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ABSTRACT 

 

Teff grass (Eragrostis tef [Zucc.] Trotter) was fed to beef steers either alone or in 

combination with crude protein supplements in order to evaluate forage DMI, animal 

growth performance, grass production attributes, water usage, and animal digestion 

characteristics. In trial 1, four adjacent sub-surface irrigated paddocks (experimental unit, 

2.66 ha each) were seeded in ‘Tiffany’ teff grass (Eragrostis tef [Zucc.] Trotter) and 

continuously-grazed for 63 d by beef steers (n = 5, initial BW = 289 ± 30, yr 1; n = 6, 

initial BW = 286 ± 23, yr 2) receiving one of two CP supplements during 2 consecutive 

growing seasons. Each year, daily supplements (0.45 kg hd·d-1 cottonseed meal, CSM; 

0.50% µ paddock BW hd·d-1 dried distillers grains, DDGS) were assigned at random to 2 

paddocks each. Total plant and canopy DM, OM, NDF, ADF, and volumetric soil water 

content were quantified at 7-d intervals. Measures of CP, in vitro true dry matter 

digestibility (IVTDMD), and available forage mass were recorded at 14-d intervals. 

Shrunk body weights of steers were obtained prior to grazing and following each 

subsequent 21-d period. In trial 2, six ruminally-cannulated beef steers (experimental 

unit, 304 ± 11 kg) were fed either ‘WW-B. Dahl’ Old World bluestem [Bothriochloa 

bladhii (Retz) S.T. Blake; WWBD or Eragrostis tef (Zucc.) Trotter; TEFF alone or in 

combination with DDGS supplementation (0.5% kg BW hd·d-1) in a 4 × 6 unbalanced 

Latin square design (6 steers and 4 diets: WWBD or TEFF, with or without DDGS). Each 

period consisted of a 14-d adaptation and 7-d collection. Steers were fed once daily at 

1000 h. Data were analyzed using the GLIMMIX procedures of SAS with year as a 

random effect in trial 1 and steer within sequence a random effect in year 2. 
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In trial 1, teff ADF was greater (P ≤ 0.05) in the whole plant relative to the canopy on 

d 49 and 56. Crude protein was greater (P < 0.01) in the canopy relative to the entire 

sward. Supplement type did not influence NDF, ADF, CP, or IVTDMD or in vitro true 

OM digestibility (P ≥ 0.39). Total nutrient yield did not differ (P ≥ 0.43) by supplement 

over the course of the grazing season. Steers supplemented with DDGS had higher (P = 

0.01) shrunk ADG relative to CSM. Predicted teff DMI (P < 0.01), NEm (P = 0.02), and 

NEg (P = 0.03) were greater with CSM. Total DMI was similar (P = 0.14) between 

treatments although predicted dietary NEm, NEg, gain:feed, and BW gain per ha were 

greater (P ≤ 0.02) with DDGS. Estimates of DM, OM, NDF, and ADF consumed were 

greater (P ≤ 0.05) for CSM. Nutrient yield of teff remaining on d 56 was similar (P = 

0.33) between treatments. Crude protein yield per m3 water tended (P = 0.09) to be higher 

for CSM with no other differences (P = 0.24). Neither stocking rate nor unit of water 

received per stocking rate differed (P ≥ 0.32) by treatment. Soil water content differed (P 

< 0.01) by grazing day and depth but not by supplement (P = 0.40). In trial 2, total daily 

DMI was greater with TEFF and DDGS (both, P = 0.04) relative to WWBD and no 

supplement, respectively. Daily digestible intake of all nutrients measured (DM, OM, CP, 

NDF, ADF, and hemicellulose) were greater (P < 0.01) with TEFF. Chewing activity per 

kg NDF or kg peNDF intake did not differ by hay type (P ≥ 0.54). Non-supplemented 

steers spent more time (min/d) eating hay (P < 0.01) than steers fed DDGS. Average 

ruminal pH of TEFF (6.32) was lower (P > 0.01) than WWBD (6.56). Non-supplemented 

steers produced less total gas and methane (both, P = 0.02) per g rumen fluid DM. 

Neither total VFA nor acetate:propionate were affected by hay type (P  ≥ 0.45) or 
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supplement (P = 0.92). Mean ruminal NH3-N was greater for TEFF (P = 0.02) and with 

DDGS (P = 0.03). Mean ruminal NH3-N did not differ by time post-feeding (P = 0.66). 

Daily fecal output and apparent total-tract digestibility of all nutrients were greater (P < 

0.01) with TEFF. Non-supplemented steers tended (P = 0.09) to have greater fecal 

output. Apparent total-tract digestibility of hemicellulose was reduced by 7% (P = 0.03) 

with DDGS. A hay type × incubation time interaction resulted in a greater ruminal 

disappearance of all nutrients (P < 0.01). Greater nutrient disappearances with TEFF 

were observed beginning at h 6, 6, 24, 24, 36, and 12 for DM, OM, CP, NDF, ADF, and 

hemicellulose, respectively. Following 96 h incubation, ruminal disappearance rates of 

DM, CP, and NDF were 26.6, 61.7, and 24.6% greater, respectively, for TEFF relative to 

WWBD. 

Supplementing teff forage is expected to reduce level of teff forage intake. This 

reduction may be of greater magnitude when compared to some perennial forages such as 

WW-B. Dahl. Despite reduced forage intake, animal performance is likely to be greater 

when a supplement contains additional energy, such as that in dried distillers grains, 

relative to cottonseed meal. Regardless of supplement type, total forage and forage 

nutrient yields should not be affected. The difference in animal growth performance in 

conjunction with similar yield of forage nutrients equates to improved use of water 

resources with an energy-containing supplement. When assessed relative to both 

perennial and teff forages alone, a dried distillers grains supplement increased total dry 

matte intake while imposing no negative effects on ruminal digestion. 
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CHAPTER I 

INTRODUCTION 

 Summer forage production on the southern High Plains is often restricted by climatic 

factors which include high ambient temperatures and evapotranspiration potential (Tolk 

and Howell, 2003). As a result, regional background of growing beef calves may be 

hindered by forage availability limitations during late summer and early fall. Climatic 

influences regarding moisture are likely at least part of the reason that the use of warm-

season, annual forages for grazing in beef production is not common practice. Teff grass 

(Eragrostis tef [Zucc.] Trotter) is an annual C4 species which has demonstrated potential 

to produce a high-quality forage crop (Stanier et al., 2010). Additionally, teff can be 

established quickly which enhances its value as an emergency crop (Assefa et al., 2001; 

Evert et al., 2009). Potential for teff to support grazing beef cattle is supported by total 

forage yield estimates as high as 16 t ha-1 during multiple harvest season (Miller, 2011). 

 Supplementation with dried distillers grains plus solubles may enhance growth 

performance of grazing animals through both retained energy (Morris et al., 2005, 2006) 

and mediation of metabolizable protein deficiency (MacDonald et al., 2007). Reductions 

in voluntary forage intake with dried distillers grains are likely a response of reduced 

rumen pH and fiber digestion (Loy et al., 2007). Use of a dried distillers grains 

supplement to improve animal growth performance while simultaneously reducing 

voluntary intake of a low-input, drought-tolerant forage would serve to strategically 

extend the forage supply and enhance the efficiency of regional beef production. 
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CHAPTER II 

REVIEW OF LITERATURE 

Use of annual forage species in summer grazing programs 

 

 Native rangeland grasses of Western Texas including those of the Texas High Plains 

region have historically been populated by a multitude of warm-season, perennial species 

including blue grama [Bouteloua gracilis (Willd. ex Kunth) Lag. ex Griffiths], sideoats 

grama [Bouteloua curtipendula (Michx.) Torr], and buffalograss [Buchloe dactyloides 

(Nutt.) Engelm] (Allen et al., 2008). Relative to these, WW-B.Dahl Old World Bluestem 

[Bothriochloa bladhii (Retz.) S.T. Blake] is a warm-season, perennial species which 

provides greater versatility in crop-livestock production due to attributes which include 

adaptability to grazing as well as options for preserved forage and seed harvests (Allen et 

al., 2005; 2012). However, under typical climatic scenarios for the region, most all 

perennial grasses are subject to senescence during the mid to late summer season which 

often necessitates supplementation to grazing cattle (Dewald et al., 1995). Due to both 

higher costs associated with obtaining and storing hay relative to pasture (McCormick et 

al., 2006) and the quality deterioration of cool-season grasses during the summer 

(Riesterer et al., 2000), implementing warm-season, annual forages into regional beef 

production systems has merit. 

Common species 

Among the most studied warm-season, annual forages in livestock production are 

forage sorghum (Sorghum bicolor (L.) Moench), sorghum-sudangrass (Sorghum bicolor 

× S. bicolor L. var. sudanese), and millet (Pennisetum and Setaria spp.) varieties such as 

pearl millet [Pennisetum glaucum (L.) R.]. In general, all sorghums including sorghum-
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sudangrass are more water efficient and drought tolerant relative to corn (Anderson and 

Guyer, 1986; Marsalis et al., 2009b; Martin et al., 1976; Teutsch et al., 2002). Farré and 

Faci (2006) compared biomass production of corn and forage sorghum in response to six 

levels of volumetric soil water content. Over the four treatment groups reflecting 

moderate to severe drought conditions, average final surface biomass of sorghum was 

37.1% greater than that of corn. Higher production levels of sorghum relative to corn 

under these conditions are at least partially explained by the ability of sorghum to extract 

moisture from greater depths (Singh and Singh, 1995; Farré and Faci, 2006). In addition 

to greater potential for sub-surface water capture, a later planting date and shorter 

growing season contribute to lower water requirements by sorghum (Howell et al., 1997). 

In response to early season water restriction, sorghums have demonstrated a capacity to 

resume vegetative growth following growth suppression due to drought (Fribourg, 1995; 

Marsalis et al. 2009a, 2009b; Sanderson et al., 1992). 

 Certain cultivars of both forage sorghum and sorghum-sudangrass contain the 

recessive brown midrib (BMR) gene which is associated with lower lignin concentrations 

relative to conventional hybrids (Porter et al., 1978). However, benefits of palatability 

and digestibility increases have occasionally been mitigated by observed decreases in dry 

matter yield, regrowth, and tillering as well as an increase in lodging associated with the 

trait (Pedersen et al., 2005). In addition to these concerns, sorghums carry with them the 

inherent concerns of nitrate toxicity and hydrogen cyanide (e.g. prussic acid) poisoning. 

Drought stress – either alone or in combination with other factors such as excessive 

fertilizer nitrogen – is among the catalysts known to contribute to both conditions.  
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Teff attributes and production 

 

 Teff grass is a warm-season, annual species of Ethiopian origin where it has 

historically served as a source of grain for bread flour (Demeke et al., 2013; Girma et al., 

2014) though residual teff fodder has been used in Ethiopian livestock production. 

Internationally, teff grass has been used as a forage source in South Africa and Australia 

(Ingram and Doyle, 2003; Mengistu and Mekonnen, 2012). Domestically, teff has 

continued to garner attention as a hay source (Curtis et al., 2008; Stanier et al., 2010; 

DeBoer et al., 2011; Vineyard et al., 2018). Although management and viability has been 

evaluated in academia and extension, the peer-reviewed literature produced to date 

remains scarce. In reference to a concise, recent reference to teff-related literature, Paff 

and Asseng (2018) published an excellent review in support of efforts to generate a crop 

production model.  

Establishment and management 

Teff seeds are small with a density of approximately 2,000 to 3,333 seeds per gram 

(Bedane et al., 2015). Regarding seedbed preparation, Haptegebrial et al. (2007) 

suggested that minimal tillage or no-till systems could be employed without sacrificing 

yield though Bedane et al. (2015) indicated that establishment was dependent upon a 

firm, moist seedbed. Teff seeding rates of 3.36, 5.60, 7.85, and 10.09 kg ha-1 were 

evaluated with DM yield increasing by approximately 224 kg ha-1 with each increase in 

seeding rate (Hall and Cherney, 2010). Evert et al. (2009) evaluated teff yield in response 

to planting depth and soil temperature. Results of this work indicated that a seeding depth 

of 0.6 to 1.3 cm was suitable for emergence and that although initial growth can be 
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attenuated by soil temperatures below 19°C, compensatory effects did not result in final 

yield differences across the range of treatment temperatures (15 to 31°C). Certainly, soil 

water content must be adequate for emergence though no data were found which 

provided specified measure. 

 Biomass response to nitrogen (N) fertilization by teff produced for forage has been 

studied. Girma et al. (2011) determined that N applied to teff in central Oklahoma at a 

rate of 67 kg ha-1 was optimal for biomass production with one-third of N applied at 

planting and the balance prior to the boot stage. Elsewhere, Hunter et al. (2009) 

recommended N application rates not exceeding 56 kg ha-1 per harvest from experiments 

in New York. Habtegebrial et al. (2007) cautioned against high (90 kg ha-1) single 

applications of N due to both excessive leaching as indicated by findings of substantial 

increases in soil N at depths of 0.15 to 0.30 m as well as greater a susceptibility to 

lodging. However, many observations of teff lodging have occurred in the production of 

grain and may not be applicable when teff is cut for hay or continuously grazed. As 

eluded to by Van Delden et al. (2010), mature teff carries an inherently high lodging risk 

due to its structure which consists of a heavy panicle. To mitigate lodging losses, Norberg 

et al. (2009) suggested that plant structures should be maintained at a height of 1 m or 

less and heading no higher than 5% when produced as a hay crop. 

Phenology and Growth 

Provided that environmental conditions are favorable, Norberg et al. (2009) suggested 

that emergence can occur within a range of 3 to 7 days post-seeding. Other studies have 

reported emergence ranging from 5 d (Araya et al., 2010) to 14 d (Evert et al., 2009). 
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Physical maturity of teff has been observed at wide range from 63 d (Seyfu et al., 1997) 

to as long as 150 d (Getu, 2012) depending on growing conditions. Teff is considered a 

short-day plant and multiple studies in Ethiopia have found that the period from 

emergence to heading is prolonged with increases in day length (Seyfu et al., 1983; Van 

Delden, 2011). However, the magnitude of day length influence on days until heading 

varies among cultivars (Van Delden, 2011). Heading has also been delayed as a result of 

N fertilization (Getu et al., 2012). Giday (2012) postulated that these observations reflect 

an inherent minimum input requirement of teff where rapid growth and development is 

achieved prior to soil nutrient depletion. 

 Depth of teff root structures have been found to vary by both cultivar and soil water 

content (Ayele et al., 2001). Root depths were observed to range from 59 to 100 cm and 

86 to 116 cm for conditions of drought and adequate irrigation, respectively. Ayele et al. 

(2001) also suggested that root biomass is concentrated in the upper 30 cm of the soil 

surface and that plant height and root depth are correlated. 

 The ideal temperature for teff growth may be in the range of 36 to 42°C and 

photosynthetic capacity at higher temperatures may vary substantially by cultivar 

(Kebede et al., 2012). Ali (2013) suggested that both restricted soil water content and 

warmer temperatures can result in fewer tillers per plant. Across growing conditions and 

varieties, quantified tillers per plant have been as few as 2 to over 40 (Ali, 2013; Bedane 

et al., 2015). In study of evapotranspiration rates of teff using the AquaCrop model, 

Tsegay et al. (2012) suggested that the expansive tillering potential (i.g. increased canopy 

closure rate) of teff may contribute to reduced evapotranspiration losses. 
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Water 

The AquaCrop model referred to prior includes a numeric crop coefficient which is a 

crop-specific measure of evapotranspiration relative to a reference rate. When evaluated 

by growth stage and compared to sorghum and wheat, teff produced a higher crop 

coefficient during initial (14 to 16 d after-seeding) and vegetative (32 to 37 d after-

seeding) growth stages relative to sorghum and wheat (Brouwer and Heibloem, 1986; 

Araya et al, 2011). Conversely, coefficients for teff during middle and late growth stages 

were similar or less than that of sorghum and wheat. Teff is considered a vigorous forage 

and these data are most likely reflect the faster growth rate of the teff cultivars studied 

relative to those of sorghum and wheat which were evaluated. 

  Water use efficiency (WUE) of teff has been evaluated for purposes of crop 

modeling (Araya et al., 2010; Tsegay et al., 2012). However, little information regarding 

specific water requirements of teff is available (Paff and Asseng, 2018). Araya et al. 

(2010) and Tsegay et al. (2012) suggest that the crop water productivity for teff is lower 

than many other warm-season species. Biomass WUE – defined at total biomass yield 

relative to total transpiration – of teff reported as kg DM produced per mm of 

transpiration ranged from 12.5 to approximately 27 in studies compiled by Araya et al. 

(2010). The referred study indicated that teff biomass WUE increased with decreases in 

supplemental irrigation. 

 Grain yield of teff is diminished when water stress occurs during initial and flowering 

stages of growth (Araya et al., 2011). Regarding maturity, water stress during the initial 

growth phase may be expected to delay heading whereas water restriction during the late 
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growth stages expedite heading (Teferra et al., 2000). Potential mechanisms which 

contribute to teff water stress response have been previously reported (Belay and Baker, 

1996; Takele et al., 2001; Degu et al., 2008). Teff leaf water content as well as 

transpiration rate, assimilation, and total photosynthesis were all reduced during drought 

(Belay and Baker, 1996). Imposition of drought resulted in increased canopy 

temperatures by an average of 3.25°C (Tekele et al., 2001). Finally, Degu et al. (2008) 

observed that teff cultivars which were able to produce greater increases in cell osmotic 

pressure in the face of drought had fewer rolled leaves relative to those cultivars with a 

lesser capacity for osmotic adjustment. These authors suggested that teff cultivars may 

combat water stress differently with those more cable of osmotic adjustment continuing 

photosynthesis whereas cultivars possessing deeper roots are likely to benefit from the 

ability to utilize soil water content at greater depths. 

 Regarding water use and output in animal production systems, Baxter et al. (2017) 

evaluated animal and animal plus forage production on a grass pasture consisting of 21% 

teff in addition to a balance of native southern plains grasses and WW-B.Dahl Old World 

Bluestem. Animal production defined as live BW gain incurred a water usage cost of 

approximately 39.1 m3 kg-1 when factors of total rainfall, irrigation, and drinking water 

were considered. When residual forage available was incorporated with animal  BW gain 

to describe total production, estimated water use across 3 years was 33.7 m3 kg-1 

produced (Baxter et al., 2017). Obviously, these measures are likely not accurate for 

describing teff in a monoculture setting due its minority in the referenced pasture 
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composition. However, these figures represent the entirety of information available on 

teff water use in animal and pasture systems. 

Nutritive values and yield of teff fed to livestock 

Neutral (NDF) and acid (ADF) detergent fiber are commonly employed to describe 

forage quality. In comparing quality of warm-season forages grazed by equine, DeBoer et 

al. (2017) studied 2 cultivars of teff in both the vegetative and mature stage. Mean NDF 

values of the teff cultivars were 57.05 and 59.28 for the vegetative and mature stages, 

respectively, and these did not differ from the other forages evaluated. Elsewhere, Hunter 

et al. (2010) reported teff hay quality as a function of rate of N fertilizer applied per 

cutting New York and Missouri. Encompassing all trial values, ranges of NDF and ADF 

were 64.2 to 68.9% and 34.6 to 37.1%, respectively. The observation of 64.2% NDF was 

associated with the highest rate of fertilizer N (112 kg ha-1). Rate of N applied had little 

effect on ADF values. Estimates of 60.1% NDF and 39.8% ADF in teff could also be 

observed (Norberg et al., 2009). 

 Two studies have evaluated teff hay harvested at the boot, early-heading, and late-

heading stages. Vineyard et al. (2018) feed teff hay to beef cattle in Idaho and reported 

measures of quality as well as digestibility and ruminal environment data. Neither NDF 

nor ADF differed across stages of maturity. Given the association of NDF concentration 

and predicted DMI, it is not surprising that DMI was not affected by stage of maturity. 

These authors also reported that growth stage at harvest resulted in no differences in 

digestible NDF (dNDF), digestible ADF (dADF), or temporal ruminal pH measures. 

Staniar et al. (2010) evaluated the quality of teff hay harvested at the same stages of 
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growth as explored by Vineyard et al. (2018). Staniar et al. (2010) reported teff NDF 

values ranging from 68.1 to 71.1% and ADF values ranging from 35.7 to 41.5% across 

growth stages. In contrast to the results by Vineyard et al. (2018), digestibility of NDF 

did differ by harvest stage in the study as dNDF and dADF were reduced by 24.2 and 

21.3%, respectively, when teff was harvested in the late-heading stage relative to the boot 

stage. However, equine were the subject in the Staniar et al. (2018) study and the 

difference in species likely explains the divergence in findings. 

 As with the detergent fibers, CP concentrations of teff forage have been reported in a 

range which encompasses influence of stage of growth and rate of supplemental N. The 

study by DeBoer et al. (2017) indicated that teff CP concentrations were 24.2 and 22.6% 

at the vegetative and mature stages, respectively. In this study, N was applied once at a 

rate of 45 kg ha-1 prior to seeding. 

 Staniar et al. (2010) reported CP concentrations of 16.4, 10.8, and 7.4% in teff hay 

harvested at boot (vegetative growth), early-heading, and late-heading stages, 

respectively. In the study, 67 kg ha-1 fertilizer N was applied 28 d after-seeding and 45 kg 

ha-1 applied at each harvest. Vineyard et al. (2018) also observed that stage of maturity 

affected teff CP levels. Teff harvested at the boot stage had a CP concentration which 

was 28% and 57% greater than teff harvested at early and late-heading, respectively. The 

trial mean for CP was 15.1%. It is worth noting that a pre-experiment soil test generated a 

recommendation of 56 kg ha-1 of N fertilizer. Due to concern for potential nitrate 

toxicities, inorganic N was not used to mediate the deficiency. Not surprisingly, greater 

concentrations of CP in teff harvested at the boot stage during this trial correlated with an 
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increase in ruminal ammonia-N concentration. Stage of maturity did not generate a 

substantial difference in either ruminal or total tract digestibility. However, total tract CP 

digestibility was reduced with maturity progressions and indigestible NDF was when 

harvested at the boot stage relative to harvest at late-heading. 

 In the study by Hunter et al. (2010), teff hay was subjected to 1, 2, or 3 cuttings and N 

fertilizer rates per cutting of 0, 56, 84, or 112 kg ha-1. Within each cutting treatment, teff 

receiving 112 kg of N produced hay with highest CP concentration with a mean of 18.7% 

(DM basis). Crude protein measures (DM basis) were 10.5, 15.5, 16.7, and 18.7% for N 

rates of 0, 56, 84, and 112, respectively. In isolating CP concentrations of the first 

cutting, it was determined that each incremental increase in N application rate would 

result in an increase of 0.07 kg forage CP per ha for each kg of N applied. 

 Regarding nitrate nitrogen (NO3-N) levels observed in teff produced as forage, 2 

trials could be found which provided a quantified measure. DeBoer et al. (2017) observed 

a range of 2.5 to 6.7 g kg-1 whereas Hansen et al. (2016) reported a slightly higher range 

of 3.5 to 9.5 g kg-1. Nitrates can potentially accumulate in forages due to excessive N 

fertilization alone or in combination with environmental stressors (Nicholson et al., 

2007). Miller (2011) suggests that NO3-N is generally not a concern in teff forage 

production. 

 Dry matter yield estimates of teff grown as forage for livestock have been reported. 

Hunter et al. (2010) found that DM yield of the initial harvest of teff increased in 

response to minimum N fertilizer applied. When 56 kg N ha-1 was applied, initial harvest 

DM yield increased by 673 kg ha-1. Applying N at rates of 86 or 112 kg ha-1 at each 
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cutting did not significantly increase initial harvest DM yield relative to the 56 kg 

application. Number of cuttings also influenced DM yield. Across N rate treatments, teff 

harvested twice produced roughly 6,518 kg of DM ha-1 whereas three harvests of teff 

produced approximately 10,169 kg of DM ha-1. The study sites of Hunter et al. (2010) 

received an average of 108, 82, 44, and 110 mm of precipitation during the growing 

period months of June through September, respectively. Neither seeding rate nor days 

after-seeding at each harvest were provided. 

 Vineyard et al. (2018) seeded teff at a rate of 11 kg ha-1 and reported a range in DM 

yield of 6,411 to 11,612 kg ha-1 when harvested at the boot, early, and late-heading 

stages. Dry matter yield increased with advancing maturity. Elsewhere, DeBoer et al. 

(2017) found teff DM yields of roughly 5,175 kg ha-1 when harvested at the vegetative 

stage and approximately 12,300 kg ha-1 when cut at full maturity. Seeding rates in this 

study were 13.5 kg ha-1 and 45 kg N fertilizer per ha was applied for each cutting. Other 

estimates of teff DM yield which could be found are similar to those discussed and range 

from 9,000 to 16,000 kg ha-1 (Norberg et al., 2009; Miller, 2011). 

Dried distillers grains as a grazing supplement to beef cattle 

 

 Dried corn and sorghum distillers grains (DDG), either void of or containing 

condensed distillers solubles (DDGS), are co-products of the dry milling process. In 

brief, starch is removed from the raw commodity during production of ethanol. Residual 

matter is dried and marketed as a form of DDG (Stock et al., 2000). Due to the high 

concentration of starch in corn grain, the residual product following starch removal on an 

equal weight basis contains a roughly threefold increase in levels of all other nutrients. 
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Therefore, DDG and DDGS are considered nutrient-dense, dual-purpose supplements 

which contain high levels of both CP and digestible fiber. In application, most of these 

products are currently fed to beef and dairy cattle and to a lesser extent swine and poultry 

(Lomas and Moyer, 2008).  

Advantages of dried distillers grains plus solubles in forage-based  beef diets 

Fat concentrations of DDGS are partially responsible for its relatively high energy 

value. Loy (2003) reported that DDGS have a higher energy level relative to corn when 

fed to beef cattle consuming a forage-based diet. When provided as an energy supplement 

to forage-based diets, use of DDGS to as a replacement for cereal grains likely mitigates 

commonly observed negative associative effects. Supplements such as DDGS which are 

high in digestible fiber may sustain levels of rumen pH and fiber digestion (Horn and 

McCollum, 1987). Decreases in ruminal pH have been directly attributed to reductions in 

fiber digestion stemming from grain supplementation (Caton and Dhuyvetter, 1997). In 

addition to energy considerations, actively growing forages typically have a higher 

concentration of ruminally degradable protein (RDP) relative to ruminally undegradable 

protein (RUP). As a result, diets primarily based on actively growing forages may result 

in an adequate N level to stimulate ruminal microbial protein synthesis, which may 

decrease as plant matures. Use of DDGS as a supplement could potentially mediate this 

deficiency due to its higher concentration of RUP relative to RDP (Klopfenstein et al., 

1996; Creighton et al., 2003) facing a ruminal N need (also stimulated by N-recycling), 

or complement the pool of metabolizable protein when ruminal N level is properly 

provided by early-vegetative growth forages. As with most grains and grain co-products, 
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DDGS are high in P (single most expensive mineral in commercial mineral supplements) 

reducing the need for supplemental provision (NASEM, 2016). 

Rates of supplementation 

Reported levels of DDGS provided to grazing cattle or cattle fed forage-based diets in 

confinement have often frequently been on the magnitude of one-half percent of animal 

BW. Morris et al. (2005) fed treatments of 0 to 0.95% BW DDGS to heifers consuming 

low and high-quality forage. In a similar study, steers grazing Nebraska sand hill range 

were provided from 0 to 1.03% BW. In a metabolism trial, Loy et al. (2007) fed heifers 

consuming chopped grass hay a DDGS supplement at either 0.4% BW daily or 0.8% BW 

on alternating days. MacDonald and Klopfenstein (2004) fed DDGS at a rate of 0.69% 

BW to steers grazing bromegrass pastures and would later feed DDGS at a rates from 0 to 

0.61% BW in a similar study (MacDonald et al., 2009). Greenquist et al. (2008) fed 

DDGS at rates from 0 to 0.61% BW to steers grazing bromegrass pastures and later fed 

DDGS in a similar trail at a rate of 0.69% BW (Greenquist et al., 2009). Growing heifers 

consuming prairie hay were provided 0.59% DDGS as a supplement by Martin et al. 

(2007). Finally, Lomas and Moyer (2008) fed DDGS at rates from 0 to 1.00% BW to 

steers grazing bromegrass and bermudagrass pastures. 

Effects on forage intake 

When DDGS was offered as a supplement to cattle consuming both low and high-

quality forage, a mean forage DMI reduction of 0.43 kg per kg of DDGS was observed 

(Morris et al., 2005). In that study, for DMI intake reduction was 60% greater with high-

quality forage (alfalfa-sorghum silage blend) relative to low-quality forage (smooth 
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bromegrass). Morris et al. (2006) reported that forage DMI was reduced by 0.15% BW 

per kg of DDGS provided with no difference observed in total DMI regardless of 

supplement level. When Loy et al. (2007) fed DDGS daily and at alternate days to 

heifers, impact of DDGS on forage DMI reduction was consistent at approximately 

0.21% BW less forage DMI. MacDonald et al. (2007) used both chromium and energetic 

modeling methods to estimate forage DMI when heifers grazing bromegrass were 

supplemented with DDGS. The authors reported reductions in forage DMI of 0.50 and 

0.45 kg per kg of DDGS fed by the methods of fecal chromium and model predictions, 

respectively. Similar to estimates above, MacDonald and Klopfenstein observed forage 

DMI reductions of 0.26% BW per kg of DDGS provided as supplement heifers grazing 

smooth bromegrass. When steers grazing smooth bromegrass and bermudagrass were 

supplemented with DDGS, forage availability estimates were different by supplement 

level treatments.  

Influence on animal growth performance and production 

Increases in ADG of cattle grazing forages supplemented with DDGS have been 

observed consistently. Heifers consuming low-quality forage gained 0.03 kg more per kg 

DDGS relative to heifers consuming high quality forage (Morris et al., 2005). Without 

regard to forage type, ADG increase per unit of DDGS supplemented was 0.11. The 

increased growth performances in the study were observed in conjunction with reduced 

forage intake suggestion an increase in production per unit of land area. Greenquist et al. 

(2008) also observed an improvement in production per unit area as steers grazing 

bromegrass and supplemented with DDGS increased ADG by 0.24 kg d-1 which resulted 
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in total BW gains ha-1 207 kg higher relative to non-supplemented steers. The stocking 

rate in the study was 5 steers (mean BW 867 kg) per 3.6 ha. Nitrogen input served as a 

treatment in the study where supply from fertilization (90 kg N ha-1) and from DDGS 

were assessed relative to a negative control (Greenquist et al., 2008). Total tract DM 

digestibility of smooth bromegrass did not differ by N input method. Additionally, steer 

growth performance and stocking rates were similar. This indicated that DDGS could be 

used as a N input with potentially greater use efficiency relative to conventional topical 

application of fertilizer as less would be lost to volatilization and instead captured as DM 

intake.  

 MacDonald et al. (2007) also observed increases in ADG with DDGS 

supplementation and attributed the response of approximately 40% to increases in 

metabolizable protein supply from the supplement. Loy et al. (2007) reported that NDF 

disappearance at 96 h was not different among heifers supplemented with DDGS and 

those provided no supplement. Further, rate of NDF disappearance (%/h) 14% greater 

with DDGS supplementation relative to control (Loy et al., 2007). These observations 

were made with no differences detected in either ruminal pH or forage DMI. Lastly, 

Martin et al. (2007) evaluated the potential benefits of DDGS as a supplement to 

developing beef heifers and determined that DDGS was associated with higher 

conception rates in an artificial insemination program relative to a corn-gluten-based 

supplement. The authors suggested that hormonal links to increased RUP were the 

reasoning for this response. 

Conclusions 
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 Teff grass is a productive crop which can potentially benefit grazing systems due to 

its minimal establishment requirements, tolerance for water limitation, and its 

demonstrated production rate. These qualities would directly contribute to increased 

animal and forage production in arid regions where annual, warm-season forages were 

not previously considered viable. In unison with teff as a forage base, dried distillers 

grains as a supplement could serve to further increase grazing animal growth 

performance as well as total area output. Associated energy and protein contributions 

without reductions in forage digestion should result in a greater capacity for animal 

growth performance. Implementation of a hardy, drought tolerant forage base in 

combination with a nutrient-dense co-product supplement has potential to increase 

grazing animal and land area productivity.  
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CHAPTER III 

NUTRITIVE YIELD AND TOTAL OUTPUT OF TEFF GRASS OVER A 63-DAY 

CONTINUOUS-GRAZING PERIOD BY GROWING BEEF STEERS 

RECEIVING A PROTEIN SUPPLEMENTS ON THE SOUTHERN HIGH 

PLAINS 

 

Abstract 

 Nutritional quality, overall forage production, water use, and beef cattle growth 

performance when grazing ‘Tiffany’ teff grass (Eragrostis tef [Zucc.] Trotter) with 

protein supplementation were evaluated. Two experiments were conducted using four 

adjacent sub-surface irrigated paddocks (2.66 ha each) seeded in teff grass and 

continuously-grazed during 63 d during 2 consecutive growing seasons. Paddocks (n = 4; 

experimental units) were each stocked with crossbred beef steers (n = 5, initial BW = 289 

± 30, yr 1; n = 6, initial BW = 286 ± 23, yr 2) in a randomized complete block design. 

Each year, daily supplements (0.45 kg hd-1·d-1 cottonseed meal, CSM; 0.50% µ paddock 

BW hd·d-1 sorghum-dried distillers grains plus solubles, DDGS) were assigned at random 

to 2 paddocks each. Total plant and canopy DM, OM, NDF, ADF, and volumetric soil 

water content were quantified at 7-d intervals. Measures of CP, in vitro true dry matter 

digestibility (IVTDMD), and available forage mass were recorded at 14-d intervals. 

Shrunk body weights of steers were obtained prior to grazing and following each 

subsequent 21-d period. Teff ADF was greater (P ≤ 0.05) in the whole plant relative to 

the canopy on d 49 and 56. Crude protein was greater (P < 0.01) in the canopy relative to 

the entire sward. Supplement did not influence NDF, ADF, CP, or in vitro true DM or 

OM digestibility (P ≥ 0.39). Total nutrient yield did not differ (P ≥ 0.43) by supplement 

over the course of the grazing season. Steers supplemented with DDGS had higher (P = 
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0.01) shrunk ADG relative to CSM. Predicted teff DMI (P < 0.01), NEm (P = 0.02), and 

NEg (P = 0.03) were greater with CSM. Predicted total DMI was similar (P = 0.14) 

between treatments although predicted dietary NEm, NEg, gain:feed, and BW gain per ha 

were greater (P ≤ 0.02) with DDGS. Estimates of DM, OM, NDF, and ADF consumed 

were greater (P ≤ 0.05) for CSM. Nutrient yield of teff remaining on d 56 was similar (P 

= 0.33) between treatments. Crude protein yield m3 water tended (P = 0.09) to be higher 

for CSM with no other differences (P = 0.24). Neither stocking rate nor unit of water 

received per stocking rate differed (P ≥ 0.32) by treatment. Soil water content differed (P 

< 0.01) by grazing day and depth but not by supplement (P = 0.40). Supplemental 

regimen of growing beef cattle grazing teff grass can be used to drive BW gain through 

increased nutrient utilization without reducing teff nutritive yield or water use efficiency. 

Materials and Methods 

 

 All procedures involving the use of live animals were approved by the Texas 

Tech University Institutional Animal Care and Use Committee (IACUC # 15049-06). 

Forage Management and Sampling 

Four adjacent 2.66-ha paddocks located approximately 10.3 km east of New Deal, TX 

consisting of Pullman clay loam soils and equipped with sub-surface drip irrigation were 

seeded in ‘Tiffany’ teff on June 11-12 and April 25-26 of years 2015 (yr 1) and 2016 (yr 

2), respectively. Preparation of seed beds included only light disking prior to seeding. 

Seeds were no-till drilled at a depth of 0.64 cm and at a rate of 3.72 and 5.88 kg ha-1 pure 

live seed in yr 1 and 2, respectively. Grazing was initiated 51 d after-seeding in yr 1 and 

81 d after-seeding in yr 2. No herbicide or fertilizer was applied to the test area in yr 1. In 
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yr 2, a pre-emergent herbicide was applied 14 d prior to seeding and each paddock 

received 33.6 kg ha-1 urea ammonium nitrate via irrigation approximately 117 d after-

seeding. Due to a heavy presence of invasive weeds which primarily included 

Amaranthus spp. and Conyza canadensis during yr 2, paddocks were shredded to a height 

of approximately 20.32 cm at 97 d after-seeding (grazing d 17). 

Beginning at d 0 of grazing and at 7-d intervals for the duration of the grazing period, 

entire swards were clipped at a height of 3 cm in order to estimate DM, OM, NDF, and 

ADF concentrations. At each collection, samples of teff canopy structures were also 

procured in order to describe the magnitude of difference in total available nutritive value 

and that of the apparent grazed portion. Appropriate canopy height of harvested samples 

was determined at the most proximal grazing site to each quadrat toss by recognition of at 

least one tiller possessing the flat defoliation pattern characteristic of an ungulate bite 

(McGranahan et al., 2014). Nearest entire plant structures were clipped at a level visually 

proportionate to the adjacent grazed structure. At 14-d intervals, 1-m2 quadrats (n = 6 per 

paddock) were tossed at random and forage within clipped at a height of 3.0 cm for 

determination of forage mass availability. Samples obtained from quadrats as well as 

canopy samples were also used to determine CP and in vitro true dry matter digestibility 

(IVTDMD). Canopy samples were not collected on d 28 of yr 2 due to the previously 

alluded-to shredding of paddocks for weed mitigation. 

Paddock soil water content was recorded beginning on d 0 of grazing and at 7-d 

intervals throughout the grazing period using a PR2 Soil water content Profile Probe 
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(Delta-T Devices, Cambridge, UK). Moisture was recorded at depths of 100, 200, 300, 

400, 600, and 1000 mm at three evenly-spaced locations spanning each paddock. 

Animals and Supplements 

In both years, crossbred Angus yearling beef steers (n = 20, IBW = 289 ± 30 kg, 

2015; n = 24, IBW = 286 ± 23 kg, 2016) were sourced from a commercial cooperator 

near Stratford, TX (410 km). Prior to arriving at the study site, steers were vaccinated for 

bovine rhinotracheitis and blackleg as well as provided an anthelmintic. Approximately 

14 d prior to grazing in both years, steers received a single-dose implant containing 40 

mg trenbolone acetate and 8 mg 17-β estradiol. Following a 12-h withdrawal from feed 

and water, shrunk body weights were collected at 21-d intervals from d 0 to 63 of grazing 

in order to quantify ADG. Immediately after obtaining weights on d 0 of both years, 

steers were blocked by BW and randomly assigned to paddock (experimental unit). Each 

paddock was stocked with 5 and 6 steers in yr 1 and 2, respectively. 

Paddocks were randomly assigned either a daily crude protein (0.45 kg DM hd·d-1 

cottonseed meal; CSM) or co-product (0.50% µ paddock BW, kg DM hd·d-1; sorghum-

distillers grains plus solubles; DDGS) supplement. Cottonseed meal was provided in lieu 

of a negative control to ensure that adequate dietary nitrogen was available for forage 

digestion. In addition to supplements, all paddocks were supplied a commercial 

monensin-containing pasture mineral with a target consumption of 0.11 kg DM hd-1·d-1 to 

supply 200 mg monensin sodium per animal-daily. Mineral was provided in a separate 

feeder from the supplement and consumption quantified every other day. Both 

supplements as well as mineral were entirely consumed at each feeding. 
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Utilization and Input Calculations 

Estimates of teff DMI, energy values, and total feed efficiency were back-calculated 

from observed supplement intake and gain performance using the Beef Cattle Nutrient 

Requirements Model (NASEM, 2016). Briefly, supplement intakes were defined, and teff 

DMI assumed to equal total predicted intake minus supplement and mineral intakes. Teff 

TDN values were adjusted such that ME for gain aligned with actual ADG observed. 

Resulting calculated dietary NE values were used to determine NE per kg from teff by 

removing supplement and mineral from the diet calculation and dividing the remaining 

NEm and NEg by the predicted teff DMI. 

Total output was described as calculated teff nutrients consumed in addition to 

nutrient concentrations of teff remaining at the term of the grazing period. Nutrients 

consumed were estimated as a function of predicted teff intake and mean nutritive values 

across the grazing period. Forage was not sampled following steer removal on d 63. As a 

result, teff sampled at d 56 was used to describe residual mass and nutritive yield. 

References to animal unit days (AUD) assume that one animal unit is equivalent to 453.5 

kg of shrunk BW. Values for AUD are then calculated as: 

AUD =  (
μ paddock shrunk BW

453.5 kg
)  × steers per paddock ×  grazing days 

where µ paddock shrunk BW is calculated for each steer as the mean of initial and final 

shrunk BW. 

Volume of water received per paddock was derived from metered irrigation plus total 

rainfall during the 63 d of grazing in both years (Fig. 3.1). Rainfall was measured at a 

single location at the research site and measure presumed to be uniform across all 
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paddocks. Estimates of water efficiency were determined as total output from above 

relative to m3 of water received (irrigation plus rainfall).  

Laboratory Analyses 

Both whole plant structure and canopy samples were dried in a forced air oven (55°C) 

for 72 h and subsequently ground to pass a 1-mm screen in a Wiley mill (Thomas 

Scientific, Swedesboro, NJ). Laboratory corrected DM was determined by further drying 

samples in a forced-air oven at 100°C for 24 h. Organic matter was calculated from ash 

residue remaining after complete combustion in a muffle furnace at 550°C for 8 h 

(AOAC, 1990). Crude protein was estimated as 6.25 × nitrogen as quantified using a 

Leco CNS Nitrogen Analyzer (Leco CNS-200, St. Joseph, MI). Neutral detergent fiber 

and ADF concentrations were obtained using filter bag techniques (Ankom Technology, 

2006a,b), with the addition of alpha-amylase and sodium sulfate. In vitro true 

digestibility measures were determined using a DaisyII Incubator (Ankom Technology, 

2005). Rumen inoculum used in IVTDMD procedures was composited from 2 ruminally 

cannulated beef cows (BW = 350 kg ± 11 kg) consuming approximately 8.0 kg DM teff 

grass hay per d. 

Statistical Analyses. 

Data were analyzed as a randomized complete block design using GLIMMIX 

procedures of SAS 9.4 (SAS Inst., Inc., Cary, NC). Paddock served as experimental unit 

in all analysis. The model for forage CP, NDF, ADF, and IVTDMD included fixed 

effects of supplement, day, sward component, and their interactions. Supplement, day, 

and their interactions were included for forage mass. Fixed effects in analysis of soil 
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water content included supplement, day, depth, and their interactions. Supplement served 

as the model fixed effect for steer ADG. Fixed effect denominator degrees of freedom 

were corrected by applying a Kenward-Rogers adjustment. Year was included as a 

random effect for all variables. In analysis of soil water content, year(location) was 

included as the random effect. For repeated measure variables, covariance structure  best 

fit were selected based on the lowest Akaike’s Information Criterion. Interactions were 

dropped from the model when not significant (alpha > 0.05). Differences were compared 

using LSMEANS statement and included Tukey’s option for means adjustment. Results 

were considered significant at P ≤ 0.05 and tendencies discussed at 0.05 > P ≤ 0.10. 

Results and Discussion 

 

 When measured at 7-d intervals, no supplement × sward component × day 

interaction (NDF, P = 0.91; ADF, P = 0.45) was detected for detergent fiber 

concentrations (Fig. 3.2). Additionally, there was no supplement type × sward component 

(NDF, P = 0.71; ADF, P = 0.78) or supplement type × day (NDF, P = 0.93; ADF, P = 

0.80) interactions. Neither NDF (P = 0.40) nor ADF (P = 0.87) differed by type of 

supplement provided. However, there was a tendency for both NDF (P = 0.07) and ADF 

(P = 0.02) estimates to diverge by sward component during the terminal portion of the 

grazing period. Staniar et al. (2010) reported that in teff hay harvested at multiple stages, 

NDF remained constant throughout the early-heading stage whereas ADF increased 

significantly between the boot and early-heading stages. In a similar study, however, 

Vineyard et al. (2018) reported that both NDF and ADF concentrations in teff hay 
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remained constant from the boot to the late-heading stage with means of 62.3 and 28.1%, 

respectively. 

Increases in estimates of cell wall with maturity are expected (Bacic et al., 1988). An 

increase in ADF concentration in the whole plant structure at d 49 and 56 relative to the 

canopy likely indicates a rapid increase in the cell wall fraction and lignification. 

Calculated as NDF minus ADF, concentration of hemicellulose throughout the grazing 

period in the current study ranged from 28.59 to 40.50% and from 28.43 to 40.54% in the 

whole plant structure and canopy, respectively. Hemicellulose concentrations at d 49 and 

56 were intermediary to overall observed ranges. As a result, increases in detergent fiber 

concentrations at the end of the period are presumed to reflect increased cell wall mass 

and the divergence between whole plant and canopy structures attributed to greater 

proportions in the stalk. 

Interaction of supplement × sward component × grazing day did not influence CP (P 

= 0.97) or IVTDMD (P = 0.85) measures. No interaction of supplement × sward 

component (CP, P = 0.72; IVTDMD, P = 0.94), supplement × grazing day (CP, P = 0.99; 

IVTDMD, P = 0.93), or sward component × grazing day (CP, P = 0.36; IVTDMD, P = 

0.54) were observed. Results of CP and IVTDMD according to main effects are found in 

Table 3.1. Despite the absence of a detectable difference in detergent fiber components 

in the whole plant and canopy portions, nitrogen accumulation was greater in the canopy 

tissue. Crude protein at d 28 tended (P = 0.07) to be lower than d 56. No other 

comparisons of CP or IVTDMD produced a tendency or significant difference (P ≥ 0.27). 

Nitrogen applied in yr 2 likely explains the CP increase observed on d 42 and 56. Crude 
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protein is expected to decline with advances in maturity and the timing of the application 

in the current trial would have coincided with d 36 of grazing. Vineyard et al. (2018) 

produced ‘Moxie’ teff (Eragrostis tef [cv. Moxie]) hay in Idaho without use of fertilizer 

nitrogen despite a pre-experiment soil test which recommended 56 kg nitrogen ha-1. 

Those authors observed the anticipated decline in CP with maturity at concentrations of 

18.7, 14.7, and 11.9% at the boot, early-heading, and late-heading stages, respectively. 

Hunter et al. (2010) applied 56 kg N ha-1 to teff grown for hay and observed a 51 and 

62% increase in CP in second and third harvests, respectively. According to Hunter et al. 

(2010), nitrogen applications of 56 kg ha-1 per harvest of teff are sufficient and no 

additional nitrogen may be necessary where nitrogen inputs from manure deposit (i.e. 

grazing) has occurred. Nitrogen was applied in the current study at a rate of 10.75 kg ha-1 

and the paddocks had not been grazed for at least 2 years prior. This magnitude of 

response seemingly associated with nitrogen fertilization suggests high nitrogen uptake 

and use efficiency by teff. The rate of nitrogen applied during yr 2 of the current study is 

within the range of applications in the literature. Habtegebrial et al. (2007) cautioned that 

high rates (90 kg ha-1) of fertilizer nitrogen to teff could increase the risks of both nutrient 

leaching and lodging. Val Delden et al. (2010) suggested that mature teff carries a risk of 

lodging due to its heavy panicle. As a means of mitigating the potential for teff hay 

lodging, Norberg et al. (2009) recommended that plant heights be managed to a height of 

1 m or less and that no more than 5% of plants be allowed to fully head out. However, 

these recommendations are for teff grown as a grain or hay crop. When continuously 

grazed, lodging losses are a lesser concern provided stocking rates are sufficient. 
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Consistent measures of IVTDMD across the growing season align with the 

observations of Vineyard et al. (2018) who observed no increase in cellulose, lignin, or 

ADF in teff hay harvested at multiple stages of maturity. However, Staniar et al. (2010) 

evaluated teff hay at the same stages of growth and reported increased NDF in the late-

heading stage and greater ADF in the early-heading and late-heading stages. Possible 

explanations for these discrepancies may include differences in cultivar, climate, or a 

slightly later harvest date in the latter study. 

Available forage mass was estimated at 14-d intervals in an attempt to capture 

potential seasonal variation (Sollenberger et al., 2005). Neither DM nor OM forage 

allowance were significantly influenced by a grazing day × supplement interaction (both, 

P = 0.83). Similarly, no effects of either grazing day (both DM, P = 0.38; OM, P = 0.39) 

or supplement type (DM, P = 0.43; OM, P = 0.46) were detected. Simple effects of total 

forage and nutrient yield per ha are presented in Table 3.2. McCartor and Rouquette 

(1977) described the relationship of forage allowance of continuously-stocked pastures to 

growth performance of beef calves. When supplement treatment BW means in the current 

study were pooled and extrapolated in order to align with days when available forage was 

quantified, forage DM allowance at the respective 14-d intervals was calculated as 1.31, 

1.53, 1.74, 1.40, and 1.32 kg DM per kg shrunk BW. These values are substantially less 

than the value of 3.31 kg DM · kg BW-1 required for maximum ADG on hybrid pearl 

millet [Pennisetum typhoides (Burm.) Stapf and C. E. Hubb] (McCartor and Rouquette, 

1977). However, forage mass measures alone are likely not sufficient to project grazing 

animal production (Rouquette, 2016). 
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Theoretically, evaluating nutritive value in a monoculture would increase the 

reliability of estimated forage quality consumed more so than when a multitude of 

species are grazed. Nutritive value – particularly in vitro DM digestibility (IVDMD) – is 

a primary factor in establishing the upper threshold of potential animal weight gain 

(Sollenberger and Vanzant, 2011). In the current study, neither supplement type (P = 

0.58) nor grazing day (P = 0.55) had a significant effect on estimated in vitro true 

digestible DM yield of teff. Using warm-season perennial grasses, Duble et al. (1971) 

described the inverse relationship of forage IVDMD to forage allowance required to 

realize maximum BW gain. When possible, use of sward portions representative of those 

selected by the animal are most appropriate when incorporating nutritive value as a co-

function of forage mass (Roth et al., 1990). However, in the absence (P = 0.18) of a 

sward component effect on teff IVTDMD in current study, it would appear that 

digestibility measures of teff could licitly be obtained from full tillers. 

In vitro true DM digestibility of teff here ranged from 63.27 to 66.29 percent. These 

measures over the course of a season-long period are relatively consistent as indicated by 

the absence of a grazing day effect (P = 0.50) and equate to an approximate mean yield of 

628 kg of digestible DM ha-1 over the duration of the trial. This sustained level indicates 

that teff could support ADG of growing beef cattle on the magnitude of 1.0 to 1.2 kg d-1 

at forage mass allowances of approximately 750 kg ha-1, or less, according the 

relationships described by Duble et al. (1971). 

Beretta et al. (2006) grazed summer pastures mixed of legume and grass and reported 

that cattle intake would increase in response to increased forage allowance. However, 
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when beef steers were supplemented with 0.45 kg per d of cracked corn, increases in 

forage allowance did not result in greater live weight gain over the course of the grazing 

period relative to non-supplemented steers with a forage allowance of 9 kg DM per 100 

kg BW (Beretta et al., 2006). These results may be due to a potential reduction of forage 

digestion associated with the corn supplement. Still, Berretta et al. (2006) maintains that 

maximization of live weight gain per area with grazing cattle may best be achieved by 

utilizing a combination of increased stocking rates and supplementation. Certainly, dried 

distillers grain is a suitable supplement for cattle grazing teff as it provides digestible 

energy and is less likely to hinder forage digestion relative to starch-based supplements 

(Loy et al., 2007). Regarding the consistency of the digestibility of teff observed, 

supplementation regimens may be easier to implement since fewer formulation 

adjustments would be necessary during the course of the teff grazing period. 

Losada et al. (1982) stated that lower stocking rates were associated with a 15% 

increase in non-ammonia nitrogen flow to the small intestine of steers grazing grass. 

Considering that forage digestibility commonly decreases with maturity, it could be 

hypothesized that the stability of teff digestibility across a grazing season would result in 

a consistent rate of forage DMI relative to BW. As a result, non-ammonia nitrogen flow 

expressed as g per g of dietary nitrogen may remain constant over the course of the 

grazing period (Losada et al., 1982). If so, this would contribute to the likelihood that a 

single supplementation regimen could be employed to maximize animal growth 

performance and teff forage utilization over the course of a grazing season. 

Steer growth performance 
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Results of steer growth performance according to supplement type are provided in 

Table 3.3. Steers provided DDGS gained 0.22 kg per d more (P = 0.01) than steers 

offered CSM over the course of the 63-d grazing period. This increase in weight gain 

associated with DDGS is not unexpected given the greater energy value and higher 

provision rate of DDGS. Higher energy values and associated increases in ADG by cattle 

fed dried distillers grains are likely due to increased energy from collective concentration 

of fat, metabolizable protein, and digestible fiber (MacDonald et al., 2007). 

Predictions of teff energy concentration were derived using observed gain 

performance and predicted teff DMI. In estimating these energy values, default tabular 

measures of supplement TDN (69.65 and 89.00% for cottonseed meal and dried distillers 

grains, respectively) were used. As a percentage of shrunk BW, simulated teff DMI was 

2.16 and 1.80% for steers assigned CSM and DDGS, respectively. However, total 

predicted DMI as a percentage of shrunk BW was 2.33% for both treatments. Greater NE 

values for CSM teff relative to DDGS teff are the product of increased TDN (P = 0.01) of 

CSM teff combination. When total predicted NEm of CSM teff combination is divided by 

NEm concentration per kg of DDGS teff combination, the result indicates that teff DMI 

would have equaled 7.69 kg (2.36% BW) daily. With the addition of forage DMI 

necessary to meet the predicted NE required for gain, it seems likely that the resulting 

level of total forage DMI would not be feasible. Supplementation – particularly with 

DDGS at a rate of 0.5% of shrunk BW – should result in forage substitution which would 

reduce intake (Morris et al., 2005, 2006; Griffin et al., 2012). Loy et al. (2007) fed DDGS 

at a rate of 0.4% BW to heifers consuming chopped grass hay and reported a daily forage 
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DMI reduction of 0.21% BW. Similarly, MacDonald et al. (2007) found that heifers 

reduced DMI of smooth bromegrass pasture by 0.45 to 0.50 kg per kg DDGS consumed 

depending on the method used to estimate pasture intake. In these and other studies, 

findings are consistent and indicate that DDGS supplemented at rates from 0.40 to 0.60% 

BW to growing cattle on forage-based diets may reduce forage DM consumption at a 

magnitude equal to one-half the rate of supplementation. In this study, model predicted 

teff DMI by steers provided DDGS was 16% lower than steers offered CSM.  

Teff utilization and area output 

Model predicted teff DMI and mean nutrient concentrations across the grazing period 

were used to estimate total nutrient utilization (Table 3.4). With the exception of CP, 

calculated nutrient utilization aligned with greater predicted forage DMI by CSM 

supplemented steers. When standing forage was sampled for the final time on d 56, no 

differences in nutrient yield were found (P ≥ 0.33). When assessing the relationship 

between observed ADG and apparent nutrient utilization, it would appear that there was 

an improvement in production efficiency – i.e. total weight gain per unit area forage mass 

– when steers were supplemented with DDGS. Simultaneously, one interpretation of the 

apparent lesser nutrient utilization by steers offered DDGS combined with similar 

measures of residual teff between the treatment groups could be that less teff was 

produced in paddocks supplemented with DDGS. However, given that agronomic 

procedures and climatic factors were constant across all paddocks, it seems more likely 

that similarity in nutritive yield at the term of the trial should be explained by alternative 

reasoning. For example, it is possible that the method of forage mass measure utilized in 
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combination with extrapolation to describe the entire test area lacks the level of 

sensitivity required to capture a potential difference in forage present. Another, and more 

likely explanation, could be that steers supplemented with DDGS exercised a greater 

degree of selective grazing due to a greater allowance resulting from lesser forage DMI. 

The subject of preferential selection has been described (Provenza et al., 2003). Such a 

response would accommodate the increased growth performance of steers provided 

DDGS due to the higher level of CP found in the canopy portion of teff. 

Estimates of total shrunk BW gain plus residual teff mass per unit of water received 

are presented in Table 3.5. Net energy values were not calculated from forage mass at d 

56 and thus differences in estimated NEm and NEg per unit of water reflect calculated 

energy intake discussed previously. Aside from NE, no other forage component assessed 

per unit of water differed by supplement treatment (P ≥ 0.2). 

Despite increased ADG on paddocks assigned DDGS, stocking rates expressed as 

AUD per ha did not differ by supplement treatment (P = 0.67). Similarly, when water 

received was incorporated into the assessment, no difference in m3 per AUD per ha were 

observed (P = 0.32). Across years, paddocks assigned CSM received an average of 160.2 

m3 of irrigation per ha whereas paddocks assigned DDGS received 246.3 m3. Though no 

effort was made to apply identical amounts of irrigation water to supplement treatments, 

the magnitude of the discrepancy in volume was not intentional. Mean rainfall was 98.5 

m3 per ha. When irrigation and rainfall were summed and divided by mean total kg 

shrunk BW gain per ha, values for water footprint equaled 1.76 and 1.96 m3 for CSM and 

DDGS, respectively. These values were not subjected to statistical analysis. However, the 
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estimates are slightly lower than the values of 2.9 to 4.8 produced from irrigation plus 

drinking water consumed by steers grazing grass pastures containing 21% teff (Baxter et 

al., 2017). The reduction in footprint values in the current study are likely due primarily 

to provided supplementation. Other figures for water use relative to unit of beef 

production have been published (Beckett and Oltjen, 1993; Rotz et al., 2015). However, a 

lack of uniformity in considered inputs and scope of production make useful comparison 

difficult. 

In regard to soil water content, no interactions of supplement type × day × soil depth 

(P > 0.99), supplement type × day (P = 0.89), supplement type × soil depth (P = 0.20), or 

soil depth × day (P = 0.24) on soil water content was observed. Soil water content main 

effects are presented in Table 3.6. Soil water content by supplement and day are depicted 

in Fig. 3.3. No specified requirements for soil water content related to teff production can 

be found in the literature. In addition to differences among cultivar, root depths of teff 

grain crops have been reported to range from 59 to 100 cm in drought scenarios and 86 to 

116 cm when aided by irrigation (Ayele et al., 2001). However, root biomass of teff is 

predominately concentrated in the upper 30 cm of the soil surface with actual depths 

correlated with plant height (Ayele et al., 2001). Given that grazing was continuous in 

this trial, plant height was in effect regulated. Therefore, it can only be stated that 

moisture level in this study at a depth of 300 mm (25.26%) was sufficient to support 

maintain a stand of teff throughout the grazing season. 

Potential strategies of teff to defend against water stress have been suggested (Belay 

and Baker, 1996; Takele et al., 2001; Degu et al., 2008). Some teff cultivars are able to 
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produce greater increases in cell osmotic pressure in the face of drought and possess 

fewer rolled leaves relative to other cultivars with a lesser capacity for osmotic 

adjustment (Degu et al., 2008). However, since water application level was not a 

treatment in the current study, visual evaluation of potential differences in leaf structure 

were not deemed an applicable tool in accessing adequacy of moisture. 

Conclusions 

 

 Continuously-grazed teff grass by beef steers supplemented with dried distillers 

grains produced greater overall yield of shrunk body weight relative to cottonseed meal 

supplementation. Teff maintained a consistent level of digestibility over the duration of 

the growing season and only generated differences in detergent fiber concentrations 

between portions of the plant structure near the term of the growing season. It appears 

that choice of supplement to continuously-grazed teff grass would neither be expected to 

influence forage nutrient yield following the grazing period nor production per unit of 

water received throughout the period. Therefore, teff grass should be considered as an 

annual forage option for summer and fall beef production with total system output 

determined by choice of supplement regimen employed to achieve desired body weight 

gain by grazing cattle. 
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Table 3.1. Measure of CP and in vitro true dry matter digestibility of continuously-

grazed teff grass over a 63-d period 

Item CP, % IVTDMD1, % 

Supplement2   

 CSM 9.52 65.69 

 DDGS 9.05 65.09 

 SEM 0.75 1.21 

Sward component   

 Whole plant 8.49 66.04 

 Canopy 10.08 64.74 

 SEM 0.33 0.94 

Grazing day   

 0 8.88 66.01 

 14 8.65 65.18 

 28 7.87 63.27 

 42 9.93 66.20 

 56 11.08 66.29 

 SEM 1.19 1.97 

P-values3   

 Supplement 0.54 0.63 

 Sward component <0.01 0.18 

 Grazing day 0.09 0.50 

 Supplement × sward component 0.72 0.94 

 Supplement × grazing day 0.99 0.93 

 Sward component × grazing day 0.36 0.54 

 Supplement × sward component × grazing day 0.97 0.85 
1In vitro true dry matter digestibility 
2CSM: cottonseed meal, 0.45 kg DM hd-1·d-1; DDGS: dried distillers grains plus 

solubles, 0.50% mean paddock BW hd-1·d-1  
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Table 3.2. Nutrient yield of teff grass over a 63-d period of continuous grazing by supplemented beef steers (t per ha) 
 Grazing Day     

 0  14  28  42  56  P-value2 

Item CSM DDGS  CSM DDGS  CSM DDGS  CSM DDGS  CSM DDGS SEM S D S × D 

DM 0.706 0.849  0.954 0.971  1.157 1.157  0.811 1.163  0.993 0.945 0.269 0.43 0.38 0.83 

OM 0.661 0.790  0.881 0.891  1.085 1.073  0.760 1.087  0.940 0.893 0.253 0.46 0.39 0.83 

NDF3 0.472 0.563  0.661 0.677  0.783 0.797  0.483 0.662  0.673 0.650 0.181 0.48 0.24 0.94 

ADF4 0.200 0.234  0.302 0.310  0.352 0.370  0.251 0.373  0.332 0.316 0.138 0.38 0.20 0.83 

CP5 0.059 0.061  0.065 0.068  0.074 0.069  0.084 0.094  0.127 0.115 0.037 0.98 0.13 0.99 

IVTDMD6 0.450 0.540  0.567 0.579  0.700 0.661  0.532 0.713  0.676 0.644 0.177 0.58 0.55 0.89 

IVTOMD7 0.422 0.504  0.525 0.533  0.658 0.615  0.502 0.669  0.644 0.612 0.168 0.62 0.52 0.89 
1CSM: cottonseed meal, 0.45 kg DM hd-1·d-1; DDGS: dried distillers grains plus solubles, 0.50% mean paddock BW hd-1·d-1 
2S: supplement treatment; D: grazing day; S × D: supplement × grazing day interaction 
3Measure at d 42 lower (P ≤ 0.0001) than all other d; no other differences (P ≥ 0.70) 
4Measure at d 0 lower (P ≤ 0.004) than all other d; d 56 higher (P ≤ 0.0002) than all other d; no other differences (P ≥ 0.33) 
5Measure at d 28 lower (P = 0.04) than d 56 and tended (P = 0.14) to be lower than d 42; d 56 higher than d 0 and 14 (both, P = 0.02); no other differences 

(P ≤ 0.16) 
6In vitro true DM digestibility 
7In vitro true OM digestibility 



Texas Tech University, Joel D. Sugg, May 2019 

 

48 

 

 

 

 

Table 3.3. Observed performance and dietary nutrient input predictions of 

supplemented beef steers continuously-grazing teff grass 

  Supplement1   

Item CSM DDGS SEM P-value 

Initial BW, kg 290 286 1.9 0.09 

Final BW, kg 362 373 4.3 0.06 

BW gain per ha, kg 147 176 7.0 0.01 

ADG, kg     

 d 0-21 1.02 1.24 0.12 0.13 

 d 21-42 1.47 1.71 0.13 0.11 

 d 42-63 0.97 1.18 0.13 0.16 

 d 0-63 1.16 1.38 0.06 0.01 

Model predictions2     

 Teff TDN, % 58.38 54.98 0.93 0.01 

 Teff NEm, Mcal/kg 1.31 1.20 0.03 0.02 

 Teff NEg, Mcal/kg 0.73 0.63 0.03 0.03 

 Teff DMI, kg 7.04 5.92 0.04 <0.001 

 Total DMI, kg 7.60 7.68 0.05 0.14 

 Diet NEm, Mcal/kg 1.31 1.40 0.02 0.01 

 Diet NEg, Mcal/kg 0.74 0.82 0.02 0.02 

 Gain:feed 0.15 0.18 0.01 0.01 
1CSM: cottonseed meal, 0.45 kg DM hd-1·d-1; DDGS: dried distillers grains plus 

solubles, 0.50% mean paddock BW hd-1·d-1 
2Beef Cattle Nutrient Requirements Model, 2016. National Academies Press. 

Washington, DC. 
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Table 3.4. Estimated nutrients consumed from teff and residual teff nutrient mass (d 56) 

available following a 63-d continuous-grazing period by supplemented beef steers 

  Supplement1   

Item CSM DDGS SEM P-value 

Nutrient utilization2     

 DM, t/ha 2.002 1.824 0.063 0.05 

 OM, t/ha 1.920 1.745 0.087 0.05 

 NDF, t/ha 1.350 1.239 0.031 0.04 

 ADF, t/ha 0.625 0.571 0.016 0.04 

 CP, t/ha 0.238 0.219 0.065 0.32 

 Digestible DM, t/ha 1.403 1.302 0.107 0.12 

 Digestible OM, t/ha 1.350 1.250 0.122 0.10 

 NEm, Mcal/ha 2,622 2,188 79.000 0.004 

 NEg, Mcal/ha 1,461 1,149 43.000 0.001 

      

Residual nutrient yield3     

 DM, t/ha 0.993 0.945 0.164 0.35 

 OM, t/ha 0.940 0.893 0.188 0.34 

 NDF, t/ha 0.673 0.650 0.080 0.51 

 ADF, t/ha 0.332 0.316 0.034 0.33 

 CP, t/ha 0.137 0.131 0.075 0.73 

 Digestible DM, t/ha 0.666 0.661 0.185 0.87 

 Digestible OM, t/ha 0.634 0.626 0.197 0.79 
1CSM: cottonseed meal, 0.45 kg DM hd-1·d-1; DDGS: dried distillers grains plus 

solubles, 0.50% mean paddock BW hd-1·d-1 
2Calculated from model predicted intake and mean nutrient concentration across 

sampling days 
3Calculated from forage mass availability and nutrient concentration 
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Table 3.5. Total output1 of teff per unit of water (m3) received by 

supplement type offered to grazing beef steers during 63 d of 

continuous grazing 

 Supplement2   

Item CSM DDGS SEM P-value 

DM, kg/m3 17.02 15.12 1.11 0.15 

OM, kg/m3 16.17 14.30 1.04 0.13 

NDF, kg/m3 11.69 10.39 0.76 0.15 

ADF, kg/m3 5.42 4.80 0.36 0.15 

CP, kg/m3 1.72 1.50 0.12 0.12 

Digestible DM, kg/m3 11.51 10.50 0.78 0.25 

Digestible OM, kg/m3 10.99 9.98 0.74 0.23 

NEm, Mcal/m3 22.30 18.15 1.47 0.04 

NEg, Mcal/m3 12.43 9.53 0.87 0.02 

     

AUD per ha 93.39 94.21 5.51 0.67 

m3 per AUD-1 · ha-1 1.85 2.28 1.26 0.32 
1Calculated as nutrient composition times predicted steer DMI 

during the entire grazing period plus nutrient concentration at 

final sampling (d 56); Note: Estimates of NEm and NEg derived 

solely from estimated steer DMI 
2CSM: cottonseed meal, 0.45 kg DM hd-1·d-1; DDGS: dried 

distillers grains plus solubles, 0.50% mean paddock BW hd-1·d-1 
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Table 3.6. Volumetric water content (%) by supplement 

type, soil depth, and grazing day of teff paddocks grazed 

by beef steers 

Supplement1  

 CSM 27.79 

 DDGS 30.10 

 SEM 2.71 

Soil depth, mm  

 100 12.38a 

 200 21.61b 

 300 25.26c 

 400 35.34d 

 600 40.69e 

 1000 38.38e 

 SEM 1.01 

Grazing day  

 0 27.11wxy 

 7 28.52wxy 

 14 26.81wx 

 21 26.07w 

 28 27.71wxy 

 35 30.70yz 

 42 29.45xy 

 49 30.51xyz 

 56 33.63z 

 SEM 1.22 

P-values  

 Supplement 0.40 

 Soil depth <0.01 

 Grazing day <0.01 

 Supplement × soil depth 0.27 

 Supplement × grazing day 0.87 

 Soil depth × grazing day 0.39 

 Supplement × soil depth × grazing day > 0.99 
1CSM: cottonseed meal, 0.45 kg DM hd-1·d-1; DDGS: 

dried distillers grains plus solubles, 0.50% mean 

paddock BW hd-1·d-1 
a-eMeans without a common superscript differ P ≤ 0.05 
w-zMeans without a common superscript differ P ≤ 0.05 
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Figure 3.1. 

 
Figure 3. 1. Mean total water received (irrigation plus precipitation) per ha within 

grazing day by teff grass paddocks over a 2-year grazing study.
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Figure 3.2. 
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Figure 3. 2. Supplement × sward component relationships of NDF (A) and ADF (B) 

concentrations of teff grass paddocks grazed continuously over a 63-d period by beef 

steers receiving either a daily cottonseed meal (0.45 kg DM hd-1; CSM) or dried distillers 

grains (0.50% DM µ paddock BW hd-1; DDGS) supplement. Within day, no supplement 

× sward component × grazing day interaction (NDF, P = 0.91; ADF, P = 0.45) was 

detected. Additionally, no supplement × sward component (NDF, P = 0.71; ADF, P = 

0.78) or supplement × grazing day (NDF, P = 0.93; ADF, P = 0.83) interaction was 

detected. No effect of supplement (NDF, P = 0.40; ADF, P = 0.87) was detected. (C) 

Within day, a sward component × grazing day interaction (P = 0.02) for ADF resulted in 

greater values in whole plant structure at d 49 (P < 0.01), and d 56 (P = 0.05) with no 

other differences (P ≥ 0.32). A tendency (P = 0.07) for greater NDF concentration in the 

whole plant was observed at d 28 (P = 0.06), d 49 (P < 0.01) and d 56 (P = 0.02). a-b, c-

dWithin day, means with difference superscripts differ at P ≤ 0.05.
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Figure 3.3. 
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Figure 3. 3. Measurements of soil water content by daily supplement of either cottonseed 

meal (A) or dried distillers grains (B) provided to beef steers grazing teff paddocks for a 

63-d duration. Soil water content did not reflect a supplement × soil depth × grazing day 

interaction (P > 0.99). Neither supplement × grazing day (P = 0.89) nor supplement × 

soil depth (P = 0.20) interactions were detected. Differences in soil water content by soil 

depth (P < 0.01) and grazing day (P < 0.01) are discussed in Table 2.6. 
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CHAPTER IV 

EFFECTS OF DRIED DISTILLERS GRAINS SUPPLEMENTATION ON 

INTAKE, RUMINAL CHARACTERISTICS, AND FEEDING BEHAVIOR OF 

STEERS FED TEFF OR OLD WORLD BLUESTEM HAY 

 

Abstract 

 The effects hay type and protein supplementation on intake, feeding behavior, 

nutrient digestion, and ruminal digestion characteristics were evaluated. Crossbred 

ruminally cannulated Angus beef steers (n = 6; BW = 304 kg ± 11 kg) were randomly 

assigned within a sequence of treatments using a 4 × 6 unbalanced Latin square design (6 

steers; and 4 diets). A 2 x 2 factorial treatment arrangement was used as follows: 1) 

‘WW-B. Dahl’ Old World bluestem [Bothriochloa bladhii (Retz) S.T. Blake; WWBD or 

Eragrostis tef (Zucc.) Trotter; TEFF); and 2) dried distillers grain (DDGS) at 0 or 0.5% 

BW. Each period consisted of a 14-d of adaptation and 7-d collection. Steers were fed 

once daily at 1000 h. Steers were observed at 5-min intervals for behavioral assessment. 

Ruminal pH was recorded at 6-m intervals using an indwelling probe. Ruminal fluid was 

collected at 0, 2, 4, 8, and 16 h post-feeding for analysis of ruminal VFA and NH3-N. 

Data were analyzed using the GLIMMIX procedures of SAS. Steers fed TEFF hay and 

those fed DDGS (both, P = 0.04) showed greater DMI compared to WWBD and no 

supplementation, respectively. Digestible intake of all nutrients measured (DM, OM, CP, 

NDF, ADF, and hemicellulose) were greater (P < 0.01) with TEFF hay fed steers. 

Chewing activity per kg NDF or kg peNDF intake did not differ by hay type (P ≥ 0.54). 

Non-supplemented steers spent more time (min/d) eating hay (P < 0.01) than steers fed 

DDGS. Average ruminal pH of TEFF (6.32) was lower (P > 0.01) than WWBD (6.56). 
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Non-supplemented steers produced less total gas and methane (both, P = 0.02) per g 

rumen fluid DM. Neither total VFA nor acetate:propionate were affected by hay type (P  

≥ 0.45) or supplement (P = 0.92). Mean ruminal NH3-N was greater for steers fed TEFF 

hay (P = 0.02) and with those supplemented with DDGS (P = 0.03). Regardless of 

supplementation, apparent total-tract digestibility of all nutrients were greater (P < 0.01) 

with TEFF fed steers compared to WWBD while hemicellulose digestion was reduced by 

6.95% (P = 0.03) with DDGS supplementation. Greater (P ≤ 0.01) ruminal degradation 

measures were observed with TEFF for all nutrients by 96 h relative to WWBD fed 

steers. An annual hay in place of a conventional perennial hay improved intake, ruminal 

digestion of nutrients, without affecting feeding behavior, while supplementation with 

DDGS reduced forage intake time and quantity, without negatively affecting ruminal 

fiber digestion. 

Materials and Methods 

 

 All procedures involving live animals were approved by the Texas Tech 

University Institutional Animal Care and Use Committee (IACUC # 17100-11). 

Animals 

Ruminally cannulated crossbred beef Angus steers (n = 6; 304 ± 11 kg BW) were 

assigned to 1 of 4 treatments in a 4 × 6 unbalanced Latin square design (6 steers and 4 

diets). Steers were housed in the Ruminant Nutrition Center located at the New Deal 

Research and Education Center, Texas Tech University (Idalou-TX). The facility was 

equipped with covered individual stalls (3.5 x 3.5 m), automatic water troughs, 

heater/exhaust system, and a concrete floor with drainage. Steers were placed in 
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individual stalls fed a mixture of teff hay (TEFF) and ‘WW-B. Dahl’ Old World 

bluestem [Bothriochloa bladhii (Retz) S.T. Blake; WWBD] hay for 30 d in adaptation 

for the study. Stalls were washed once daily prior to feeding.  

Forages and Supplement 

Old World bluestem hay was selected as a control forage. Coleman and Forbes (1998) 

reported that Old World bluestem in active growth stages could support high rates of BW 

gain in steer calves. Ortega-Ochoa (2006) demonstrated economically viable beef 

yearling production on Old World bluestem ranges without regard to irrigation or 

supplement. An assessment evaluating the potential of any forage source in beef cattle 

production would likely be inclusive of these attributes. These characteristics – in 

addition to the prevalence of Old World bluestem on the Southern High Plains – validates 

it as a suitable tool from which to draw inferences into the digestive and behavioral 

dynamics associated with teff.  

Treatments were arranged as a 2 × 2 factorial where factors included hay type 

(WWBD or TEFF) fed ad libitum and level of daily DDGS supplement (0 or 0.50% BW, 

DM; DDGS). Nutrient composition of hay and DDGS are provided in Table 4.1. 

Regardless of supplement level, all steers received 0.11kg hd·d-1 of a commercial range 

mineral fed either alone (no DDGS treatments) or hand mixed in provided DDGS. Old 

World bluestem hay used in the current study was sourced from the second summer 

harvest of 2017 by the Dept. of Plant & Soil Sciences at the Texas Tech University New 

Deal Research and Education Center. Due to minimal precipitation and soil water content 

during the spring of 2017 which resulted in poor establishment conditions, teff hay was 
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purchased in a single lot from the second harvest of the 2017 summer crop of a 

commercial producer approximately 463 km east near Burneyville, OK. 

All periods consisted of a 14-d adaptation period followed by a 7-d collection. At 

1000 each day, hay refusals of individual steers were quantified to determine the feed 

intake from the previous day. Subsequently, the previous day intake plus 0.45 kg was 

provided to ensure ad libitum hay intake. Daily feeding procedures were consistent 

throughout the four 21-d periods. During each 7-d collection, total hay orts were 

subtracted from total hay DM provided to determine DMI. No quantification of 

supplement or mineral orts was necessary as steers consumed their entire allotment each 

day. Due to differences in sward height of Old World bluestem and teff forages at 

harvesting, both hay varieties were processed through a bale grinder to pass a 2.54 cm 

diameter screen in order to ensure uniformity in fed particle size. Forages were chopped 

weekly and stored indoors in air-tight plastic barrels prior to feeding. 

Ruminal pH, VFA, and NH3 

For the final 7 d of each period, intraruminal pH probes (model LRCpH T5; 

DASCOR, Escondido, CA) were used to record ruminal pH at 6 min intervals as 

described by Penner et al. (2006). Probes were calibrated immediately prior to ruminal 

insertion and removed immediately prior to feeding on d 1 of the subsequent period. 

Total duration (min) and area (time in min x pH) of observed ruminal pH below the 

thresholds were calculated as an indication of potential acidotic conditions. On d 20, 

ruminal fluid was collected via rumen cannulas and filtered through 4 layers of cheese-

cloth. Collections occurred at 0, 2, 4, 8, and 16 h post-feeding and samples were 
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immediately frozen at - 20 °C for later analysis of VFA and NH3. Samples were thawed 

prior to centrifugation (10,000 ɡ; 10 min; 4oC). To analyze VFA, 4 mL of the supernatant 

were deproteinized using 0.8 mL of 25% metaphosphoric acid containing 2-ethylbutyrate 

(0.2005 g in 100 mL; internal standard) as described by Erwin et al. (1961). 

Subsequently, VFA proportions were determined using gas chromatography (Shimadzu 

GC-8A, Shimadzu Scientific Instruments Inc., Columbia, MD; Supelco SP-1200, 2 m × 5 

mm × 2.6 mm glass column, Supelco/Sigma-Aldrich Inc., Bellefonte, PA). Settings for 

column, inlet, and flame ionization detectors were maintained at temperatures of 60°C, 

180°C, and 175°C, respectively. Flow rate of carrier gas (N2) was set to 40 mL/min. 

Following centrifugation, ruminal NH3 was quantified according to the procedures of 

Broderick and Kang (1980).  

In Vitro Gas Production and Methane 

Each collection period, ruminal fluid was collected from each steer on d 19 in order to 

quantify total gas and methane production (Quinn et al., 2010). Approximately 1000 ml 

of rumen fluid from each steer was collected 4 h after-feeding and filtered through 4 

layers of cheese-cloth. Water heated to 39°C in a water bath was used to acclimate the 

internal temperature of each 1 L thermos (1 per steer). Water was discarded immediately 

prior to rumen fluid collection. Following, fluid-containing thermoses were transported to 

the laboratory in an insulated container. Aliquots of 50 ml from each thermos were 

placed in 160 mL serum vial (Wheaton Science Products, Millville, NJ) in triplicate. 

Vials were then flushed with carbon dioxide of 99.998% purity for 15 seconds prior to 

sealing with rubber stopper and aluminium ring. Serum vials incubated (Lab Line 
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Environ-Shaker, LabLine Instruments Inc., Melrose park, IL) at 39ºC for 24 h with 

constant agitation of 125 rpm. After 24 h, total gas production was quantified by piercing 

the rubber stopper of the serum vial with a needle attached to 250 mL inverted burette 

and recording water displacement. Subsequently, the gas chromatography procedures 

described by Ponce et al. (2012) were used to quantify methane concentration in the 

headspace gas remaining in the serum vials.  

Apparent Total Tract Nutrient Digestibility 

Fecal grab samples were collected twice daily at 800 and 1700 during the terminal 5 d 

of each period and frozen until analysis at which point samples were thawed and 100-g 

subsamples of homogenized feces from each collection were composited within 

individual steer across days . Hay, supplement, mineral, orts, and fecal samples were 

ground in a Wiley mill (Thomas Scientific, Swedesboro, NJ) to pass through a 1 mm 

screen. The acid-insoluble ash procedures of Van Keulen and Young (1977) were 

followed. Briefly, 5 g of sample (diets, feces, and orts) were dried (forced-air oven) at 

135°C for 2 h. Subsequently, DM was recorded prior to ashing overnight at 450°C 

overnight. Next, 100 mL of 2N HCl in a 600-mL beaker was brought to a boil under a 

fume hood before ash was added and allowed to boil for 5 min. Contents were then 

transferred by flushing beakers with 100°C deionized water onto ashless filter paper. 

Filters were ashed at 450°C overnight and residue (AIA) was quantified. 

Laboratory Analyses 

Beginning of d 15, daily samples of both hay types were collected daily at feeding 

and composited by weight within type after feeding on d 21. Samples of the composite 
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were dried in a forced air oven at 100°C for 24 in order to calculate total DM fed each 

day. Orts were quantified daily and a sample in duplicate from each steer was dried at 

100°C in forced-air oven for 24 h. Thus, daily hay DMI was derived as the amount of hay 

DM provided minus the amount of orts DM for each respective day. All other hay 

samples were pre-dried at 55oC in a forced air oven for 72 h prior to further analyses. 

With the exception of in situ samples, all samples collected were ground to pass through 

a 1-mm screen Willey Mill (Thomas Scientific, Swedesboro, NJ) prior to nutrient 

analysis. Neutral and acid detergent fiber concentrations were determined according to 

Van Soest et al. (1991) plus sodium sulfite, alpha-amylase, and ash residue correction 

(Ankom Technology Method, Macedon, New York, US). Approximately 0.5 g ± 0.005 g 

of ground hay, supplement, and orts and 0.3g ± 0.005 g of fecal matter were analyzed for 

N content via combustion (Leco, Model TruMac N, St Joseph, MI; Method 4.2.10; 

AOAC, 1997). Organic matter was quantified from ash remaining after burning samples 

in a muffle furnace at 600°C for 4 h (Method 942.05 – AOAC, 1990). Laboratory dry 

matter corrections were applied to the results of all analysis. 

Forage Ruminal In situ Degradability 

In order to assess ruminal degradability of TEFF and WWBD, a comprehensive 

sample of both from the same lots used in feeding throughout the trial were collected. 

Samples were ground through a Wiley mill (Thomas Scientific, Swedesboro, NJ) to pass 

a 2 mm screen. Approximately 5 g of hay was placed in nylon bags (10 × 20 cm; pore 

size 28 µm; Ankom Technology Co., Fairport, NY). Samples bags were incubated for 0, 

3, 6, 12, 24, 36, 48, 72, and 96 h after-feeding. Bags incubated in duplicate from 0 to 48 h 
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whereas samples incubated for 72 and 96 h were incubated in triplicate in order to ensure 

enough substrate for subsequent laboratory analysis. Nylon bags were placed within 

weighted mesh laundry bags in the ventral rumen in reverse sequential order. 

Immediately following removal from the rumen at 96 h, bags were rinsed gently by hand 

under running tap water until the rinse water exiting through the bags was transparent 

(approximately 5-7 minutes). Bags were next dried at 55ºC for 72 h in a forced-air oven. 

The residue from the nylon bags were composited within period, steer, and incubation h 

prior to analysis of dry matter (100oC in a forced-air oven for 4 h), OM, NDF, ADF, and 

CP. Methods of these analyses are as described above. In situ ruminal disappearance was 

calculated as, % = {1-[(residue, g x nutrient % in residue) / (sample, g x nutrient % in 

sample)]} x 100. 

Feeding Behavior 

A 24-h behavioral evaluation was performed beginning at 1000 of d 15 of each 

period. Visual appraisal of individual steer activity was record at 5 min intervals. 

Recorded behavior categories were: eating hay, eating supplement, drinking, ruminating, 

resting, and active. All animals were evaluated during each period for the full 24 h 

period. Therefore, no missing values were not present in data. For the purposes of data 

analysis, chewing activity was calculated as the sum of time spent eating and time spent 

ruminating. The recorded state of each steer was assumed to persist for the full 5-min 

period between observations. Time spent in each state was expressed as minutes per day. 

Treatment comparisons regarding total duration of both chewing and rumination per kg 

of DM, NDF, and peNDF intake were calculated and are appropriate due to the 



Texas Tech University, Joel D. Sugg, May 2019 

 

65 

 

previously mentioned task of homogenizing particle size of hay treatments. The peNDF 

content was measured by collecting samples of both hay types immediately after 

processing through the hay grinder. Individually, samples were analyzed for particle size 

proportions using the Penn State Particle Separator 3-sieve model (Nasco, Nasco, WI). 

Physically effective NDF was calculated as, % = {1-[(proportion of hay sample by 

weight > 4 mm) / (total weight of hay sample)]} x NDF concentration . 

Statistical Analyses 

Data were analyzed as a 2 × 2 factorial in an unbalanced Latin square design (4 

treatments and 6 animals) using the GLIMMIX procedures of SAS 9.4 (SAS Inst., Inc., 

Cary, NC). Model fixed effects included hay type, supplement inclusion level, and their 

interactions. Fixed effects in the model for rate of ruminal degradation, VFA, and average 

ruminal pH included hay type, supplement inclusion level, time, and their interactions. In 

analysis of intake, behavior, apparent total tract digestibility, and pH, hay type, 

supplement inclusion level, and their interactions served as fixed effects. Day was treated 

as a repeated measure for intake and average ruminal pH. Collection time after-feeding 

served as a repeated measure in analysis of ruminal VFA and ammonia concentration. 

Covariance structures for repeated measures were chosen based on smallest Akaike’s 

information criterion. Steer within sequence of dietary treatments served as a random 

effect. The Kenward-Rogers method was used degrees of freedom adjustments due to any 

bias on standard errors caused by multiple terms in the random statement. Interactions 

were dropped from the model where not significant (α = 0.05). Differences were 

considered significant at P ≤ 0.05 and tendencies discussed at 0.05 > P ≤ 0.10. 
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Results and Discussion 

 

Intake 

Intake variables are presented in Table 4.2. No hay type × supplement interactions 

were detected for total daily DM, OM, hemicellulose, or CP intake (P ≥ 0.23). A 

tendency for an interaction was observed for NDF intake where consumption of non-

supplemented TEFF was slightly greater than non-supplemented WWBD (P = 0.06). 

Similarly, an interaction (P = 0.05) was observed for daily ADF intake though 

comparisons reflected only a slight increase in non-supplemented TEFF relative to non-

supplemented WWBD (P = 0.11). Without regard to supplementation, daily DM (P = 

0.04), OM (P = 0.02), hemicellulose (P = 0.02), and CP (P < 0.001) were greater when 

steers were fed TEFF compared to WWBD. Across the experiment, daily DMI of DDGS 

as supplement plus mineral was 1.80 kg, when fed. Using this value, daily DMI of hay by 

steers fed WWBD and TEFF would be 5.68 and 6.45 kg, respectively. This value for 

WWBD is greater than the estimate of hay DMI when no supplement was fed indicating 

that DDGS may have aided in forage digestion allowing for additional intake. On the 

other hand, the value of 6.45 kg of TEFF is 1.06 kg less than the observed quantity of 

non-supplemented TEFF consumed. MacDonald (2007) reported forage substitutions of 

0.45 to 0.50 kg per kg of dried distillers grains provided as a supplement. In the current 

study, steers replaced 0.63 kg TEFF per kg DDGS consumed. However, Morris et al. 

(2005) indicated that for substitution with dried distillers grains could be greater on high-

quality forages. Not surprisingly, total daily DM, OM, and CP intake were greater when 

DDGS was provided (P ≤ 0.04). No interactions of hay type and supplement were 
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observed for digestible intake (P ≥ 0.52). As a function of both intake and forage quality, 

digestible intakes of all measured variables were greater when steers were fed TEFF (P ≤ 

0.01). Due to the concentration and digestibility of CP in the supplement, steers offered 

DDGS consumed roughly 0.35 kg more of digestible CP each day relative no non-

supplemented steers (P < 0.01). Supplementation did not have a significant effect (P ≥ 

0.12) on intake of digestible DM, OM, NDF, ADF, or hemicellulose . 

No hay type × supplement interactions were observed (P ≤ 0.17) for the feeding 

behavior variables assessed. There was a tendency for steers fed TEFF to spend more 

time drinking (24 vs. 16 min, P = 0.08) relative to steers fed WWBD. Additional effects 

of hay type included an increase (P = 0.03) in time spent resting as well as a tendency for 

fewer minutes observed ruminating (P = 0.06) when steers were fed WWBD. The 

addition of DDGS to the daily diet resulted in less time spent eating hay (P < 0.01) as 

well as more time spent consuming supplement (P < 0.01). Regarding the supplement, 

steers assigned DDGS also tended to spend less total time eating (hay plus supplement, P 

= 0.10) and more time resting (P = 0.07). Theoretically, cattle consuming high-fiber diets 

and those consuming feeds with higher digestible energy density will have daily DMI 

regulated by different means (NRC, 1987). It is possible that the tendency for more time 

spent eating by steers not provided DDGS was the result of more time required to 

consume a quantity necessary to reach maximum gut fill relative to the time required to 

potentially meet energy needs of steers fed DDGS. The time spent chewing did not differ 

hay type (P ≤ 0.50). Hay was ground prior to feeding to ensure that any potential 

differences in ruminating or chewing activity were attributed to fiber digestion and not 
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particle size. Across the trial, averages of peNDF for WWBD and TEFF were 70.7 and 

70.4%, respectively. 

Ruminal pH 

Average ruminal pH measures are depicted in Fig. 4.1. At the conclusion of the trial, 

one of the intraruminal probes was found to be defective. As a result, data collected by 

the probe in each period was removed from the data set prior to analysis. No hay type × 

supplement interaction was detected for average pH (P = 0.90), minimum pH (P = 0.73), 

maximum pH (P = 0.96), or daily pH range (P = 0.71). A difference in average pH was 

attributed to hay type (P < 0.01). Measures were 6.56 and 6.32 for WWBD and TEFF, 

respectively. Minimum pH (5.77 vs. 6.01, SEM = 0.10; P = 0.04) as well as maximum 

pH levels (6.60 vs. 6.75, SEM = 0.04; P < 0.01) were both lower for TEFF. These values 

for average, minimum, and maximum ruminal pH are similar to the observations of 

Vineyard et al. (2018). The referenced study evaluated teff hay harvested at multiple 

stages are reported ranges of 6.32 to 6.34, 5.83 to 5.89, and 6.67 to 6.72 for average, 

minimum, and maximum ruminal pH, respectively. Campanili et al. (2017) reported that 

while increasing level of dietary NDF from silage inclusion in a concentrate-based did 

not significantly affect the amount of time that steers spent chewing, greater DMI did 

increase chewing activity. In the current study, elevated pH levels associated with 

WWBD may have indeed been a function of higher NDF concentration (68.54 vs. 

64.61%) in WWBD which may have resulted in a greater quantity of saliva buffer 

production. Daily pH range was similar among hay types (P = 0.35) measuring 0.75 and 

0.84 for WWBD and TEFF, respectively. The addition of DDGS to steer diets reduced 
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average pH from 6.46 to 6.22 (P < 0.01). Similarly, supplementation lowered the 

minimum ruminal pH from 6.03 to 5.75 (P = 0.02) and tended (P = 0.07) to reduce the 

maximum pH observed from 6.72 to 6.63 (SEM = 0.04). Additionally, pH measures of 

non-supplemented steers appeared more stable as range in pH increased from 0.66 to 0.93 

with the addition of DDGS (SEM = 0.09; P = 0.02). Traditional energy supplementation 

from grain sources is expected to depress ruminal pH (Caton and Dhuyvetter, 1997). 

However, supplement with greater concentrations of readily degradable NDF do not 

typically have the same effect (Horn and McCollum, 1987). It is possible that DDGS in 

the current study provided enough starch to elicit the observed effects on ruminal pH. 

However, Islas and Soto-Navarro (2011) fed dried distillers grains containing 10.4% 

starch at rates up to 0.6% BW to heifers grazing small grains pastures and found no 

decrease in ruminal pH attributed to supplement DMI. 

In vitro Gas Production and Methane 

In vitro gas and methane production variables are contained in Table 4.3. No hay 

type × supplement interaction was observed for methane as a proportion of total in vitro 

gas production (P = 0.89) and measures were similar according to hay type (P = 0.94) as 

well as supplement (P = 0.67). However, a substantial reduction in total gas and methane 

production by non-supplemented steers assigned WWBD resulted in a significant hay 

type × supplement interaction for liquid and DM rumen fluid volume (P = 0.02). 

Methanogenesis is reduced in the presence of greater propionate proportions (Wolin, 

1960). Propionate proportion of total VFA concentration was numerically the lowest in 

non-supplemented WWBD steers though this likely does not explain the findings in 
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methane production. Ruminal pH is expected to decrease with increased propionate 

proportions. As evidence that reduced methane production was not due to the subtle 

increase in propionate, average daily ruminal pH was numerically the highest for non-

supplemented steers consuming WWBD. 

Ruminal Volatile Fatty Acids and NH3-N 

Ruminal VFA concentration as well as individual VFA proportions are presented in 

Table 4.4. Neither total VFA concentration (P = 0.11) nor acetate:propionate (P  = 0.37) 

were affected by a hay type × supplement interaction. Additionally, neither of these 

variables indicated a response attributed to hay type (P ≥ 0.45) or supplement (P = 0.92). 

The acetate:propionate of steers consuming non-supplemented TEFF was 3.41. This 

value is lower than that of Vineyard et al. (2018) who reported a measure of 4.93 across 

three teff hay maturities. However, the estimated total VFA concentration in the present 

study by the same steers was only slightly lower (-3.4%) than the average of 91.53 in the 

study by Vineyard et al., (2018). With the exception of an increase in isovalerate (0.87 vs. 

0.68 mol/100 mol, P = 0.05), ruminal VFA concentration and proportions were similar in 

regard to supplementation. This corresponding uniformity in ruminal VFA with DDGS 

supplementation should be expected. Islas and Soto-Navarro (2011) fed supplemental 

DDGS to heifers grazing a mixture of small grains forages at rates from 0 to 0.6% BW 

and reported no differences in total VFA concentration or proportions of acetate, 

propionate, or butyrate. However, Gilbrey et al. (2006) found reductions in acetate and 

coinciding increases in butyrate proportions when steers fed low-quality hay were 

supplemented with corn condensed distillers solubles. As suggested by Islas and Soto-
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Navarro (2011), perhaps the difference in these observations is that OM digestibility was 

not different in the former study whereas OM fermentation increased in the work by 

Gilbrey et al., (2006). In the current study, total tract apparent OM digestibility was not 

affected by supplementation (discussion forthcoming). As a result, changes in VFA 

attributed to DDGS supplementation are not expected. A tendency for a of hay type × 

time interaction with ruminal NH3-N was observed. However, within time points, no 

differences in hay type (P ≥ 0.11) were detected. No other interactions of hay type, 

supplement, or time (P ≥ 0.14) were detected for ruminal NH3-N (Figure 4.2). Steers fed 

WWBD had ruminal NH3-N concentrations 16% lower relative to steers consuming 

TEFF (P = 0.02). Not surprisingly, supplementation with DDGS resulted in an increase 

in ruminal NH3-N (P = 0.03). Steers provided DDGS had a mean ruminal NH3-N 

measure of 2.63 mg/dL whereas non-supplemented steers had a concentration of 2.16 

mg/dL.  

Apparent Total-Tract Digestibility 

Results of total daily fecal output and apparent total-tract nutrient digestibility can be 

found in Table 4.5. No hay type × supplement interactions were observed for daily fecal 

DM output (P = 0.40) or digested nutrient proportions (P ≥ 0.17). As indicated by total 

daily fecal output, apparent total-tract digestibility of TEFF was greater (P < 0.01) 

relative to WWBD. Total daily fecal DM excretions were 5.70 and 4.32 kg for WWBD 

and TEFF, respectively. This estimate of total daily fecal output for steers fed TEFF is 

similar to the value of 4.14 kg d-1 reported by Vineyard et al. (2018).  Percentages of all 

nutrient digestibilities were greater (P < 0.01) for TEFF fed steers. Regarding supplement 
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effects on total daily fecal output, Islas and Soto-Navarro (2011) found no difference in 

daily fecal OM output across rates of DDGS supplementation. In the current study, a 

tendency (P = 0.09) for greater daily fecal DM output by non-supplemented steers was 

detected. Steers fed TEFF plus DDGS had daily fecal DM output 0.29 kg in excess of 

non-supplemented steers fed TEFF whereas WWBD supplemented with DDGS resulted 

in 0.85 kg more daily fecal DM relative to non-supplemented WWBD. As previously 

discussed, supplementation with DDGS was responsible for a 45% increase in total DMI 

when steers were fed WWBD with only a 9% increase when TEFF was consumed. 

However, no difference due to supplement was observed for digestible DMI. Given that 

DDGS increased total DMI to a greater extent in steers fed WWBD without increasing 

digestible DMI, an increase in daily fecal DM output by steers fed WWBD and 

supplemented with DDGS are expected.  

Ruminal In situ Degradation  

Measures of in situ ruminal disappearance of forages provide useful insight into the 

extent of forage utilization and should theoretically be correlate to observed apparent 

total-tract digestibility. In an effort to comprehensively describe forage utilization given 

the high-forage concentration of the diets in the current study, estimates of forage CP as 

well as detergent fiber components were evaluated. The applicability of these results 

would likely be most beneficial to forage-intense programs such as grazing cattle or beef 

cattle in growing programs. Certainly, this type of diet is expected to result in elevated 

ruminal pH and slower passage rates relative to concentrate-dense diets conventionally 



Texas Tech University, Joel D. Sugg, May 2019 

 

73 

 

employed in finishing programs. The conditions resulting from diets in the current study 

are appropriate for thoroughly assessing maximum forage utilization. 

Neither a hay type × supplement × time interaction (P = 0.50) nor a supplement × 

time interaction (P = 0.99) were observed for ruminal DM disappearance. A hay type × 

time (P < 0.01) produced differences in extent of DM, OM, and CP disappearance by hay 

type following an initial lag time where rates of disappearance were similar (Figure 4.3). 

Results of a hay type × supplement interaction are presented in Table 4.6. Greater 

disappearance of TEFF DM occurred at all time points from 6 to 96 h (P ≤ 0.01). Teff 

disappearance was 163% of WWBD at 6 h (60.65 vs. 22.98%) and 26% greater at 96 h 

(84.39 vs. 66.66%). Within h comparison of the rates of DM disappearance at the 

intermediate time points seemed to reflect a steady reduction in the difference between 

hay types. This would suggest that ruminal DM disappearance of WWBD occurred at a 

faster rate relative to TEFF in the terminal portion of the incubation period. However, 

ruminal DM disappearance at 72 and 96 h were similar within hay type which suggests 

that DM of WWBD was never ruminally digested to the extent of TEFF. 

Ruminal OM disappearance measures did not result in a hay type × supplement × 

time (P = 0.51) or supplement × time (P > 0.99) interaction. Organic matter 

disappearance of TEFF was similar to WWBD at feeding (0 h) and 3 h (P ≥ 0.11). From 

h 6 of incubation throughout the remaining duration, TEFF disappearance was greater (P 

≤ 0.01) than that of WWBD. In contrast to DM, the difference in OM disappearance 

between TEFF and WWBD appeared to be more consistent when rates within incubation 

h were compared. At 6 h, disappearance of TEFF OM was 27.07% whereas WWBD was 
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20.23. At the term of the incubation period, ruminal OM disappearance in TEFF was 

84.50% and WWBD was 68.24%. These reflect greater OM disappearances of TEFF by 

33.83% and 23.82% at h 6 and 96, respectively.  

No hay type × supplement × time interaction (P = 0.95) was observed for ruminal CP 

disappearance and no supplement × time (P = 0.95) interaction was detected. Ruminal 

disappearance of CP was similar (P ≥ 0.99) from 0 to 12 h and was greater for TEFF (P ≤ 

0.01) from 24 to 96 h. From h 24 to 96, CP disappearance with WWBD increased from 

36.58 to 50.40% whereas disappearance with TEFF increased from 53.73 to 81.48%. 

Numerically, ruminal CP disappearance with TEFF appeared to increase through 96 h of 

incubation though statistical comparison indicates that measures from 48 h to 96 were 

similar. This could be interpreted to suggest that CP from teff will be ruminally digested 

in the initial 48 h after-consumption. By contrast, ruminal CP disappearance with 

WWBD also seemed to increase at least numerically throughout the incubation period 

though estimates at 0 h and 96 h were statistically similar which implies that soluble 

protein in WWBD would represent the balance of CP obtained by the animal. This seems 

unlikely and it could be that variation in these measures masked some differences in 

ruminal CP disappearance that should otherwise be expected. In the absence of a hay type 

× supplement interaction (P = 0.18) for ruminal CP disappearance, it is appropriate to 

examine the influence of DDGS supplementation. Regardless of hay type, steers 

receiving DDGS had similar (P = 0.14) and slightly lower mean ruminal CP 

disappearance (46.86 vs. 48.89%) relative to non-supplemented steers. 
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Ruminal NDF disappearances did not produce a hay type × supplement × time (P = 

0.50) or supplement × time (P > 0.99) interactions. A hay type × time (P < 0.01) 

produced differences in extent of NDF, ADF, and hemicellulose disappearance by hay 

type following an initial lag time where rates of disappearance were similar (Figure 4.4). 

Results of a hay type × supplement interaction are presented in Table 4.6. Extent of NDF 

disappearance was similar across hay types from 0 to 12 h (P ≥ 0.20). At all subsequent 

time points, ruminal NDF disappearance with TEFF was greater (P ≤ 0.01) relative to 

WWBD. At 24 h, 33.88% of NDF in WWBD had been displaced and final disappearance 

at 96 h totaled 66.95%. At these same time points, rates of TEFF were 26.82 and 24.63% 

greater, respectively. Within both hay types, estimates of ruminal NDF disappearance 

were similar at 72 and 96 h indicating that ruminal digestion of NDF was exhausted 

between 48 and 72 h. 

No hay type × supplement × time (P = 0.45) or supplement × time (P > 0.99) 

interactions were detected for ruminal ADF disappearance. Acid detergent fiber 

disappearance of WWBD and TEFF was similar (P ≥ 0.99) from 0 to 24 h with 

disappearance greater with TEFF (P < 0.01) from 36 to 96 h. Rates of similarity between 

hay types persisted longer into the incubation period relative to the other assessment 

described. However, given that ADF contains the least digestible portions of fiber, a 

greater similarity is not surprising. During the final four incubation durations evaluated 

(36 to 96 h), ruminal ADF disappearance ranged from 39.92 to 67.83% in WWBD with 

rates increasing with incubation duration. Observed rates of disappearance with TEFF 

were from 56.96 to 83.51% and also appeared to increase with duration. At 36 h, ADF 
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disappearance was 42.70% greater with TEFF whereas the difference in the subsequent 

time point was 24.66%. The difference at 96 h reflected a greater ADF disappearance 

with TEFF by 23.12%. This magnitude of difference at 36 h suggests that the critical 

period in ADF digestion occurs between 24 and 36 h. The relative similarity between hay 

types at 48 h and through the remainder of the incubation duration indicates that ADF 

disappearance of WWBD compensated for the initial difference at 36 h and occurred 

predominately between 36 and 48 h. As with NDF, similar rates of ruminal ADF 

disappearance at 72 and 96 within hay type suggest that the incubation duration was 

likely sufficient to capture the full extent of cellulose digestion. 

Hemicellulose (calculated as NDF minus ADF) did not reflect a hay type × supplement × 

time (P = 0.55) or supplement × time (P = 0.99) interaction. Disappearance from the 

rumen was not different (P ≥ 0.77) by hay type through 6 h. Incubations from 12 through 

96 h produced a greater extent (P ≤ 0.01) of TEFF disappearance. As expected, total 

extent of hemicellulose disappearance measured as rate at 96 h incubation was similar to 

that of NDF and ADF. At 96 h, extent measured 65.92 and 83.36% in WWBD and TEFF, 

respectively. 

Conclusions 

 

  An annual hay in place of a conventional perennial hay improved intake and ruminal 

digestion of nutrients without affecting feeding behavior. Supplementation with DDGS 

reduced forage intake and time spent eating without negatively affecting ruminal fiber 

digestion. Teff grass should be considered a viable option for forage supply on the 

southern High Plains as determined by its potential for nutrient intake and digestion. 
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Coinciding supplementation may serve to reduce forage intake thereby extending supply 

but does not appear to be necessary for improved forage digestion with teff hay. 
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Table 4.1. Nutrient composition of hay and 

supplemental dried distillers grains fed to beef steers. 

 Hay type1  

 WWBD TEFF DDGS2 

DM 94.42 93.27 91.32 

OM 90.03 92.38 93.35 

CP 6.00 9.61 30.53 

NDF 68.54 64.61 31.49 

ADF 36.44 30.70 10.10 
1WWBD: ‘WW-B. Dahl’ Old World bluestem 

[Bothriochloa bladhii (Retz) S.T. Blake; TEFF: 

Eragrostis tef (Zucc.) Trotter 
2Dried distillers grains 
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Table 4.2. Measures of total and digestible daily intake as well as associated feeding behavior by 

type of hay fed ad libitum either alone (-) or in combination with (+) a dried distillers grains 

supplement provided at a rate of 0.5% BW daily1 

  Hay type2     

  WWBD  TEFF  P-values3 

Item - +  - + SEM H S H × S 

Total intake, kg/d          

 DM 5.16 7.48  7.51 8.25 0.94 0.04 0.04 0.26 

 OM 4.54 6.69  6.86 7.56 0.87 0.02 0.04 0.26 

 NDF 3.39 4.59  5.00 4.64 0.57 0.06 0.31 0.07 

 peNDF4 2.88 2.85  3.65 3.05 0.53 0.41 0.21 0.46 

 ADF 1.77 2.76  2.41 2.12 0.27 0.19 0.61 0.05 

 Hemicellulose5 1.70 2.32  2.64 2.65 0.34 0.02 0.21 0.23 

 CP 0.34 0.89  0.78 1.26 0.06 <0.01 <0.01 0.39 

Digestible intake, kg/d          

 DM 2.92 3.74  6.08 6.91 0.89 <0.001 0.18 0.99 

 OM 2.72 3.60  5.65 6.44 0.78 <0.001 0.12 0.94 

 NDF 2.10 2.33  4.38 3.96 0.68 <0.001 0.81 0.52 

 ADF 1.09 1.05  2.10 1.82 0.26 <0.001 0.52 0.53 

 Hemicellulose 1.10 1.12  2.36 2.35 0.31 <0.001 0.99 0.95 

 CP 0.23 0.57  0.60 0.96 0.07 <0.001 <0.001 0.83 

Time, min/d          

 Active 97 94  74 93 14.7 0.44 0.58 0.47 

 Drinking 17 15  23 25 4.6 0.08 0.92 0.63 

 Eating hay 306 238  303 257 22.4 0.61 <0.01 0.50 

 Eating supplement 19 47  21 54 6.5 0.38 <0.001 0.57 

 Total minutes eating 325 284  324 311 18.6 0.41 0.10 0.38 

 Resting 523 586  505 516 43.1 0.03 0.07 0.17 

 Ruminating 478 461  514 495 25.1 0.06 0.30 0.96 

Chewing, min/kg          

 Total DMI 141 119  115 124 22.2 0.50 0.67 0.34 

 Total NDF 198 210  173 344 126.9 0.55 0.32 0.39 

 Total NDF from hay 193 193  168 320 118.6 0.55 0.38 0.38 

 Total peNDF 273 274  239 454 168.3 0.54 0.38 0.38 
1 Steers also received 0.11 kg hd-1 d-1 of a commercial range mineral 
2WWBD: ‘WW-B. Dahl’ Old World bluestem [Bothriochloa bladhii (Retz) S.T. Blake; TEFF: 

Eragrostis tef (Zucc.) Trotter 
3H = hay type; S = supplement; H × S = hay × supplement interaction 
4physically effective NDF; both hay types roughly 70% 
5Calculated as NDF minus ADF  
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Table 4.3. In vitro total gas and methane concentrations of ruminal fluid from steers by type 

of hay fed ad libitum either alone (-) or in combination with (+) a dried distillers grains 

supplement provided at a rate of 0.5% BW daily1 

  Hay type2     

  WWBD  TEFF  P-values3 

Item - +  - + SEM H S H × S 

In vitro concentration, % total gas 

 Methane 11.23 10.89  11.10 10.93 0.86 0.94 0.67 0.89 

Rumen fluid volume, mL/L 

 Total gas 178.33a 626.67b  546.67ab 510.00ab 133.46 0.20 0.05 0.02 

 Methane 19.09a 68.89b  61.07ab 54.82ab 15.21 0.21 0.06 0.02 

Rumen fluid volume, mL/g DM 

 Total gas 8.49a 24.41b  23.54b 22.67b 4.85 0.07 0.04 0.02 

 Methane 0.90a 2.68b  2.60b 2.44ab 0.55 0.08 0.06 0.02 
1 Steers also received 0.11 kg hd-1 d-1 of a commercial range mineral 
2WWBD: ‘WW-B. Dahl’ Old World bluestem [Bothriochloa bladhii (Retz) S.T. Blake; 

TEFF: Eragrostis tef (Zucc.) Trotter 
3H = hay type; S = supplement; H × S = hay × supplement interaction 
a-bWithin row, means without a common superscript differ at P ≤ 0.05 
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Table 4.4. Molar proportions and VFA profiles of steers by type of hay fed ad libitum either 

alone (-) or in combination with (+) a dried distillers grains supplement provided at a rate of 0.5% 

BW daily1 

  Hay type2     

  WWBD  TEFF  P-values3 

Item - +  - + SEM H S H × S 

Total VFA, mM/L 82.86 90.45  88.40 81.64 6.38 0.71 0.92 0.11 

Acetate:propionate 3.85 3.64  3.41 3.68 0.38 0.45 0.92 0.37 

VFA profile, mol/100 mol total VFA 

 Acetate 68.81 69.17  68.12 69.39 1.87 0.86 0.53 0.72 

 Propionate 18.38 19.60  20.87 19.27 1.40 0.27 0.85 0.16 

 Butyrate 9.67 9.44  8.50 9.46 0.61 0.16 0.39 0.16 

 Isobutyrate 0.92 0.81  0.48 0.75 0.18 0.06 0.54 0.16 

 Valerate 0.79 0.82  0.91 0.95 0.14 0.20 0.72 0.95 

 Isovalerate 0.78 0.81  0.58 0.92 0.13 0.60 0.05 0.10 
1 Steers also received 0.11 kg hd-1 d-1 of a commercial range mineral 
2WWBD: ‘WW-B. Dahl’ Old World bluestem [Bothriochloa bladhii (Retz) S.T. Blake; TEFF: 

Eragrostis tef (Zucc.) Trotter 
3H = hay type; S = supplement; H × S = hay × supplement interaction 
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Table 4.5. Apparent total-tract nutrient digestibility by type of hay fed ad libitum either alone (-) 

or in combination with (+) a dried distillers grains supplement provided at a rate of 0.5% BW 

daily1 

  Hay type2     

  WWBD  TEFF  P-values3 

Item - +  - + SEM H S H × S 

Fecal output, kg DM/d 5.28 6.13  4.17 4.46 0.46 <0.001 0.09 0.40 

Apparent total-tract digestibility, %       

 DM 55.80 61.58  75.58 75.90 2.71 <0.001 0.14 0.17 

 OM 59.25 64.52  76.96 77.24 2.60 <0.001 0.16 0.19 

 NDF 61.12 64.05  80.52 79.30 2.61 <0.001 0.65 0.28 

 ADF 58.73 61.75  78.60 78.17 2.71 <0.001 0.51 0.38 

 Hemicellulose4 63.76 58.81  82.22 77.03 3.16 <0.001 0.03 0.96 

 CP 68.25 72.88  77.23 78.51 2.48 <0.001 0.11 0.35 
1 Steers also received 0.11 kg hd-1 d-1 of a commercial range mineral 
2WWBD: ‘WW-B. Dahl’ Old World bluestem [Bothriochloa bladhii (Retz) S.T. Blake; TEFF: 

Eragrostis tef (Zucc.) Trotter 
3H = hay type; S = supplement; H × S = hay × supplement interaction 
4Calculated as NDF minus ADF  
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Table 4.6. Hay type × supplement interaction of mean in situ ruminal disappearance by 

steers fed hay ad libitum either alone (-) or in combination with (+) a dried distillers grains 

supplement provided at a rate of 0.5% BW daily1 

 Hay type2   

 WWBD  TEFF   

Item - +  - + SEM P, H × S3 

DM 40.62a 42.38a  53.96b 53.03b 0.80 0.02 

OM 39.63a 41.31a  52.01b 50.99b 0.84 0.03 

CP 43.70 39.85  54.09 53.92 1.94 0.18 

NDF 31.06a 34.04a  42.62b 40.33b 1.16 <0.01 

ADF 30.41a 33.41a  40.21b 37.61b 1.46 <0.01 

Hemicellulose4 32.66a 35.02a  45.29b 43.59b 1.15 0.01 
1 Steers also received 0.11 kg hd-1 d-1 of a commercial range mineral 
2WWBD: ‘WW-B. Dahl’ Old World bluestem [Bothriochloa bladhii (Retz) S.T. Blake; 

TEFF: Eragrostis tef (Zucc.) Trotter 
3H = hay type; S = supplement; H × S = hay × supplement interaction 
4Calculated as NDF minus ADF  
a-bWithin row, means without a common superscript differ at P ≤ 0.05 
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Figure 4.1. 

 

 

Figure 4.1. Average ruminal pH measurements (10 per h) by time post-feeding of beef 

steers fed either ‘WW-B. Dahl’ Old World bluestem [Bothriochloa bladhii (Retz) S.T. 

Blake] hay (WWBD) or [Eragrostis tef (Zucc.) Trotter] hay (TEFF) either alone or in 

addition to a dried distillers grains supplement (DDGS) provided at a rate of 0.5% BW 

daily. No hay type by supplement interaction was detected (P = 0.90) for average pH. 

Without regard to supplement inclusion, average ruminal pH was greater (P < 0.0001) for 

WWBD relative to TEFF. When steers consumed DDGS, average pH measures were 

lower (P < 0.0001) than non-supplemented steers.
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Figure 4.2. 

 

Figure 4.2. Ammonia nitrogen (NH3-N) concentration by h post-feeding in the rumen 

fluid of beef steers fed either ‘WW-B. Dahl’ Old World bluestem [Bothriochloa bladhii 

(Retz) S.T. Blake] hay (WWBD) or [Eragrostis tef (Zucc.) Trotter] hay (TEFF) either 

alone or in addition to a dried distillers grains supplement (DDGS) provided at a rate of 

0.5% BW daily. No interactions of hay type × supplement × time interaction (P = 0.29), 

hay type × supplement (P = 0.51), supplement × time (P = 0.14), or hay type × 

supplement (P = 0.66), or hay type × time (P = 0.08) were detected. Mean ruminal NH3-

N concentrations were greater (2.66 vs. 2.12 mg/dL, P = 0.02) with TEFF relative to 

WWBD. Supplementation with DDGS was associated with greater NH3-N concentration 

(2.66 vs. 2.13 mg/dL, P = 0.03). Average ruminal NH3-N did not differ my time post-

feeding (P = 0.66). 
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Figure 4.3. Results of hay type × time interactions (P < 0.001) of ruminal DM (A), OM 

(B), and CP (C) in situ disappearance of either ‘WW-B. Dahl’ Old World bluestem 

[Bothriochloa bladhii (Retz) S.T. Blake] hay (WWBD) or [Eragrostis tef (Zucc.) Trotter] 

hay (TEFF) either alone or in addition to a dried distillers grains supplement (DDGS) 

provided at a rate of 0.5% BW daily. No interactions of hay type × supplement × time (P 

≥ 0.50), or supplement × time (P ≥ 0.95) were detected. Results according to a hay type × 

supplement interaction are presented in Table 6. Greater disappearance of TEFF DM 

occurred at all time points from 6 to 96 h (P ≤ 0.0002). Disappearance of TEFF was 

similar to WWBD at feeding (0 h) and 3 h (P ≥ 0.11) whereas TEFF disappearance was 

greater at all subsequent times (P ≤ 0.005). Ruminal disappearance of CP was similar (P 

≥ 0.99) from 0 to 12 h and was greater for TEFF (P ≤ 0.001) from 24 to 96 h.
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Figure 4.4. 
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Figure 4.4. Results of hay type × time interactions (P < 0.001) of ruminal NDF (A), ADF 

(B), and hemicellulose (C) in situ disappearance of either ‘WW-B. Dahl’ Old World 

bluestem [Bothriochloa bladhii (Retz) S.T. Blake] hay (WWBD) or [Eragrostis tef 

(Zucc.) Trotter] hay (TEFF) either alone or in addition to a dried distillers grains 

supplement (DDGS) provided at a rate of 0.5% BW daily. No interactions of hay type × 

supplement × time (P ≥ 0.45), or supplement × time (P ≥ 0.99) were detected. Results 

according to a hay type × supplement interaction are presented in Table 6. Ruminal NDF 

disappearance was similar from 0 to 12 h (P ≥ 0.20). At all subsequent time points, TEFF 

NDF disappearance was greater (P ≤ 0.008) relative to WWBD. Acid detergent fiber was 

disappearance of WWBD and TEFF was similar (P ≥ 0.99) from 0 to 24 h with 

disappearance greater with TEFF (P < 0.0001) from 36 to 96 h. Hemicellulose 

(calculated as NDF minus ADF) disappearance from the rumen was not different (P ≥ 

0.77) between hay types through 6 h. Incubations from 12 through 96 h produced a 

greater extent (P ≤ 0.001) of TEFF disappearance.
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CHAPTER V 

CONCLUSION 

Teff grass supported approximately 90 animal unit days per hectare incurring a water 

expense of roughly 2.00 m3 per animal unit day per hectare under continuous grazing on 

the southern High Plains. Supplementation in the form of dried distillers grains during the 

grazing period improved the growth performance of beef steers without a substantial 

impact on forage availability. In comparison with a conventional regional perennial 

forage species, teff was associated with greater daily dry matter intake and nutrient 

digestion. Ruminal characteristics of pH and volatile fatty acid production did not 

indicate a major deviation from steers consuming the perennial forage despite greater 

levels of dry matter intake when steers were fed teff grass.  

Teff grass is a viable option as a summer-season forage base for grazing cattle on the 

southern High Plains. Supplemental dried distillers can extend forage availability by 

mediating forage dry matter intake while simultaneously generating increased animal 

growth performance. Relative to perennial forages, teff grass alone or in combination 

with dried distillers grains may be digested to a further extent providing greater measure 

of digestible nutrients.  


