––––––Average daily gain kg head–1 day–1––––––  

Dahl 0.89 0.83 0.61 1.07 0.94 0.87 

Dahl – alfalfa 0.84 0.91 1.01 1.15 1.16 1.03 

 ––Seasonal individual liveweight gain kg head–1––  

Dahl 77 95 69 87 119 89.4 

Dahl – alfalfa 72 105 114 93 147 106.2 

Days on 

Pasture 

86 115 113 81 127  

 

Gross income per hectare was $45.59 in Dahl–alfalfa and $834.43 in Dahl–only 

(Table 4.2). Variable costs of the Dahl–alfalfa pastures totaled $361.33 ha–1 compared to 

$310.75 ha–1 of Dahl (Table 4.2). The extra costs in the former were primarily the cost of 

interseeding the alfalfa, including seed costs, where higher input costs can be expected on 

years where seeds are drilled and established. Value of gain was $1.07 more in the Dahl–

only pastures compared to the Dahl–alfalfa.  

In 2019, observed gross margin was $377.78 ha–1 (Table 4.3) in Dahl–alfalfa and 

$563.28 ha–1 in Dahl (Table 4.3). Liveweight gain per hectare was 499 kg in Dahl 

compared to 308 kg in Dahl–alfalfa pastures, where the Dahl treatment was stocked with 

three more steers per hectare. The value of the gain was $0.30 more in the Dahl–alfalfa 

pastures at $1.81 versus $1.51 for Dahl (Table 4.3). Further, total variable costs were 
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lower in the Dahl–alfalfa pastures compared to Dahl by $10.66 (Table 4.3). Operating 

expenses such as supplemental feed, veterinarian, and labor costs were not calculated in 

either budget analysis sheet. 
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Table 4.2. Budget sheet for 2018 for Dahl‒alfalfa and Dahl‒only treatments. 

DAHL– ALFALFA DAHL 

 Quantity Price Total  Quantity Price Total 

Income:    Income:    

LWG per ha† 194.7 kg ha–1 $2.09 kg–1  $406.92 LWG per ha 362.4 kg ha–1 $3.16 kg–1  $1,145.18 

Variable Costs:    Variable Costs:    

Seed    Seed    

Dahl 1.78 kg PLS ha–1 $16.17 kg–1 $28.78 Dahl 1.78 kg PLS ha–1 $16.17 kg–1 $28.78 

Alfalfa 6.69 kg PLS ha–1 $4.41 kg–1 $29.50 N/A – – – 

Mechanical Operations    Mechanical 

Operations 

   

Shred (November) 1 ha $24.70 ha–1 $24.70 Shred (November) 1 ha $24.70 ha–1 $24.70 

Tillage (prepare) 

seedbed) 

1 ha $24.70 ha–1 $24.70 Tillage (seedbed) 1 ha $24.70 ha–1 $24.70 

Drill Dahl 1 ha $44.46 ha–1 $44.46 Drill Dahl 1 ha 

 

$44.46 ha–1 $44.46 

Drill Alfalfa 1 ha $44.46 ha–1 $44.46 N/A – – – 

Nutrients    Nutrients    

N/A – – – Fertilizer 67 kg  (28– 0– 0– 

5) 

$0.30 kg–1 $20.28 

Irrigation 894.27 m3 ha–1 $0.104 m3 ha–1 $ 93.11 Irrigation 925.11 m3 ha–1 $0.104 m3 ha–1 $96.21 

Supplementation    Supplementation    

Mineral 12:12  2 blocks $23.75 block–1 $47.50 Mineral 12:12 2 blocks $23.75 block–1 $47.50 

Poloxalene block  1 block $24.12 block–1 24.12 Poloxalene block 1 block $24.12 block–1 $24.12 

Total Variable costs  = $361.33 Total Variable costs  = $310.75 

GROSS MARGIN   $45.59 GROSS MARGIN   $834.43 

† LWG cost per ha calculated using value of gain equation 
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Table 4.3. Budget sheet for 2019 for Dahl‒alfalfa and Dahl‒only treatments.  

DAHL– ALFALFA DAHL 

 Quantity Price Total  Quantity Price Total 

Income:    Income:    

LWG per ha† 308 kg ha–1 $1.81 kg–1 $557.48 LWG per ha 499.1 kg ha–1 $1.51 kg–1 $753.64 

Variable Costs:    Variable Costs:    

Shred (November) 1 ha $24.70 ha–1 $24.70 Shred (November) 1 ha $24.70 ha–1 $24.70 

Nutrients    Nutrients    

N/A – – – Fertilizer 67 kg (28– 0– 0– 

5) 

$0.30 kg–1  $20.28 

Irrigation    Irrigation    

 801.76 m3 ha–1 $0.104 m3 ha–1 $ 83.38  709.25 m3ha–1 $0.104 m3 ha–1 $73.76 

Supplementation    Supplementation    

Mineral 12:12  2 blocks $23.75 block–1 $47.50 Mineral 12:12  2 blocks $23.75 block–1 $47.50 

Poloxalene block 1 block $24.12 block–1 24.12 Poloxalene block 1 block $24.12 block–1 $24.12 

Total Variable costs  = $179.70 Total Variable costs  = $190.36 

GROSS MARGIN   $377.78 GROSS MARGIN   $563.28 

† LWG cost per ha calculated using value of gain equation 
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Value of gain was $2.09 kg–1 in the Dahl–alfalfa treatment, whereas value of gain 

of the lighter–weighing steers in the Dahl treatment was $3.16 kg–1 in 2018 (Table 4.4). 

This was because the incoming weights in the Dahl–alfalfa treatment were 4 kg heavier 

per head, and the final market weight for 310 kg steers was worth more than the 320 kg 

steers, at $2.97 kg–1 for 320 kg stockers versus $3.44 kg–1 for 305 kg stockers (Table 4.4). 

In 2019, the value of gain was $1.81 kg–1 for steers that weighed 375 kg at market and 

$1.51 kg–1 for steers weighing 344 kg at market (Table 4.4). Although the in–weight and 

final–weight values were the same for both the treatments, bringing steers to 373 kg 

increased the value of gain compared to 344 kg because ADG was greater. Since the in–

weights were the same but the final–weights were 28 kg more for Dahl–alfalfa, the value 

of gain was $0.30 kg–1 more (Table 4.4). Incoming weights were similar in all years by 

0–2 kg except for 2018 (4 kg) in the Dahl–alfalfa treatment; therefore, incoming value 

was the same for both treatments in all years except 2018. Final–weight value was 

different in 3 of the 5 yr between treatment where out–weight value was $0.33 kg–1 

higher in 2015, $0.04 kg–1 higher in 2016, and $0.30 kg–1 lower in 2018 in Dahl–alfalfa 

treatments compared to Dahl. Differences in LWG and / or out–weight value drove value 

of gain prices in all 5 yr.  

 

 

 

 

 

 



                            Texas Tech University, Kathryn Radicke–Vanderburg, August 2020 

91 

Table 4.4. Value added gain for 2014, 2015, 2016, 2018, and 2019. 

  2014 2015 2016 2018 2019 

 

 

Dahl – 

Alfalfa 

In Weight (kg) 227 234 267 227 226 

Out Weight (kg) 301 339 381 320 373 

In Weight value kg––1 $5.09 $5.53 $3.51 $3.33 $3.86 

Out Weight Value kg––1 $4.45 $4.96 $3.24 $2.97 $3.04 

Value added gain $2.49 $3.68 $2.61 $2.09 $1.81 

 Avg total LWG† 72 105 114 93 147 

 Avg value of LWG‡ $179.28 $386.40 $297.54 $194.37 $266.07 

 

 

Dahl 

In Weight (kg) 227 235 269 223 226 

Out Weight (kg) 303 330 337 310 345 

In Weight value kg––1 $5.09 $5.53 $3.51 $3.55 $3.86 

Out Weight Value kg––1 $4.45 $4.63 $3.20 $3.44 $3.04 

Value added gain $2.54 $2.40 $1.97 $3.16 $1.51 

 Avg total LWG† 77 95 69 87 119 

 Avg value of LWG‡ $195.58 $228 $135.93 $274.92 $179.69 

† Average total liveweight gain per head for each year.  

‡ Average value of total liveweight gain for each year.  

Note: Data came from this dissertation and Baxter et al. 2017. 

 

The value of the extra average 17 kg head–1 per year of  LWG with alfalfa 

inclusion in the diet was worth $63.04 head–1 (Table 4.5) when observing all 5 yr. The 

value of adding alfalfa in the grazing system with respect to the differences in the Dahl–

alfalfa average value of LWG and the Dahl average value of LWG (Tables 4.4 and 4.5) 

was worth –$16.30 head–1 in 2014, $158.40  head–1 in 2015, $161.61 head–1 in 2016, –

$80.55 head–1 in 2018, and $86.38 head–1 in 2019 (Table 4.5). Including alfalfa in the 

system was profitable in 3 of the 5 yr (Table 4.5), resulting in a 5–yr average value of 

$2.54 kg–1 LWG yr–1 in the Dahl–alfalfa treatments (Table 4.4), and a 5-yr average value 

of $2.32 kg–1 LWG head–1 yr–1 in the Dahl only treatments. This was $0.22 increase in 
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value of gain per kg LWG for all 5 yr (Table 4.5). Additionally, the cost to interseed 

alfalfa into the system was $29.50 ha–1 (Table 4.2), which totaled to $182.31 for all three 

blocks at 2.06 ha per treatment. In 5 yr, with the 144 stocker steers (3 yr at 12 steers 

block–1, and 2 yr of 6 steers block–1) that were placed in the Dahl–alfalfa system at 

$63.04 head–1, the value added for alfalfa with respect to value of the gain over the 

liveweight gain of the Dahl–only treatment was $9,077.76.  

 

 

Table 4.5. Difference in the value of added gain and the value of liveweight gain 

between Dahl–alfalfa and Dahl treatments.   

 2014 2015 2016 2018 2019 Average 

Difference in LWG† –5 kg 10 kg 46 kg 6 kg 28 kg 17 kg 

Difference in VAG‡ $0.05 $1.28 $0.64 –$1.07 $0.30 $0.22 

Difference in avg 

value of LWG§ 

–$16.30 $164.04 $161.61 –$80.55 $86.38 $63.04 

† Difference in the live weight gain (LWG) of Dahl – alfalfa and LWG of Dahl 

treatments. 

‡ Difference in value added gain (VAG) of Dahl–alfalfa and Dahl treatments.  

§ Difference in the average value of LWG of Dahl–alfalfa and Dahl treatments.  

 

Based on the sensitivity analysis done on the value of additional gain, buying 

steers in June and selling with 91 kg of gain after 90 d was consistently less profitable in 

all 5 yr (Table 4.6) compared to buying in June or buying in July and selling 90 d later. 

This shows that perhaps the time to buy and sell steers for warm–season pastures is in 

late spring or late summer, as was done in this trial. We did a sensitivity analysis only 

with an ADG of 1.01 kg per day starting at 181 kg for 90 d for each year (Table 4.6) to 

simplify the analysis and to show month to month variability with the same gain and to 
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show variability among different market weights. Interestingly, in 2015, the timeframe of 

profitability was to either buy early and sell early (May–August) (Table 4.6).  
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Table 4.6. Value of the added gain for weight ranges assuming a 90 day grazing period by year. Data are reported in US 

dollars. 

 2014 2015 2016 2018 2019 

Wt. range May–  

Aug 

Jun– 

Sep 

Jul–  

Oct 

May– 

Aug 

Jun– 

Sep 

Jul–  

Oct 

May– 

Aug 

Jun– 

Sep 

Jul– 

Oct 

May– 

Aug 

Jun– 

Sep 

Jul– 

Oct 

May– 

Aug 

Jun– 

Sep 

Jul– 

Oct 

181–272 $3.35 $3.75 $2.45 $0.49 $–0.31 $–1.15 $2.07* $0.22 $–0.95 $2.78 $3.66 $1.46 $1.32 $1.63 $3.26 

204–295 $4.86* $4.68 $3.71 $0.00 $–3.49 $–0.82 $0.57 $0.44 $–0.78 $2.54 $2.06 $0.57 $1.11 $2.88* $1.68 

227–317 $4.01 $4.16 $3.97 $1.83* $0.98* $–2.46 $1.08 $0.44 $0.10* $2.87 $2.31 $2.65 $2.31 $0.87 $1.93 

249–340 $4.31 $4.98* $5.81* $0.89 $0.47 $0.88* $1.11 $1.43* $–0.60 $4.33* $4.02* $2.83* $2.58* $1.60 $2.51 

272–363 $4.61 $3.35 $5.56 $1.52 $–0.60 $0.60 $1.85 $1.23 $–1.59 $1.85 $1.01 $0.55 $2.49 $1.15 $2.78* 

Note: Cells with asterisk show highest value of the added gain per 90-d interval. Include source for data 
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Contract grazing with a feedlot to reduce risk can be profitable (Table 4.7). 

Common rates for contract grazing in the THP are from $0.99 kg–1 to $1.43 kg–1. 

Although there is less associated risk with contract grazing, there is less profitability 

(Tables 4.7). Variable costs were higher in 2018 compared to 2019, therefore contract 

grazing income was less for both Dahl‒only and Dahl–alfalfa in 2018 compared to 2019. 

With the variable costs in 2018 being so high, contract grazing would have resulted in a 

negative gross margin for the Dahl–alfalfa treatment in 2018. Increased LWG per hectare 

in the Dahl‒only treatment resulted in a higher gross margin in both 2018 and 2019 

compared to the Dahl–alfalfa treatment owing to higher stocking rates. 
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Table 4.7. Contract grazing income 2018 and 2019.   

DAHL– ALFALFA DAHL 

 Quantity Price Total  Quantity Price Total 
Income 2018:    Income 2018:    
LWG per ha† 194.7 kg ha–1 $1.10 kg–1 $214.17 LWG per ha 362.4 kg ha–1 $1.10 kg–1 $398.64 
Income 2019:    Income 2019:    
LWG per ha† 308 kg ha–1 $1.10 kg–1 $338.80 LWG per ha 499.1 kg ha–1 $1.10 kg–1 $549.01 

Total Variable costs 2018†   $361.33 Total Variable costs 2018   $310.75 

Total Variable costs 2019†   $179.70 Total Variable costs 2019   $190.36 

GROSS MARGIN 2018  
 

–$147.16 GROSS MARGIN 2018  
 

$87.89 

GROSS MARGIN 2019   $159.10 GROSS MARGIN 2019   $358.65 

†LWG data and variable costs from Table 2 and 3   
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 Seeding can be an expensive input as well as fencing and water infrastructure; 

therefore, with how little profit contract grazing can bring compared to buying and selling 

stocker steers or retaining calves in a cow–calf operation for stockering, it is the best 

option in a scenario such as expired CRP, or on pastures that have been established for 

many years where temporary fence can be used or are already in place (Tables 4.2, 4.3, 

and 4.7). Contract grazing does decrease overall risk associated with buying and selling 

cattle and can still be a profitable option for producers who do not want to own their own 

cattle.  

 Poloxalene blocks were given to both Dahl and Dahl–alfalfa treatments so there 

was no varying animal performance with respect to supplementation given to steers in the 

alfalfa treatments. Therefore, poloxalene blocks were included in variable costs in both 

2018 and 2019 (Table 4.2 and 4.3); however, in a commercial situation, poloxalene 

would not be needed in the absence of legumes. Further, digestibility of feed energy is a 

good indicator of overall nutritive value and metabolizable energy. Dahl can have in vitro 

dry matter digestibility of up to 720 g kg–1 in the vegetative stage (Mehaffey et al., 2005), 

and CP concentrations from May to July of 90–120 g kg–1 (Allen et al., 2005). Dahl also 

has a later maturity (later stem elongation and flowering) compared to other old world 

bluestems, which delays the decline in leaf–to–stem ratio, and therefore decline in 

nutritive value of ingested forage during mid–to late summer. Including alfalfa in the 

pasture system generated an average of 17 kg head–1 increase in total liveweight gain for 

the grazing season in the 5 yr even with the decrease in animal performance in 2014 in 

the Dahl–alfalfa treatment compared to the other 4 yr.  
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Final market weight affects the value of the additional weight gained by the 

animal when using the value of gain equation. For instance, in 2018, when observing the 

grazing–season weight gain of the steers in Dahl–only versus Dahl–alfalfa, 87 kg head–1 

was observed in the Dahl treatments, and 93 kg head–1 in the alfalfa pastures (Table 4.1). 

The increase in value of gain in the Dahl treatments was due to the decrease in out–

weight value when selling steers at 320 kg compared to 310 kg (Table 4.4). Additionally, 

in–weight value was less ($0.22) in the Dahl–alfalfa treatment compared to the Dahl–

only because steers were 4 kg heavier. This resulted in an overall $1.07 decrease in value 

of any additional gain put on each stocker steer in the Dahl–alfalfa treatment (Table 4.4). 

Selling 10 kg lighter would have resulted in similar value of gain.   

Theoretically, in 2018, if we had stocked more heavily in the Dahl–alfalfa 

treatment with 12 head for 81 d, and still had 1.15 kg ADG total gain per steer (389.5 kg 

ha–1 LWG), we still would not have been as profitable as the Dahl treatment because of 

the reduced value of gain and initial costs to seed alfalfa (Table 4.2). The LWG would 

have been 389.5 kg ha–1, with a value of additional kg at $2.09, yielding a revenue of 

$814.01. Gross margin would have been $452.68 in Dahl–alfalfa and $834.43 in Dahl 

pastures. This suggests that letting steers graze to only 305 kg would have been more 

profitable than retaining steers for further weight gain. Had steers exited pastures earlier 

and sold at lighter weight, there would have been reduced input costs associated with 

pumping less water for a shorter grazing period, and value of gain would have increased 

by $1.07 kg–1.  

In contrast, had we received steers at 249 kg at the beginning of June and sold 

steers at 340 kg in September rather than receiving them at 227 kg in May and shipping 
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at 320 kg in August, the value of the added gain would have doubled to $4.02 kg–1, and 

forage availability would have likely been more (Table 4.6). The value of the added gain 

would have been $373.86 head–1 (Table 4.6) compared to $194.37 head–1 (Table 4). 

Market variability was so fluid and unpredictable, that it would have been hard to 

determine whether or not to keep steers longer before selling.  

In scenarios where profitability is reduced due to high gains, the option to sell 

using price slides is common (Peel and Riley, 2018). A price slide is used as an 

adjustment at a given point in time where cattle are forward‒priced using a base weight 

and price. The producer makes an estimate of cattle weight, and if the associated price 

differs from the base weight, the price slide adjusts for that difference. Typically, three 

different types of slides are used; up, down, and both ways (Machen and Gill, 1998), 

wherein the seller decides on the magnitude and direction of the slide. Slides protect the 

buyer if cattle are heavier than expected and ensures fair market value for the producer / 

seller (Machen and Gill, 1998). At market, $0.13 kg–1 is a common price slide for 

yearlings (Peel and Riley, 2016). Up‒slides are exercised when cattle are delivered 

heavier than anticipated, where the maximum price is locked in, whereas down‒slides are 

exercised when cattle are delivered lighter than expected, thereby locking in a minimum 

price to be paid for yearlings (Machen and Gill, 1998).  

Price adjustments are typically greater for light‒weight cattle and decrease as 

calves and yearlings get heavier. For example, in 2018, had we used a forward contract 

for calves that had a base sale weight of 300 kg at $3.22 kg–1 with an allowance of an 

8.5% slide if the sale weights were heavier, on delivery the calves would have had a price 

adjustment. The net price for the calves at 320 kg would have been adjusted down to 
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$3.09 kg–1 rather than to $2.97 kg–1 (Table 4.5) for the Dahl–alfalfa treatments, and from 

$3.44 kg–1 to $3.15 kg–1 for the Dahl treatment. This would have changed the value of 

gain to $2.50 kg–1 in the Dahl–alfalfa treatment and $2.12 kg–1 in the Dahl‒only 

treatment. 

Price slides change with higher and lower prices (Peel and Riley, 2018), and are 

therefore also market dependent. This would have increased the value of the LWG from 

$194.37 to $232.50 head–1, and would have increased profitability from $406.92 ha–1 to 

$486.75 ha–1 in the Dahl–alfalfa treatment (Table 4.2). In addition, not only would the 

Dahl–alfalfa yearling price have been adjusted based on the slide, but so too with the 

Dahl yearlings since they were marketed at 87 kg of LWG. However, marketing steers on 

a slide for the Dahl‒only treatment would have decreased value of LWG from $287.92 

head–1 to $184.44 head–1. This would have then resulted in a lower gross margin as well 

reducing income from $1,145.18 to $768.29 ha–1. 

Another factor affecting profitability is stocking rate. Pastures were stocked 

according to available forage. Dahl pastures received fertilizer N once per year at 67 kg 

ha–1 (Tables 4.2 and 4.3). Dahl produced 3,300 kg ha–1 DM (Chapter III), which was 

consistent with previous research done at the same location (Philipp et al., 2007). Dahl–

portion forage availability in the Dahl–alfalfa pastures was about 2,200 kg ha–1 DM, and 

alfalfa was about 2,400 kg ha–1 DM on average (unpublished data). For 2018 and 2019, 

there were 3 head ha–1 more in the Dahl treatment compared to Dahl–alfalfa. Forage 

regrowth through the grazing season allowed consistent stocking of 6 head ha–1 in the 

Dahl pastures. Although the Dahl–alfalfa pastures had greater forage availability at the 

beginning of the grazing season, cattle highly selected for and grazed down the alfalfa 
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relatively quickly. Alfalfa regrowth was minimal in that forage availability by August 

averaged 142 kg ha–1. Early in the season, Dahl–alfalfa steers had relatively high ADG, 

which diminished toward the end of the grazing season. Dahl forage availability in the 

Dahl–alfalfa pastures was about 2,000 kg ha–1 DM for the remainder of the season, while 

the Dahl–only pastures remained at around 3,100 kg ha–1. For this reason, any put–and–

take grazers stayed in their respective block throughout the trail in both years.  

When comparing gross income of this 5-yr study with other cotton research in the 

southern THP, profitability was similar compared to data from 2018 and 2019 for cotton 

(Lewis et al., 2018). Gross income was $834.43 and $563.28 ha–1 for Dahl treatments in 

2018 and 2019, respectively. Further, gross income would have been comparable to that 

of the observed gross income in Lewis et al. (2018). 

 

CONCLUSIONS 

 Average daily gain was greater in Dahl–alfalfa treatments in 4 of the 5 yr, and 

averaged 0.16 kg head–1 day–1 more gain than the Dahl‒only pastures averaged over 5 yr. 

Costs of seed for grasses like Dahl in the THP are relatively cheap at $16.17 kg–1 with a 

1.78 kg PLS ha–1 seeding rate. Interseeding alfalfa with seeding rates of 6.69 kg PLS ha–1 

at $4.41 kg–1 costs $29.50. Average daily gain for Dahl–only steers was 0.87 kg versus 

1.03 kg when higher–quality legumes were grazed from the end of May to August or 

September. Introducing legumes increased the value of the liveweight gain by $63.04 

head–1 year–1 with an average increased liveweight gain of 17 kg head–1. The value of 

gain is driven by market prices at a given sale weight at a given time. Selling steers at 

320 kg versus 310 kg head–1 resulted in a loss of $1.07 kg–1 in 2018 when comparing 
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alfalfa to Dahl. The Dahl‒alfalfa system was profitable in 2018 and 2019; however, less 

profitable than the Dahl system. Regardless of treatment, value of gain was positive in all 

5 yr; however, in 2015, producers who bought stockers later in the summer and kept them 

through early fall could have lost $0.31 – $3.49 kg–1 of gain per animal. Buying in May 

and selling in August was profitable in all 5 yr, while buying in June and selling in 

September was profitable in 4 of the 5 yr. Trends for all 90–d grazing seasons showed 

that the highest values for added gain were generally between buying steers at 227 kg and 

selling at 317 kg or buying at 249 kg and selling at 340 kg.  
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CHAPTER V 

 

LEGUME INCLUSION EFFECT ON ENTERIC METHANE EMISSION 

IN GRAZING STEERS1 

 

K.L. Radicke – Vanderburg*, D.D. Henry, C.P. West, C.P. Brown, P. Green2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 To be submitted to Journal of Animal Science .  

 
2 K.L. Radicke – Vanderburg, C.P. West, C.P. Brown, and P.E. Green, Dep. of Plant and Soil Science, Texas Tech 

Univ., Mail Stop 2122, Lubbock, TX 79409. D.D Henry, Dep. of Animal Science, Texas Tech Univ. Mail Stop 2132, 

Lubbock, TX 79409. Received _______________. Corresponding author (kradicke2@live.com).  

 

Abbreviations: ADG, average daily gain; CH4, methane; CO2, carbon dioxide; CP, crude protein; DM, dry matter; 

GHG, greenhouse gases; IVDMD, in vitro dry matter digestibility; IVOMD, invitro organic matter digestibility; LWG, 

liveweight gain; N2O, nitrous oxide; OWB, Old World bluestem; THP, Texas High Plains 
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ABSTRACT 

Climate change caused by increased greenhouse gas (GHG) emissions is 

predicted to promote stressors on global agricultural production, including in the semi–

arid U.S. Southern Plains. Rises in temperature coupled with altered rainfall patterns will 

force producers to adjust practices for crop and livestock production including grazing 

systems. Enteric methane from rumen fermentation makes up 5% of U.S. GHG 

emissions. It was hypothesized that including alfalfa in mixture with ‘WW-B.Dahl’ old 

world bluestem (Dahl) would modulate methane emission and increase animal 

performance because of alfalfa’s high rate of fiber digestibility. The objective was to 

compare Dahl grown alone or with legumes (mainly alfalfa) for methane emission in 

grazing steers. Enteric methane production was measured using the SF6 tracer technique 

during five, consecutive, 24–h periods in each of 2 yr, from 9 steers per treatment, 

allocated among 3 replicates. There were no differences in most of the methane emission 

metrics between treatments in 2018 or 2019. The inclusion of legumes increased IVDMD 

by 49 g kg–1 in 2018 and 51 g kg–1 in 2019. Methane emission per unit of IVDMD or 

IVOMD was not significantly affected by forage treatment in 2018 or 2019. Dry matter 

intake was greater (P ≤ 0.05) in grass–alfalfa than in grass–only pastures in both years, 

and methane emission per kg of intake tended to be reduced (P = 0.10) in 2018 and was 

reduced (P < 0.001) in 2019. Enhanced forage digestibility and forage intake with alfalfa 

contributed to greater efficiency of forage conversion to animal weight gain, which may 

be partly explained by reduced gross energy losses as methane. Interseeding alfalfa into 

established pastures of old world bluestem provides a pasture management option for 

lowering the GHG impact of beef stocker production. 
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INTRODUCTION 

Ruminant livestock industries are significant sources of greenhouse gas (GHG) 

emissions globally, contributing methane (CH4) and nitrous oxide (N2O) to the 

atmosphere throughout the production process (Solomon et al., 2007). Methanogenesis 

occurs in the rumen as a result of reduction of CO2 with H2 by ruminal methanogenic 

archaea. Archaea cell walls comprise phospholipids with fatty acid chains and ether 

bonds (Jain et al., 2014), rather than ester bonds as in bacteria and eukaryotes. This 

allows archaea to survive in extreme environments where they can adapt to variations in 

pH, temperature, and pressure (Siliakus et al., 2017). Ruminal archaea have a mutualistic 

relationship with ruminants by acting as hydrogen scavengers, whereby they utilize 

excess H2 (Janssen & Kirs, 2008). Microorganisms are central to rumen function for fiber 

digestion (Creevey et al., 2014), where the decomposition of slowly degradable 

lignocellulosic material produces H2 (Akin et al., 1988). Without methanogens in the 

rumen and their role of removing excess H2, excess H2 would be re–oxidized to H+ ions 

while forming lactate or ethanol (Moss et al., 2000), leading to ruminal acidosis. Acidosis 

inhibits rumen function and nutrient digestion, followed by decline in animal 

performance such as weight gain (Nagaraja and Titgemeyer, 2007).  

Enteric CH4 production impacts the environment through its role as a GHG. 

Methane has a global warming potential (GWP) 25 times that of CO2, whereas the GWP 

of N2O is 298 times that of CO2 (Solomon et al., 2007). Agriculture contributes 10–12% 

of global anthropogenic GHG emissions, while enteric livestock production contributes 

55% of that total , accounting for 2.1 Gt CO2 Eq yr–1 (Pitesky et al., 2009). Enteric 

fermentation of feedstuffs by domestic ruminants is the largest source of anthropogenic 
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CH4 emissions (IPCC, 2013). Although ruminants can convert low–quality feed into 

high–quality protein for human consumption, the conversion of feeds to meat and milk is 

not very efficient such that only 10–35% of gross energy intake is captured as net 

(physiologically useful) energy (Varga and Kolver, 1997). Further, CH4 production and 

diet are interlinked, in that high–starch diets lead to lower emissions owing to less H2 

produced in the rumen than with forage diets (Tapio et al., 2017). High–quality forages, 

such as legumes, have been reported to decrease CH4 production, relative to high–fiber 

forages, as a result of more rapid digestion and passage out of the rumen (Beauchemin et 

al., 2008). Finally, ruminal production of CH4 causes a 2‒12% loss of consumed gross 

energy to the atmosphere rather than for body maintenance and synthesis of muscle, milk, 

and fiber (Johnson and Johnson, 1995), thus constituting a loss of economic productivity. 

As the demand for beef and dairy products continues to rise with increasing 

global population and living standards, environmental impacts from ruminants will likely 

increase as well. The largest aggregate emission of CH4 along the beef production chain 

occurs in the cow–calf phase (Beauchemin et al., 2011, Rotz et al., 2015) owing to the 

high proportion of forage in the diet (Beauchemin et al., 2010; Thoma et al., 2013) and its 

long residence time in the rumen (Huerta et al., 2016). The Texas High Plains (THP) is 

the primary trade center for the beef industry in Texas with 82.6% of the state’s fed beef 

value–added sector (Benavidez et al., 2019). Further, land use is composed of 55% 

pastureland, 10% non–agricultural land, 25% dryland cropping systems, and 9% irrigated 

cropping systems (Benavidez et al., 2019).  

Confined animal feeding operations (CAFOs) make up the largest portion of fed 

cattle in the THP compared to cow–calf and stocker operations, requiring a large amount 
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for grain for concentrate feeds for finishing. With the decline of the Ogallala Aquifer and 

reduced water pumping capacities for irrigation, corn is becoming less sustainable (Hao 

et al., 2015), likely forcing more costly imports of corn from other U.S. regions. Options 

to graze more stocker cattle for longer periods on forages could reduce total input costs 

for the CAFOs while providing crop producers a complementary income. Fed cattle will 

continue to be a long–term driving force in the livestock industry in the THP, with a 

current average of 2.2 million head of cattle on feed and over 4 million marketed 

annually (Benavidez et al., 2019). Additionally, from 2013 to 2017, the stocker market 

averaged around $409 million annually in additional income (Benavidez et al., 2019). 

Various strategies to mitigate CH4 emissions in ruminant production have been 

investigated, including feed additives and diet manipulation (Benchaar et al., 2001). 

These additives include lipids (Eugene et al., 2008; Ungerfeld et al., 2005), ionophores 

(Appuhamy et al., 2013; Beauchemin et al., 2008), sulfate, nitrate (Leng, 2008), 

probiotics (Boadi et al., 2004; Moss et al., 2000), bacteriocins, and essential oils 

(Newbold et al., 2003), all indicated promising effects on reducing CH4, as well as highly 

digestible forages (Boadi et al., 2002). Lower–digestibility (higher fiber) forages tend to 

cause more CH4 production per unit of dry matter intake (DMI) owing to greater 

fermentation duration of slowly digestible, structural carbohydrates (cellulose and 

hemicellulose; Milich, 1999). In contrast, diets high in cereal grains (high in starch) 

produce lower outputs of CH4 per unit of DMI since cellulosic digestion is a less 

dominant fermentation substrate (Moss et al., 2000). Data have indicated that alfalfa has 

the potential to decrease CH4 emission (Hassanat et al., 2013; Malik et al., 2016). 

Legumes are lesser in total fiber (neutral detergent fiber, NDF), and their fiber digests 
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quicker (Beever et al., 1986), thereby providing greater nutritive value and animal growth 

rate, compared with forage grasses (Baxter et. al., 2017). 

Sustaining profitable food and fiber production while balancing natural resource 

stewardship is becoming more threatened by elevated temperatures, unreliable 

precipitation patterns, greater frequency of extreme weather, fresh–water depletion, and 

land degradation. Adoption of conservation management strategies such as diversified 

crop–forage–livestock systems would benefit sustainability in the THP (Allen et al., 

2005). Introducing the use of legume grazing systems could decrease negative impacts of 

cattle on the atmosphere while enhancing soil organic carbon, soil microbial biomass and 

diversity, and soil structural stability (Acosta–Martínez and Cotton, 2017; Bhandari et al., 

2018, Fultz et al., 2013; Zilverberg et al., 2014;). Further, the need for N fertilizer inputs 

into the forage system is decreased or eliminated by using legumes, and GHG associated 

with synthesized N fertilizers (Zhang et al., 2013) and emissions of N2O associated with 

fertilizer–N transformations in the soil (Akiyama et al., 2000; Bockman and Olfs, 1998) 

would be eliminated by using legumes.  

This experiment aimed to test the hypothesis that alfalfa inclusion in the grazing 

diet will increase in vitro DM digestibility (IVDMD) compared to grass–only diets, 

increase DMI by steers, and, therefore, enhance steer average daily gain (ADG). Since 

digestibility was expected to increase with legume availability, CH4 production rate per 

head was expected to decrease with increasing digestibility and per unit of DMI. Specific 

objectives were to: 1) Determine the effect of inclusion of alfalfa in grass–based pastures 

on CH4 emission from stocker steers; 2) Determine rates of CH4 emission in relation to 

unit of ADG; 3) Determine rates of CH4 emission per unit of DMI, IVDMD, and in vitro 
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organic matter digestibility (IVOMD); and 4) Assess the relationship between percentage 

of alfalfa in the diet and daily rate of CH4 emission.  

 

MATERIALS AND METHODS 

Site Characteristics 

The trial took place in 2018 (June 01 to August 15) and 2019 (June 03 to 

September 19) at the Texas Tech University Forage Research Lab (33° 045' N, 101° 047' 

W; 993 m elevation). The pastures were located in Lubbock County about 10 km east of 

New Deal, TX. The site consisted of a Pullman clay–loam soil (fine, mixed, super–active, 

thermic Torrertic Paleustolls), with 0 to 1% slope, and a daily mean temperature ranging 

from 10°C in January to 30°C in July (UDSA–FS, 2004). Annual precipitation is 469 mm 

(Soil Survey Staff, 2017), where rainfall in 2018 during the time of the methane 

collection period was 22.4 mm and 3.5 mm in 2019. In 2018 daily mean temperature 

during the collection period was 36°C and 35°C in 2019 with nightly temperatures of 

21°C in 2018 and 18°C in 2019.   

There were six pastures containing old world bluestem ‘WW–B.Dahl’ 

[Bothriochla bladii (Retz) S.T. Blake] (hereafter abbreviated as Dahl), with three pastures 

including the legumes alfalfa and yellow sweetclover [Melilotus officinalis Lam.] 

interseeded into Dahl stands with mean canopy cover of 29% legume in 2018 and 43% 

legume in 2019. Pastures were each 2.06 ha and arranged in three replicate blocks, each 

containing two treatments: Dahl growing with no legume, and Dahl‒alfalfa.  

Pastures were irrigated with subsurface drip tapes (Netafim, Fresno, CA, USA) 

which were 0.36 m deep and at 1–m spacing. Fertilizer was applied to Dahl through the 
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irrigation system at 67 kg N and 12 kg S ha–1 yr–1, and no fertilizer was applied in the 

Dahl–alfalfa  pastures. Forage availability was monitored by clipping, drying, and 

weighing forage samples every 3 wk. Data contributed to ensuring similar forage 

allowance per steer between treatments by adjusting stocking rates using put–and–take 

grazers. Once quadrats were clipped, forage was composited by species and placed into 

paper sacks, and dried in a forced–air oven at 55oC for 48 hr. Biomass was calculated 

based on separate–species and combined–species dry weights. Forage allowance was 

calculated by dividing the biomass in kg ha–1 by the total animals liveweight in kg ha–1 

within each experimental unit (pasture). Percentage alfalfa cover was calculated using the 

Daubenmire frame method (Daubenmire, 1959). Briefly, frames were placed along a 10–

m transect at every meter, and total canopy and basal cover were estimated by species 

(Coulludon et al., 1999; Daubenmire, 1959). Sections of the quadrat frame were 

delineated into various sizes, to provide a visual guide that would represent 5, 25, 50, 75, 

95 and 100% of the frame (Bureau of Land Management, 1996). This method recognizes 

the difficulty in accurately assigning an exact percentage cover value to each functional 

group in a quadrat with a visual estimation; therefore, cover class ranges were used to 

provide a more repeatable measure (Bureau of Land Management, 1996).  

Eighteen yearling, Angus crossbred steers were assigned within treatments. Tester 

steers (n = 36) were present in each treatment continuously during the trial period. 

Stocking rates were no less than 2.9 steers ha–1 and no more than 5.8 steers ha–1 during 

the grazing season for both treatments. Upon arrival, body weights were recorded on 2 

consecutive days and the average was consider initial body weight. Steers were then 

stratified by initial body weight and randomly assigned to pasture. Average initial body 
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weight was 227 kg in 2018 and 239 kg in 2019. Double weights were recorded every 28 d 

to determine ADG and total live weight gain (LWG). Performance data for the analysis 

was from the first 56 d rather than for the short CH4 sampling period because the high 

stress from moving the steers twice daily reduced weight gains during the collection 

periods. Animal performance data were analyzed for treatment effects for both yoked 

(fitted with CH4 collection canisters) and unyoked steers because of the likelihood that 

the yokes would inhibit LWG of the tester steers compared to the unyoked animals.  

At the beginning of the grazing trial, all pastures were provided ad libitum 

poloxalene blocks to prevent bloat in the Dahl–alfalfa pastures. Steers had ad libitum 

access to water.  

 

Experimental timeline 

• Day 0 (June 25, 2018 & June 19, 2019) – all steers weighed and CH4 tester 

steers (3 head per treatment) bolused with permeation tube at 0800 h with 

acclimation yokes fitted to them. Intake tester steers (4 head including CH4 

tester steers per treatment) bolused with external markers at 0800 h and 1800 

h for 2018 and 0800 h in 2019.  

• Days 1–4 – tester steers bolused with external markers at 0800 h and 1800 h 

for 2018 and 0800 h in 2019. 

• Day 4 – tester steers bolused with external markers and fecal grabs were 

performed at 0800 h and 1800 h for 2018 and 0800 h in 2019. First set of 

tester yokes placed on CH4 tester steers (3 head per treatment) at 0800 h. 
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Eight yokes for collecting ambient air were placed in pastures (two placed E 

and W and two placed S and N) at 0800 h. 

• Days 5–9 – Tester steer yokes and ambient yokes were taken off animals and 

final can pressure was recorded at 0800h. New yokes were placed on CH4 

tester steers, intake steers were bolused with external markers, and fecal grabs 

were performed at 0800 h and 1800 h for 2018 and 0800 h in 2019. Ambient 

yokes were placed in pastures at 0800h. Yokes stayed in pastures and on 

animals from 0800 h to the next 0800 h collection period (24 h).  

• Day 10 – yokes were taken off CH4 tester steers, ambient yokes were 

collected from pastures at 0800 h, and final fecal grabs were taken from intake 

steers.  

 

Methane capture technique 

 Methane emission per steer per day was measured using the sulfur hexafluoride 

(SF6) tracer technique (Johnson et al., 1994). The purpose of SF6 technique was to allow 

the cattle to free-range graze within their assigned experimental pasture while exhaled 

breaths were collected from steers fitted with the collection yokes for 24 h, as opposed to 

unrealistic confinement in a pen or respiration chamber. The SF6 method is cheaper and 

more comparable to grazing conditions than the confinement methods. Several 

publications have reviewed the SF6 method for measuring CH4 emissions with regard to 

reliability of the data (Grainger et al., 2007; Hammond et al., 2009; Lassey et al., 2011; 

Makkar and Vercoe, 2007; Storm et al., 2012; Williams et al., 2011). The SF6 technique 

tends to produce a larger variability (CV of 6.5 %) when compared to respiration 
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chambers (CV of 4.3%) (Grainger et al., 2007), and SF6 tracer estimates were 3–33% 

higher than chamber-derived values (Moate et al., 2011).  

Permeation tubes consisting of a brass body (length = 4.4 cm, outside diameter = 

1.43 cm, inside diameter = 0.79 cm, inside depth = 3.8 cm, and volume = 1.86 mL) with a 

Teflon membrane, secured by a porous (2 μm) stainless–steel frit and a SwageLok nut, 

filled with approximately 600 mg of SF6 were used in this experiment. Release rate of 

SF6 was determined from permeation tubes by weighing tubes in the lab approximately 

90 d before insertion, which averaged 6.49 mg d–1. Once release rates were calculated, 

permeation tubes were administered to the rumen of each test animal via balling gun on d 

0 of the methane collection period. “Dummy yokes” (yokes with no plumbing) were 

attached to the steers to acclimate them to the yokes for 4 d. After 4 d, tester collection 

cannisters with plumbing were placed on each animal.   

Gas samples were collected for 24 h for 6 consecutive days once per year into 

pre–evacuated canisters (evacuated to 68.6 cm Hg) with female quick–connects. New 

canisters and a male quick–connect from the halter were placed on each tester steer, daily 

at 0800 h. The canister volume and the flow restriction created by crimping capillary 

tubes were designed to allow for half of the vacuum to remain after 24 h of collection. 

Eight ambient environmental canisters with capillaries were placed on perimeter fences 

of the pastures to compare ambient CH4 and SF6 to that collected from the steers. 

Cannisters were returned to the lab after field collection where they were injected 

with N2 gas to act as the carrier for CH4 and SF6 analysis. Methane and SF6 

concentrations captured in the collection canisters were assayed by gas chromatography 

(Agilent 7820A GC; Agilent Technologies, Palo Alto, CA) using a flame ionization 
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detector and electron capture detector, respectively. Amount of CH4 produced per 

animal-day was calculated in relation to the SF6 tracer gas co–captured in the canisters 

and ambient CH4 and SF6 using the following equation.  

QCH4 = QSF6 × ([CH4]γ – [CH4]β) ÷ ([SF6]γ – [SF6]β)    (1) 

Where QCH4 is CH4 emission per animal (g/d),  

QSF6 is SF6 release rate (mg/d),  

[CH4]γ is the concentration of CH4 in the animal’s collection canister,  

[CH4]β is the concentration of CH4 in the environmental canisters,  

[SF6]γ is the concentration of SF6 in the animal’s collection canister,  

and [SF6]β is the concentration of SF6 in the environmental collection canister. 

Methane emitted per steer–day was also expressed as indices of daily steer growth 

(ADG) and intakes of IVDMD, IVOMD, and DMI for comparing treatments for intensity 

of CH4 production. 

 

Measurement of forage intake 

 Dry matter intake was determined by dosing steers with chromic oxide (Cr2O3) 

from day 1 to day 10 of the methane collection period. Five grams (10 g total per day) of 

Cr2O3 were placed in gelatin capsules and bolused twice per day (0800 h and 1800 h) into 

24 tester steers (one more steer than was used for CH4 collection) in 2018, and bolused 

only in the morning in 2019. Starting on day 5, fecal samples from each steer were 

collected via rectal grab or from the ground directly after defecation (at 0800 h and 1800 

h) until day 10. Samples were immediately placed on ice and frozen at ‒20oC until further 

analysis. Fecal samples were dried in a forced–air oven at 55oC for 96 h, and samples 
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were ground in a Wiley mill (Arthur H. Thomas Co, Philadelphia, PA) to pass a 2–mm 

screen. Once dried and ground, fecal samples were composited within steer for each year. 

Approximately 0.5 g of ground, composited feces was dried at 100˚C for 24 h to 

determine sample DM, and ashed at 550˚C for 3 h to determine sample OM 

concentration. Fecal samples were digested using methods by Williams et al. (1962), and 

concentrations of  chromium were determined using atomic absorption 

spectrophotometry (358 nm with an air plus acetylene flame; AAanlyst 200; Perkin 

Elmer, Walther, MA).  

 

Determination of dietary legume content 

Analysis of stable isotopes of C were performed at the Forage Laboratory at the 

University of Florida – North Florida Research and Education center (NFREC) in 

Marianna, Florida. Stable isotope ratios can be used to estimate the ratio of C3 to C4 

forages in the diet (Diógenes Pereira Neto et al., 2019). Plants that are C3 and C4 possess 

different pathways of carbon fixation via photosynthesis, wherein different reaction steps 

result in differential levels of 13C discrimination  relative to 12C (Diógenes Pereira Neto et 

al., 2019). Plants that are C3 discriminate more against the heavier 13C than do C4 plants, 

which results in differing δ13C compositions for each pathway type (Farquhar et al., 

1982). Fecal δ13C was used to estimate C3 and C4 plants in the steer diets. Since legumes 

are C3 plants and Dahl is a C4 plant, differential carbon isotopes allowed estimation of the 

percentage of legumes consumed in the Dahl–legume diet, and the intake of digestible 

DM and digestible OM per animal–day based on grass vs. legume diet composition and 

concentrations of IVDMD and IVOMD. 
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Composited fecal samples were ball-milled to reduce particle size to 100 µm. 

Samples were analyzed for total C using a CHNS analyzer using the Dumas dry 

combustion method (Vario Micro Cube; Elementar, Hanau, GER). This was in 

conjunction with an isotope ratio mass spectrometer (IRMS), (IsoPrime 100, Manchester, 

UK) where δ13C were determined. Isotopic ratios were calculated using the following 

equation (Diógenes Pereira Neto et al., 2019):  

Proportion of legume = (δ13C feces ‒ δ13C Dahl) / (δ13C legume ‒ δ13C Dahl)   (2) 

Proportion of Dahl = 1 – proportion of alfalfa           (3) 

δ13C feces is the atom–% of 13C in the fecal sample 

δ13C Dahl is the atom–% of 13C in the Dahl forage sample  

δ13C alfalfa is the atom–% of 13C in the alfalfa forage sample. 

 

In vitro dry matter digestibility, IVOMD, and crude protein (CP) analyses 

Forage samples were collected during the CH4 collection period by grabbing 

samples that approximated the observed selective grazing from random portions of each 

pasture, where a composite of each forage species was made for each replicate. Forage 

samples were weighed, dried at 55oC, and reweighed. Samples were ground to pass a 2–

mm screen. Composited forage samples, collected by pasture, were sent to a commercial 

laboratory (A and L Plains Agricultural Laboratories, Inc., Lubbock , TX) for CP analysis 

(Table 1). 

For each year, 30 samples containing 0.7000 g of forage sample were weighed 

and placed in 100–ml polystyrene centrifuge tubes. In Dahl–alfalfa  pastures, 24 Dahl and 

alfalfa samples were weighed in proportions determined by the isotope ratio analysis of 
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steer fecal outputs (12 individual steers, in duplicate = 24 samples). Six Dahl‒only 

samples were analyzed using one composite sample for each Dahl pasture (3 replicated 

pastures, in duplicate = 6).  This scheme yielded 124 total samples for all in vitro 

analyses (30 per run, 2 yr of CH4 collection, 2 d of inoculated samples, and two blank 

rumen fluid samples = 124 total inoculated test tubes).  

Rumen fluid inoculum was collected from two predominantly Angus, ruminally 

cannulated steers (approximately 550 kg BW) given ad libitum Dahl hay for 90 d before 

collection of rumen fluid. Rumen fluid was collected on the day of in vitro initiation from 

each steer and strained from a representative sample of digesta through four layers of 

cheese cloth. Fluid was collected in a pre–warmed, insulated container, kept at 39oC,and 

transported to the laboratory within 30 min of collection. A 4:1 McDougall’s 

buffer:ruminal fluid mixture was used as inoculum for the assays (McDougall, 1944).   

A modified Tilley and Terry (1963) procedure was used to determine in vitro 

organic matter digestibility (IVOMD) using 100–ml polystyrene centrifuge tubes with 

rubber stoppers fitted with a 16–gauge needle for gas release. Fifty ml of inoculum was 

added to each test tube and incubated for 48 h at 39°C under constant agitation (60 rpm).  

During the first 24 h, gentle swirling of each test tube was performed every hour to 

ensure that the forage had complete contact with the inoculum. At the end of the 

incubation, fermentation was stopped by adding 6 mL of a 20% HCl solution to each 

tube. Two milliliters of 5% pepsin was added and tubes were gently swirled and placed 

back into the incubator for another 48 h at 39oC. Once the final incubation was 

performed, the undigested sample was rinsed using deionized water and vacuum filtered 

onto pre–weighed P8 filter paper (Fisherbrand; Thermo Fisher Scientific Inc., Pittsburg, 
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PA). Filters with residue were placed in crucibles and placed in an oven at 100°C for 24 h 

to determine dry weight. Crucibles were then ashed at 600°C for 8 h. Crucibles were 

placed in an oven for another 16 h to record hot weight of ash and crucibles.   

To calculate IVDMD, the dry residue weight (corrected for the contribution of 

solids in the blank) was subtracted from the incubated dry matter, and the result (i. e., 

digested dry matter) was divided by the dry weight of substrate incubated. The following 

formula was used to calculate in vitro organic matter digestibility (IVOMD).  

 

IVOMD (g kg–1) = ( g substrate OM incubated – (g substrate OM remains – g 

blank OM remains) / g substrate OM incubated) * 100    (4) 

 

Statistical analyses 

The experimental design was a randomized complete block design with 3 

replicated blocks (2 treatments; legume inclusion and no legume) using the MIXED 

procedure of SAS. Pasture was considered the experimental unit. Effects of legume 

inclusion in the diet (Dahl vs. Dahl–alfalfa) on methane emission per day, methane 

emission per ADG, kg of IVDMD, kg IVOMD, and kg of DMI were analyzed using 

analysis of variance for each methane collection period for each year. The model 

included treatment as a fixed effect and block as a random effect. Differences were 

determined significant at P ≤ 0.05 and tendencies were discussed at 0.05 < P ≤ 0.10.  

A Pearson’s correlation was analyzed using the PROC CORR function of SAS to 

test the relationship of methane emission to IVDMD and methane emission to IVOMD 

by running separate correlations with combined observations for both years, and a 
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correlation within each year. A Pearson’s correlation was also run on available alfalfa 

forage biomass vs. the percentage of alfalfa found in the diet, percentage of alfalfa in the 

diet vs. methane emitted. Significance was declared at P ≤ 0.05.  

 

RESULTS  

Throughout the 2018 sampling period, CP concentration of forage in the Dahl 

treatment was 20–30 g kg–1 greater than that of the Dahl portion of the Dahl–alfalfa  

treatment (Table 5.1). In 2019, CP concentrations of the Dahl portion in Dahl and Dahl–

alfalfa treatments had a similar trend, where Dahl had a CP higher than that of the Dahl–

alfalfa treatment. However, CP in the Dahl was less in 2018 than in 2019. In both years, 

alfalfa was 50–115 g kg–1 greater than the Dahl portion in Dahl–alfalfa treatments. 

 

 

 

 

 

 

 

 

 

 

 

 



                            Texas Tech University, Kathryn Radicke–Vanderburg, August 2020 

123 

 

 

 

 

 

 

 

 

Table 5.1. Crude protein concentration of WW–B.Dahl grass and alfalfa 

components by treatment and date of grazed forages in 2018 and 2019. Paired 

T-tests were used to test differences of CP in the treatments of the Dahl-only 

(P=0.01) n=5. 

Date Treatment Dahl Alfalfa 

  –––––––g kg–1––––––– 

5–23–18 Dahl–alfalfa † 58* 173 

5–23–18 Dahl‡ 94 – 

    

6–29–18 Dahl–alfalfa  71* 169 

6–29–18 Dahl 96 – 

    

7–20–18 Dahl–alfalfa  78* 190 

7–20–18 Dahl 106 – 

    

5–22–19 Dahl–alfalfa  71* 120 

5–22–19 Dahl 78 – 

    

7–11–19 Dahl–alfalfa  82* 135 

7–11–19 Dahl 89 – 

† Dahl–alfalfa = Dahl and alfalfa pasture CP by forage type 
‡ Dahl = Dahl–only pasture CP.  

* symbolizes statistical significance within sampling dates. 
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During the first 56 d of the 2018 grazing season, ADG between treatments did not 

differ (P <0.05), but was greater in the Dahl–alfalfa treatment in 2019 (P = 0.04) (Table 

5.2). Legume inclusion increased IVDMD significantly for both years (P <0.0001), and 

for IVOMD (P = 0.0002 and  P <0.0001, respectively). Legume inclusion also increased  

DMI for both 2018 (P = 0.005) and 2019 (P = 0.04).   

Methane emission per steer–day was not significantly affected by pasture 

treatments in either year (Table 5.2). Methane emission per ADG was significantly less in 

Dahl‒alfalfa in 2019 (P = 0.02) but was not different in 2018 (P = 0.79) (Table 5.2).  

Methane emissions per kg of IVDMD and IVOMD intake were not significantly different 

for either year; however, there were trends for these indices to be lower in Dahl‒alfalfa in 

2019. While there was a tendency for CH4 emission per unit CH4 emission per kg of 

DMI was significantly reduced in 2019 by 8.3 g kg–1 DMI by including alfalfa in the 

mixture (P = 0.0005).  
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Table 5.2. The effects of pasture treatment on steer ADG, concentrations of IVDMD  and IVOMD in the 

consume forage, daily amounts of DMI, CH4 emitted per animal-day, and indices of CH4 emitted per unit of 

ADG, and per daily intakes of IVDMD, IVOMD, and DMI by steers (n = 9). 

 2018    2019   

Item Dahl Dahl–alfalfa  SEM1 P–value2  Dahl Dahl–alfalfa  SEM P–value 

ADG3, kg 1.3 1.5 0.07 0.60  1.0 1.1 0.09 0.04 

IVDMD4 g kg–1 694 743 8.9 <0.0001  703 753 4.5 <0.0001 

IVOMD5 g kg–1 698 733 9.5 0.0002  688 745 5.2 <0.0001 

DMI6, kg d–1 11.2 13 1.1 0.005  6.3 9.9 1.1 0.04 

CH4, g steer-1 d–1 125 126 8.2 0.92  137 124 12.9 0.33 

CH4, g kg–1 ADG  122 120 7.9 0.79  89 76 9.5 0.02 

CH4, g kg–1 of IVDMD7 180 170 7.3 0.31  195 165 17.6 0.11 

CH4, g kg–1 of IVOMD 183 172 10.4 0.31  199 167 17.9 0.09 

CH4, g kg–1 DMI 9.2 11.7 1.3 0.07  21.7 13.4 1.9 0.0005 

1 n = 9 steers per treatment for methane capture. 
2 Observed level of significance for Dahl only or Dahl–alfalfa diet (n = 18 steers), significance at α = 0.05. 
3 Average daily gain total = mean ADG of all tester steers within treatment with a 56 d early-summer ADG of stocker 

steers grazing Dahl and Dahl–alfalfa  pastures. 
4 In vitro dry matter digestibility. 
5 In vitro organic matter digestibility.  
6 Dry matter intake = average daily DMI during the methane collection period. 
7 IVDMD & IVOMD based on individual steer isotope ratios for Dahl–alfalfa pastures then averaged (n = 9). IVDMD 

& IVOMD for Dahl was analyzed for the entire pasture (n = 3). 
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The mean percentage of Dahl and alfalfa portions in the diet among tester steers 

was calculated and reported for each block in Table 5.3. Legume contents in the diet were 

inconsistent among blocks in 2018, ranging from 18 to 76% with a mean of 51%. 

Between 2018 and 2019, block 3 was reseeded with alfalfa in an attempt to equalize 

alfalfa canopy cover and inclusion in the diet across all treatment blocks. In 2019, there 

was more consistency with a mean of 93%.  

 

Table 5.3. Percentage Dahl and alfalfa portions in diets during methane 

collection periods in 2018 and 2019, and alfalfa forage availability in 

Dahl–alfalfa pastures by block; means of four steers per block. 

Year Block Dahl  Alfalfa   Alfalfa availability 

  –––––––––––%––––––––– ––kg DM ha–1–– 

2018 1 42 58 310 

2 24 76 475 

3 82 18 147 

Mean 49 51 348 

     

2019 1 4 96 589 

2 7 93 650 

3 10 90 690 

Mean 7 93 653 

 

There was no consistent correlation between IVDMD or IVOMD concentrations 

in available forage vs. daily CH4 emission per steer for either year (Table 5.4). 

Correlations in combined years and in 2018 for IVDMD vs. methane emission were 

negative and not significant. The correlation between IVDMD and methane in 2019 was 
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positive, but also not significant. The correlation between IVOMD and methane emission 

for the combined years was similarly very low and nonsignificant. In contrast to IVDMD, 

the within-year correlation coefficients involving IVOMD were reversed, in that the 

correlation was positive in 2018 and negative in 2019, but not significant.  

 

Table 5.4. Pearson correlation coefficients (r) of digestibility, DMI, and alfalfa % in 

the diet vs. daily rate of methane emission. Each sample represents an individual 

steer. 

Variable vs. 

methane 

Year 

Sample size N 

Correlation 

coefficient 

P–value 

IVDMD Combined 36 –0.04 0.80 

 2018 18 –0.33 0.19 

 2019 18 0.32 0.20 

IVOMD Combined 36 –0.03 0.88 

 2018 18 0.44 0.07 

 
2019 18 –0.33 0.18 

DM intake Combined 36 –0.09 0.60 

 2018 18 0.55 0.003 

 
2019 18 –0.09 0.72 

Alfalfa % feces Combined 18 0.12 0.62 

 2018 9 0.74 0.02 

 2019 9 –0.12 0.74 

 

The correlation between DMI and methane emission was significant (P = 0.003) 

only in 2018. Fecal δ13C was used to estimate dietary legume percentage. Correlations 

between percentage alfalfa in the feces and methane emission for the combined years and 

2019 were not significant different. The correlation in 2018 was significantly (P = 0.02) 
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positive , suggesting that as alfalfa in the diet was heavily selected for, methane emission 

per animal increased as well (Table 5.4).  

 

DISCUSSION 

Legume inclusion increased DMI by 1.9 kg day–1 in 2018 and 3.6 kg day–1 in 

2019 (P = 0.005 and P = 0.04, respectively; Table 5.2). Increases in DMI resulting from 

including legumes were also reported in other studies involving grass–legume pasture 

research (Burns and Fisher, 2013; Neto et al., 2019, Manaye et al., 2009). Intake was 

likely increased because of greater digestibility, leading to faster rumen passage (Van 

Soest, 1994). Forage composition factors such as high NDF digestibility and low 

concentrations of lignin, cellulose, and hemicellulose favor high levels of intake (Van 

Soest, 1994).  

The observed increase in forage digestibility with the inclusion of legumes in the 

diet (Table 5.2) agrees with that reported by Muir et al. (2011). Increased digestibility 

improved ADG in a similar grazing trial at this site (Baxter et al., 2017). Additionally, 

animals can select their diet in favor of legumes when forage species of contrasting 

palatabilities are available for grazing (Gregorini et al., 2017).  The increase of DMI in 

the current trial was likely promoted by the increased IVDMD and IVOMD that the 

legumes provided in the steer diet. Additionally, it is important to note that the trial for 

2019 started a week and a half earlier than that of 2018, steers were in the paddock 

grazing system for only two weeks after a long shipping event to the study site in 2019 

compared to being in the pastures for four weeks in 2018. With such a short acclimation 

period in 2019 to allow steers to calm before inducing the high stress of moving steers 
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twice a day could be why mean DMI was less for 2019 than 2018. Also, due to concerns 

of heat stress on the animals in 2019, steers were only bolused once a day early in the 

morning with chromic oxide as opposed to two times a day in 2018. 

Another study has shown that as intake increased from 40 to 68 g DM kg–0.75, CH4 

production decreased from 9.2 to 5.3% of GEI (McAllister et al., 1996) when feeding 

concentrate diets. Further, a study focused on white clover (Trifolium repens L.) and 

perennial ryegrass (Lolium perenne L.) in sheep diets at differing dry matter intakes 

reduced CH4 production per unit feed intake by up to 20% (Hammond et al., 2013). In 

this research, CH4 emission per kg of DMI tended to decrease CH4 emission in 2018 (P = 

0.07), and significantly decreased CH4 emission in 2019 (P = 0.0005), which supports the 

hypothesis that increases in digestibility could increase DMI and passage rate, therefore 

decreasing CH4 emission. However, regardless of diet type, variation in DMI can account 

for 52–64% of the variation of daily CH4 production (Boadi and Wittenberg, 2002; 

Hammond et al., 2009; Pinares–Patino et al., 2007). The inclusion of legumes in the 

current trial showed potential for reducing CH4 emission (Table 5.2) per kg DMI; 

however, significance was only observed in one year.   

The inclusion of legumes increased IVDMD by 49 g kg–1 in 2018 and increased 

IVDMD by 50 g kg–1 in 2019 (P < 0.0001, Table 5.2).  In 2019, IVOMD was greater in 

Dahl–alfalfa treatment by 58 g kg–1 (P < 0.0001; Table 5.2). There is a clear relationship 

between intake and patterns of ruminal fermentation; however, OM digestibility more 

closely dictates rumen stoichiometry (Wolin, 1960). During rumen fermentation, H2 and 

CH4 are produced as a product of fiber digestion (Wolin, 1960). Additionally, ruminal 

CH4 production tends to increase with maturity of forages and increased lignin content, 
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and decrease when legume forages are offered compared to grass forages (McAllister et 

al 1996; Moss et al. 2000). In vitro dry matter digestibility of the Dahl–alfalfa pastures 

seemed high in the current trial; however, this mirrored digestibility data by Burns and 

Fisher (2013), who reported alfalfa digestibility as high as 788 g kg–1. Digestibility of 

Dahl–alfalfa was 743 g kg–1 in 2018 and 753 g kg–1 in 2019 in the current study.  

Lesser CH4 emission observed in the Dahl–alfalfa treatment compared to Dahl in 

2019 (Table 5.2) could be attributed to the lower proportion of structural carbohydrates 

that are in legumes as stated by the Johnson and Johnson (1995) review. Further, grass–

alfalfa pastures have revealed a 25% reduction in CH4 production compared to its grass–

only counterpart, reported by McCaughey et al. (1997). On a per-steer basis, CH4 

production was not significantly affected by treatment in 2018 when steers consuming 

Dahl emitted a mean of 125 g d–1 and legume inclusion in the diet had emissions of 126 g 

d–1 (Table 5.2), indicating that legume inclusion did not reduce CH4 emission at all in 

2018.  

Further, although forage IVDMD and IVDOM were increased by 49 g kg–1 and 

35 g kg–1, respectively, due to legume inclusion, such increases were not great enough to 

induce statistically significant effects of treatment on CH4 emission. In 2019, however, 

although CH4 emission was not significantly reduced with legume inclusion, there was 

still an apparent 13 g d–1 reduction with alfalfa in the diet (Table 5.2). The small 

reduction in CH4 emission per day and the increase in digestibility revealed a tendency to 

be associated with reduced CH4 g kg–1 IVDMD (P = 0.11) and IVOMD (P = 0.09), 

however, there was no significance in this relationship.   
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Crude protein concentration of the alfalfa throughout the grazing season seemed 

higher than anticipated given the stage of maturity at the beginning of the initiation of 

grazing. It also was consistently greater than that of the Dahl treatment and the Dahl 

portion of the Dahl–alfalfa treatment for the rest of the grazing season as well. The alfalfa 

crude protein values from this study, however, agree with expected forage quality ranges 

of alfalfa at difference maturity stages that Lacefield et al. (2009) summarized where CP 

of 90–130 g kg–1 in the late bloom stage is expected. This was interesting considering the 

advanced maturity stage of the alfalfa when animals were placed in the grazing trial. By 

the end of May, before initiation of grazing, alfalfa plants were in the full–bloom to 

seedpod stage. Plant maturation reduces CP concentration and enhances total fiber and 

lignin concentrations, thereby diminishing digestibility of forages (Palmonari et al., 

2014).  

Another aspect of methane reduction is the initiation of proper grazing 

management, wherein management strategies can favor or reduce forage quality, animal 

productivity, and enteric CH4 emission (McCaughey et al., 1997). McCaughey et al. 

(1997) found that methane production was greatest for continuously stocked steers at low 

stocking rates (1.1 steer ha–1) and least with higher stocking rates (2.2 steer ha–1) because 

with higher stocking rates, forage availability and intake were reduced. Additionally, 

rotational stocking can lower emissions by 9% when compared to continuous stocking 

(McCaughey et al., 1997), where diet quality changed dramatically over the grazing 

season in continuous grazing treatments. Pastures in this trial were stocked based on 

forage availability, where Dahl pastures were stocked consistently heavier than Dahl-

alfalfa pastures throughout the trial period for both years with put and take grazers owing 
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to greater forage availability. This could have affected dry matter intake outcomes for the 

trial, where DMI was significantly less for Dahl in both years; however, CH4 was not 

affected by treatment.  

Other grazing strategies like timing of grazing have also been shown to impact 

enteric emissions. Enteric CH4 was reduced by 29–45% by implementing early grazing in 

grass–alfalfa pastures in contrast to mid and late season grazing (Boadi et al., 2002).  

Pastures in this trial were assessed for CH4 emission during late June for both years when 

alfalfa was mature. This could have contributed to the non–significance between the 

treatments when observing enteric emission on a per-head basis.  Had grazing been 

initiated earlier or the trial period been in May, there may have been a significant 

reduction in enteric CH4 emission observed. This hypothesis is supported by Waghorn et 

al. (2002) who noted that feeding legumes (Lotus pedunculatus Cav., and white clover) to 

sheep (Ovis spp.) reduced CH4 kg-1 DMI by about 12–17 % compared to its ryegrass 

(Lolium spp.) counterpart (21 g CH4 kg–1 DMI).  

In 2018, even though DMI (Table 5.2), CP (Table 5.1), and IVDMD of Dahl–

alfalfa  were greater than those of Dahl treatments (Table 5.2), CH4 emission was 1 g d–1 

higher, which contradicts the hypothesis that higher nutritive-value forage would reduce 

the rate of CH4 emission. This could have been attributed to the lower overall alfalfa 

content in the diet (Table 5.4) caused by the later initiation date of grazing, whereby 

cattle could have grazed down alfalfa more before the trial began in 2018. Further, it is 

important to note that there was an issue with pasture block 3 needing to be reseeded with 

alfalfa. During fall of 2018, alfalfa was reseeded in block 3 to remediate the weak alfalfa 

stand in an attempt to increase and equalize alfalfa canopy cover among all blocks. 
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Alfalfa established well between 2018 and 2019 in block 3 and could have been a factor 

in the differing outcomes between the 2 yr in regard to emission.  

A meta–analysis comprising 22 studies was performed on the value of including a 

C3 forage and/or legume in the diet with respect to CH4 emission (Archimede et al., 

2011). Ruminants fed C4 grasses produced 17% more CH4 per kg of OM intake than with 

C3 grasses and 20% more than a legume. C4 grasses had an average of 20% greater NDF 

concentration than C3 cool season legumes, which was associated with greater 

methanogenic potential of the high-fiber feed (Archimede et al., 2011; Moe and Tyrrell, 

1979). Alfalfa shows promise in reducing CH4 emission in grazing animals. It is thought 

that alfalfa has low persistence in pastures and long establishment periods in order to be 

successful; however, previous studies at the current trial site (Baxter et al., 2017; Dhakal 

et al., 2020; Table 5) showed its value as a high-nutritive-value forage compatible with 

warm-season grazing systems in the THP.  

 

CONCLUSIONS 

Alfalfa and minor amounts of sweetclover increased CP in the Dahl–alfalfa forage 

pastures over Dahl pastures by at least 45 g kg–1 DM consistently across grazing seasons. 

Enteric methane emission can be lowered with the inclusion of legumes in a C4–dominant 

grassland. Legume inclusion increases DM and OM digestibility, as well as forage intake, 

when contrasted with Dahl‒alone pastures. Forage availability of alfalfa is strongly 

correlated with and likely affects the percentage of alfalfa detected in the diet, which in 

turn would favor a reduction in CH4 emission. Alfalfa has a promising future as a 

valuable forage resource in the THP with respect to not only lowering the water footprint 
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for stocker production (see Chapter III; Baxter et al., 2017b), increasing soil health 

parameters (Bhandari et al., 2019), and persistence, but also by reducing the negative 

GHG impact of cattle  grazing forages.  
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ABSTRACT 
 

Rotating row crops with small grains and feeding crop residues to livestock are 

economical alternatives to continuous, monoculture cropping systems to increase cash 

income per hectare. However, cattle affect the soil when they graze, particularly by 

trampling the soil surface. Conventional crop production practices expose soil to wind 

and water erosion and compaction, and decrease aggregate stability, thereby diminishing 

water infiltration and aeration. Some farmers are implementing conservation practices 

such as reduced tillage and no–tillage. In grazed, no–till annual forage crops, soil 

compaction by cattle trampling can reduce stand establishment and productivity in the 

next season. A field study on the Texas High Plains quantified the effects of heavy 

stocking density and trampling by cattle on soil compaction and bulk density over time 

compared to an ungrazed control. Pearl millet [Pennisetum glaucum (L.) R. Br.] was no–

till planted in two consecutive years where trampling did not show a statistical 

significance on soil bulk density in the first year. However, heavy rainfall before grazing 

millet pastures in the second year increased soil bulk density under the same stocking 

densities by 0.18 g cm‒3. Soil bulk density recovered at 270 d after cattle were removed 

to values similar to the untrampled control. Cattle could potentially have a cumulative 

effect on soil bulk density in no–till grazing systems especially when soils at the time of 

trampling are wet. 
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INTRODUCTION 

Texas High Plains (THP) agriculture largely depends on underground water from 

the Ogallala Aquifer for irrigation, from which extraction is much faster than the rate of 

natural recharge (Johnson et al., 2013). By converting portions of irrigated cropping 

systems to limited–irrigation small grain pastures for beef cattle, it can possibly prolong 

the life of the aquifer, as well as provide a diverse source of income by stacking 

enterprises when compared with continuous monoculture of cotton (Gossypium hirsutum 

L.) (Allen et al., 2005, 2012).  

Soil compaction severely limits infiltration of rain and aeration for gas exchange 

(Li et al., 2019), thereby decreasing the productivity of crops (Van Haveren, 1983; 

Gifford et al. 1977). Bulk density is an objective and simple indicator of soil hydrological 

function and measure of degree of soil compaction (Schoonover and Crim, 2015). Bulk 

density describes the dry mass of soil in a unit volume of an intact soil core. It reflects the 

soil’s ability to allow water to infiltrate into the soil profile and provide pore space for 

solute movement and gas exchange (Gifford et al. 1977). In an ideal soil, regardless of 

texture, there should be 50% pore space and 50% soil solids, yielding a bulk density of 

about 1.325 g cm–3 (Hillel, 1980) in a silt loam soil. In that same silt loam soil, as bulk 

density increases beyond 1.65 g cm–3, root and shoot growth become restricted (USDA–

NRCS, 2011). Moderate to high intensity hoof action compared to no cattle disturbance 

has shown increased compaction, resulting in high bulk density (Vanderburg et al., 2020; 

Warren et. al., 1986). Lull (1959) estimated that mature cattle exerted 164.5 kPa (23.9 

psi) of static ground pressure on the soil surface. 
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In previous research in Randall County, TX, trampling a heavily degraded 

perennial warm–season grass pasture having a silty clay loam soil, at high stocking 

densities, soil bulk density of 1.57 g cm–3 was attained, compared to an ungrazed control 

of 1.34 g cm–3 (Vanderburg et al., 2020). Deferment of cattle trampling for 216 d (until 

the next growing season) was required for bulk density to decline (recover) to that of the 

ungrazed pasture treatment (Vanderburg et al., 2020). Trampling compacted soils in the 

top 7 cm of the soil profile (Vanderburg et al., 2020), however, other research has 

observed that soils are not affected by trampling much deeper than 20 cm (Alderfer and 

Robinson, 1947; Ferrero, 1991). Further, negative effects of grazing are mostly confined 

to the top 2.5 cm of the soil profile (Mapfumo et al., 1999) when trampling soils are 

susceptible to compaction. The grazing of annual forages established using conservation 

tillage has raised concerns about cumulative soil compaction issues because of no 

mechanical disturbance of the soil surface.  

The occurrence of intense compaction due to grazing to the extent inhibiting root 

growth is confined to the upper portion of the soil profile (Johnson, 1956). Furthermore, 

long-term success of any grazing strategy depends on how well aggregate stability and 

infiltration of water are maintained at favorable levels, so that water is stored for plant 

uptake later in the season (Daum, 2002). If given sufficient recovery time, surface-soil 

compaction and high bulk density are considered at least partly reversible (Schäffer et al., 

2008), whereas subsoil compaction creating “plow pans” is regarded as a persistent 

problem (Hakansson and Reeder, 1994; Lowery and Schuler, 1991). Furthermore, subsoil 

compaction is not alleviated by freezing–thawing and wetting–drying cycles (Daum, 
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2002; Hakansson and Reeder, 1994), so that improvement in deep-soil structure has to be 

achieved by taproots penetrating the subsoil or by deep plowing or ripping.  

Cumulative compaction has been achieved in no-till trials on a silt-loam soil when 

soils were compacted with a pneumatic compactor weighing 76 kg (Ferrero, 1991). Soil 

bulk density increased in the top 10 cm from 1.22 to 1.33 g cm–³, and, when compacted 

again within a season, bulk density increased from 1.33 to 1.40 g cm–³. Freezing–thawing 

and wetting–drying cycles, burrowing of meso, micro, and macro fauna, and root growth 

can mitigate effects of compaction (Jabro et al., 2012; Kozlowski, 1999). No-till 

management strategies allow for roots and crop residues to remain near and at the soil 

surface, thereby slowing the breakdown of sugars, amino acids, organic acids, mucilage, 

root border cells, and dead root cap cells, which are then used as carbon sources by soil 

microbial decomposers (Philippot et al., 2013). As organic matter is more protected over 

time, improvements in soil structure and stability, porosity, infiltration rate, water holding 

capacity, and plant nutrient availability can accumulate (Bronick and Lal, 2005).  

Grazing can negatively influence (increase) soil bulk density, especially in 

previously tilled soil. These issues are exacerbated on bare ground where there is no 

vegetation to absorb the hoof pressure. No-till cropping is being adopted in an effort to 

conserve soil, water, and costs by leaving the soil mostly undisturbed. Leaving crop 

residues on the soil surface also increases water infiltration and retention in the soil. In 

conventionally tilled annual pastures, the land is tilled at the end of the grazing season, 

and then replanted to an annual forage crop the next season. Soil compaction from cattle 

is not typically a concern in these systems because of continued, post-grazing tillage to 

prepare the seedbed. Since cattle trampling increases surface compaction and decreases 
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water retention into the soil, no-till systems can exacerbate topsoil compaction and 

surface crusting to the detriment of subsequent crop growth.  

Previous studies have confirmed that there is no difference in compaction 

between annual and perennial grazing systems, but have attributed recovery year over 

year to cultivation between plantings in annual systems (Mapfumo et al., 1999). 

However, increased soil bulk densities have been noted in no-till systems over 

conventional tilling and paratilling (Siri–Prieto et al., 2007). This was also reported by 

Quiroga et al., (2009), where grazing intensified bulk density at the soil surface in no-till 

plots compared to non-grazed treatments, but there was no difference in tillage systems 

with regard to bulk density at lower depths (Quiroga et al., 2009).   

Water infiltration rates can be sustained with proper grazing management 

practices by maintaining adequate ground cover (Russell and Bisinger, 2015) and 

deferment of grazing to allow the soil to recover from grazing bouts. Understanding the 

required deferment of grazing to mitigate compaction and re-establish the subsequent 

annual crops will inform producers on how to improve soil health, while maintaining soil 

water balance and crop productivity. Therefore, objectives of this research were 1) to 

quantify the effect of brief cattle trampling events at moderate stocking densities on soil 

bulk density, 2) to determine if cattle trampling has a cumulative effect on soil bulk 

density in no-till annual cropping, and 3) to quantify the amount of grazing deferment 

required for bulk density to return to a level parallel to that of the untrampled control. 

The hypothesis for this research was that after the first year, since there will be no tillage 

between planting of pearl millet, soil bulk density will increase in the second year 

immediately post-trampling, and the soil bulk density will decrease after the cattle are 
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removed from pastures due to natural recovery processes until the next trampling event. 

 

MATERIALS AND METHODS 

Field research was accomplished in 2018 and 2019, 10 km east of New Deal, TX 

at the Texas Tech University Forage Research Lab (33.045' N, 101.047' W; 993 m 

elevation) located in Lubbock county. Soils in the site were characterized as a Pullman 

clay-loam (fine, mixed, super–active, thermic Torrertic Paleustolls), with 0 to 1% slopes, 

containing a thick layer of CaCO3 (caliche) at 60‒120 cm depths (Brooks et al., 2000). 

Climate in the THP is variable with daily mean temperatures ranging from 10°C in 

January to 30°C in July (UDSA‒FS, 2004), and annual precipitation averaging 470 mm 

with large fluctuations among years (USDA–NRCS, 2006). Most of the rainfall occurs as 

high intensity thunderstorms during late spring and early fall, with two thirds of the 

annual precipitation falling during the growing season (Texas A&M AgriLife Extension, 

2017). Agriculture in the THP is water-limited, relying heavily on irrigation for high 

yields, where potential evapotranspiration averages 156 mm per month, exceeding 

average precipitation each month of the year (Stewart and Steiner, 1990). Freeze-free 

period averages 225 days in the southern portion of the THP ecoregion (USDA‒NRCS, 

2006).  

Treatment pastures were irrigated with subsurface drip tapes (Netafim, Fresno, 

CA, USA) located 0.36 m deep with injection emitters every 0.6 m, set to deliver 1.47 L 

h–1 at 88.3 kPa during the drier months by deficit irrigation, not exceeding 178 mm per 

month of applied irrigation. Three 0.81-ha pearl millet pastures were planted each spring 

with a grazing exclosure placed in the center of each pasture. Once the millet was 
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established, 18, 272-kg steers were placed in the pastures intermittently from early June–

August in 2018 and late May–September in 2019. At the end of the grazing trial, stocking 

rates were doubled and steers were allowed to graze out the available forage before 

removal from the grazing trial. Rainfall was recorded with a rain gauge at the treatment 

pastures. Cumulative rainfall for each deferment season was calculated.  

After the end-of-season graze-out of the pearl millet, cattle were removed. Every 

60 d, 20 soil cores were extracted along two permanent, perpendicular transects to 

determine soil bulk density until the next year’s planting date. These transects were fixed 

in location, and samples were taken from the same vicinity every sampling date to test for 

in–field variation within each treatment pasture. Samples were extracted using 5.08 cm in 

diameter x 7.62 cm deep core sleeves with a 30 cm by 30 cm wide, 5-cm thick wooden 

board placed on top. A rubber mallet was used to hammer the sleeve into the top 8 cm of 

the soil until the board was flush with the soil surface. A sharpshooter shovel was used to 

carefully dig out the sleeve. After removal, a soil knife was used at the top and bottom of 

the sleeve to scrape off the excess soil. The sleeve was then wrapped with cellophane and 

labeled. 

Soil cores were dried at 100 ºC for 48 h in a laboratory oven. Dry cores were 

weighed with the sleeve, removed from the sleeve, which was weighed empty, and bulk 

density was calculated and expressed as g cm–3. The second-year pearl millet was no-till 

planted into the same pastures and grazing occurred sporadically throughout May–

September with a final graze-out in September.  

When sampling for bulk density, a soil penetrometer reading was taken beside 

each soil core using a digital soil compaction meter (FieldScout SC 900 – Soil 
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compaction meter, Spectrum technologies, Inc. Aurora, IL), which measures soil 

resistance (kPa) at 0–2.5, 2.5–5, 5–7.5, and 7.5–10 cm to determine correlations between 

soil resistance and soil bulk density. The meter was equipped with a data logger that 

saved data between readings. The datalogger was connected to a computer, and data were 

downloaded.  

 

Statistical analysis 

The experimental design was a randomized complete block design with 3 

replicated blocks. To detect differences in soil bulk density as it related to no-till and 

trampling, an analysis using the MIXED procedure of SAS was utilized. Least squares 

means was used to compare soil bulk density between grazed and the ungrazed 

treatments for each deferment period in each year. Pasture was considered the 

experimental unit and the model included fixed effects (treatment / trampling), where 

block was considered random. Differences were determined significant at P ≤0.05.  

Penetrometer readings were recorded in kPa, and resistance pressure data at 3, 5, 

and 7 cm were averaged to represent the same depth of the soil core. A Pearson’s 

correlation was analyzed using the PROC CORR function of SAS to test the relationship 

of soil bulk densities using the core method and penetrometer readings.  Significance was 

declared at P ≤0.05.  

 

RESULTS AND DISCUSSION 

 Soil bulk densities for the grazed treatment in September 2018 to May 2019 rest 

period were not significantly different in the grazed treatment from the ungrazed control, 
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indicating no effect of cattle grazing (P = 0.07 to 0.91; Figure 6.1). Grazing a second year 

with no–till in between grazing bouts increased bulk density in May to September 2019 

(P <0.0001 to 0.002; Figure 6.1) when compared to the 2018 grazing season (Figure 6.1). 

Further, soil bulk density was 1.50 g cm–3 immediately post-trampling in October 2019 

and decreased to 1.40 g cm–3 to a level not statistically different from the untrampled 

control before the next grazing season in May 2020 (Figure 6.1). Soil bulk density was 

not significantly different from the ungrazed control in May 2020 (P = 0.06); however, 

the bulk density of the grazed treatment was numerically greater than that of the ungrazed 

treatment (Figure 6.1).  
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Figure 6.1. Heaving trampling effects on cumulative soil compaction in no–till 

annual stocker grazing systems. Bulk density measurements began once cattle were 

removed from treatment plots and cores were taken every 60 d along two 

permanent perpendicular transects. Cumulative rainfall data restarted each grazing 

season. Error bars represent standard error of the mean. 

 

Soil bulk densities did not fully recover by May 2020 (Figure 6.1), but were not 

significantly affected by grazing. Immediately post–trampling within the first 60 d of 

grazing deferment, bulk density decreased from 1.50 g cm–3 in October 2019 to 1.46 g 

cm–3 in December 2019 (Figure 6.1), while cumulative rainfall increased (Figure 6.1). As 

cumulative rainfall rose from September to December 2019, bulk density continued to 

decrease. This pattern of decreasing bulk density with increasing cumulative rainfall was 

not observed in the 2018–2019 grazing season. 
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When considering variation along the transect, there were slight increases in soil 

bulk density in areas where cattle grazed the forage more heavily, namely around water 

troughs and mineral tubs. These differences were not consistent among dates or years, 

and were not statistically significant. High–intensity hoof action increases compaction, 

resulting in less infiltration and high bulk densities (Fleischner, 1994; Kauffman and 

Kreuger, 1984; Warren et al., 1986; Willatt and Pullar, 1984); however, any temporary or 

long–term negative effects of trampling depend on soil texture (Orr, 1960; Van Haveren, 

1983), climatic conditions (Warren et al., 1986), and soil water content (Assouline and 

Mualem, 1997; Nawaz et al., 2013; Robinson and Alderfer, 1952) at trampling time.  

Sandy soils require more force to compact compared to finer–textured soils with 

higher clay content (Daum, 2002; Van Haveren, 1983). Sandier soils have had no 

significant impacts on bulk density from grazing under light, moderate, or heavy grazing 

intensities (Van Haveren, 1983), whereas finer-textured soils showed 11.8 to 13.4% 

greater bulk density when comparing heavy stocking with moderate and light stocking 

intensities. Reed and Peterson (1961) reported a consistent positive relationship between 

grazing pressure and bulk density regardless of soil texture. Research on the Pullman 

clay‒loam soil by Kharel et al. (2018) at the same site as the current trial found that the 

actual texture in the top 0–10 cm was sandy clay loam rather than the clay–loam 

indicated by the NRCS mapping unit of Pullman. Soils were not affected by trampling in 

2018, likely owing to the sandier make–up of the top soil in these treatment pastures.  

The ideal bulk density for plant growth in a clay‒loam soil is <1.10 g cm–3, and 

<1.40 g cm–3 for silty and sandy clay loams (Table 6.1, USDA–NRCS, 2011). The 

difference between the latter two textures is that bulk densities which reduce root growth 
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are 1.55 g cm–3 for silty clay loams and 1.60 g cm–3 for sandy clays. As bulk density 

increases above these values, root and shoot growth can be severely diminished (USDA‒

NRCS, 2011). Although there were increases in soil bulk densities between 2018 to 2019, 

bulk densities never reached values that exceeded the NRCS critical values that would 

theoretically inhibit root growth (Table 6.1). 

 

Table 6.1. Differences in effects of bulk density on plants in different soil 

textures. Table adopted through data from (USDA–NRCS, 2011). Pullman 

clay loam is under the clay loam soil texture.  

 

Soil Texture 

Ideal bulk density for 

root growth 

Bulk density that affects 

root growth 

 ––––––––––––––––g cm–3–––––––––––––––––– 

Sands <1.60 1.69 

Sandy loams <1.40 1.63 

Sandy clay loams <1.40 1.60 

Silt loams <1.40 1.60 

Silty clay loams <1.40 1.55 

Clay loams <1.10 1.49 

Clays (>45% clay) <1.10 1.39 

 

However, there was a statistical significance in cattle impacts on soil bulk density 

after the second trampling event. The difference between years in treatment effects could 

be due to differences in soil water content at time of grazing because more force is 

needed to compact a dry soil than a wet soil (Lull, 1959). In 2019, 39 mm of rain fell 

within the last week of grazing (Figure 6.1). The higher bulk density in 2019 than in 2018 

could have been due to the trampling around the time of rainfall, whereas in 2018 there 
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were no rainfall events within 2 weeks before cattle had grazed. Soil water content at the 

time of trampling was not measured. In contrast, Laycock and Conrad (1967) reported no 

effect in northeastern Utah on soil bulk density with varying soil water contents when 

grazing loam and clay–loam soils.  

Once cattle were removed, soil bulk densities began to decrease, indicating 

recovery. Soils will recover from compaction via events such as freeze‒thaw, burrowing 

of soil organisms, and increased root growth exploring the soil profile for water, which 

all aid in the recovery of the compacted soils over time (Jabro et al., 2012; Kozlowski, 

1999).  In the current trial, it is likely that wetting and drying cycles aided in bulk density 

recovery between trampling events (Figure 6.1). This is because there was no snow fall or 

more than one or two hard freeze events after the 2019 grazing season. Further, roots 

create organic residues and hold the soil in place by the creation of stable aggregates, 

which reduce soil compaction and increase infiltration rate of water into the soil profile 

(Russell and Bisinger, 2015). Increased root growth from volunteer bermudagrass 

[Cynodon dactylon (L.) Pers.] roots growing in the treatment plots may have helped with 

soil recovery; however, these results were not consistent, and likely there was an aid with 

compaction resistance where bermudagrass had established between 2018 and 2019 

rather than a recovery effect.  

Livestock trampling without removal of any vegetation has resulted in increases 

in soil bulk density (Alderfer and Robinson, 1947; Betteridge et al., 1999; Hamza and 

Anderson, 2005; Kako and Toyoda, 1981; Lull, 1959; Van Haveren, 1983, Warren et al., 

1986; Willat and Pullar, 1984), reduced infiltration (Gifford and Hawkins, 1978; Van 

Haveren, 1983; Warren et al., 1986), increased runoff (Thurow et al., 1986, 1988; Warren 
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et al., 1986), and increased evaporation losses (Knoll & Hopkins, 1959; Wraith et al., 

1987). Deferral periods between grazing bouts on soils that are prone to compaction 

(heavier textured) must be sufficiently long for soils to recover between trampling events 

so that adequate pore space is re–established to allow water and oxygen flow (Nawaz et 

al., 2013; Whalley et al., 1998) and diminish evaporation losses (Harivandi, 2002; 

Sosebee, 1976). Decreased macropore size slows percolation of water, which may cause 

prolonged periods of saturation (Duiker, 2004).  

Penetration resistance is likely a more direct indicator of the inhibitory effects of 

soil compaction on root growth than bulk density because measurements of the former 

account for the same resistance encountered by roots, apart from the indirect effects of 

soil texture on soil bulk density. For example, Taylor et al. (1966) reported that root 

growth decreases linearly with increasing penetration resistance starting at 689 kPa (100 

psi), and root growth was completely inhibited at 2,068 kPa (300 psi). Penetrometer 

readings obtained from this study ranged from 345‒2,620 kPa (50–380 psi). There was 

no significant correlation between penetrometer readings and its soil bulk density 

counterpart for the combined years. In 2018, there was no significant correlation, but 

there was a significant correlation in 2019 (P = 0.002). It was also noted Thompson et al. 

(1987) that penetrometer readings were not well correlated with soil bulk density 

measurements in the top profile of the soil.  

Soil bulk density is a measurement of pore space whereas penetrometer readings 

measure soil strength, where the resistance using a penetrometer more accurately reflects 

what the root will encounter when exploring the soil (Phillips and Kirkland, 1962). This 

means that penetrometer and soil bulk densities are not always correlated with each other. 
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Soil conditions such as soil moisture seem to be one downfall to accuracy of 

penetrometer readings (Mulqueen et al., 1977) At higher soil water content, penetrometer 

resistance has been shown to be insensitive to bulk density. On the other hand, 

intermediate water content increases internal friction and compression can be sensitive to 

bulk density (Mulqueen et al., 1977). 
Brief cattle trampling, especially on wet soils, will increase soil bulk density, 

potentially reaching values that could inhibit root and shoot growth. However, an 

adequate deferment of grazing following livestock trampling can mitigate or reverse 

compaction and re–establish subsequent annual crops.  

 

CONCLUSIONS 

There was no difference in soil bulk density between grazed and ungrazed 

treatments in pearl millet no–till pastures in 2018. There was a cumulative effect of 

grazing on soil compaction observed in 2019; however, bulk densities never remained at 

critical values that would severely inhibit subsequent root and shoot growth for the next 

millet planting season. Soil bulk densities decreased over time once cattle were removed.  

Knowing adequate deferment times is useful for producers to plan how to 

maintain the soil’s structural integrity and aggregate stability. There are negative effects 

of trampling on soil physical characteristics in no-till annual pastures; however, allowing 

for soil recovery between trampling periods can restore soil health and sustain the soil’s 

support of plant and animal growth. Results from this project suggest that recovery after 

an early–fall graze–out until the next planting date is adequate for soil bulk densities to 

decrease to levels that resemble untrampled controls. Future research in necessary to 
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continue monitoring any further longer-term effects of grazing in no-till annual pastures; 

however, this research suggests that with adequate deferment periods trampling, no-till 

fields can maintain structural integrity, which in turn can increase water infiltration into 

the soil profile, thus increasing water that infiltrates into the soil for root uptake rather 

than losing water to runoff and erosion (Heitschmidt et al., 1987). Further, properly 

managed grazing systems that do not degrade soil structure can encourage next season’s 

plant growth (Frank et al., 1998) and even potentially increase carbon sequestration 

(Franzluebbers et al., 2000), which is important in offsetting impacts of enteric methane 

emissions while enhancing the biogenic carbon cycle.  
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CHAPTER VII 

FINAL CONCLUSIONS AND SYNTHESIS 

Water footprint associated with stocker animal growth can be decreased in the 

THP with respect to increasing nutritive value of forages consumed by the animals in the 

grazing system. Legumes increase forage nutritive value, leading to greater animal 

performance. Alfalfa and minor amounts of sweetclover increased CP in the Dahl–alfalfa 

forage pastures over Dahl pastures by at least 45 g kg–1 DM, increased DM and OM 

digestibility, as well as forage intake, when contrasted with Dahl‒alone pastures. Enteric 

methane emission can be lowered with the inclusion of legumes in a C4–dominant 

grassland, giving alfalfa a promising future as a valuable forage resource in the THP with 

respect to not only lowering the water footprint for stocker production, but also 

increasing soil health parameters, persistence, all while reducing the negative GHG 

impact of cattle grazing forages.  

The inclusion of robust legumes like alfalfa can provide a sustainable, resource-

efficient forage in the stocker phase of the beef production cycle in the THP. Costs of 

seeding grasses like Dahl and seeding high-quality forages like alfalfa are relatively 

cheap, and the introduction of legumes has exhibited increased value of the liveweight 

gain by $63.04 head–1 year–1 with an average increased liveweight gain of 26.6 kg head–1. 

Ultimately, the value of gain is driven by market prices at a given sale weight at a given 

time making predictions in profitability difficult. However, marketing stocker steers at 

317 kg in August after purchasing stockers at 227 kg in May appears to impose the least 

amount of risk and was profitable in all years observed in this research.  
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With downward trends in groundwater availability for irrigation in much of the 

High Plains ecoregion and expected declines in agricultural productivity, these results 

show that alfalfa can contribute to agricultural sustainable agriculture in forthcoming 

years. Further, understanding how to manage grass‒legume systems is critical to 

maintaining productivity while implementing conservation efforts to diminish negative 

impacts on the environment. Deferment of intense grazing by allowing rest from grazing 

from one growing season to the next can reduce consequences of compaction while 

promoting solute movement including infiltration of rain into the profile, as well as gas 

exchange and CH4 consumption. These benefits could potentially offset impacts of 

enteric emission from cattle by sequestering carbon back into the soil. Further, managing 

forage pastures by interseeding or managing grazing to favor more diverse species, such 

as legumes and pearl millet, can not only reduce overall water footprint of this agronomic 

system, but increase animal performance, increase forage digestibility, increase the 

animals’ DMI, provide N, aid in building soil OM, and increase system profitability. 

Alfalfa shows promise in the Texas High Plains ecoregion in the future as a valuable 

grazing forage. 

 


