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ABSTRACT 

 Beef and dairy production have been an environmental concern due to their contribution 

to climate change and other criteria pollutants. In the United States and particularly California 

this concern led to increased research and regulation into mitigating environmental impacts from 

beef and dairy cattle production systems. The goal of the present dissertation was to review 

current literature related to the environmental impacts of emissions from beef and dairy 

production and the feed and manure additives that can be used to mitigate these emissions and to 

present research related to mitigating gaseous enteric and manure-based emissions from beef and 

dairy cattle.  

 Chapter one presents a review of the current literature surrounding beef- and dairy 

cattle’s environmental impact in relation to climate change and air quality and the feed and 

manure additives that can be used to reduce these gaseous emissions. This literature review 

covers the most relevant literature on beef and dairy cattle’s impact on climate change, including 

methane (CH4) and nitrous oxide (N2O) emissions and the relevant feed additives for enteric and 

manure mitigation of these gases. This chapter also covers the criteria pollutant ammonia and 

feed and manure mitigation strategies.  

Chapter two investigates the potential of a commercial feed additive SOP STAR COW 

(SOP) to reduce enteric emissions from dairy cows as well as to determine any impacts on dairy 

cattle performance. Twenty Holstein cows were blocked by parity and days in milk before being 

randomly assigned to either a treatment group (n = 10; supplemented with 8 g/day SOP) or a 

control group (n = 10, not supplemented). Head chambers were used to measure enteric emissions 

over a 12-hour period every 14 days for six weeks. Overall, SOP treated- vs control cows were 

similar in enteric emissions and milk parameters on respective test days and throughout the 
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experiment. Over time SOP treated cows showed a reduction in CH4 of 20.4% from day 14 to day 

42 (P = 0.014).  Protein content (%) of the milk was increased in SOP treated cows by 4.9% from 

day 0 to day 14 (P = 0.036) and 6.5% from day 0 to day 42 (P = 0.002)). No differences were 

detected in yield of milk protein within the SOP-treated cows over the trial period.  

 Chapter three aimed to determine the efficacy of feeding ractopamine hydrochloride 

(RAC) for the last 42 d of the finishing period for beef cattle to reduce ammonia (NH3) 

emissions and improve animal performance. Ractopamine is an orally active, β1–adrenergic 

agonist (β1AA) that is used to increase lean muscle mass in beef cattle during finishing. A 

randomized complete block design was used in which 112 Angus and Angus crossbred steers 

with initial body weights (BW) of 566.0 ± 10.4 kg were assigned to 8 cattle pen enclosures 

(CPE). This study utilized two treatments a control (CON; finishing ration containing no RAC) 

and a treatment (RAC; finishing ration containing 27.3 g ractopamine/907 kg dry matter (DM) 

basis RAC). Body weights were collected on d -1, 0, 14, 28, and 42. Gaseous emissions 

collection included NH3, N2O, CH4, hydrogen sulfide (H2S), and carbon dioxide (CO2). 

Emissions were standardized by both live weight (LW) and hot carcass weight (HCW). On day 

43 steers were harvested and carcass data were collected. Steers fed RAC vs. CON rations 

showed lower ammonia by 17.21% from d 0 to 28 (P = 0.032) and a trend for lower emissions 

from d 0 to 42 by 11.07% (P = 0.070).  Steers fed RAC vs. CON showed increased reduction in 

NH3 that occurred when NH3 emissions were standardized for LW with a 23.88% reduction from 

d 0 to 14 (P = 0.018), 17.80% from d 0 to 28 (P = 0.006), and 12.50% for d 0 to 42 (P = 0.027). 

When NH3 was standardized by HCW, steers supplemented RAC vs CON had 14.05% (P = 

0.013) lower cumulative NH3 emissions. Hydrogen sulfide was also reduced in steers fed RAC 

vs. CON rations with a 29.49% reduction from d 0 to 14 (P = 0.009) and a tendency to be 
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reduced by 11.14% (P = 0.086) over d 0 to 28. RAC fed steers vs. CON steers showed reduced 

H2S emissions when standardized for LW at 28.81% from d 0 to 14 (P = 0.008). RAC vs. CON 

fed steers also tended to increase average daily gain (ADG) by 0.24 kg/d (P = 0.066) and 

reduced feed intake by 4.27% (P = 0.069) on a DM basis. A 19.95% increase (P = 0.012) in gain 

to feed ratio, a 12.52 kg greater HCW (P = 0.006), and 1.93 percentage units increase in dressing 

percent (P = 0.004) were observed in RAC treated vs. CON steers. Ractopamine simultaneously 

increased beef cattle performance as well as reduced NH3 emissions resulting in a promising feed 

additive to help reduce the environmental impacts of beef cattle production.  

 The objective of chapter 4 was to determine if a pistachio shell biochar product could be 

administered to high nitrogen containing anaerobic digester effluent as a means of reducing 

gaseous NH3 emissions. A completely randomized block design was used with a total of 18 

barrels divided between three treatments with six barrels per treatment (n = 6), a high dose of 4% 

biochar (HB; 40 g/L), a low dose 1% biochar (LB 10 g/L), and a control containing no biochar 

(CON). Six flux chambers were used to measure NH3, CH4, CO2, and N2O emissions from 

barrels containing 75.71 L of effluent each plus respective treatments. Flux chambers were 

rotated every 24 h to measure a subsequent block of 6 barrels, resulting in gaseous emissions 

monitoring every 3 days for a total of 31 days. Effluent was measured daily for pH, temperature, 

and oxidation reduction potential (ORP). On days 1, 16, and 31 effluent samples were collected 

to be analyzed for percent solids, moisture, total nitrogen, ammonia nitrogen, nitrite/nitrate, 

organic nitrogen, and total Kjeldahl nitrogen. The LB and HB treatment vs CON barrels pH 

(7.66 and 7.61 respectively) were reduced (7.83; P < 0.001). Oxidation reduction potential was 

increased from -46.3 mV to -36.8 mV and 33.7 mV for CON vs. LB and HB respectively (P < 

0.001). No differences were detected for any gas parameters or effluent sample wet chemistry 
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parameters. Pistachio shell biochar from gasification cannot be recommended for NH3 mitigation 

of digester effluent; however, other types of biochar may prove more effective and should be 

researched further.  

 When considering the mitigation potential of feed or manure additives to reduce 

greenhouse gasses and other criteria pollutants from beef and dairy cattle it is important to 

consider both reduction potentials and animal performance as a reduction in meat or milk 

produced reduces the efficiency of the animal and may lead to increased overall emissions if 

herd size is increased to compensate for a reduction in efficiency. Sustainable feed and manure 

additive solutions will consist of available, cost effective, and either performance enhancing or 

no negative effects on animal performance.   

Key words: dairy cattle, beef cattle, climate change, sustainability, ammonia 
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Chapter 1: A review of the beef and dairy industry’s role in enteric and manure based 

environmental gaseous emissions and the potential for mitigation through feed additives 

and manure supplements. 

 

E. G. Ross1 and F. M. Mitloehner1,* 

 

1 Department of Animal Science, University of California, Davis, Davis, CA 95616-8521, USA 

* Correspondence: fmmitloehner@ucdavis.edu 
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ABSTRACT 

 
 Given the rising demand for animal-based protein and increased consumer concern about 

livestock productions’ environmental impact in the U.S., it is essential to understand both the U.S. 

livestock’s contributions to greenhouse gases (GHG) and other air pollutants, as well as how to 

mitigate these emissions. The present review focuses on the role cattle play in regard to climate 

change and the specific greenhouse gases of interest including methane (CH4) and nitrous oxide 

(N2O), as well as the criteria pollutant ammonia (NH3). Current literature available regarding feed 

and manure additives to reduce these emissions will be discussed. This review covers inhibitors, 

electron receptors, ionophores, and plant bioactive compounds for CH4 reduction, as well as 

nitrification inhibitors and additives for compost to reduce manure sourced N2O emissions. 

Additionally, feed additives such as beta-adrenergic agonists (βAA) and condensed tannins (CT), 

as well as manure additives including urease inhibitors and acids to reduce NH3 emissions are 

discussed.  

 

Key words: ammonia; climate change; feed additive; greenhouse gas; manure additive 

 

Abbreviations: ADF, acid detergent fiber; Al2(SO4)3, aluminum sulfate; NH3, ammonia; NH4+, 

ammonium; βAA, beta-adrenergic agonists; HCO3-, bicarbonates; BCM, bromochloromethane; 

CaCl2, calcium chloride; CO2, carbon dioxide; CT, condensed tannins; CHPT, cyclohexyl- 

phosphoric triamide; DCD, dicyandiamide; DG, distiller grain; DMI, dry matter; DMI, dry matter 

intake; EO, essential oils; GWP, Global Warming Potential; GHG, greenhouse gases; HSD, high 

sawdust; HS, high straw; HCW, hot carcass weight; HCl, hydrochloric acid; H2S, hydrogen 

sulfide; LW, live weight; LSD, low sawdust; LS, low straw; CH4, methane; MCR, methyl-
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coenzyme M reductase; NDF, neutral detergent fiber; NO3-, Nitrate; NO, nitric oxide; NO2-, nitrite; 

N2, nitrogen gas; 3-NOP, 3-Nitrooxypropanol; N2O, nitrous oxide; NBPT, N–(n–butyl) 

thiophosphoric triamide; NPN, non-protein nitrogen; PM2.5, particulate matter 2.5; H3PO4, 

phosphoric acid; H2SO4, sulphuric acid; CaH4(P04)2, superphosphate; TAN, total ammonia 

nitrogen.
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INTRODUCTION 

 
The Food and Agriculture Organization (FAO) of the United Nations estimates that by the 

year 2050, the world population will have grown by 2 billion people. Meat consumption per capita 

is also expected to rise from 37 kg/yr to 52 kg/yr in developed countries, and from 27 to 44 kg/yr 

in developing countries (Bruinsma, 2009). Globally, agriculture is responsible for 24% of total 

anthropogenic GHG emissions (USEPA, 2018a). United States agriculture contributes 9% of total 

anthropogenic GHGs of the Nation with beef and dairy cattle contributing to 2% and 1% of direct 

emissions, respectively (USEPA, 2018a; USEPA, 2018b). This is in part due to the efficiency of 

producing animal protein in the U.S., which produces 17% of the world’s beef with only 6% of 

the world’s herd (UN FAOSTAT, 2018).  

 A rising demand for animal protein makes it imperative to determine the best methods of 

reducing the environmental impacts associated with livestock production. The main enteric- and 

manure sourced gaseous emissions from the beef and dairy industry are the GHG including 

methane (CH4), nitrous oxide (N2O), carbon dioxide (CO2), and the criteria pollutants including 

ammonia (NH3) and hydrogen sulfide (H2S).  

Within the livestock industry, California set a precedent in environmental regulation of 

livestock production by passing Senate Bill 1383, requiring California dairy and livestock 

producers to reduce manure CH4 emissions by 40% from 2013 levels by 2030. This legislation 

allows producers to voluntarily reduce enteric emissions to count this reduction toward the 40% 

required manure reduction.  

Feed and manure additives play an important role in meeting reduction goals as they are 

often a more cost-effective solution compared with infrastructure, management, or facility 
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changes. The present review will discuss the main gaseous emissions produced by the beef and 

dairy industries and the feed and manure additives that can be used to mitigate these emissions. 

 

CLIMATE CHANGE 

Climate change refers to any change in the climate that can be detected through statistical 

analysis that persist for decades and that is due to alterations in solar cycles, volcanic eruptions, 

and continued anthropogenic changes in the composition of the atmosphere or land use (IPCC, 

2014). Altering the climate has increased the incidence of extreme weather events such as heat 

waves, droughts, floods, cyclones, and wildfires, with the potential to disrupt food and water 

supplies (IPCC, 2014). Since the 1850s, the mean global temperature of the earth has increased by 

0.61 °C, likely due to the increased CO2 levels emitted into the atmosphere, which are 30% above 

the highest levels over the last 800,000 years (IPCC, 2014; Karl et al., 2009). The large increase 

in GHG, specifically CO2, is primarily due to the burning of fossil fuels from the energy, 

transportation, and industrial sectors, which comprise 80% of the national U.S. GHG inventory 

(USEPA, 2018a). However, the main GHGs of interest in livestock production are CH4 and N2O. 

Carbon dioxide from the natural respiratory activities of humans and animals is not considered a 

contributor to climate change, so mitigation of enteric CO2 sources will not be discussed in the 

present review (USEPA, 2018b).  

The relative impact of a GHG is typically characterized by its ability to trap heat in the 

atmosphere relative to CO2. This capacity is referred to as the Global Warming Potential (GWP). 

Through this characterization method, CH4 and N2O are 28 and 265 times effective at trapping 

heat than CO2, respectively (IPCC, 2014). More recently, a new characterization method, GWP*, 

was proposed and calculates the long-term impact of CH4, considering the shorter atmospheric 
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lifespan of this gas (Allen et al., 2018). According to GWP*, declining CH4 emission rates are 

recognized as a negative CO2-equivalent emission rate. In light of this, the ruminant livestock 

sector provides a potential solution to mitigate the current rate of global warming. Methane emitted 

from the livestock industry is part of a biogenic carbon cycle, where CO2 is absorbed from the 

atmosphere by plants. Carbon is converted to carbohydrates, which are then consumed by ruminant 

animals and eructated back into the atmosphere as CH4. This CH4 remains in the atmosphere for 

approximately 10-12 years before being converted back into CO2 and re-entering the cycle. The 

GWP* characterization method implies that a stable cattle population (i.e., cattle numbers that 

have remained constant for 10 years or longer) does not add additional CH4 to the atmosphere and 

therefore does not contribute additional warming (USDA, 2020). Furthermore, any reduction of 

CH4 emissions from an established national cattle herd population will lead to substantial 

reductions in GHG emissions and help offset the warming effects brought on by other emissions 

associated with livestock production (e.g., CO2 and N2O).  

Methane 

Methane is a product of anaerobic fermentation in the rumen and constitutes a net loss of 

energy for cattle of approximately 2 to 12% of total feed energy (Johnson and Johnson, 1995). 

Volatile fatty acids such as acetate, butyrate, and propionate, are formed in the rumen from the 

breakdown of dietary carbohydrates into pyruvate (France and Dijkstra, 2005). Methane is 

predominantly produced during the formation of acetate, as two hydrogen ions (H+) are lost from 

pyruvate and subsequently used by methanogens to reduce CO2 and H+ in the rumen into CH4 

(France and Dijkstra, 2005) 

While CH4 constitutes a loss of energy in the rumen, it is also serves an important biological 

function as a hydrogen sink. If the rumen is defaunated of methanogens or methanogens are 
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repressed for a supplementation period, there are possible detrimental effects due to the buildup of 

hydrogen in the rumen, such as ruminal acidosis. There are other minor hydrogen sink processes 

in the rumen such as unsaturated lipids in the diet binding H+, nitrate and nitrite reduction, sulfate 

reduction, and reductive acetogenesis (Kobayashi, 2010). However, the extent to which these other 

hydrogen sinks can replace the role of methanogens in the rumen is unknown. 

Several enteric CH4 mitigation strategies for dairy cattle have been investigated, including 

inhibitors such as bromochloromethane (BCM) and 3-Nitrooxypropanol (3-NOP), electron 

receptors (nitrate), ionophores (monensin), and plant/algae bioactive compounds (tannins, 

essential oils, and Asparagopsis taxiformis (AKA seaweed).  

Methane Inhibitors 

Bromochloromethane was shown to reduce CH4 by 50% over 90 days when fed to beef 

cattle at a rate of 0.30 g/100 kg live weight (LW) twice daily, with no negative effects on LW gain, 

feed conversion ratio, or hot carcass weight (Tomkins et al., 2009). Residues of BCM also 

remained under the maximum residue limit in the meat, fat, and offal (Tomkins et al., 2009). In 

vitro, BCM was shown to continuously reduce CH4 by up to 90%, with a complete inhibition of 

methanogens (Denman et al., 2007). A 66% reduction in the Ruminococcus flavefaciens population 

and a 62% increase in total fungal population was also seen with rumen fluid treated with BCM in 

a continuous in vitro system (Denman et al., 2007). A gap in the literature exists determining the 

fate of excess hydrogen in the rumen when CH4 is reduced with BCM. Rumen pH and hydrogen 

gas (H2) emissions should be collected to help determine if H+ is accumulating in the rumen 

increasing ruminal pH or if excess H+ is being gassed off without being converted to CH4. While 

BCM has shown great potential for enteric CH4 mitigation, it is an ozone depleting compound and 

its use is banned in the U.S. (Knight et al., 2011; Hristov et al., 2013).  



 12 

3-Nitrooxypropanol (3-NOP) is a CH4 inhibitor that targets methyl-coenzyme M reductase 

(MCR), which is a nickel-dependent enzyme that catalyzes the CH4 forming step in rumen 

fermentation (Duin et al., 2016). Reynolds et al. (2014) saw a 6.6% and 9.8% reduction in enteric 

CH4 in treatment versus control cows when administering 3-NOP in rumen fistulated lactating 

Holstein cows at rates of 500 and 2,500 mg/d, respectively. Additionally, no differences were 

observed in milk production, milk composition, or DMI between treatments. The high dose of 

2,500 mg/d reduced rumen acetate concentration, energy supply and tended to increase fecal acid 

detergent fiber (ADF) and reduce neutral detergent fiber (NDF) intake. The 500 mg/d dose showed 

increased fecal ADF, tended to increase fecal DM, and tended to reduce NDF intake (Reynolds et 

al., 2014). Reynolds et al. (2014) administered 3-NOP treatment directly into the rumen via a 

rumen canula once per day, the authors suggested either mixing 3-NOP with animal feed or a 

sustained-release bolus would result in a higher and more dose dependent reduction of CH4 more 

consistently seen in the literature (Hristov et al., 2013).  

Haisan et al. (2013) fed dairy cows a 38% forage diet on a DM basis containing either 

2,500 mg/d 3-NOP or a control diet and measured CH4 emissions using the sulfur hexafluoride 

tracer gas technique resulting in a 60% reduction of in CH4 standardized for DMI. Haisan et al. 

(2013) did not detect any change in milk or milk component yields but did see a reduction in the 

acetate-to-propionate ration for the treatment animals compared to control at 2.02 and 2.36 

respectively. Hristov et al. (2015) reported that high production dairy cows supplemented with 40, 

60, and 80 mg/kg 3-NOP per kg feed DM resulted in a reduction of average CH4 emissions by 

25%, 31%, and 32% respectively over a 12-week period with no reduction in DMI or milk 

production.  While 3-NOP has shown effective enteric CH4 mitigation potential from dairy cattle, 
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current challenges that need to be addressed are gaining FDA approval for use and having it 

commercially available to producers for an affordable price.   

Electron Receptors 

Nitrate (NO3-) can be both a source of non-protein nitrogen (NPN) for cattle as well as an 

effective form of CH4 mitigation.  Hydrogen in the rumen, which is a byproduct of the fermentation 

process, reduces NO3- to nitrite (NO2-). Nitrite is then further reduced to NH3 or intermediates such 

as N2O and nitric oxide (NO). Nitrate therefore acts as a hydrogen sink in the rumen, which can 

inhibit the growth of methanogens by competing for free hydrogen (Jones, 1972).  

Van Zijderveld et al. (2011) found a persistent 16% reduction in CH4 production in grams 

per day and when corrected for DMI over a 90-day period in lactating Holstein cows supplemented 

at a rate of 21 g of nitrate/kg DMI. Van Zijderveld et al. (2011) reported that nitrate 

supplementation did not affect milk yield, apparent digestibility of crude fat, NDF, or starch. 

However, milk protein content, but not yield, was reduced in the nitrate group compared to the 

urea supplemented cows (Van Zijderveld et al., 2011). A 32% CH4 reduction was seen in steers 

supplemented with 85 g NO3-/d compared with a control diet containing 125 g urea/d as a NPN 

source. However, when corrected for DMI, there was a 27% CH4 reduction as the NO3- 

supplemented group had a reduced intake (Hulshof et al., 2012). The study conducted by Hulshof 

et al. (2012) was over a 23-d period, which did not allow for meaningful measurements in body 

weight gain or feed efficiency, which should be considered before recommendation as a method 

of CH4 mitigation. While NO3- shows promise for sustained CH4 reduction, there are negative 

health effects associated with NO3- supplementation, which include hypoxia and death if cattle are 

not adapted slowly or are fed too high of a dose (Allison and Reddy, 1984; Bryan, 2006). When 

excess NO2- accumulates in the rumen and exceeds the conversion rate of NO2- to NH3 this causes 
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blood NO2- concentrations to elevate. Elevated blood NO2- levels will oxidize hemoglobin to 

methemoglobin. Methemoglobin is unable to carry oxygen through the body which leads to 

dyspnoea and death (Seerley et al., 1965; Callaghan et al., 2014). Cattle must be acclimated to 

NO3- supplementation to limit negative side effects. Parkinson et al. (2010) reported plant NO3- 

levels exceeding 9 g NO3- /kg DM led to toxicity in cattle. However, NO3- toxicity is influenced 

by frequency of NO3- consumption, type of feed, the amount of non-structural carbohydrate in the 

diet, and the length of time NO3- has been in the diet (Callaghan et al., 2014). Additionally, if an 

animal is supplemented with NO3- above its protein requirement, excess nitrogen will be lost as 

waste in the form of urea. This can result in higher NH3 and N2O losses from manure, which is an 

important unintended consequence to consider (Nolan et al., 2016).   

Ionophores 

Ionophores have shown some promise at reducing enteric CH4 emissions. Monensin binds 

bacterial cell membranes and causes an efflux of potassium from the cell and an influx of hydrogen 

ions. This causes the cell to passively transports out H+ via sodium entry into the cell.  Eventually 

this causes cell death or reduced growth due to the energy expenditure to maintain inner cell 

equilibrium (Duffield and Bagg, 2000). Monensin improves feed efficiency in beef cattle and milk 

production efficiency in dairy cattle (Goodrich et al., 1984; Duffield and Bagg, 2000). Monensin 

particularly disrupts gram-positive bacteria, which tend to be hydrogen/acetate producers in the 

rumen, causing an increase in propionate production and reduction in acetate (Van Nevel and 

Demeyer, 1977). Propionate production produces less H+ in the rumen for methanogens to utilize 

resulting in reduced CH4 production (Van Nevel and Demeyer, 1977).  

Monensin supplemented yearling steers showed up to a 30% reduction in CH4 emissions 

when corrected for DMI in the first two to four weeks of supplementation before rumen adaptation 
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occurred and CH4 emissions returned to normal levels (Guan et al., 2006). Guan et al. (2006), 

suggested that part of the CH4 mitigation property of ionophores is related to an approximate 80% 

reduction in the total ciliate protozoal populations in the rumen. Once the rumen adapts, the 

microbial population returns to normal population levels after four to six weeks of ionophore 

supplementation. Current literature suggests that rumen adaption to ionophore supplementation 

occurs faster when cattle are fed higher concentrate diets (70% to 90% on a DM basis) and takes 

a longer time when on a higher forage diet (Guan et al., 2006; Rumpler et al., 1986; Carmean and 

Johnson, 1990). Feeding monensin results in rumen bacterial and protozoa resistance which results 

in ruminal adaptation and bacteria and protozoa numbers returning to pre monensin 

supplementation levels after several weeks (Dennis et al., 1986). Supplementation of monensin to 

dairy cows over a 21-d period resulted in approximately 11% CH4 reduction compared with control 

animals (Sauer et al., 1998). When supplementation of monensin was repeated on the same cows 

five months later no differences in CH4 production were detected, leading the researchers to 

believe that microbial adaptations to monensin might have lasting resistance (Sauer et al., 1998). 

In most cases, CH4 mitigation only lasts 2-3 weeks before the rumen adapts; therefore, monensin 

is not a long-term solution for enteric CH4 mitigation (Hamilton et al., 2010; Hristov et al., 2013).  

 

Plant Bioactive Compounds 

Essential oils (EO) are volatile aromatic compounds comprised of plant secondary 

metabolites. Terpenes and terpenoids comprise between 20 – 70% of EO and determine the 

biological properties, in addition to trace amounts of compounds such as phenylpropanoids  

(Bakkali et al., 2008). The composition of EOs vary greatly depending on the type of plant being 

harvested, what part of the plant is being harvested, and the extraction methods used (Hart el al., 
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2008; Okoh et al., 2010). A review by Cobellis et al. (2016) of EO found the following EOs and 

their principal components to have the most efficacy in reducing CH4 emissions from cattle: thyme 

(thymol), oregano (carvacrol), cinnamon (cinnamaldehyde), and garlic (allicin). Little is known 

about the mode of action for EO reducing enteric CH4 emissions; however, most essential oils 

exhibit antimicrobial properties with Gram-positive bacteria being more sensitive (Benchaar and 

Greathead, 2011; Lambert et al., 2001). One postulate is that chemical structures such as 

hydrocarbons, phenols, and sulphides being present on different EOs may influence their mode of 

action (Corzo-Martinez et al., 2007).  

Patra and Yu (2012) found in vitro at a dose of 1 g/liter the EO of clove, eucalyptus, garlic, 

oregano, and peppermint all reduced CH4 production with garlic and oregano being the most 

effective with a 42.3% and 87% reduction, respectively. There was a linear decrease in substrate 

DM degradability with increasing EO doses; however, true DM and NDF degradability’s were not 

affected except for a decrease in NDF by origanum oil (Patra and Yu, 2012). This is likely due to 

the reduction in abundance of archaea, protozoa, and major cellulolytic bacteria responsible for 

fiber digestion (Patra and Yu, 2012). Patra et al. (2006) reported in vitro methanol extracts of garlic 

as the most effective at suppressing CH4 production by 64% by shifting the acetate to propionate 

ratio in buffalo rumen fluid. While in vitro results were significant there is not a direct relationship 

between in vitro responses and in vivo study outcomes. An in vivo trial supplementing Angus 

heifers with 1 g/day of EO (Crina Ruminants; Akzo Novel Surface Chemistry S.A., Cedex, France) 

found no reduction in enteric CH4 reduction or effects on ruminal fermentation, but digestibility 

of all nutrients was lowered (Beauchemin and McGinn, 2006). Average daily gain was not 

impacted by EO supplementation; however, supplementation occurred for only 21 days 

(Beauchemin and McGinn, 2006). Mootral, a feed additive containing allicin extracted from garlic 
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and citrus extract was tested in beef cattle at a dose of 15 g/d for 12 wks and found no reduction 

in enteric CH4 emissions corrected for DMI or BW (Roque et al., 2019a). Overall, EO tend to show 

better results in vitro than in vivo and typically needs to be added at a dose that results in a reduction 

of fiber digestibility (Patra and Yu, 2012; Beauchemin and McGinn, 2006; Kamra et al., 2012). 

Additionally, for EO that show CH4 mitigation potential, longer term supplementation needs to be 

researched for effects on cattle performance.  

Macroalgae contain bioactive compounds such as bromoform and dibromochloromethane, 

which likely exhibit a similar mode of action as BCM to inhibit the cobamide-dependent methyl 

group. This reduction step is essential for methanogenesis (Wood et al., 1968; Paul et al., 2006). 

Asparagopsis armata has shown promising results of total CH4 reduction in vitro at an inclusion 

rate of 2% and greater, with no negative effects on substrate digestibility under 5% inclusion 

(Kinley et al., 2016). When Asparagopsis armata was fed to lactating dairy cows, CH4 in treated 

versus control animals was reduced 26.4% and 67.2% when fed at 0.5% and 1% DMI respectively. 

However, DMI was reduced by 38% and milk production was reduced by 11.6% (Roque et al., 

2019b). Determining the cause for reduced intake, such as palatability of seaweed, would be 

essential before recommending for commercial use. When standardized for milk yield, CH4 was 

reduced by 18.2% and 60.1% at low and high levels respectively. Standardizing for DMI low and 

high levels of A. armata reduced CH4 by 20.3% and 42.7% respectively. Hydrogen yield was also 

increased by up to 78.9% with supplementation of A. armata indicating excess H ions were not 

building up in the rumen but instead being eructated (Roque et al., 2019b). Asparagopsis taxiformis 

was also seen to reduce enteric CH4 by up to 80% from sheep over a 72-d period when fed at an 

inclusion rate of 3%, showing a lasting and long term effect with no effect on live weight gain (Li 

et al., 2018).  
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Currently, macroalgae is not commercially available as a feed additive. Harvesting and 

processing of a product would need to be developed before this would become a viable option for 

producers. Additionally, there are several food safety issues that should be addressed before 

seaweed supplementation can be recommended. Vijn et al. (2020) conducted a review on the use 

of seaweed to reduce enteric CH4 emissions from cattle and brought up several considerations 

regarding heavy metals found in seaweed such as iodine, bromine, and arsenic which can lead to 

toxicity in cattle and humans (Makkar et al., 2016; Kim et al., 2019; Vijn et al., 2020). Elevated 

iodine levels in dairy cow diets containing seaweed could lead to higher levels of iodine in milk 

(Holdt and Kraan, 2011; Antaya et al.,2015; Vijn et al., 2020). This could potentially be 

advantageous in regions where people are iodine deficient whereas in other areas such as the U.S., 

excess iodine consumption could lead to toxicity issues (Zimmermann, 2009). The other food 

safety concern is bromoform, a trihalomethane that is responsible for CH4 inhibition in the rumen. 

Bromoform is a carcinogen to both animals and humans. Due to this, U.S. EPA standards for 

drinking water require trihalomethanes remain under 0.08 mg/Ld (USEPA, 2018c). Milk from 

cattle supplemented with seaweed would also likely need to remain below this standard. 

Manure Additives for CH4 Mitigation 

Manure is also a major source of methane in beef and dairy production. Storage and 

handling of manure plays a large role in the amount of CH4 produced. CH4 is produced in anaerobic 

environments such as lagoons and other manure storage pits. Currently, there are very few 

additives on the market for reducing manure based CH4 emissions. The focus has been on altering 

manure management practices, such as implementing solids separators or anaerobic digesters. 

Anaerobic digesters trap CH4 that can then be used for energy production and solids separators 
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reduce the total solids and volatile solids in the stored liquid portion of the manure which can 

reduce GHG emissions up to 46% in the storage phase (Aguirre-Villegas et al., 2019).  

 

Nitrous Oxide 

Agricultural sources of N2O include fertilizer use, manure application, and manure from 

grazing livestock, with agriculture accounting for 77.8 % of the U.S. N2O emissions (USEPA, 

2019). Nitrous oxide is produced when manure is handled aerobically, and ammonium (NH4+) is 

converted to NO3– and NO2– in a process called nitrification. Manure then needs to be handled 

anaerobically reducing the NO3– and NO2– to nitrogen gas (N2) producing N2O and NO as 

intermediates during the denitrification process (USEPA, 2019). This process most commonly 

occurs in manure-amended soils (Tisdale et al., 1985); however, losses of N2O from pen areas in 

open lot dairy and beef feedlot facilities can be significant, with up to 50% of the N excreted by 

cattle being volatized as NH3 or N2O depending on surface conditions (Loh et al., 2008; Cole and 

Todd, 2009; Aguilar et al., 2011; Leytem et al., 2011). Surface conditions that favor N2O formation 

and emissions are moist and muddy, supporting microbial activity compared with dry, loose, or 

flooded environments (Wang et al., 2018).  

Options for manure sourced N2O emissions reduction include addition of nitrification 

inhibitors such as dicyandiamide (DCD), which helps maintain soil N in the form of ammonium, 

thus reducing the volatilization of N as N2O.  When applied at 25 kg DCD/ha, N2O emissions were 

reduced by 60% (Merino et al., 2002).  

Another method of recycling manure is through composting, the decomposing of organic 

material into a soil amendment. Globally, compost emits 0.4 Gt CO2-eq (Czepiel et al., 1996). 

Compost can be treated with additives such as biochar to reduce GHG emissions. Biochar is a 
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byproduct from the carbonization of biomass through the processes of pyrolysis, gasification, or 

hydrothermal carbonization (IBI, 2018). Biochar can be made from many different sources 

including wood, rice hulls, and peat through a process known as pyrolysis. The varying biochar 

types have different pore sizes and have different efficacies in mitigating N loss in compost (Jia et 

al., 2015; Chen et al., 2017). A meta-analysis conducted by Cao et al. (2019), found that biochar 

reduced N2O emissions from manure compost piles by 59.8%. Possible modes of action for this 

reduction are increasing the porosity of the compost pile, allowing greater water absorption and 

aeration (Jia et al., 2015), the ability to absorb NO3– and NO2– (Wang et al., 2013), direct 

absorption of N2O (Quin et al., 2015), and altering pH and moisture content (Wang et al., 2013).  

Biochar has been studied as an addition to poultry waste composting and showed promising results, 

reducing total N losses by 52% (Steiner et al., 2010). However, very little research has been 

conducted on cattle manure composting with biochar or the related gaseous emissions associated 

with this form of composting. Further research specifically on the most effective forms of biochar 

in relation to gaseous emissions needs to be conducted before being recommended as a manure 

additive.  

CRITERIA POLLUTANTS 

Ammonia 

Gaseous NH3 is a naturally occurring byproduct from volatilized urea as well as a 

consequence of feeding high protein diets with an excess of N that is not metabolized but excreted 

in the urine and feces (Petersen and Sommer, 1998; Shi et al. 2001). Cattle typically retain only 

10 to 30% of dietary N resulting in the surplus being excreted from the body as urea in urine and 

fecal nitrogen (Bierman et al., 1996; Cole et al., 2008). When combined with the enzyme urease 

found in soils and feces, urea is rapidly hydrolyzed to NH4+ (Shi et al., 2001) and then volatilized 
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into the atmosphere as NH3 (Bouwman et al., 1997). Ammonia is a criteria pollutant contributing 

to the formation of fine particulate matter 2.5 (PM2.5), which is a small aerosol (Aneja et al., 2008). 

PM2.5 can negatively impact human health, causing illness and respiratory disease when inhaled 

and can be particularly damaging for people with pre-existing conditions such as asthma (Samet 

et al., 2000). Given the significant human health concern and the environmental issues associated 

with NH3, the EPA requires any facility emitting 45 kg or more of NH3 in a 24 h period to report 

these emissions under the Emergency Planning and Community Right to Know Act (ECFR, 2020). 

However, animal feeding operations are exempt from this rule as it relates to manure handling and 

storage.  

Ambient atmospheric NH3 concentrations are usually <1 µg/m3 (Todd et al., 2006), while 

beef feedlot air has an approximate maximum concentration around 3000 µg/m3 (Todd et al., 

2006). The USEPA (2004) suggests that beef cattle lose 13% of N as NH3 and produce 

approximately 11.34 kg NH3/head annually. Given the USEPA estimate, feedlots with more than 

1,450 animals would emit approximately 45 kg of NH3 per day, which is the current level required 

to report for all other facilities.     

 Ryden et al. (1987), reports that at roughly 14 days after application of either urine, manure 

or slurry to grasslands, NH3 emission loss is no longer detectable, with more than 80% of the total 

emissions loss occurring within the first 5 days. Ammonia volatilization rates are highly variable 

and are influenced by multiple factors such as the route of excretion, mitigation strategies, storage 

practices, manure management, and environmental conditions such as pH range, temperature, 

wind, wet/dry climates, and soil composition (Ryden et al., 1987; Meisinger and Jokela, 2000). 

 Percent ammonia loss over time differs when comparing volatilization from urea excreted 

in the urine and feces (Ryden et al., 1987). Ammonia loss from manure is slower and relatively 
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lower when compared with loss from urine (Ryden et al., 1987). This reflects the form of N found 

in the excreta. Nitrogen in the feces is comprised mainly of bacterial cells and/or undigested dietary 

N, while N in the urine is predominantly in the form of urea (Ryden et al., 1987).   

 The percentage of N excreted in the urine is multi-source dependent (Dijakstra et al., 2013). 

Some sources include: the dietary N concentration, rumen losses, animal maintenance 

requirements and N efficiency, N recycling within the ruminant, and N utilization by microbes 

(Vallis et al., 1982; Dijakstra et al., 2013). Approximately 30-70% of dietary N is excreted during 

urination with 70-90% of that N in the form of urea (Vallis et al., 1982).  

 In the case of N loss from manure and slurries, solid or DM content influences the rate of 

and magnitude of NH3 loss (Meisinger and Jokela, 2000). Roughly 50% of NH3 loss occurs within 

the first 24 hours with a significant loss of the total ammonia nitrogen (TAN) loss during the first 

10 days from solid manure (Petersen and Sommer, 1998). Slurries with greater quantities of solids 

have higher NH3 % loss than those that are more fluid (Meisinger and Jokela, 2000). “MANNER”, 

a manure model used to predict NH3 loss, concludes that for every 1% increase in DM feed content, 

there is an increase of 5% NH3 loss (Chambers et al., 1999). The fluidity of slurry is more readily 

available to infiltrate the soil protecting the NH4+ from volatilization (Meisinger and Jokela, 2000). 

Therefore, while N loss is initially lower, solid versus liquid manure NH3 loss continues longer 

over time and has a 30% greater emission loss (Menzi et al. 1997). 

 Lower protein diets result in a greater percentage of N excreta present as fecal N (~50% of 

N intake) than as urine N (~25% of N intake) (Dijakstra et al., 2011). Contrary to low protein diets, 

high protein diets can alter N excreta from fecal N to urine N up to 60% of dietary N intake 

(Dijakstra et al., 2011). One of the major approaches for both beef and dairy producers is to ensure 

that formulated diets are balanced to meet the animal’s requirements (Law et al., 2009; Dijakstra 
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et al., 2011). If diets are balanced for protein and amino acid requirements, then feed and excreta 

additives have the potential to further reduce NH3 emissions.  

 

Feed Mitigation Strategies 

 Feed additives are commonly used as an enteric mitigation approach for managing CH4 

emissions, while little research has been performed to determine an array of enteric mitigation 

strategies to govern NH3 emissions (Wang et. al., 2018). More commonly, NH3 emissions are 

mitigated through excreta manipulation.  

 Currently, there is only one Federal Drug Administration (FDA) approved feed additive 

that reduce NH3 emissions, Experior™ (lubabegron; NADA 141-508; Elanco Animal Health, 

Greenfield, IN). Lubabegron is a beta-adrenergic agonist (βAA) that is fed to cattle to improve 

growth and feed efficiency (NRC, 1988). A βAA binds fat cell receptors, reducing fat metabolism 

and redirecting N for protein assimilation (NRC, 1988). Therefore, more N is used for increased 

muscle mass thus, reducing N lost as urea (NRC, 1988; Johnson et al., 2014). At a dose rate of 5 

g/ton of feed on a DM basis over a 91-d feeding period, Experior reduced NH3 emissions by 

11.86% and reduced g NH3/kg hot carcass weight (HCW) by 15.94% (Elanco, 2018). 

Supplementation of lubabegron did not affect ADG, feed efficiency, liver abscess score, or carcass 

characteristics (Elanco, 2018). Another βAA, ractopamine hydrochloride (RAC; Actogain 45, 

ANADA 200-548; Zoetis, Parsippany, NJ) showed similar NH3 mitigation potential when fed to 

cattle in the last 42 d prior to slaughter at a dose of 27.3g/ton of DM, with a 17.21% NH3 reduction 

from d 0 to 28 and tended to reduce NH3 by 11.07% from d 0 to 42 for the RAC treated group 

compared to the control (Ross et al., 2021). Ractopamine treated steers also had a 14.05% lower 

cumulative NH3 emissions when standardized by HCW vs. control (Ross et al., 2021). Stackhouse 
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et al. (2012) used an LCA to study zilpaterol (Merck Animal Health, Madison, NJ), another βAA 

on the entire beef production system, cow-calf to feedlot, and determined there was a 13% 

reduction in overall NH3 emissions per unit HCW and a 7% reduction during the feedlot phase in 

cattle supplemented with βAA when compared with control cattle. In addition, zilpaterol decreased 

the carbon footprint (kg CO2 equivalent/animal) of both Angus and Holstein beef by 9% and 5%, 

respectively (Stackhouse et al., 2012); however, zilpaterol has since been taken off the market and 

similar models should be analyzed for current βAA used in production. 

 Condensed tannins (CT; Acacia mearnsii) are polyflavonoid compounds with an affinity 

to bind to proteins (Koenig et al., 2018). Koenig et al. (2018) conducted an 83-d study on steers 

comparing distillers’ grain (DG) in three diets containing 0% DG, 20% DG and 40% DG, and a 

40% DG + 2.5% CT (DGCT). Feeding cattle 2.5% CT reduced urea concentrations in the urine, 

therefore reducing NH3 emissions by 23% while having no detrimental effects on growth 

performance; however, total tract protein digestion was reduced (Koenig et al., 2018). Duval et. 

al. (2016) conducted a similar study with dairy cattle feeding two concentrations of CT, 0.45% 

and 1.8% of dietary DM over a 90-d period and reported the 1.8% CT reduced NH3 emissions per 

unit milk by 23%.  

 

Manure, Urine, and Slurry Mitigation Strategies  

Urease inhibitors are chemical compounds that block the activity of the enzyme 

urease. Topical application of urease inhibitors N–(n–butyl) thiophosphoric triamide (NBPT-88%; 

IMC-Agrico, Bannockburn, IL) and cyclohexyl- phosphoric triamide (CHPT- 44%; International 

Fertilizer Development Center, Muscle Shoals, AL) were both successful at inhibiting the activity 

of urease, conserving the concentration of urea in feedlot manure after a single application (Varel 
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et al., 1999). NBPT is commercially available; however, further studies are necessary to determine 

if it is a cost-effective strategy (Varel et al., 1999). The application of NBPT (41 g/10 L water) is 

predicted to have a steady state of N accumulation and degradation when reaching 30.7 d at an 

approximate application rate of 20 mg/kg of manure, with a retention rate of 17 g of urea/kg of 

feedlot waste dry matter (Varel et al., 1999). The application of 10 to 40 mg of CHPT (82 g/10 L 

water/L of manure slurry) maintained NH3 hydrolysis for 11 d before losing efficiency and being 

completely hydrolyzed by 28 d post introduction (Varel et al., 1999).  

 Acidification of manure or slurry is another topical agent approach for mitigating NH3 

volatilization (Ndegwa et al., 2008). Total ammoniacal N is composed of two molecular forms, 

NH3 and NH4+ (Weiner and Verlander, 2011). The equilibrium and presence of these two 

molecules in aqueous solution, under constant temperatures, are maintained by the amount of H+ 

atoms present and the pH (Ndegwa et al., 2008; Weiner and Verlander, 2011). Slurry alkalinity is 

governed by the presence of bicarbonates (HCO3-) formed during the hydrolysis of urea (Stevens 

et al., 1989). The addition of a strong acid to the slurry neutralizes the high alkalinity influenced 

by the HCO3- and redirects NH3 volatilization by converting HCO3- to H2CO3- and CO2 rather than 

the standard reaction NH4 + + HCO3- à NH3 + CO2 + H2O in slurry (Stevens et al., 1989). At high 

temperatures, NH3 volatilization is greatest between pH 7 and 10 (Hartung and Phillips, 1994).  

Furthermore, NH3 volatilization has a linear relationship with pH, decreasing as the pH < 7, and is 

no longer measurable at pH < 4.5 (Hartung and Phillips, 1994). Acids that have shown to be 

successful at mitigating NH3 emissions include sulphuric acid (H2SO4), hydrochloric acid (HCl), 

and phosphoric acid (H3PO4); however, additional phosphorus being added to slurry in the form 

of an acid should be avoided as it can contribute to water contamination (Ndegwa et al., 2008). 

Stevens et al. (1989) applied 5 mol/L H2SO4 to cattle slurry and established that at a pH of 6 and 
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5.5, NH3 volatilization was reduced by 74% and 95% respectively when compared with a loss rate 

of 29% at pH 7 over 3.25 d. Molloy and Tunney (1983) found that the application of HCl 

completely ceased NH3 volatilization from cattle slurry when added to achieve a pH of 4. In a 

study conducted by Safley et al. (1983), NH3 concentrations were tested after a 28-d trial of being 

treated with H3PO4. When compared with untreated manure, 93.7%, NH3 loss dropped to 53% in 

manure treated with H3PO4, due to the acid’s ability to form a stable end product, ammonium 

phosphate (Safley et al., 1983). Acidifying slurry increases the availability of nutrients such as 

phosphorus availability, accessible organic matter, and has shown to increase the mineral fertilizer 

equivalent for cattle slurry from 39-63% when it is land applied (Sorensen and Eriksen, 2009; 

Fangueiro et al., 2015). 

 In conjunction to testing the application of strong acids on manure and slurry, the effects 

on the volatilization of NH3 by chemical compounds aluminum sulfate (Al2(SO4)3), calcium 

chloride (CaCl2), humate, and superphosphate (CaH4(P04)2) were also tested. Shi et al. (2001) 

reported that Al2(SO4)3 reduced NH3 emissions by 91.5% and 98.3% over 21 d at an application 

rate of 18 g Al2(SO4)3/4500 kg/ha and 36 g Al2(SO4)3/9000 kg/ha, respectively. At the same 

application rate, CaCl2 was less effective and reduced NH3 emissions by 71.2% and 77.5% (Shi et 

al., 2001). Both Al2(SO4)3 and CaCl2 reduce NH3 by initially reducing the pH and then through 

cation exchange where released hydrogen ions are replaced by aluminum or calcium ions (Shi et 

al., 2001). Black and brown humate at 36 g humate/9000 kg/ha reduced NH3 emissions by 60.2% 

and 67.6% (Shi et al., 2001). Similar to sulphuric and phosphoric acid properties, CaH4(P04)2 reacts 

with NH3, creating a stable ammonium salt, H2O, and CO2 end products (Safley et al., 1983). 

 The application of acids and chemical compounds present evidence to have significant 

effects at reducing NH3 emissions from cattle manure and slurry. However, not all are considered 
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economically and/or environmentally friendly. Although the application of all chemical 

compounds were successful at reducing NH3 volatilization, none were effective at completely 

ceasing NH3 losses due to the inability to maintain stable pH conditions (Ndegwa et al., 2008). 

Phosphoric acid can cause over fertilization of phosphorus and undesirable phosphorus levels in 

the manure (Stevens et al., 1989; Ndegwa et al., 2008). High levels of phosphorus in manure leads 

to phosphorus runoff into water causing eutrophication and other water quality issues (Ndegwa et 

al., 2008). Aluminum compounds can introduce an abundance of sulfur and create undesirable, 

odorous gases (Shi et al., 2001). Phosphoric acid, Al2(SO4)3, CaCl2, humate, and CaH4P2O8 have 

a negative cost-to-benefit ratio when applying the quantity that would significantly reduce NH3 

emissions (Safley et al. 1983; Stevens et al., 1989; Shi et al., 2001). All of these agents, aside from 

sulphuric acid, were tested under lab controlled conditions which may not accurately reflect how 

these products would work in an on farm situation with varying conditions. Further studies would 

have to be conducted on altering manure management practices to determine their practicality and 

efficacy. 

 Bedding material, such as sawdust and straw mixtures (barley and wheat), are also 

mitigation approaches for reducing NH3 emissions (van der Weerden et al., 2014). Primarily, 

bedding material reduces NH3 volatilization by acting as an absorbent for urine and by physically 

separating urine from feces. Sawdust and straw also have nitrification and denitrification microbes 

on the surface that participate in converting NH3 to N2O (Wang, 2018). Sawdust and straw, when 

mixed with slurry, create a surface crust which acts as a physical barrier, decreasing the amount of 

NH3 emitted into the atmosphere (van der Weerden et al., 2014). In a field trial van der Weerden 

et al. (2014) applied a low sawdust (LSD), high sawdust (HSD), low straw (LS), and high straw 

(HS) content to cattle slurry and measured NH3 emissions at months 3, 4, and 7 following 
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application to mimic manure management strategies. The ratios (feces:urine:bedding) of the 

treatments were 1:1.3:0 for control, 1:1.3:2.3 for HSD, 1:1.3:0.9 for LSD, 1:1.30.2 for HS, and 

1:1.3:0.1 for LS.  All treatments were effective at reducing NH3 with the HSD treatment reducing 

NH3 emissions to 2.8% of the total initial N in the slurry regardless of storage period. Even so, 

straw increased N2O emissions from stored slurry by 0.7% (van der Weerden et al., 2014). The 

addition of straw has the potential to reduce NH3 volatilization by removing available NH4, 

reducing pH of slurry, and reducing airflow over emitting surfaces (Nimenya et al., 2000; van der 

Weerden et al., 2014). The potential NH3 mitigation needs to be carefully considered, as increasing 

N2O emissions is undesirable.  

 Lignite is a low ash, high moisture content coal, and in nature has a high humic acid 

content, an affinity for cation exchange, and the capacity to contain up to 20% liable carbon (Chen 

et al., 2015). During a 40-d study whit two 20 x 20 m cattle pens each housing 12 steers, Chen et 

al. (2015) found that lignite leads to almost complete NH3 suppression during the first 10 d and by 

the end of the study, was roughly 50% less when compared with those groups not treated with 

lignite when applied at an application rate of 4.5 kg/m2 dry mass was applied to cattle pen floors. 

When compared with the use of urease inhibitor NBPT, humate, and acid applications, lignite 

applied to manure was more effective and lasted longer (Chen et al., 2015). Lignite was a cost-

effective approach to mitigating NH3 emissions but, routine application was required to remain a 

viable source of mitigation (Chen et al., 2015). 

 Cole et al. (2007) conducted a study using combinations of alum, zeolite, corn oil, and 

urease inhibitors and found all methods reduced NH3 emissions by as much as 49% or more when 

mixed with a 1750 g soil-manure mixture. At 18 g and 36 g of added corn oil, NH3 emissions were 

reduced by 82.1% and 88.1%, respectively (Cole et al., 2007). At similar concentrations, zeolite 
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had a decrease in NH3 emissions by 49% and 67.1% (Cole et al., 2007). The combination of alum 

+ corn oil, alum + zeolite, alum + zeolite + corn oil, NBPT + zeolite decreased NH3 emissions by 

83.7%, 71.6%, 81.9%, and 76.4%, respectively (Cole et al., 2007). The urease inhibitor, NBPT, is 

rapidly converted to N-(n-butyl) phosphoric triamide, which then binds to active sites on urea 

preventing binding of the urease enzyme (Creason et al., 1990). The application rate and inhibition 

mechanisms of corn oil and zeolite amendments are not yet determined and require further 

investigation (Cole et al., 2007).  

 Mitigation of NH3 using both feed and manure additives should be studied further to 

determine the most cost-effective options with minimal unintended consequences such as increases 

in GHG emissions. Current literature supports the use of βAA as a feed additive and acidification 

of stored manure as effective mitigation strategies.  However, implications for water contamination 

and plant growth should be assessed for any additive to manure slurries before land application is 

advised. 

 

CONCLUSION 

 There are currently an abundance of feed and manure additives being studied for their 

effectiveness in reducing GHG and criteria pollutants, such as ammonia, from dairy and beef cattle 

production systems. Research going forward should focus on additives showing the most 

promising environmental mitigation potentials that are economically feasible for producers, 

commercially available, and either improve or maintain animal performance. Repeatable results 

for mitigation of gaseous emissions for additives will need to be published in order to establish set 

mitigation potentials for products based on a DMI or inclusion rate per unit of slurry/manure. As 

CA continues to set stricter regulations and larger GHG reduction- and air quality goals for the 
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State, this information will be essential for dairy and beef producers to stay in compliance with 

CA State regulations and continue moving toward a more sustainable food production system.  
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ABSTRACT 

Feed additives have received increasing attention as a viable means to reduce enteric 

emissions from ruminants, which contribute to total anthropogenic methane (CH4) emissions. The 

aim of this study was to investigate the efficacy of the commercial feed additive SOP STAR COW 

(SOP) to reduce enteric emissions from dairy cows and to assess potential impacts on milk 

production. Twenty cows were blocked by parity and days in milk and randomly assigned to one 

of two treatment groups (n = 10): supplemented with 8 g/day SOP STAR COW, and an 

unsupplemented control group. Enteric emissions were measured in individual head chambers over 

a 12-hour period, every 14 days for six weeks. SOP-treated cows over time showed a reduction in 

CH4 of 20.4% from day 14 to day 42 (P = 0.014), while protein % of the milk was increased 

(+4.9% from day 0 to day 14 (P = 0.036) and +6.5% from day 0 to day 42 (P = 0.002)). However, 

kg of milk protein remained similar within the SOP-treated cows over the trial period. The control 

and SOP-treated cows showed similar results for kg of milk fat and kg of milk protein produced 

per day. No differences in enteric emissions or milk parameters were detected between the control 

and SOP-treated cows on respective test days. 

Key words: climate change; enteric emissions; feed additive; greenhouse gas; methane 

mitigation 

Abbreviations: ASF, animal-sourced foods; DMI AVG, average DMI consumed in Calan gate 

pens outside of head chambers for each 14-day study period; NH3, ammonia; CO2, carbon 

dioxide; CT, condensed tannins; cDMI, corrected dry matter intake; DM, dry matter; DMI, dry 

matter intake; DMI HC, dry matter intake from 12 hours in head chambers; ECM, energy 

corrected milk; 
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GHG, greenhouse gas; HC, head chambers; HT, hydrolyzed tannins; LSM, least square means; 

CH4, methane; MUN, milk urea nitrogen; N, nitrogen; N2O, nitrous oxide; SNF, solids-not-fat; 

SOP, SOP STAR COW; TMR, total mixed ration; VFA, volatile fatty acids  
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INTRODUCTION 

Animal-sourced foods (ASF) have been under increased scrutiny due to public awareness and 

concern over environmental impacts. Animals are vital in many regions of the world and represent 

the foundation of the human food system. Animal-sourced foods can also improve national 

agricultural alignment to several UN Sustainable Development Goals by providing nutritious food 

to the population and stable livelihoods for rural communities (Adesogan et al., 2020), where the 

lack of arable land makes it possible only for ruminants to convert non-edible plants into food. 

Nevertheless, the agricultural livestock sector (i.e. ASF) has been identified for its 

contributions to greenhouse gas (GHG) production. According to the Intergovernmental Panel on 

Climate Change (IPCC; IPCC, 2006), agriculture contributes 10 to 12% of anthropogenic CO2, 

40% of methane (CH4), and 60% of nitrous oxide (N2O) emissions. Methane and N2O are the most 

significant greenhouse gases produced by livestock production. While N2O originates mainly from 

nitrogen (N) fertilizers and manure application to agricultural soils (Syakila and Kroeze, 2011), 

CH4 comes from enteric fermentation in ruminants (IPCC, 2006) and manure decomposition 

during storage. 

In the United States, the livestock sector is estimated to contribute 35% of the anthropogenic 

CH4, 72% of which originates from enteric fermentation and 28% from manure management 

(USEPA, 2017). In California, where 19% of US milk is produced (USDA, 2020), the California 

Air Resource Board inventory estimated that the dairy sector is responsible for 55% of 

anthropogenic CH4 emissions, 45% of which come from enteric fermentation (CARB, 2017).  

In rumen, feedstuffs are digested and converted through the process of microbial fermentation 

primarily into volatile fatty acids (VFA), including propionate, butyrate, and acetate. Methane is 

also produced via archaea present in the rumen. Methane constitutes a loss of approximately 5.8% 
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of dietary gross energy intake for U.S. dairy cattle (Johnson and Johnson, 1995). Energy loss in 

the form of CH4 as well as the environmental impacts associated with enteric CH4 production give 

rise to a need for CH4 mitigation strategies in dairy production. Finding economically feasible 

options for dairy producers to reduce emissions is paramount because California Senate Bill 1383 

requires a reduction in CH4 emissions from California dairies by 40% from 2013 levels by 2030. 

California is the first state with a methane mitigation law and is setting the standard for how this 

reduction can be achieved in the U.S. and throughout other regions in the world. 

Several enteric CH4 mitigation strategies for dairy cattle have been investigated, including: 

CH4 inhibitors such as bromochloromethane (Adesogan et al., 2013; Knight et al., 2011) and 3-

Nitrooxypropanol (Hristov et al., 2015); electron receptors (e.g. nitrate (Van Zijderveld et al., 

2011)); ionophores (e.g. monensin (Adesogan et al., 2013); and plant bioactive compounds such 

as tannins (Tavendale et al., 2005), essential oils (Benchar and Greathead, 2011), and bromoform 

found in certain seaweeds (Roque et al., 2019). Although some of these strategies have shown 

promising mitigation potential, they have also manifested issues, including toxicity to the animal 

or the environment, short-term effects due to rumen adaptation, inconsistent results, or a negative 

effect on production.  

SOP SQC233-005A-SQE034 (commercial name: SOP® STAR COW; SOP Srl, VA, Italy) is 

a feed additive containing minerals, deactivated yeast, condensed tannins from carob flour, and 

bentonite clay. SOP STAR COW (SOP) is processed using proprietary technology with the aim of 

improving feed efficiency and reducing production of CH4, and its subsequent eructation, resulting 

in reduced energy loss. SOP STAR COW has been commercially available for several years and 

its individual components are widely used and commercialized. Over a year testing period, SOP 

was found to increase milk yield on seven commercial dairy farms in Italy (Luparia et al., 2015). 
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SOP has not been previously studied for the efficacy of reducing enteric CH4 production from 

lactating dairy cows. This study aims to evaluate the efficacy of the feed additive SOP on enteric 

gaseous emissions and the impact on milk production from lactating dairy cows. It was 

hypothesized, given the combination of ingredients included in SOP and the previous in vivo work 

conducted for milk production, that when fed to lactating dairy cows SOP will reduce CH4 

emissions and improve milk production. 

MATERIALS AND METHODS 

Study Design 

This study was conducted at the UC Davis Dairy Teaching and Research facility (Davis, CA, 

USA) with the approval of the Institutional Animal Care and Use Committee, protocol number 

20601. Twenty lactating Holstein dairy cows in mid to late lactation (DIM = 153 ± 17) were 

randomly assigned to one of two treatment groups: treatment (SOP) or control, with 10 cows per 

group (n = 10). The study was arranged as a randomized complete block design with cows blocked 

by parity and days in milk. Within each treatment group, half of the animals were first lactation 

cows and the other half were multiparous animals either in their second or third lactation, to be 

representative of a typical commercial dairy operation in California.  

Animals were fed an industry-standard total mixed ration (TMR) containing corn silage as the 

main forage component (Table 2.1). Diets were formulated to contain approximately 17% crude 

protein. Corn silage was sampled daily for dry matter (DM) with the SCiO, a handheld micro 

spectrometer (Consumer Physics, Inc; St. Cloud, Minnesota) to determine the correct inclusion 

amount for the TMR, in addition to weekly DM samples that were collected. Feed samples were 

dried in an oven at 100°C for 14 h in triplicate and averaged to determine DM. All cows were 

adapted to the basal control diet without SOP supplementation for 14 days prior to the beginning 
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of treatments (acclimation period, day −14 to day 0). At the end of the acclimation period, cows 

were fed either the control diet or the SOP treatment diet. Treatment was supplemented for a 42-

day period, with the first 14 days per each cow considered as an acclimation period to the SOP 

feed. 

The SOP additive was mixed with ground corn and fed as a top dress to deliver a total of 8 

grams of SOP fed per cow per day, according to the manufacturer’s specifications. The treatment 

cow top dress included 92 grams of ground corn mixed with 8 grams of SOP, for a total 100 grams 

of top dress per day. Control cows received a total of 100 grams of ground corn as a top dress 

daily. Animals received 67 grams of the top dress at the morning feeding and 33 g of the top dress 

in the evening, as the morning intake contained, on average, 2/3 of the cows’ daily feed. Cows 

were individually fed their respective diets using the Calan Broadbent Feeding System (Calan gate; 

American Calan, Northwood, New Hampshire, USA). 

Prior to the acclimation phase, each cow was trained to use their respective Calan gate. Feed 

was administered twice daily after the morning and evening milkings and diets were offered on an 

ad libitum basis, with a target of 5% daily feed refusals. Refusals were weighed before each 

morning feeding and sampled for DM analysis to determine daily dry matter intake (DMI). Weekly 

feed samples of corn silage and TMR were collected and analyzed for chemical composition and 

DM to ensure correct diet formulation. Chemical composition was determined by proximate 

analysis conducted by Denele Analytical, Inc (Woodland, CA). Dry matter was determined by 

drying samples in triplicate in an oven for 14 h at 100°C and averaging the three sub samples. The 

feeding schedule and treatment periods for the cows were staggered to allow for gaseous emission 

sampling of two cows per day (one control and one treatment) in the head chamber system, with 

animal pairs randomly assigned to their respective treatment start time.  
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Emissions Measurements 

Enteric emission measurements were collected using head chambers (HC). Both chamber 

construction and sampling procedures were based on the work of Place et al. (2011). Each head 

chamber was 151 cm × 104 cm × 76.2 cm (H × W × D) with polycarbonate sheeting on all sides 

to allow a full view of the cows during the enteric emission data collection. The chambers were 

equipped with head hoods specially made from Cordura waterproof fabric (Cordura Advanced 

Fabrics, USA) to fit the chamber opening and secure around the animal’s neck. A vacuum was 

attached to the HC to pull air from inside the chamber and pump it outside the chamber (Peerless 

Blowers, Hot Springs, North Carolina, USA). Cattle were secured in the head chamber using 

quick-release neck chains. Emissions were collected over a 12-hour period (approximately 0600 

to 1800 h) and animals were sampled at 14-day intervals. HC sampling occurred on each cow’s 

respective days 0, 14, 28, and 42.  

The HC sampling system has the advantage of allowing continuous enteric emission data 

collection over an extended time period (12-hours in the current study) and therefore reduces the 

cow-to-cow variability, which would be lost with shorter measurement periods. Eructated 

emissions were analyzed for CH4, carbon dioxide (CO2), N2O, and ammonia (NH3). 

Gas samples were measured in rounds of 15 minutes from each chamber, followed by a 15-

minute ambient air sampling period to correct chamber emissions from ambient emissions, for 12 

hours. Gas samples were collected in a mobile trailer that housed an Innova 1412 photo-acoustic 

multi-gas analyzer (LumaSense Technologies Inc., Ballerup, Denmark), a computer, and other 

support equipment. A full list of gases analyzed, and their respective detection ranges are reported 

in Table 2.2. 

Milk Sampling 
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Cows were milked immediately before entering and after exiting the head chambers and had 

ad libitum access to their respective diet and water for the 12-hour sampling period. Milk yields 

were collected at each milking for all animals. Milk samples were collected every 14-days and 

analyzed for fat, true protein, milk urea nitrogen (MUN), and solids-not-fat (SNF). Samples were 

sent to Central Counties DHIA (Atwater, CA, USA) for analysis and used to establish treatment 

period averages for energy corrected milk (ECM). 

Calculations 

Emissions Calculations 

Data regarding the concentrations of the outlet air samples from the heads chamber over each 

15-minute period were truncated to remove the first five minutes and last two minutes of the 

sample to prevent carry-over effects. The following equation (Eq.1) was used to calculate the 

emission rate in mg/h/head of gases from the head chambers: 

Emission Rate (mg/h/head) = {[(MIX) × (FL) × (60)]/MV} × (MW) × (Conv)/Head 

where MIX is the net concentration (inlet concentration – outlet concentration) in either ppm (parts 

per million) or ppb (parts per billion), FL is the continuous ventilation rate of the head chambers 

(2300–2500 L/min), 60 is the conversion from minute to hour, MV is the volume of one molar gas 

and equals to 24.04 (liter/mole) at temperature 20°C and one atmosphere pressure, MW is the 

molecular weight of the gas in grams per mole , and Conv is a conversion factor of 10−3 for 

concentration in ppm and 10−6 for concentration in ppb . Head is the number of animals in the head 

chamber. In this experiment, Head = 1. 

Energy-corrected milk 
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Energy-corrected milk values were an average ECM for each two-week interval during the 

treatment period and calculated as follows (Eq.2; DHIA, 2019): 

(0.327 × Milk Yield (kg)) + (12.95 × Fat (kg)) + (7.2 × Protein (kg)) 

Energy-corrected milk values were established for the AM and PM milkings. To establish a 

24-hour ECM, the AM and PM values were added together and averaged over a two-week period.  

Corrected dry matter intake  

The corrected dry matter intake equation was developed from data reported in van Lingen et 

al. (2017), showing that approximately 25% of the CH4 being produced from dairy cattle at any 

given time is coming from the previous 24 hours DMI. The following equation therefore accounts 

for the contribution of CH4 coming from the previous day’s intake (Eq.3): 

cDMI (kg) = 0.25 × DMI (previous days feed (kg)) + 0.75 × DMI (in head chamber(kg)) 

Data Analysis  

All data were analyzed using the lmerTest package in R (Kuznetsova et al., 2017). Least 

square means (LSM) and contrast between treatment by day P-values were determined using the 

emmeans package in R (Lenth et al., 2019). Pairwise comparisons of treatment by day interaction 

LSM were determined by a Tukey test using the multcompView package in R (Graves et al., 2017). 

Differences were declared significant at P ≤ 0.05 and showed a trend at 0.05 < P ≤ 0.10. P-values 

reported in the tables are from the ANOVA table while P-values reported in the text are from 

pairwise comparisons of the interaction. The model used to evaluate emissions data is (Eq. 4):  

Yijkl = μ + Ci + Tj + Dk + Pl + Tj:Dk + eijkl 

where Yijkl is the dependent variable for the ith cow in the jth treatment on the kth test day (0, 14, 

28, 42) and in the lth parity. μ is the overall mean, Ci is the experimental unit (cow), Tj is the 

treatment, Dk is the test day (0, 14, 28, 42), Pl is the parity of the cow, Tj:Dk is the interaction 
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between treatment and test day, and eijkl is the error term associated with the model ~ N(0, σe2). 

Days in milk was initially included in the model as a continuous variable and was removed as it 

was not significant. Parity was included in the model as a categorical variable. Cow was a random 

effect, with all other variables as fixed effects.  

RESULTS 

Enteric GHG Emissions 

Table 2.3 shows uncorrected gas emissions for animals in the head chambers. No differences 

for CH4, CO2, N2O, and NH3 were detected between SOP-treated cows and control cows on 

respective treatment days. The analysis of CH4 data showed that the emissions from within the 

SOP group had a significant decrease from day 14 to day 42 with a reduction of 20.4% (Table 2.3; 

P = 0.014). While the emissions from within the control group did not show significant differences 

over time there was still approximately a 10% reduction from day 14 to 42 (Table 2.3). 

Additionally, there was no significant differences for CH4 seen from day 0 (prior to treatment 

administration) to days 14 or 42 within the SOP treatment or the control groups, meaning CH4 

emissions before SOP treatment administration were similar to CH4 emissions after 14 and 42 days 

of treatment. Carbon dioxide emissions, within the SOP-treated cows showed a decrease from day 

14 to day 42 (−18.4%, P = 0.011), while the emissions from within the control group fluctuated 

without significant variations throughout the test days (Table 2.3). The N2O emissions within both 

the control and within the SOP group increased when compared with day 0. After the SOP STAR 

COW supplementation, the SOP group did not show significant variations, while the control group 

emitted significantly (P < 0.016) larger amounts of N2O at day 28 compared with day 14 (+40.6%; 

Table 2.3). Ammonia emissions decreased greatly for both SOP-treated cows and control cows 

after the initial measurements (day 0 of trial period; Table 2.3). 
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Table 2.4 reports gaseous emissions standardized for DMI while animals were housed in head 

chambers. No differences for CH4, CO2, N2O, and NH3 were detected between SOP-treated cows 

and control cows on respective treatment days. The reduction seen for CH4 in uncorrected 

emissions from day 14 to 42 for SOP was not seen when corrected for DMI. However, the control 

group does show a reduction in DMI standardized CH4 emissions from day 0 to day 42 (P = 0.003), 

while no reduction is seen in the treatment group. A similar reduction is seen for CO2 from day 0 

to 42 (P = 0.001).  

Table 2.5 reports gaseous emissions standardized for corrected dry matter intake (cDMI) from 

head chamber DMI and the previous 24-hour DMI [18]. No differences for CH4, CO2, N2O, and 

NH3 standardized for cDMI were detected between SOP-treated cows and control cows on 

respective treatment days. Both SOP-treated cows and control cows showed an increase from day 

0 over the treatment period for N2O.  

Table 2.6 reports gaseous emissions corrected for energy-corrected milk values established 

from morning milk samples yield, fat percent, and protein percent. No differences for CH4, CO2, 

N2O, and NH3 standardized for ECM were detected between SOP-treated cows and control cows 

on respective treatment days. Both SOP-treated cows and control cows showed an increase from 

day 0 over the treatment period for N2O.  

Milk Parameters and Intake 

The cows enrolled on trial were mid to late lactation (approximately 153 ± 17 days in milk). 

Over the 42-day treatment period milk yield, ECM, kg of milk fat, milk fat %, kg of milk protein, 

milk protein %, MUN, dry matter intake from 12 hours in head chambers (DMI HC), and average 

DMI consumed in Calan gate pens outside of head chambers for each 14-day study period (DMI 

AVG) were not significantly different for the treatment by day interaction (Table 2.7). Day is 
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representative of the average over the 14-day study period for milk yield, ECM, milk fat %, milk 

protein %, MUN, and DMI AVG. There was one missing data point for milk component analysis 

for a milk sample on day 0 during the morning milking. Data for milk yield, and DMI were 

complete. 

No significant variations were observed within or between groups for DMI HC or for DMI 

AVG (Table 2.7). There was no difference between the control and SOP-treated cows on respective 

test days for % milk protein. Within the groups, the SOP treatment resulted in a significant increase 

in % milk protein, with higher % protein levels throughout the study period (+4.9% from day 0 to 

day 14 (P = 0.036) and +6.5% from day 0 to day 42 (P = 0.002; Table 2.7). No changes were 

detected in the % milk protein within the control. However, the control and SOP-treated cows 

showed similar results for kg of milk fat and kg of milk protein produced per day (Table 2.7). 

DISCUSSION 

The use of feed additives to mitigate enteric emissions has received growing attention in recent 

years since feed additives have the potential to satisfy regulations requiring the dairy sector to 

reduce its environmental footprint. The present study focused on the possible effects of the 

commercial feed additive, SOP STAR COW, on enteric emissions and dairy cattle performance.  

Effects on Enteric Emissions 

There were no pairwise comparison differences detected for any measured parameter between 

SOP treatment and controls on respective treatment days. There was a day effect showing a 

reduction in uncorrected CH4 emissions and an increase in milk protein within the SOP-treated 

group over time, which was not measured in the control group. As control and SOP-treated cows 

did not show significantly different data on respective test days, the efficacy of using SOP STAR 

COW as an effective means of reducing enteric CH4 could not be completely validated. 
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Correcting emissions for DMI in the HC can be problematic as some animals tend to consume 

less while in the head chambers than they normally would. This can be seen in Table 2.7, where 

there are minimal numeric differences in the average DMI of the animals; however, when in the 

HC, the SOP treated animals, after day 0, were consistently eating between 1 to 2 kg less feed on 

a dry matter basis than control cows. While the difference in DMI in the HC was not significant, 

this can have an effect on standardizing emissions for DMI. Additionally, not all of the CH4 being 

measured in the HC is attributable to the feed being consumed in the HC. Van Lingen et al. (2017) 

showed that up to 25% of measured CH4 emissions from cattle are from feed consumed in the 

previous 24 hours. A respiratory chamber study using sheep found that approximately 50% of CH4 

emissions could be attributed to the previous 48 hours’ DMI (Robinson et al., 2014). Further 

research is needed to establish a more precise model for a DMI correction specific for dairy cattle 

in head chambers. However, Equation 3, used in this study, helps account for some of the variation 

in intake while in the HCs and likely gives a more accurate representation of standardized CH4 

emissions than just using the HC DMI correction.  

Some of STAR COW’s components, such as bentonite, tannins, and yeast have previously 

been shown to individually reduce enteric emissions. Bentonite clay was toxic to some protozoa 

as it interfered with cilia motion and this has been shown in vitro, when applied at 10% in the feed, 

to cause an increase in bacterial populations compared with control samples, as well as a reduction 

in NH3 production due to its ability to bind NH3 (Wallace and Newbold, 1991). Wallace and 

Newbold (1991), utilizing a Rusitec in vitro design, and Abdullah et al. (1995), using sheep in an 

in vivo experiment, found an inhibitory effect of bentonite on holotrich protozoa. Abdullah et al. 

(1995) additionally found that a 2% DMI supplementation of sodium bentonite increased the 

entodinia protozoal population. A large portion of the methanogen population have an 



 62 

endosymbiotic relationship with protozoa, with holotrichs and entodinia supporting up to 526 and 

96 methanogens internally. This helps explain why defaunation, in some cases, can result in CH4 

mitigation (Finlay et al., 1994). However, it is unlikely that the small quantity of bentonite in the 

SOP dosage would have this effect on the rumen. It is possible that a higher quantity of bentonite 

may be more effective at mitigating CH4 emissions.  

Research has determined two possible mechanisms to achieve a reduction in enteric CH4 

emissions in cattle after tannin supplementation, including (1) decreasing hydrogen production 

through a reduction in fiber digestibility, and (2) the inhibition of methanogens (Tavendale et al., 

2005). Previous research on tannins as feed additives focused on their ability to improve nutrient 

utilization efficiency, in particular nitrogen (N), and reduce nutrient loss via NH3 emissions into 

the environment (Aguerre et al., 2016; Dschaak et al., 2011). A recent in vitro study found a 20 to 

27% decrease in CH4 emissions, as well as a decrease in the total VFA and the acetate to propionate 

ratio, by injecting both hydrolyzed (HT) and condensed tannins (CT) at a 1:1 ratio into the rumen 

volume (Jayanegara et al., 2015). Reducing total VFA content is not ideal as this indicates a 

reduction in overall rumen fermentation, which would reduce feed efficiency and production 

performance. However, these trials were including tannins at a much higher dose than the current 

study and in vitro trials are not always representative of the effect that will be seen in vivo, largely 

due to the lack of time microbial populations have to adjust and are more indicative of short-term 

results. Further in vivo research is needed to determine if a higher dose of SOP can be more 

effective at mitigating CH4 emissions and if VFA concentrations in the rumen or DMI are altered.  

Similarly, significant decreases in the molar % of acetate, acetate to propionate ratio, and 

crude protein digestibility were noted when CT were fed to Angus cattle at 2% DM; however, no 

differences in CH4 or BW were seen (Beauchemin et al., 2007). Usually, a decrease in acetate to 
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propionate concentrations is consistent with other methods of decreasing enteric CH4 emissions as 

it is likely a result of decreased levels of hydrogen being available as a substrate for methanogens 

in the rumen. 

The SOP treatment used low quantities of material (8 g/animal per day, approx. 0.04% DM of 

the complete feed). Other additives, including tannins, usually need to be included at 20 g/kg diet 

DM to have a reliable reduction in CH4 [30]. However, a synergistic effect of the components in 

SOP has never been researched for CH4 mitigation. Borgonovo et al. (2019) and Peterson et al. 

(2020) found that gypsum processed with SOP’s proprietary technology reduced NH3 and GHG 

emissions in liquid manure with a much lower dosage of gypsum than reported previously (Yang 

et al., 2015). However, this same effect with low doses was not seen in the current study. 

Given that the uncorrected gas emissions results showed a reduction in CH4 over time for 

SOP-treated cows, it is possible that SOP STAR COW has some CH4 mitigation potential. 

However, to determine a true reduction potential, this change would also need to be seen when 

standardized for DMI. Likewise, SOP STAR COW might have better CH4 mitigation responses if 

fed at higher amounts, as most effective feed additives with similar compounds are fed at a much 

higher percentage of DMI (Beauchemin et al., 2007; Jayanegara et al., 2011; Jayanegara et al., 

2015). 

Effects on Milk Production 

SOP STAR COW-treated cows showed similar results to control cows for the treatment by 

day interaction for all milk parameters and intake data. Within the SOP treatment group, the cows 

showed an increase in milk protein percent over the course of trial period; however, kg of milk 

protein remained similar within the SOP-treated cows over the trial period.  
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SOP STAR COW contains tannins, which have the ability to bind proteins in the rumen, thus 

reducing protein degradation by rumen microorganisms and making proteins available for 

digestion in the small intestine. This likely increased the availability of amino acids (AA) for the 

animal to absorb from the feed. Previous research on tannins as a feed additive focused on their 

ability to improve nutrient utilization efficiency, in particular nitrogen (N) (Beauchemin et al., 

2007; Jayanegara et al., 2015), though these studies did not investigate their ability to reduce 

enteric emissions. Aguerre et al. (2016) found that feeding CT at 0.45% of diet DM resulted in an 

increase in milk protein yield; however, at CT levels higher than 0.45%, milk protein yield and 

percentage were decreased. While an increase in % milk protein was seen in the current study 

within the SOP-treated cows over time, there was no difference in kg of milk protein produced, so 

synthesis of milk protein remained unchanged.  

SOP STAR COW contains deactivated yeast cells, which act as a prebiotic for microbiota in 

the digestive system. Yeast cultures provide soluble growth factors such as organic acids, B 

vitamins, and amino acids that stimulate the growth of ruminal bacteria populations that utilize 

lactate and digest cellulose (Callaway et al., 1997). The supplementation of diets with yeasts was 

used to increase the final protein content in the milk, by providing probiotic and prebiotic materials 

to the ruminal flora. Several studies have confirmed the effect of yeast on milk protein percentage, 

but these studies used live yeast cultures (Dias et al., 2018; Moallem et al., 2009; Rossow and 

Riordan, 2018). Both deactivated yeast and CT in SOP STAR COW potentially explain the 

increased protein percent over time in the milk of SOP-treated cows, while the % protein in the 

control cows’ milk remained unchanged. 

Previous research has shown that supplementing dairy cows with yeast cultures increased 

DMI and milk yield and decreased the acetate to propionate ratio in the rumen (Erasmus et al., 
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1992; Williams et al., 1991). Additionally, yeast supplementation altered the amino acid profile of 

bacterial protein and the flow of methionine from the rumen to the small intestine, which could 

potentially increase milk protein synthesis (Williams et al., 1991). Further research is needed to 

determine if SOP increases the post-ruminal flow of methionine in support of milk protein 

synthesis.  

Since tannins and deactivated yeast comprise only 5% of SOP content, coupled with the small 

feeding inclusion (8 g/head/day), the suggested mode of action to increase protein content might 

be related to an increase and/or a shift in the rumen microbial population.  

As recent studies have investigated the role of predominant clusters of ruminal microbes in 

milk production and CH4 formation (Wallace et al., 2019), further investigations should determine 

the potential impact of SOP STAR COW on the microbial populations in the rumen as an approach 

to explain its potential modes of action.  

CONCLUSIONS 

No differences were detected for enteric emissions, standardized enteric emissions, milk 

parameters, or intake between control versus SOP-treated cows on respective test days. Analyzing 

the two groups separately, within SOP-treated cows over time, showed a significant reduction in 

CH4 of 20.4% from day 14 to day 42, while the protein % of the milk was increased (+4.9% from 

day 0 to day 14 and +6.5% from day 0 to day 42). Over time, within the control group, there was 

no reduction in CH4 or increase in milk protein. Within the SOP-treated cows, the kg of milk 

protein remained similar throughout the duration of the study. Tannins and yeast, present in SOP 

STAR COW, may be effective compounds that enable a reduction in enteric CH4 emissions, and 

should be researched further. Future research should investigate the effects of long-term 

supplementation or higher doses of SOP STAR COW, in order to determine if greater mitigation 
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effects on CH4 emissions and increases in milk production can be established. Increasing pressure 

from legislation and consumers is being put on the dairy industry to reduce the environmental 

impact of dairy production, especially as it relates to climate change. Determining feed additives 

that both reduce emissions and improve the production of lactating dairy cows is both essential for 

producers to meet current CH4 reduction regulations and is an important step towards a sustainable 

food system.  
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Table 2.1. Ingredients of basal total mixed ration on an as fed and dry matter basis (kg/d/cow). 

Feed Ingredients As Fed (kg/cow daily) 
Dry Matter Basis (kg/cow 

daily)1 
Corn Silage 21.97 6.15 

Corn, Steam Flaked 4.08 3.58 

Soybean Meal 3.36 2.99 

Alfalfa Hay 2.72 2.42 

Almond Hulls 2.51 2.26 

Cottonseed, Linted 1.99 1.84 

Soybean Hulls 1.36 1.24 

Mineral2 0.39 0.38 

EnerGII3 0.27 0.26 

Strata4 0.09 0.09 

Limestone, Ground 0.09 0.09 
1 The diet was formulated using a linear program for an average milk yield of 36.5 kg daily at 

3.6% milk fat that assumed an intake of 21.3 kg DM daily of the formulated diet. 
2 Custom mineral mix containing: calcium, 12.56%; phosphorus, 5.33%; magnesium, 4.3%; 

sulfur, 2.17%; iron, 1985.36 ppm; manganese, 2664.5 ppm; zinc, 4519.78 ppm; copper, 668.8 

ppm; iodine, 58.54 ppm; cobalt, 25.06 ppm; selenium, 22.79 ppm; vitamin A, 553.00 KIU/kg; 

vitamin D, 185.19 KIU/kg; vitamin E, 4188.79 IU/kg; biotin 58.80 mg/kg; sodium bicarb, 

33.33%; magnesium oxide, 7.14%; Ethylenediamine dihydroiodide, 29.34 mg/kg; yeast, 29.32 

BCFU/kg; diflubenzuron, 0.0197%; Zinpro 120, 0.88% (Nutrius, Kingsburg, CA). 
3 A calcium salt of fatty acids containing 50% palmitic and 35% oleic fatty acids (Virtus 

Nutrition, Corcoran, CA). 
4 A calcium salt of fatty acids containing a blend of palmitic, stearic, and oleic fatty acids with 

a 16% eicosapentaenoic acid (EPA)/ docosahexaenoic acid (DHA) omega-3 fatty acids (Virtus 

Nutrition, Corcoran, CA). 
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Table 2.2. Gases analyzed, detection limits, and detection ranges used to measure emissions from 
heads chambers. 

Gases Detection Limits (µg/L) Upper Range (g/L) 

CO2 2.75 1.83 

NH3 0.71 0.71 

CH4 0.06 0.57 

N2O 0.05 1.83 
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Table 2.3. Gaseous emissions from head chambers for control and treatment groups (n=10) on days 0, 14, 28, and 42 with 
least square means, pooled standard errors (SEM), and P-values. Measured gases include methane, carbon dioxide, nitrous 
oxide, and ammonia. 

Trait 
LSM 

SEM 
P-value 

C SOP C SOP C SOP C SOP Trt Day Trt:Day d 0 d14 d 28 d 42 

CH4 (g/h) 24.70ab 21.87ab 24.04ab 25.10b 23.71ab 24.73b 21.59ab 19.98a 1.14 0.55 <0.001 0.014 

CO2 (g /h) 718abc 659abc 672abc 713bc 675abc 728c 593ab 582a 29.93 0.81 <0.001 0.041 

N2O (mg/h) 12.69ab 11.38a 18.00bc 24.45cd 25.31d 28.54d 28.43d 27.71d 1.62 0.065 <0.001 0.033 

NH3 (mg/h) 21.32b 21.51b 5.93a 5.99a 4.78a 5.15a 2.72a 1.83a 1.47 0.94 <0.001 0.96 

Means with the same letter (abcd) are not significantly different (p>0.05); SOP = Star Cow Treatment; C = Control; d = 
day; d0 = day 0; d14 = day 14; d28 = day 28; d42 = day 42; Trt = Treatment; CH4 = methane; CO2 = carbon dioxide, 
N2O = nitrous oxide; NH3 = ammonia. 
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Table 2.4. Gaseous emissions corrected for dry matter intake (DMI) from head chambers (12 hour period) for control 
and treatment groups (n=10) on days 0, 14, 28, and 42 with least square means, pooled standard errors (SEM), and P-
values. Emission measurements reported are on a per cow basis in either mg or g/h/kg DMI. 

Trait 
LSM 

SEM 
P-value 

C SOP C SOP C SOP C SOP Trt Day Trt:Day d 0 d 14 d 28 d 42 
CH4 (g/h/kg 

DMI) 
1.90c 1.63abc 1.61abc 1.73bc 1.43ab 1.63abc 1.28a 1.37ab 0.10 0.64 <0.01 0.027 

CO2 (g/h/kg 
DMI) 

55.37c 49.15abc 45.08abc 50.99bc 39.36ab 48.25bc 35.27a 40.00abc 3.22 0.17 <0.01 0.020 

N2O (mg/h/kg 
DMI) 

1.02ab 0.84a 1.19ab 1.42abc 1.55bc 1.90c 1.74bc 2.08c 0.16 0.067 <0.001 0.22 

NH3 (mg/h/kg 
DMI) 1.46b 1.44b 0.37a 0.42a 0.39a 0.40a 0.30a 0.21a 0.14 0.86 <0.001 0.94 

Means with the same letter (abcd) are not significantly different (p>0.05); SOP = Star Cow Treatment; C = Control; 
d = day; d0 = day 0; d14 = day 14; d28 = day 28; d42 = day 42; Trt = Treatment; CH4 = methane; CO2 = carbon 
dioxide, N2O = nitrous oxide; NH3 = ammonia, DMI = dry matter intake. 
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Table 2.5. Gaseous emissions corrected for corrected dry matter intake (cDMI) from head chambers and the previous 
24-hour DMI for control and treatment groups (n=10) on days 0, 14, 28, and 42 with least square means, pooled standard 
errors (SEM), and P-values. Emission measurements reported are on a per cow basis in either mg or g/h/kg cDMI. 
Corrected DMI was determined by the following equation: cDMI (kg) = 0.25 × DMI (previous days feed (kg)) + 0.75 × 
DMI (in head chamber (kg)) (Van Lingen et al., 2017). 

Trait 
LSM 

SEM 
P-value 

C SOP C SOP C SOP C SOP Trt Day Trt:Day d 0 d 14 d 28 d 42 
CH4 (g/h/kg 

cDMI) 
1.13ab 0.97ab 1.11b 1.08b 1.04ab 1.04ab 0.94ab 0.85a 0.06 0.15 <0.01 0.28 

CO2 (g/h/kg 
cDMI) 

32.95ab 29.47ab 31.00ab 31.84b 28.71ab 30.79ab 25.71ab 24.90a 1.69 0.79 <0.01 0.18 

N2O (mg/h/kg 
cDMI) 0.53a 0.48a 0.80ab 0.91bc 1.13bc 1.23c 1.18c 1.23c 0.09 0.36 <0.001 0.71 

NH3 (mg/h/kg 
cDMI) 

0.86b 0.81b 0.26a 0.25a 0.29a 0.24a 0.15a 0.11a 0.07 0.45 <0.001 0.98 

Means with the same letter (abcd) are not significantly different (p>0.05); SOP = Star Cow Treatment; C = Control; 
d = day; d0 = day 0; d14 = day 14; d28 = day 28; d42 = day 42; Trt = Treatment; CH4 = methane; CO2 = carbon 
dioxide, N2O = nitrous oxide; NH3 = ammonia, DMI = dry matter intake. 
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Table 2.6. Gaseous emissions corrected for morning milking’s energy-corrected milk values from head chambers for 
control and treatment groups (n=10) on days 0, 14, 28, and 42 with least square means, pooled standard errors (SEM), 
and P-values. Emission measurements reported are on a per cow basis in either mg or g/h/kg ECM. Energy-corrected 
milk was established by the following equation: (0.327 × Milk Yield (kg)) + (12.95 × Fat (kg)) + (7.2 × Protein (kg)) 
(DHIA, 2019). 

Trait 
LSM 

SEM 
P-value 

C SOP C SOP C SOP C SOP Trt Day Trt:Day d 0 d 14 d 28 d 42 
CH4 (g/h/kg 

ECM) 
1.43 1.07 1.32 1.13 1.37 1.19 1.08 1.03 0.12 0.11 0.021 0.096 

CO2 (g/h/kg 
ECM) 

41.47  32.26 36.86 33.23 37.86 35.11 29.28 29.90 3.55 0.26 0.020 0.051 

N2O (mg/h/kg 
ECM) 

0.69a 0.54a 0.99abc 0.94ab 1.46c 1.40bc 1.45bc 1.39bc 0.14 0.44 <0.001 0.96 

NH3 (mg/h/kg 
ECM) 

1.12b 1.02b 0.33a 0.29a 0.27a 0.24a 0.09a 0.05a 0.08 0.30 <0.001 0.98 

Means with the same letter (abcd) are not significantly different (p>0.05); SOP = Star Cow Treatment; C = Control; 
d = day; d0 = day 0; d14 = day 14; d28 = day 28; d42 = day 42; Trt = Treatment; CH4 = methane; CO2 = carbon 
dioxide, N2O = nitrous oxide; NH3 = ammonia, ECM = energy-corrected milk. 
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Table 2.7. Least square means (LSM), pooled standard errors (SEM), and P-values for the control (C) and treated 
(SOP) groups on study days for milk yield, ECM, kg milk fat, milk fat %, kg milk protein, and milk protein %, milk 
urea nitrogen (MUN), and dry matter intake in the head chambers (DMI HC) and DMI averaged over the 14 day period 
(DMI AVG). 

Trait 
LSM 

SEM 
P-value 

C SOP C SOP C SOP C SOP Trt Day Trt:Day d 0 d 14 d 28 d 42 
Milk yield 
(kg/day) 35.8 35.4 34.1 36.2 34.8 34.0 35.6 34.4 0.94 0.92 0.51 0.16 

ECM (kg/day) 38.8 39.8 37.4 39.9 38.7 38.5 39.0 39.0 1.19 0.54 0.87 0.38 
Fat (kg/day) 1.43 1.59 1.42 1.52 1.46 1.52 1.51 1.42 0.06 0.37 0.71 0.047 
Milk Fat (%) 4.13 4.40 4.17 4.22 4.36 4.32 4.19 4.23 0.14 0.46 0.17 0.68 

Protein 
(kg/day) 

1.08 1.12 1.09 1.16 1.09 1.16 1.15 1.11 0.04 0.41 0.37 0.004 

Protein (%) 3.12ab 3.08a 3.22ab 3.23b 3.27ab 3.27b 3.18ab 3.28b 0.06 0.66 <0.001 0.21 
MUN (mg/100 

ml) 12.68b 13.41b 8.64a 8.26a 12.11b 12.17b 9.20a 8.63a 0.55 0.93 <0.01 0.38 

DMI HC 
(kg/12 h) 12.50a 12.82ab 15.11ab 13.96ab 16.82b 15.91ab 17.29ab 15.26ab 1.10 0.36 <0.01 0.20 

DMI AVG 
(kg/day) 24.54 25.29 24.24 24.91 24.77 25.50 26.22 26.88 0.79 0.38 <0.001 0.99 

Means with the same letter (abcd) are not significantly different (p>0.05); SOP = STAR COW treatment; C = 
control; d = day; d0 = day 0; d14 = day 14; d28 = day 28; d42 = day 42, Trt = treatment; ECM = energy-
corrected milk; MUN = milk urea nitrogen. 
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ABSTRACT 

 
With a growing global population and increased environmental concerns associated with 

animal agriculture, it is essential to humanely maximize animal performance and reduce 

environmental emissions. The present study aims to determine the efficacy of feeding ractopamine 

hydrochloride (RAC), an orally active, β1–adrenergic agonist (β1AA), to feedlot steers in the last 

42 d of finishing to reduce ammonia (NH3) emissions and improve animal performance. A 

randomized complete block design was used to allocate 112 Angus and crossbred Angus steers 

(Initial BW = 566.0 ± 10.4 kg) to 8 cattle pen enclosures. Pens (n = 4/treatment, 14 steers/pen, 56 

steers/treatment) were randomly assigned to one of two treatments: 1) CON; finishing ration 

containing 0 g/907 kg DM basis RAC, and 2) RAC; finishing ration containing 27.3 g/907 kg dry 

matter (DM) basis RAC. Steers were weighed on d -1 and 0 before treatment and d 14, 28, and 42 

during treatment. Treatment rations were mixed and delivered daily by personnel blinded to 

treatment. Measured emissions included NH3, nitrous oxide (N2O), methane (CH4), hydrogen 

sulfide (H2S), and carbon dioxide (CO2). The primary response variables assessed were emissions 

standardized by live weight (LW) and hot carcass weight (HCW). Steers were harvested on d 43 

and carcass data were collected on d 43 and 44. Steers fed RAC reduced NH3 emissions by 17.21% 

from d 0 to 28 (P = 0.032) and tended to reduce NH3 from d 0 to 42 by 11.07% (P = 0.070) vs. 

CON. When standardized for LW, NH3 was reduced by 23.88% from d 0 to 14 (P = 0.018), 17.80% 

from d 0 to 28 (P = 0.006), and 12.50% for d 0 to 42 (P = 0.027) in steers fed RAC vs. CON. 

Steers fed RAC had 14.05% (P = 0.013) lower cumulative NH3 emissions when standardized by 

HCW vs. CON. Feeding RAC to Steers reduced H2S by 29.49% from d 0 to 14 (P = 0.009) and 

tended to reduce H2S over d 0 to 28 by 11.14% (P = 0.086) vs. CON. When H2S emissions were 

standardized for LW, RAC fed steers had a 28.81% reduction from d 0 to 14 (P = 0.008) vs. CON. 
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From d 0 to 42 the RAC fed steers tended to have a 0.24 kg/d greater ADG (P = 0.066) and tended 

to eat 4.27% less (P = 0.069) on a DM basis vs. CON. The RAC fed steers had a 19.95% greater 

gain to feed ratio compared with CON (P = 0.012). Steers fed RAC had an average of 12.52 kg 

greater HCW (P = 0.006) and an increase of 1.93 percentage units in dressing percent (P = 0.004) 

vs. CON. Ractopamine is an effective medicated feed additive for reducing NH3 and improving 

end product performance through HCW yields.   

 

Key words: ammonia emissions, beef cattle, beta agonist, feedlot cattle, hot carcass weight, 

ractopamine hydrochloride 

 

Abbreviations: Al2(SO4)3, aluminum sulfate; NH3, ammonia; ADG, average daily gain; β1AA, β1–

adrenergic  agonist; β2AA, β2- adrenergic agonist; βAA, beta-adrenergic agonist; BW, body 

weight; CaCl2, calcium chloride; CO2, carbon dioxide; CPE, cattle pen enclosure; CP, crude 

protein; DM, dry matter; DMI, dry matter intake; G:F, gain to feed ratio; HCW, hot carcass weight; 

H2S, hydrogen sulfide; K, kelvin; KPH, kidney, pelvic and heart fat; LOQ, limit of quantification; 

LW, live weight; CH4, methane; MW, molecular weight; NBPT, N–(n–butyl) thiophosphoric 

triamide; NO, nitric oxide; NO2, nitrogen dioxide; N2O, nitrous oxide; PM2.5, particles with 

aerodynamic diameter less than or equal to 2.5 µm; ppb, parts per billion; ppm, parts per million; 

PA, proximate analysis; QG, quality grade; RAC, ractopamine hydrochloride; REA, ribeye area; 

RPM, rotation per min; SO2, sulfur dioxide; FDA, U.S. Food and Drug Administration; YG, yield 

grade.  
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INTRODUCTION 

By the year 2050, the Food and Agriculture Organization of the United Nations projects 

the world population will grow to 9 billion people and there will be a corresponding 75% increase 

in demand for animal protein (Alexandratos and Bruinsma, 2012). To satisfy increased demands 

for animal protein, it is essential to increase animal production while minimizing resources used 

for production. The US is the current world leader in beef production, producing 17% of the 

world’s beef with 6% of the global herd (UN FAOSTAT, 2018). Efficiencies in the US must be 

mimicked around the world in order to meet the growing global demand for animal protein. With 

increased animal production comes a potential for increases in emissions to land and air which 

pose a threat to the environment. Air emissions of primary concern in animal agriculture (NRC, 

2003) are the greenhouse gasses methane (CH4) and nitrous oxide (N2O) as well as criteria 

pollutants ammonia (NH3) and hydrogen sulfide (H2S). It is critical to monitor and minimize these 

criteria air pollutants when working to improve animal production so as not to have unintended 

effects on nitrogen deposition ending up in waterways and human health concerns.  

The criteria pollutant, NH3, is of particular interest when considering emission reductions 

from beef production. Ammonia is produced when urine combines with feces and the urea in urine 

is rapidly converted by urease in the feces to form NH3, and volatized (Bouwman et al., 1997). 

Cattle retain a portion of nitrogen they consume from feed, but approximately 70 to 90% of 

nitrogen is excreted in the feces and urine (Cole et al., 2008). Ammonia is not only a noxious gas 

but is also a precursor to the formation of ammonium sulfate, ammonium bisulfate, or ammonium 

nitrate which are all classified as PM2.5 (fine particulate matter with aerodynamic diameter of less 

than or equal to 2.5 µm; USEPA, 2004). When these aerosols are inhaled, they can carry pathogens 

that infiltrate the alveoli of the lungs and enter the blood stream (Aneja et al., 2008). Continued 
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exposure can cause illness and respiratory disease especially in people with conditions such as 

asthma (Samet et al., 2000).  

To date, there has been one U.S. Food and Drug Administration (FDA) approved product 

for the reduction of NH3 emissions from beef cattle. Experior (lubabegron; NADA 141-508; 

Elanco Animal Health, Greenfield, IN; Elanco, 2018) is the first Type A medicated article with a 

gas emission label claim indicating a reduction in NH3 emission per unit of live weight (LW) or 

hot carcass weight (HCW) when fed to cattle during the last 14-91 d prior to slaughter (Elanco, 

2018). Experior is a beta-adrenergic agonist (βAA), a class of compounds commonly fed to cattle 

for their ability to increase the accumulation of skeletal muscle protein, improve growth rate and 

feed conversion efficiency (NRC, 1988).  

Beta agonists bind to receptors on fat cells and redirect and reduce the metabolism of fat 

allowing for more protein accretion (NRC, 1988). More nitrogen is utilized during muscle 

accretion which, in theory, will lead to a reduction in N excreted in urine and a subsequent 

reduction in NH3 emissions. Concurrently, βAA bind to receptors on muscle and fat cells and 

repartition nutrients to increase lean muscle tissue and/or increase lipolysis which ultimately 

results in a leaner, more efficient animal.  The reduction in fat deposition and increase in lean 

muscle accretion reduces the energy needed from feed to increase weight gain, thus leading to 

improved feed efficiency in cattle (NRC, 1988; Johnson et al., 2014).  

Ractopamine hydrochloride (RAC), an orally active, β1–adrenergic agonist (β1AA) has a 

similar mode of action to Experior (Elanco, 2018, Johnson et al., 2014). Currently, there are three 

FDA-approved RAC products for beef cattle:  Optaflexx 45 (NADA 141-221; Elanco Animal 

Health, Greenfield, IN), generic Actogain 45 (ANADA 200-548; Zoetis, Parsippany, NJ), and 

generic Optigrid 45 (ANADA 200-679; Huvepharma, St. Joseph, MO).  The current study used 
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generic Actogain 45 (Zoetis) for the RAC treatment. It was hypothesized that RAC would reduce 

NH3 emissions when fed the last 42 d prior to slaughter.   

The objective of the present study was to determine the effect of RAC on gaseous 

emissions, growth performance, and carcass characteristics when fed via complete feed (27.3 

g/907 kg, dry matter (DM) basis) to beef steers fed in confinement during the last 42 d on feed.   

MATERIALS AND METHODS 

Study Location and Standards 

The present study was conducted at the University of California, Davis, Feedlot Teaching 

and Research Facility with the approval of the research protocol number 21405 by the Institutional 

Animal Care and Use Committee (IACUC) and in accordance with the following U.S. standard 

and international guidance: Good Clinical Practice standards, FDA Guidance No. 85 (FDA, 2001). 

Experimental Design, Treatments, and Cattle 

A randomized compete block design was utilized to evaluate the effect of RAC on gaseous 

emissions, growth performance, and carcass characteristics over a 42-d period using 112 Angus 

and crossbred Angus steers (Initial BW = 566.0 ± 10.4 kg) housed in 8 cattle pen enclosures (CPE). 

Fourteen animals were housed in each CPE, and treatment rations were fed once daily. Each CPE 

was randomly assigned to one of two treatments (n = 4): 1) CON; finishing ration containing no 

RAC, 2) RAC; finishing ration containing 27.3 g/907 kg dry matter (DM) basis RAC. Prior to 

study initiation, treatments were randomly assigned a masked color code of either green or red. 

All CPE’s and other related treatment items such as pre-mix containers, Type B mixers, etc. were 

identified with color coded tape (green or red) to ensure masking and to differentiate blinded 

treatments. Emissions measured included: NH3, N2O, CH4, H2S, and carbon dioxide (CO2). The 
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primary response variables assessed were the ratios of these gaseous emissions to final body 

weights or LW and HCW. All personnel involved in daily feeding activities and data collection 

were masked to treatments to prevent any bias during the trial phase. Only two personnel who 

weighed out the pre-mix were unmasked (knew which color represented RAC treatment and which 

color was control). The unmasked personnel were not involved in any other feeding procedure or 

data collection.  

Study Timeline and Body Weight Measurements 

 Steers were sourced by Johnson Research from Boise Valley Feeders in Parma, ID. 

Growth-promoting implants were removed via excision by a veterinarian at Johnson Research 28 

d prior to d 0 (beginning of treatment phase). Steers were transported 901 km from Parma, ID, to 

the UC Davis Feedlot in Davis, CA, on d -15 with arrival on d -14. Steers arrived at the UC Davis 

Feedlot on d -14 where they were weighed, and a veterinarian verified steers were healthy and that 

there were no growth-promoting implants present. Steers were housed in outdoor pens with shade 

during the 14-d acclimation period (d -14 through d -1). Steers were observed daily for any 

abnormal health events. Upon arrival, steers were fed a transition ration top-dressed with wheat 

hay from d -14 to d -11. Steers were then transitioned to a finishing ration on d -10 and fed the 

finishing ration throughout the rest of acclimation and treatment phase (d-1- to d 42; Table 3.1 and 

Table 3.2).  On d -1, BW were recorded and used to randomize steers to their respective CPE. Day 

-1 feed refusals were collected and processed to determine the DMI from the acclimation phase. 

This information was used to determine an appropriate feed call for d 0. A licensed veterinarian 

was present on d -1 to ensure steers were eligible for enrollment which was determined based upon 

body weight, health, and implant status (no implant present and healed ear) which was verified via 

ear palpation by a veterinarian. On d 0, cattle were weighed and moved into their assigned CPE 
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based on the randomization for the duration of the 42-d treatment period. Treatment rations were 

fed starting on d 0 through d 42. Daily feed samples were collected for weekly proximate analysis 

(PA) and RAC concentration analysis. Emission measurements began when cattle entered CPE on 

d 0 and concluded when they were removed on d 42.  

Body weights and feed refusals were collected on d 0, 14, 28, and 42. On each weigh day, 

residual feed was collected from all pens prior to weighing steers. Steers were weighed in the 

morning before feed was administered to pens. An Avery Weigh Tronix 640N (Fairmont, MN) 

chute was used to weigh steers. Prior to weighing steers, the chute was verified within a 2% error 

range using certified check weights for a low end of 181 kg and high end of 680 kg. On d 42, cattle 

were transported 1008 km to Washington Beef LLC (Toppenish, WA) for slaughter and carcass 

data collection. 

Mixer Wagon Validation, Diet Formulation, Feed Mixing, and Feeding 

A mixer wagon validation was conducted on the Roto-Mix feed wagon (Model 274-12B; 

Dodge City, KS) prior to the beginning of the current study to ensure adequate mixing of RAC 

with varying amounts of completed feed resulted in a homogenous ration with the inclusion of 

RAC at appropriate levels. A 227 kg and a 680 kg batch of the RAC ration was mixed and primary 

and backup samples were taken at 10% intervals of the ration being disbursed to be assayed for 

DM and RAC concentration.  To ensure no residual RAC feed remained in the mixer, a 227 kg 

CON batch was mixed after flushing the Roto-mix with water. The CON batch was sampled in the 

same manner as the RAC batches previously discussed and were analyzed for DM and RAC 

concentration. The RAC batches all came back within acceptable ranges for RAC concentration 

and the CON batch showed no signs of carry-over of RAC treatment. 
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Diets were mixed on site daily at the University of California, Davis Feed Mill. The study 

ration composition is represented in Table 3.1 and Table 3.2. The complete diet was mixed for 8 

min, followed by mixing of type B for 3 min. The complete diet was formulated to meet all nutrient 

requirements of growing beef cattle (NRC, 2016).  

 For daily feedings in the CPE, the complete diet was added to the Roto-Mix feed wagon 

according to the daily feed call for each treatment. After masked study personnel made the feed 

calls each morning, they gave the color-coded (CON = green; RAC = red) feed call totals (n = 2, 

CON or RAC) to the unmasked study personnel who then went to a locked room where RAC was 

stored to create the intermediate pre-mix that did or did not contain RAC (CON or RAC).  An 

intermediate premix was created by designated unmasked study personnel daily for RAC and 

CON. The amount of Type A ractopamine hydrochloride (99.9 g/kg RAC, Actogain 45, Zoetis) 

included in the intermediate premix was determined for each treatment based on diet DM, daily 

feed call, and desired dose (CON, RAC = 27.3 g/907 kg DM Basis) and was mixed with 0.45 kg 

of ground corn in a masked color-coded container. To make sure masked personnel were unable 

to discern weight differences, an additional amount of ground corn was added to the CON 0.45 kg 

ground corn premix to match the amount of RAC added to the 0.45 kg ground corn to create the 

intermediate premix. The color-coded intermediate premixes (green or red containing CON or 

RAC) were then given to masked study personnel who then blended the color-coded intermediate 

premixes with the remainder of the ground corn carrier (2% of the batch size, as fed basis) in a 

Ryobi RMX001 mixer (Anderson, SC) for 2 min to create a Type B medicated/non-medicated 

article. For each treatment, the Type B was then added to the complete feed diet and mixed in the 

Roto-Mix feed wagon for 5 min before being fed out to the appropriate CPE by masked study 
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personnel. Order of feed delivery (by treatment) were randomized prior to study start and 

maintained throughout study duration. 

Steers were fed ad libitum throughout the trial. Bunks were assessed daily, and feed calls 

were made with the goal of 4.5 and 9 kg per CPE residual feed to ensure animals had ad libitum 

access to feed.  

 Cattle pen enclosures were fed in the same randomized order every day by masked study 

personnel. The mixer wagon was flushed with water between batches and after the final batch to 

ensure there was no cross contamination between CON and RAC batches. Steers were fed once 

daily at 0700.  

Feed Sampling 

 Starting on d 0, two feed samples, a primary and backup (approximately 2.3 kg each), were 

taken daily from each CPE. Feed samples were factored into the feed consumption data to account 

for the loss of feed. The daily primary feed samples were then mixed into a composite by color-

coded treatment using a Ryobi RMX001 mixer. Samples were mixed for approximately 2 min 

before daily primary and backup composite samples (approximately 2.3 each) kg were taken from 

each treatment with the remainder discarded. At the end of each 7-d period, the 7 backup daily 

composite samples were retained frozen at -20 °C and the 7 primary daily composite samples for 

each treatment were combined and mixed for approximately 2 min before being subsampled to 

obtain three weekly composite samples (approximately 2.3 kg) for each treatment (proximate 

analysis, ractopamine concentration, and backup). One weekly composite feed sample for each 

treatment was sent to Servi-Tech Laboratories (Amarillo, TX) for PA to obtain percent dry matter, 

crude protein, crude fat, crude fiber, total digestible nutrients, and, and ash.  Weekly composite 

feed samples for each treatment were sent to Zoetis (Kalamazoo, MI) to be tested for percent 
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recovery of RAC to ensure drug inclusion was within an acceptable range of the target. The 

permitted analytical variation for RAC samples was 75%-125% of the target concentration 

(Covance Method, 2012) with a coefficient of variation ≤15% between all the samples in a given 

treatment. The control samples were acceptable if at or below the limit of quantification (LOQ; 

≤2.3 g/907 kg or ≤2.5 ppm as-is). If the weekly composite feed sample for RAC percent recovery 

fell outside of the target concentration range, the backup weekly composite sample was then tested 

and if the backup weekly composite failed then the 7 daily composite samples were tested to 

determine the day or days where the issue occurred.  

Feed samples were frozen until shipped for analysis. A temperature log was recorded daily 

to ensure proper storage temperatures for feed samples. Backup samples for both daily and weekly 

composites were retained on-site until results from laboratories were obtained. 

Dry matters data obtained from weekly composite PA were used to establish the dry matter 

composition of the complete feed. Feed refusals were weighed in the morning on each weigh day, 

and a sample was taken from each CPE for DM analysis. This was used to determine the DM 

remaining in the pen which was subtracted from the total DM fed during that period to establish a 

DMI for each period.  

General Health Observations 

 Following arrival to the feedlot facility through harvest, steers were monitored daily until 

the steer was removed from or completed the study, including up to harvest. An abnormal health 

event was considered any observation in a steer that was unfavorable and unintended and occurred 

after the start of treatment, whether or not considered to be product related. Any abnormal health 

event that was observed was recorded and a veterinarian was called to determine treatment until 

the abnormal health event was resolved or the steer was removed from study.  
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Gas Emission Data and Collection 

Each CPE was a 22.0 m × 11.3 m hoop house shaped building with a maximum height of 

6 m. Cattle pen enclosures were constructed with a steel frame (11 m Legend Series Cover-All 

Building, Saskatoon, Saskatchewan, Canada; Fig. 3.1) that was covered with a double stacked 

Dura-Weave cover (Intertape Polymer Group, Montreal, Quebec, Canada). Each CPE contained 

185 m2 of soil surface, simulating a dirt feedlot floor, and 9.1 m of linear bunk space. Each CPE 

was equipped with a 4.88 m x 1.22 m cooling pad on the east side to allow ambient air inflow and 

evaporative cooling. Figure 3.1 shows both the interior of a CPE with cattle present and the exterior 

of the CPE from the entrance side. Two fans with ventilation openings on the west side provided 

air outflow. Fan speed and cooling pad operation were controllable inside the CPE. Fan rotations 

per min (RPM) were monitored constantly by two RPM sensors (Monarch Instruments, Amherst, 

NH) mounted on every fan unit in each CPE. Air flow rates through each CPE were measured 

before the study started. The RPM of each fan and the static differential pressure between inside 

and outside CPE were recorded to monitor the changes in CPE flow rate. Long-term drifts in CPE 

flow rates throughout the 42-d period of the study were less than 4% and the daily changes in CPE 

flow rates were less than 1%. The fans created a negative pressure by venting air out of the corral 

providing directional airflow from east to west in each CPE. 

A TEI 55i Direct Methane Non-Methane Hydrocarbon analyzer (Thermo Environmental 

Instruments, Waltham, MA; the same for all TEI analyzers) was used to measure CH4 and non-

methane total hydrocarbons, TEI 450i measured H2S and sulfur dioxide (SO2).  A TEI 46i 

monitored N2O. A TEI 17i measured nitric oxide (NO), nitrogen dioxide (NO2), and NH3. A TEI 

410i measured CO2.  As a back-up, a photoacoustic field gas-monitor, an INNOVA model 1412 

(INNOVA, AirTech Instruments, Ballerup, Denmark), continuously measured CH4, CO2, NH3, 
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and N2O. Data collected using the INNOVA analyzer were not used as all TEI analyzers performed 

adequately during the study. Gas measurements, in 20 min intervals, were obtained in sequential 

order starting with the inlet, followed by the eight outlet locations of each respective CPE. The 

INNOVA 1412, TEI 55C, TEI 450i, TEI 46i, TEI 17i, and TEI 410i continuously measured gas 

concentrations at 1-min intervals. Detection limits for all analyzers are shown in Table 3.3. 

Although additional gas emission data were measured by the analyzer systems, only NH3, CH4, 

CO2, and H2S were analyzed. Zero check with ultra-zero air and span check with standard 

calibration gases were performed weekly. If any results of the zero and span checks exceeded the 

preset thresholds, the corresponding gas analyzer was calibrated to correct long-term drifts. Only 

TEI 46i that measured N2O gas was calibrated frequently due to its drifting. Since the difference 

between inlet and outlet concentrations were non-detectable for N2O, results of N2O measurements 

are not presented. 

The air sampling equipment and data logging computers were located centrally in an air-

conditioned modular building. For each CPE, 48.8 m of teflon tubing (9.5 mm outer diameter) was 

used to connect the CPE sampling location to the gas analyzers, which were kept in a trailer at or 

below 22.22 °C. Net emissions were calculated as the concentration difference between the air 

outlet and inlet and multiplied by the ventilation rate. Data corresponding to short time 

interruptions in which a CPE was opened for feeding or entry had 5 min truncated after closing for 

calculation of emission fluxes. Data were not excluded for entrance into CPE through the access 

door for health observations as there was a negligible effect on emissions from the opening and 

closing of this door.  

Ambient temperature (°C) and relative humidity (%) were measured continuously (10 min 

intervals) within each CPE using a temperature/humidity transmitter (Dwyer Instruments, Inc., 
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Michigan City, IN).  Meteorological measurements were obtained outside the CPE using an 

automatic weather station (Novalynx, Model 110-WS-16, Auburn, CA), which was centrally 

located at the east end of the CPE.  Outside measures were recorded in 15 min intervals and include 

ambient temperature (°C), black globe temperature, relative humidity (%), and wind velocity 

(m/s). 

This sampling procedure was continuous, resulting in 6-8 sampling periods per day per 

CPE. These sampling periods were averaged by CPE and gas to provide a mean daily emission 

rate. The average daily emission rates were summed by CPE for a particular gas to provide 

cumulative gas emissions for the treatment phase.   

Accumulation of excreta in the CPE began on d 0 when steers were allocated to the 8 CPE. 

Excreta in each CPE was left inside for the duration of a study.   

Emissions Calculations 

Emissions were measured as the ratio of analyte gas volume to total air volume and were 

reported in parts per million (ppm) for CH4, CO2, and N2O, and parts per billion (ppb) for NH3 and 

H2S. To calculate emission rates for each 15-min sampling period, the concentration of analyte gas 

in the sample was converted to g/min using the molar gas volume in the following equation (Eq. 

1): 

Total Flux (
g

min ) = 

(Gas ppm− Incoming ppm) ×  Air Flow m3

min ×  1,000 L
m3  

Vs
L

mol  ×  (Temp °C + 273.15)
273.15 K

 ×  MW g
mol

1,000,000  

where: Gas ppm (or ppb) = gas concentration in the CPE air sample; incoming ppm (or ppb) = gas 

concentration in ambient air; Airflow (m3/min) = airflow rate through the CPE; Vs (L/mol) = molar 

volume of a gas at constant temperature and pressure (Vs (L/mol) = 22.4 at ambient conditions); 
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MW (g/mol); = molecular weight (MW = 16.04 g for CH4, 44.01 g for N2O, 44.01 g for CO2, 34.08 

g for H2S, and 17.03 g for NH3); and temperature (°C) converted to kelvin (K).  

In order to standardize calculated values to g, the denominator was 1,000 times greater for 

variables measured in ppb compared with variables measured in ppm (1 million for ppm, 1 billion 

for ppb).   

The concentration of analyte gas in ambient air was subtracted from the concentration of 

analyte gas in samples from each CPE to adjust for baseline values and supply the net amount 

contributed by the CPE (Eq. 1). The net concentration was multiplied by the CPE airflow rate to 

yield the net emission rate (g/min). The emission rates were then averaged over all sampling 

periods occurring within defined 24-h periods to produce the daily emission rate (g/min) for 

individual gases from a CPE. Finally, daily emissions/steer were determined by multiplying the 

CPE average g/min emission rate by 1,440 min to convert to cumulative daily emissions. 

Cumulative daily emissions/CPE were then divided by the number of cattle present in the CPE on 

that d in order to account for any removals during the treatment phase. The resulting daily emission 

rates (g/steer) were summed over each interim BW measurement period (d, 0 to 14, 0 to 28) and 

over the entire 42-d period to provide cumulative gas emissions, cumulative gas emissions/kg BW, 

and cumulative gas emissions/kg HCW on a per steer basis. 

Slaughter and Carcass Data Collection 

On d 43, steers were shipped (1008 km) from the UC Davis Feedlot in Davis, CA to 

Washington Beef (USDA establishment number: EST. 235) in Toppenish, WA for harvest and 

carcass data collection. Steers were observed for ambulatory status and health by a veterinarian 

prior to shipping and before slaughter. Steers were not fed upon arrival at Washington beef, but 

had ad libitum access to water. Cattle were harvested in accordance with USDA requirements and 
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standard site procedures. Hot carcass weight was recorded on d 43. Kidney, pelvic, and heart fat 

(KPH) were evaluated on hot carcasses (d 43); KPH was removed from hot carcasses; therefore, 

the collection could not be done on a chilled carcass. Personnel from Johnson Research, LLC. 

(Parma, Idaho) and University of California, Davis collected carcass data.   

Chilled carcasses were evaluated on d 44. Ribeye area (REA) was measured at the 12th rib 

interface on blotting paper then traced on a double matted acetate paper while at the harvest facility 

and two trained personnel used a grid to determine the appropriate REA. Fat thickness was 

measured at a point ¾ of the length of the longissimus muscle from the chine bone at the 12th rib. 

Marbling was expressed as a percentage or degree of intramuscular fat deposition converted to a 

standard number score. Scores were reported to the nearest 10 degrees of marbling. Lean and 

skeletal maturity were expressed as a percent or degree of maturity converted to a standard number 

score. Scores were reported to the nearest 10 degrees of maturity. Skeletal maturity and lean 

maturity were compiled for the determination of the overall maturity. Marbling score, overall 

maturity and any associated comments (e.g., dark cutters) were compiled for the determination of 

USDA quality grades. The primary quality grades for beef used for this study were: Prime, Choice, 

Select, and Standard with additional subdivisions of high (+), average (0), and low (-) for improved 

classification of carcass quality. Dressing percent (DP) was calculated from the following: HCW 

divided by the end-of-study individual body weight multiplied by 100, pencil shrink of 4% was 

not applied to the dressing percent. The USDA Yield Grade was calculated from the following 

formula (Eq. 2; USDA, 2005):  

%&'()	+,-)' = 2.5 + [2.5 × 4-5	5ℎ&789'::(7;)] + [0.20 × >?@(%)]

+	 [0.00138 × @EF(8G)] − [0.32 × HIJ(7;!)] 

Statistical Analysis  
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 Randomization of eligible steers to pens and treatments was performed according to a 

randomized complete block design. Blocking was based on d -1 body weights and CPE location. 

There was a total of 8 CPE, which were the experimental unit. All statistical analyses of data 

utilized SAS Release 9.4 (SAS Institute, Cary, NC). Treatment contrasts were assessed using two-

sided tests at the 5% level of significance (P ≤ 0.05), with trends determined at 0.05 < P ≤ 0.10. 

Gas Emissions, average daily gain (ADG), gain to feed ratio (G:F), and average daily feed 

intake were analyzed for each time period using a general linear mixed model (PROC MIXED) 

with the fixed effect of treatment and the random effects of block. Pen averages were computed 

for HCW, USDA calculated yield grade (YG), marbling score, skeletal maturity, lean maturity, 

dressing percent (calculated as 100 x HCW/final individual steer weight), 12th rib fat thickness, 

REA, and KPH. The pen averages were then analyzed using a general linear mixed model (PROC 

MIXED) with the fixed effect of treatment, and random effect of block. The minimum Akaike’s 

Information Corrected Criterion (AICC) was used to determine whether an equal or unequal 

variance for treatment groups was needed (Group = Treatment option). A priori contrasts were 

conducted to compare CON to RAC. For USDA quality grades, the percentage of carcasses that 

graded prime, choice, or select were each analyzed separately using a generalized linear mixed 

model (PROC GLIMMIX) with binomial error distribution and logit link function. The model 

included the fixed effects of treatment and random effects of block. When the generalized linear 

mixed model did not converge, Fisher’s exact test was applied. A priori contrasts were conducted 

to compare CON to RAC. 

RESULTS 

Feed Sampling 
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 Complete feed samples of both CON and RAC treatments were within the acceptable range 

for each week of the study. Each week, CON treatment with a target of 0 g/907 kg (DM basis) 

RAC fell below the LOQ (≤2.3 g/907 kg or ≤2.5 ppm as-is).  The week 5 RAC sample initially 

fell out of the acceptable range; however, after further analysis, the backup weekly composite 

sample and all 7 daily composites fell within the acceptable range. The weekly feed samples for 

RAC were within the acceptable range with a mean recovery of 24.3 ± 2.4 g/907 kg (DM basis) 

RAC of the desired 27.3 g/907 kg (DM basis, Table 3.4).  

Animal Health 

There were three steers treated for foot rot during the study, 1 in CON and 2 in RAC fed 

pens. The CON steer remained in the study after effective treatment while the two RAC steers 

were removed from study upon recommendation of the study veterinarian as symptoms did not 

improve. There was one mortality from bloat during the study in the CON group. One steer in the 

RAC fed group was seen by the study veterinarian for lethargic behavior but recovered the 

following day with no additional symptoms. Data for gas emissions, ADG, G:F, and DMI were 

included for removed and deceased animals until point of removal. There was one exception where 

the body weight data of one steer in the RAC fed group was removed from BW and ADG data due 

to the steer (Steer 32, RAC) being condemned at harvest and diagnosed with sepsis. Blood tests 

and general health exam from study veterinarian came back inconclusive so the steer remained on 

study.  

Gas Emissions 

Ractopamine had no effect (P ≥ 0.503) on cumulative emissions for CH4 and CO2 during 

any of the time periods: d 0 to 14, d 14 to 28, d 0 to 28, d 28 to 42, and d 0 to 42 (Table 3.5). The 

steers fed RAC showed a 14.48% reduction for NH3 for d 14 to 28 (P = 0.046) and 17.21% for d 
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0 to 28 (P = 0.032; Table 3.5) compared with CON. The steers fed RAC tended to reduce NH3 

emissions for d 0 to 14 with a 22.58% reduction (P = 0.066) and d 0 to 42 with an 11.07% reduction 

(P = 0.070; Table 3.5). Hydrogen sulfide in steers fed RAC vs. CON was reduced by 29.49% from 

d 0 to 14 (P = 0.009) and tended to be reduced over d 0 to 28 by 11.14% (P = 0.086; Table 3.5). 

No reductions for H2S in the steers fed RAC vs. CON were found for d 14 to 28, d 28 to 42, or d 

0 to 42.  

 Ractopamine had no effect on cumulative CH4 and CO2 emissions standardized for LW for 

any time period (Table 3.6). Ammonia emissions (NH3) were reduced in RAC compared with 

CON when standardized for LW by 23.88% (P = 0.018) for d 0 to 14, 17.80% for d 0 to 28 (P = 

0.006), and 12.5% (P = 0.027) for d 0 to 42 (Table 3.6). Hydrogen sulfide when standardized for 

LW was reduced in RAC compared with CON by 28.81% from d 0 to 14 (P = 0.008) and showed 

a tendency for a 11.32% reduction from d 0 to 28 (P = 0.090; Table 3.6). No differences (P = 

0.450) were noted for steers fed RAC vs. CON for H2S when standardized for LW from d 0 to 42 

(Table 3.6).  

Cumulative NH3 standardized by HCW were reduced by 14.05% (P = 0.013; Table 3.7) 

for RAC compared to CON. All other cumulative gaseous emissions standardized by HCW were 

not different (P ≥ 0.350) between treatments (Table 3.7).   

Growth Performance and Carcass Characteristics  

 Initial BW were not different (P = 0.770) between treatments for CON and RAC fed steers. 

Steers fed RAC vs. CON weighed 6.19 kg more on d 14 (P = 0.022) and tended to weigh 9.76 kg 

more on d 42 (P = 0.107, Table 3.8). The steers fed RAC vs. CON showed a 0.47 kg/d greater 

ADG from d 0 to 14 (P = 0.017) and a 0.47 kg/d greater ADG from d 28 to 42 (P = 0.034; Table 

3.8). From d 0 to 42 the steers fed RAC vs. CON tended (P = 0.066) to have a 0.24 kg/d greater 
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ADG (Table 3.8). The steers fed RAC vs. CON consumed 4.52% less on a DM basis from d 14 to 

28 (P = 0.031) and tended to consume 4.67% and 4.27% less from d 28 to 42 (P = 0.052) and 0 to 

42 (P = 0.069), respectively (Table 3.8). The steers fed RAC vs. CON increased G:F on a DM 

basis from d 0 to 14 with a 29.87% increase (P = 0.004), d 28 to 42 with a 57.07% increase (P = 

0.033), and d 0 to 42 with a 19.95% increase (P = 0.012; Table 3.8).  

 Kidney, pelvic, and heart fat %, lean maturity, and overall maturity did not differ between 

RAC and CON. The steers fed RAC vs. CON had an average of 12.52 kg greater HCW (P = 0.006; 

Table 3.9). Dressing percent was 1.93 percentage units greater for RAC compared to CON (P = 

0.004; Table 3.9). USDA yield grade was reduced for the steers fed RAC vs. CON (P = 0.035; 

Table 9). Fat thickness and marbling scores tended to be less for the steers fed RAC vs. CON with 

an 8.93% (P = 0.057) and 6.43% (P = 0.060) reduction, respectively (Table 3.9). Ribeye area 

tended to be to be greater by 4.60% for the steers fed RAC vs. CON (P = 0.100, Table 3.9).  

 There were no differences for steers fed RAC vs. CON in the percent of carcasses that 

graded USDA prime, choice, and select (Table 3.10). There was a tendency (P = 0.080) for an 

increased percentage of carcasses that graded USDA Yield Grade 1 for steers fed RAC compared 

with CON (Table 3.11).  There was no difference (P ≥ 0.120) between treatments for the percent 

of carcasses that graded USDA Yield Grade 2, 3, or 4 (Table 3.11).  

DISCUSSION 

 The current study indicated no effect of RAC on the number of adverse health events.  The 

only mortality in the current study was in the CON group. The literature supports results from this 

study as there are few studies indicating that supplementation of RAC affects the number of 

adverse health events. The Freedom of Information Act for the FDA approval of the pioneer RAC 

showed no detrimental animal health effects at the labeled dosage of the product (Elanco, 2003). 
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The generic RAC (Actogain 45, Zoetis) used in this study has the same label as the pioneer product.  

It is unlikely any of the abnormal health events observed during the treatment period were due to 

supplementation with RAC.   

Ammonia is an air and water pollutant contributing to eutrophication, reduced visibility, 

soil acidity, and PM2.5 formation (USEPA, 2004). There are three approaches suggested to 

decrease NH3 loss from cattle: diet manipulation, manure/slurry treatment, and capturing and 

treating emitted gases (Hristov et al., 2011). Because open dirt floored corrals are the most 

common type of facility for feedlots, capturing and treating emitted gases is not a feasible solution. 

The addition of a βAA such as RAC to the cattle ration may be considered to suppress NH3 losses. 

There are very few studies on βAA use to mitigate NH3 emissions. The Freedom of Information 

Act for the FDA approval of lubabegron (Experior) as a method to reduce NH3 emissions from 

feedlot cattle. Lubabegron, similar to RAC, was shown to reduce cumulative NH3 emissions by 

11.86% at a dose of 5 g/907 kg and showed a 15.94% reduction in g NH3/kg HCW from the 

lubabegron treated group compared to the control group over a 91-d test period (Elanco, 2018). 

The results reported for feeding lubabegron for reduction in cumulative NH3 emissions and for 

NH3 emissions standardized by HCW were similar to the reductions observed in the present study, 

however, lubabegron can be fed for a longer period of time than RAC labeled usage of 42 days 

(Elanco, 2018). Stackhouse-Lawson et al. (2013) reported a reduction in NH3 emissions per kg of 

HCW for cattle supplemented with a combination of monensin, tylosin phosphate, growth 

implants, and zilpaterol hydrochloride compared with control cattle, which were not supplemented 

with any additive or technology. A life cycle assessment conducted by Stackhouse-Lawson et al. 

(2012) modeled a 6% NH3 reduction from Angus cattle treated with a β2- adrenergic agonist 
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(β2AA; Zilpaterol, Merck Animal Health, Madison, NJ) compared to Angus cattle with no 

supplementation.  

Beta agonists have been well studied for their ability to improve finishing cattle 

performance, particularly in regard to weight gain and increased carcass yields. In general, animals 

that reach slaughter weight at a faster rate, spend less time on feed and produce less emissions 

overall. A meta-analysis looking at performance characteristics of feedlot cattle supplemented with 

βAA found that on average cattle supplemented with RAC had about 8 kg increase in BW, a 0.19 

kg/d increase in ADG, and no substantial difference in DMI compared with cattle not 

supplemented with RAC (Lean et al., 2014). Strydom et al. (2009) saw a 23.81% increase in ADG 

with Bonsmara steers fed RAC at a rate of 30 ppm in feed for the last 30 d of finishing compared 

with the control group; however, ADG, DMI, and dressing % were similar. Abney et al. (2007) 

reported a 14.8% greater increase in ADG when RAC was fed for 35 d compared with 28 d, but 

similar ADG were seen from cattle supplemented for 35 d and 42 d. The results seen by Abney et 

al. (2007) suggests that a plateau is eventually reached as perhaps there is desensitization of the 

βAA receptors (Johnson et al., 2014).   

Spiehs et al. (2015) found that steers fed a protein rich diet and supplemented with 

zilpaterol hydrochloride at a rate of 84 mg-1 animal-1 d-1 had approximately a 24% lower flux of 

H2S emission from feces compared with CON animals. The suggested mechanism for βAA ability 

to reduce H2S emissions was the improved efficiency of the animal in feed to gain conversions 

(Spiehs et al., 2015). This corresponds to what was seen in the current study, during the first 14 

days there was a greater ADG and lower H2S in the RAC supplemented group vs. CON. However, 

as the study progressed, the ADG response was decreased compared with the first 14 d and the 

significant reduction in H2S was no longer seen. When inhaled at high levels H2S can cause oxygen 



 

 102 

deprivation and can be fatal to both animals and humans (Gerasimon et al., 2007). Fatalities 

associated with H2S inhalation most commonly occur in confined animal housing situations where 

manure is stored in an anaerobic system such as a manure storage pit (Mitloehner and Calvo, 

2008). While H2S is of a smaller concern for human and animal health in outdoor dirt feedlots, the 

potential for RAC to reduce H2S could be more beneficial in areas such as the Midwest in the U.S. 

where cattle are fed on slats indoors with manure storage pits below the animals in the barn. 

Overall RAC shows great potential for mitigating NH3 and improving steer performance 

and efficiency. Given that livestock are one of the largest contributors of NH3 emissions in the 

U.S., comprising 50% of the total NH3 from terrestrial systems (NRC, 2003), RAC could play a 

major role in reducing the environmental footprint of beef cattle in feedlots.  

CONCLUSION 

 As the agricultural sector continues to strive to create a more sustainable food system, it is 

important to consider how to maximize production, reduce the environmental impact of 

production, and provide safe and affordable nutrition to consumers. Ractopamine did not have an 

effect on CH4, N2O, or CO2; however, it shows potential for reducing H2S emissions which should 

be studied further. Ractopamine is a potential tool to reduce NH3 emissions and to improve beef 

cattle performance.  

Funding: This study was funded by Zoetis, Inc. (Kalamazoo, MI). 

Acknowledgments: We kindly thank: The University of California, Davis Feedlot and Feed Mill 

managers, Don Harper and David Gall for their assistance in daily activities and preparation of 

cattle diets. The authors would also like to thank all of the undergraduate interns that assisted in 

daily study tasks. 



 

 103 

Conflicts of Interest: Jase. J. Ball, Patrick. C. Taube, and Todd. R. Meinert are currently 

employed by Zoetis, Inc. which provided research funding and product to the University of 

California, Davis for this project. The other authors declare no conflict of interest. 

 



 

 104 

WORKS CITED 

Abney, C. S., J. T. Vasconcelos, J. P. McMeniman, S. A. Keyser, K. R. Wilson, G. J. Vogel, and 

M. L. Galyean. 2007. Effects of ractopamine hydrochloride on performance, rate and 

variation in feed intake, and acid-base balance in feedlot cattle. J. Anim. Sci. 85: 3090-3098. 

doi: https://doi.org/10.2527/jas.2007-0263 

Alexandratos, N. and J. Bruinsma. 2012. World agriculture towards 2030/2050: the 2012 revision. 

ESA Working paper No. 12-03. Rome, FAO. doi: 10.22004/ag.econ.288998 

Aneja, V. P., J. Blunden, K. James, W. H. Schlesinger, R. Knighton, W. Gilliam, G. Jennings, D. 

Niyogi, and S. Cole. 2008. Ammonia assessment from agriculture: US status and needs. J. 

Environ. Qual. 37:515-520. doi: https://doi.org/10.2134/jeq2007.0002in 

Bouwman, A., D. Lee, W. Asman, F. Dentener, K. Van Der Hoek, and J. Olivier. 1997. A global 

high‐resolution emission inventory for ammonia. Global Biogeochem. Cycles. 11:561-587. 

doi: https://doi.org/10.1029/97GB02266 

Cole, N.A, R. Todd, B. Auvermann, and D. Parker. 2008. Auditing and Assessing Air Quality in 

Concentrated Feeding Operations. Prof. Anim. Sci. 24: 1–22. doi: 

https://doi.org/10.15232/S1080-7446(15)30804-4 

Covance Method MP-PRAC-MA, “Determination of Ractopamine HCl in Type B and C 

Medicated Cattle and Swine Feed”, Revision #2, Effective Date: February 1, 2012. 

Elanco U.S. Inc. 2018. Freedom of Information Act. For reduction of ammonia gas emissions per 

pound of live weight and hot carcass weight in beef steers and heifers fed in confinement for 

slaughter during the last 14 to 91 d on feed. 



 

 105 

https://animaldrugsatfda.fda.gov/adafda/app/search/public/document/downloadFoi/5005. 

(Accessed 16 June 2020.)  

Elanco U.S. Inc. 2003. Freedom of Information Act. For increased rate of weight gain, improved 

feed efficiency, and increased carcass leanness in cattle fed in confinement for slaughter 

during the last 28 to 42 days on feed. 

https://animaldrugsatfda.fda.gov/adafda/app/search/public/document/downloadFoi/754. 

(Accessed 19 April 2021.) 

Food and Drug Administration (FDA) Center for Veterinary Medicine. 2001. Guidance for 

Industry 85, Good Clinical Practices (VICH GL9). 

https://www.fda.gov/media/70333/download. (Accessed 1 December 2019.)  

Gerasimon, G. S. Bennett, J. Musser, and J. Rinard. 2007. Acute hydrogen sulfide poisoning in a 

dairy farmer. Clin. Toxicol. 45:420-423. doi: https://doi.org/10.1080/15563650601118010 

Hristov, A.N., M. Hanigan, A. Cole, R. Todd, T.A. McAllister, P.M. Ndegwa, and A. Rotz. 2011. 

Review: Ammonia emissions from dairy farms and beef feedlots. Can. J. Anim. Sci. 91: 1-

35. doi: https://doi.org/10.4141/CJAS10034 

Johnson, B.J., S.B. Smith, and K.Y. Chung. 2014. Historical overview of the effect of β-adrenergic 

agonists on beef cattle production. Asian-Australas. J. Anim. Sci. 27: 757. 

doi:10.5713/ajas.2012.12524 

Lean, I.J., J.M. Thompson, and F.R. Dunshea. 2014. A meta-analysis of zilpaterol and ractopamine 

effects on feedlot performance, carcass traits and shear strength of meat in cattle. PloS 

ONE, 9: 115904. doi: https://doi.org/10.1371/journal.pone.0115904 



 

 106 

Mitloehner, F.M. and M.S. Calvo. 2008. Worker health and safety in concentrated animal feeding 

operations. J. Agric. Saf. Health. 14:163-187. doi: 10.13031/2013.24349 

NRC. 1988. US Committee on Technological Options to Improve the Nutritional Attributes of 

Animal Products. Designing Foods: Animal Product Option in the Marketplace. Effects of 

Beta-Adrenergic Agonists on Growth and Carcass Characteristics of Animals. Natl. Acad. 

Press, Washington, DC. 

NRC. 2003. Air emissions from animal feeding operations: Current knowledge, future needs. The 

National Academies Press, Washington, DC. https://www.nap.edu/catalog/10586/air-

emissions-from-animal-feeding-operations-current-knowledge-future-needs. (Accessed 20 

April 2020.) 

NRC. 2016. Nutrient Requirements of Beef Cattle: Eighth Revised Edition, National Academy 

Press. Washington, D.C.  

Samet, J. M., F. Dominici, F. C. Curriero, I. Coursac, and S. L. Zeger. 2000. Fine particulate air 

pollution and mortality in 20 US cities, 1987–1994. N. Engl. J. Med. 343:1742-1749. doi: 

10.1056/NEJM200012143432401 

Spiehs, M.J., K.E. Hales, and B. L. Woodbury. 2015. Use of zilpaterol hydrochloride to reduce 

odor and gas production from the feedlot surfaces when beef cattle are fed diets with and 

without ethanol byproducts. ASABE. New Orleans, LA. p. 1-6. 

Stackhouse-Lawson, K.R., C.A. Rotz, J.W. Oltjen, and F.M. Mitloehner. 2012. Carbon footprint 

and ammonia emissions of California beef production systems. J. Anim. Sci. 90: 4641-4655. 

doi: https://doi.org/10.2527/jas.2011-4653 



 

 107 

Stackhouse-Lawson, K.R., M.S. Calvo, S.E. Place, T.L. Armitage, Y. Pan, Y. Zhao, and F. M. 

Mitloehner. 2013. Growth promoting technologies reduce greenhouse gas, alcohol, and 

ammonia emissions from feedlot cattle. J. Anim. Sci. 91: 5438-5447. doi: 

https://doi.org/10.2527/jas.2011-4885 

Strydom, P.E., Frylinck, L., Montgomery, J.L. and Smith, M.F., 2009. The comparison of three β-

agonists for growth performance, carcass characteristics and meat quality of feedlot 

cattle. Meat Science, 81(3), pp.557-564. doi: https://doi.org/10.1016/j.meatsci.2008.10.011 

UN FAOSTAT database. 2018. http://www.fao.org/faostat/en/#home (Accessed 15 March 2020.) 

USDA. 2005. Procedures for Approval and Use of Vision Based Instrument Systems for Beef 

Carcass Yield Grade Measurement Livestock and Seed Program. Agricultural Marketing 

Service. https://www.ams.usda.gov/sites/default/files/media/YieldGradeStandard2005.pdf 

(Accessed 25 February 2020.) 

USEPA. 2004. National emission inventory: Ammonia emissions from animal husbandry 

operations. USEPA, Washington, DC. 

https://www3.epa.gov/ttnchie1/ap42/ch09/related/nh3inventorydraft_jan2004.pdf (Accessed 

13 August 2020.) 



 

 108 

 

Table 3.1. Ingredient composition of study ration on an as-fed basis (%). 

Ingredient1 Ration 

Dry Rolled Corn, % 76.88 
Molasses, %  7.39 
Wheat Hay, % 12.07 
Limestone, %  1.57 
Urea, %  1.6  
Magnesium, % 0.17 
Trace Mineral Salt2, % 0.32 
1A ground corn carrier including a 0.45 kg intermediate premix with or without ractopamine 
was included at 2% (as fed basis) while the remaining 98% (as fed basis) consisted of the 
finisher ration.  
2Contains: salt (96.175%), manganous oxide (1.666%, 9996.156 mg/kg), vegetable oil (1%), 
zinc oxide (0.8335%, 6001.291 mg/kg), copper sulfate (0.16%, 407.194 mg/kg), ethylene 
diamine dihydroiodide (0.0255%), sodium selenite (0.1475%, 22.123 mg/kg), and 202.728 
mg/kg iodine (A. L. Gilbert Company, Oakdale, CA). 



 

 109 

 

Table 3.2. Analyzed chemical composition of study ration on a dry matter basis.  

Ingredient Ration 

Dry Matter, % 82.0 ± 1.2 

Crude Protein, % 12.2 ± 0.8  

Crude Fiber, % 10.7 ± 3.8  

TDN, % 80.9 ± 6.8  

Crude Fat, % 2.58 ± 0.36 

Ash, % 4.70 ± 0.32 

DE1, Mcal/kg 3.57 ± 0.31 

ME2, Mcal/kg 2.93 ± 0.24 
NEm3, Mcal/kg 1.96 ± 0.20 

NEg4, Mcal/kg  1.32 ± 0.18 
1Digestible energy. 
2Metabolizable energy. 
3Net energy for maintenance. 
4Net energy for gain. 



 

 110 

 

Table 3.3. Gas analyzers and their respective detection limits and detection ranges. 

Gas Analyzer Gases Detection limits Detection ranges 

TEI 55i Direct Methane   
Non-Methane Hydrocarbon analyzer CH4 0.033 ug/L 0-67 ug/L 
TEI 410i CO2 Gas Analyzer CO2 0.37 ug/L 0-1.83 mg/L 

TEI 450i SO2/H2S analyzer  
SO2 0.004 ug/L 0-27 ug/L 
H2S 0.002 ug/L 0-14 ug/L 

TEI 46i N2O analyzer  N2O 0.037 ug/L 0-37 ug/L 
TEI 17i NH3 analyzer NH3 0.001 ug/L 0-14 ug/L 

Innova 1412 photo-acoustic multi-gas 
analyzer 

CO2 2.7 ug/L 0-27 mg/L 
CH4 0.27 ug/L 0-2.7 mg/L 
NH3 0.71 ug/L 0-7.1 mg/L 
N2O 0.055 ug/L 0-0.55 mg/L 
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Table 3.4. Summary of the percent ractopamine hydrochloride recovery of each treatment. 

 Treatment1 
Item  CON RAC 
Target, g/907 kg (100% dry matter) 0 27.3 
Actual, g/907 kg (100% dry matter) <LOQ2 24.3 ± 2.4 
Mean Actual Recovery3, % <LOQ 89.0 ± 9.0 
1Treatments: CON = finishing ration containing 0 g/907 kg RAC dry matter basis (Control); 
RAC = finishing ration containing 27.3 g/907 kg RAC dry matter basis (Ractopamine). 
2Limit of quantification. 
3Acceptable range = 75 to 125%. 
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Table 3.5. Effect of feeding ractopamine to steers for 42 d on cumulative gas emissions per head. 

 Treatment1   
 CON RAC  SEM2 P-value 

NH3, g/steer     
d 0 to 14 869.36 673.04 50.50 0.066 
d 14 to 28 1708.35 1460.93 58.65 0.046 
d 0 to 28 2577.70 2133.98 89.42 0.032 
d 28 to 42 2262.11 2170.24 85.82 0.440 
d 0 to 42 4839.82 4304.22 164.32 0.070 

CH4, g/steer     
d 0 to 14 4476.68 4277.25 290.65 0.645 
d 14 to 28 5023.71 4930.17 363.40 0.862 
d 0 to 28 9500.39 9207.42 644.38 0.759 
d 28 to 42 5007.24 5154.68 368.09 0.787 
d 0 to 42 14507.63 14362.10 983.24 0.920 

CO2, kg/steer     
d 0 to 14 235.14 230.63 11.93 0.798 
d 14 to 28 292.96 287.04 16.01 0.803 
d 0 to 28 528.10 517.67 27.83 0.800 
d 28 to 42 299.72 300.33 18.56 0.981 
d 0 to 42 827.82 818.00 45.69 0.884 

H2S, g/steer     
d 0 to 14 0.78 0.55 0.07 0.009 
d 14 to 28 2.81 2.64 0.22 0.440 
d 0 to 28 3.59 3.19 0.25 0.086 
d 28 to 42 5.74 5.57 0.48 0.803 
d 0 to 42 9.33 8.76 0.70 0.517 

1Treatments: CON = finishing ration containing no RAC (Control); RAC = finishing ration 
containing 27.3 g/907 kg RAC dry matter basis (Ractopamine). 
2Standard error of the mean. 
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Table 3.6. Effect of ractopamine on cumulative gas emissions per unit of live weight (LW) in 
beef cattle. 

 Treatment1   
  CON RAC SEM2 P-value 
NH3, g/kg LW     

d 0 to 14 1.48 1.12 0.07 0.018 
d 0 to 28 4.21 3.46 0.13 0.006 
d 0 to 42 7.76 6.79 0.24 0.027 
CH4, g/kg LW     

d 0 to 14 7.56 7.12 0.49 0.533 
d 0 to 28 15.55 14.91 1.06 0.686 
d 0 to 42 23.31 22.60 1.57 0.759 
CO2, kg/kg LW     

d 0 to 14 0.40 0.37 0.02 0.626 
d 0 to 28 0.86 0.84 0.04 0.687 
d 0 to 42 1.32 1.28 0.07 0.676 
H2S, g/kg LW     

d 0 to 14 0.00130 0.00093 0.0002 0.008 
d 0 to 28 0.00584 0.00518 0.0004 0.090 
d 0 to 42 0.01493 0.01383 0.0011 0.447 
1Treatments: CON = finishing ration containing no RAC (Control); RAC = finishing ration 
containing 27.3 g/907 kg RAC dry matter basis (Ractopamine). 
2Standard error of the mean. 
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Table 3.7. Effect of ractopamine on cumulative gas emissions per unit of hot carcass weight 
(HCW) in beef cattle. 

 Treatment1   
 CON RAC SEM2 P-value 
NH3, g/kg HCW 13.19 11.33 0.37 0.013 
CH4, g/kg HCW 39.62 37.71 4.37 0.626 
CO2, kg/kg HCW 2.25 2.14 0.11 0.503 
H2S, g/kg HCW 0.025 0.023 0.002 0.348 
1Treatments: CON = finishing ration containing no RAC (Control); RAC = finishing ration 
containing 27.3 g/907 kg RAC dry matter basis (Ractopamine). 
2Standard error of the mean. 
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Table 3.8. Effect of ractopamine on the growth performance and feed intake (dry matter basis) 
of feedlot beef cattle. 

 Treatment1   
Item CON RAC SEM2 P-value 

Body Weight, kg     

d 0 566.20 565.78 10.43 0.767 
d 14 592.55 598.74 10.26 0.022 
d 28 612.55 615.87 9.82 0.302 
d 42 624.31 634.07 10.17 0.107 
Average Daily Gain, kg/d     

d 0 to 14 1.88 2.35 0.10 0.017 
d 14 to 28 1.44 1.22 0.15 0.255 
d 28 to 42 0.84 1.31 0.12 0.034 
d 0 to 42 1.39 1.63 0.08 0.066 
Dry Matter Intake, kg/d     

d 0 to 14 10.99 10.59 0.17 0.142 
d 14 to 28 10.94 10.44 0.13 0.031 
d 28 to 42 10.59 10.10 0.19 0.052 
d 0 to 42 10.84 10.38 0.15 0.069 
Gain to Feed, dry matter 
basis 

    

d 0 to 14 0.1711 0.2222 0.008 0.004 
d 14 to 28 0.1316 0.1116 0.014 0.167 
d 28 to 42 0.0792 0.1244 0.012 0.033 
d 0 to 42 0.1283 0.1539 0.007 0.012 
1Treatments: CON = finishing ration containing no RAC (Control); RAC = finishing ration 
containing 27.3 g/907 kg RAC dry matter basis (Ractopamine). 
2Standard error of the mean. 
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Effect of ractopamine on quantitative carcass data of feedlot beef cattle.  

 Treatment1   
Item CON RAC SEM2 P-value 

Hot Carcass Weight, kg 367.21 379.73 6.58 0.006 
Dressing Percent, % 54.82 55.88 0.16 0.004 
USDA Yield Grade 2.86 2.64 0.05 0.035 
Fat Thickness, cm 1.42 0.51 0.01 0.057 
Ribeye Area, cm2 89.74 93.87 1.68 0.100 
KPH3, % 1.70 1.67 0.07 0.717 
Skeletal Maturity4  151.65 146.42 1.02 0.011 
Lean Maturity4  142.94 145.96 1.37 0.170 
Overall Maturity4 147.29 146.19 1.03 0.480 
Marbling Score5 560.07 524.04 11.00 0.060 
1Treatments: CON = finishing ration containing no RAC (Control); RAC = finishing ration 
containing 27.3 g/907 kg RAC dry matter basis (Ractopamine). 
2Standard error of the mean. 
3Kidney, pelvic, and heart fat. 
4The following are skeletal, lean, and overall maturity description with corresponding 
numerical scores: E = 500-599; D = 400-499; C = 300-399; B = 200-299; A = 100-199. 
5The following are marbling descriptions with corresponding numerical scores: Very abundant 
(VAB) = 1000-1099; Abundant (AB) = 900-999; Moderately abundant (MAB) = 800-899; 
Slightly abundant (SLAB) = 700-799; Moderate (MD) = 600-699; Modest (MT) = 500-599; 
Small (SM) = 400-499; Slight (SL) = 300-399; Traces (TR) = 200-299; Practically devoid 
(PD) = 100-199.  
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Table 3.10. Effect of ractopamine on USDA quality grade of feedlot beef cattle. 

 Treatment1  
Item CON RAC P-value 

USDA Quality Grade, %    

Prime 3.64 0.00 0.496 
Choice  94.54 86.80 0.273 
Select 1.82 13.20 0.148 
1Treatments: CON = finishing ration containing no RAC (Control); RAC = finishing ration 
containing 27.3 g/907 kg RAC dry matter basis (Ractopamine).  
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Table 3.11. Effect of ractopamine on frequency distribution of USDA Yield Grade in feedlot 
beef cattle. 

 Treatment1  

Item Control RAC P-value 
USDA Yield Grade, %    

1 1.8 11.3 0.082 
2 58.2 64.2 0.527 
3 36.4 22.6 0.124 
4 3.6 1.9 0.588 

1Treatments: CON = finishing ration containing no RAC (Control); RAC = finishing ration 
containing 27.3 g/907 kg RAC dry matter basis (Ractopamine). 
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Figure 3.1A 
 

 
 

Figure 3.1B 
 

 

 

Figure 3.1. Interior and exterior of cattle pen enclosures (CPE).
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ABSTRACT 

Biochar is a byproduct created through different processes that carbonize organic waste 

resulting in biogas (CH4) for fuel. Various forms of biochar can bind nitrogenous compounds and 

this study aimed to determine if pistachio shell biochar created through the gasification process 

could be used to reduce gaseous ammonia (NH3) emissions from high nitrogenous containing 

liquid such as anaerobic digester effluent. A completely randomized block design was used in 

which treatment was applied to 6 barrels (n = 6) containing 75.71 L of liquid effluent. Treatments 

included a high dose of 4% biochar (HB; 40 g/L), a low dose 1% biochar (LB 10 g/L), and a control 

containing no biochar (CON). Ammonia, methane (CH4), carbon dioxide (CO2), and nitrous oxide 

(N2O) were measured utilizing 6 flux chambers, which were applied to a block of 6 barrels every 

3 days. Gas sampling occurred for 24 h over a 31-d period, resulting in 11 sample days for each 

block of barrels. Effluent was measured for pH, temperature, and oxidation reduction potential 

(ORP) daily and effluent samples were collected on d 1, 16, and 31 to be analyzed for percent 

solids, moisture, total nitrogen, ammonia nitrogen, nitrite/nitrate, organic nitrogen, and total 

Kjeldahl nitrogen. Biochar treatment resulted in a reduction of pH from the CON treatment at 7.83 

to 7.66 and 7.61 for LB and HB respectively (P < 0.001). An increase in ORP was seen from -46.3 

mV to -36.8 mV and 33.7 mV for CON vs. LB and HB respectively (P < 0.001). All treatments 

were similar for total gaseous emissions, percent solids, and nitrogen parameters. Further research 

should be conducted on other forms of biochar for potential NH3 reduction in anaerobic digester 

effluent as different processes and biomass sources can alter the binding ability of biochar.  

 

Key words: Pistachio biochar, anaerobic digester, effluent, ammonia emissions, greenhouse gas 

emissions 
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Abbreviations: NH3-N, ammonia nitrogen; NH3, ammonia; NH4+, ammonium; AD, anaerobic 

digesters; C, carbon; CO2, carbon dioxide; CPE, cattle pen enclosure; GHG, greenhouse gas; 

LSM, least squares means; CH4, methane; N, nitrogen; N2O, nitrous oxide; PM2.5, particles with 

aerodynamic diameter less than or equal to 2.5 µm; Org-N, organic nitrogen; ORP, oxidation 

reduction potential; SD, standard deviation; TAN, total ammoniacal nitrogen; Tot-N, total 

nitrogen; TS, total solids; READ, UC Davis Renewable Energy Anaerobic Digester. 
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INTRODUCTION 

 Anaerobic digesters (AD) utilize microorganisms to ferment biodegradable waste material, 

such as manure or food waste, into biogas (methane; CH4), which can be used as a fuel source. 

The benefits of AD include odor reduction, greenhouse gas (GHG) mitigation, reduced pathogen 

load, diversion of waste from landfills, and fuel production in the form of biogas (Harrison and 

Ndegwa, 2020). Anaerobic digesters can be designed as covered concrete- or earthen lagoons, or 

stainless-steel tanks. Tanks are more common if the organic waste is a higher solids content as it 

is easier to manage and clean out solids in a tank system compared with a covered lagoon. Covered 

lagoons typically require a larger footprint than tank AD; however, AD are more commonly used 

in dairy manure management applications as lagoons are already present and the waste stream 

tends to be low solids due to dairy freestall barns being flushed with water for cleaning (England, 

2014).  

 California has increased the amount of AD particularly for dairy waste management as 

Senate Bill 1383 directs a 40 % reduction of manure methane emissions from 2013 levels by 2030. 

195 million dollars in Cap-and-Trade funds were committed by Assembly Bill 1613 in 2016/2017 

to help achieve this CH4 reduction goal and the primary target was increasing the number of dairies 

utilizing AD and developing biogas pipeline interconnections for dairy clusters for more efficient 

use of biogas as a fuel source (AB 1613, 2016).  

 A potential unintended consequence of utilizing AD is the digestate, or liquid effluent that 

is the product of fermentation, releasing high levels of ammonia (NH3). During the anaerobic 

digestion process, organic nitrogen (N) from proteins, amino acids, and urea are reduced to total 

ammoniacal nitrogen (TAN), which is comprised of ammonium (NH4+) and NH3 (Bernet et al., 

2000). While having a high TAN concentration makes the digestate a good liquid fertilizer for 
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crop application, it is also highly volatile and will produce NH3 emissions (Harrison and Ndegwa, 

2020).  

 Biochar is the solid material obtained from the carbonization of biomass (i.e. organic 

waste) through processes of pyrolysis, gasification, or hydrothermal carbonization (IBI, 2018). 

The absorption and porosity properties of biochar vary depending on the biomass it was produced 

from, and the process used to create it. There have been varying results on biochar’s ability to 

absorb ammonium from aqueous solutions. Biochar from cacao shell and corn cob effectively 

adsorbed ammonium-N20 (Hale et al., 2013), while others found little to no nitrogen or ammonium 

adsorption from various forms of biochar (Hollister et al., 2013; Yao et al., 2012).  

 The present study used a biochar made through the gasification process of pistachio shell 

produced from VGRID Energy’s portable M100 Bioserver. The gasification process uses 

temperatures approaching 1200 ºC where the biomass is gasified to produce syngas, bio-oil, and 

biochar. The study objective was to determine if pistachio shell biochar could reduce NH3 

emissions from anaerobic digester effluent. It was hypothesized that the addition of pistachio shell 

biochar to anaerobic digester effluent would reduce NH3 emissions either through adsorption of 

ammonium in solution and/or creating a physical barrier of biochar above the effluent. 

MATERIALS AND METHODS 

Study Location 

This study was conducted inside a cattle pen enclosure (CPE) at the University of 

California Davis Feedlot. The CPE ensured a controlled environment for the experimental setup.  

Experimental Design 
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A completely randomized block design was used to determine the effects of pistachio shell 

biochar on NH3, CH4, carbon dioxide (CO2), and nitrous oxide (N2O) emissions from anaerobic 

digester liquid effluent. Treatments included a high dose of 4% biochar (HB; 40 g/L), a low dose 

1% biochar (LB, 10 g/L), and an untreated control (CON). The experimental unit was the barrel, 

to which the individual treatment was applied to. Proximate, ultimate, and micronutrient analysis 

of pistachio shell biochar is reported in tables 4.1, 4.2, and 4.3 respectively and was conducted by 

Wyoming Analytical Laboratories, Inc (Laramie, WY, USA). Each treatment was applied to 6 

barrels (n=6), which were sampled over 31 days. Barrels were blocked by start of treatment with 

6 barrels per day for three days (block = 3) having effluent and treatment applied and gaseous 

emissions sampled with flux chambers. Gas sampling and start date was staggered to allow for the 

increased number of replicates with six barrels (2 for each of the three treatments) starting on 

subsequent days. Barrels were affixed with flux chambers during sampling days. With a total of 6 

flux chambers and 18 barrels total, each set of 6 barrels was sampled every 3 days for 24 hours 

resulting in 11 days of gas collection during the 31-day study period. 

 

Effluent Collection and Experimental Setup 

 Anaerobic digester effluent was collected from the UC Davis Renewable Energy 

Anaerobic Digester (READ) and transferred to the UC Davis Feedlot. The UC Davis READ is a 

stainless-steel tank, high solids system that can process 50 tons of organic waste daily. Effluent 

was weighed out and equally distributed into 208 L (55 gallon) open top steel barrels with a height 

of 0.88m and diameter of 0.565 m (Uline, Pleasant Prairie, WI). These barrels were housed in a 

covered CPE measuring 22 m by 11 m with an open roll up door and fans to allow for constant 

flow of air from outside (Fig 4.1). Average temperatures and relative humidity of the CPE were 
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recorded by a temperature/humidity transmitter (RHP-2D22-LCD; Dwyer; Michigan City, IN, 

USA).  

 A total of 75.71 L (20 gallons) of the liquid effluent were allotted to each sampling barrel. 

Effluent was weighed using a check weighted and calibrated scale with an accuracy of ±2% (Ishida 

IGX-150; Kyoto, Japan). Biochar treatment was weighed out using a gram scale (EQ-3000; Rice 

Lake Weighing Systems; Rice Lake, WI, USA). Treatment was added to randomized barrels and 

each drum was mixed for approximately 1 min with a paint mixer attached to a drill, including the 

CON. Biochar was added directly to the digester effluent in a powdered form. The LB and HB 

treatments had 757.1 and 3028.4 g of Biochar added to each barrel respectively. The biochar 

treatment was not soluble and created a floating layer between 1 and 4 inches at the beginning of 

the study on top of the effluent after being mixed in. During the 31-d trial the biochar layer was 

reduced, with some of the biochar sinking to the bottom of the barrels. Particles of sunken biochar 

could be seen at the end of the trial when barrels were cleaned.  

 Barrels were covered with plywood sheets containing a 0.381 m diameter hole in the center, 

which OdoFlux chambers (Odotech Inc. Montreal, Quebec, Canada) were placed on top of to allow 

for continuous emissions sampling. The flux chambers are constructed from acrylic resin and have 

a volume of 64.5 L. Flux chambers consist of a circular base with a domed top and small hole to 

allow for the chamber to remain at constant pressure. Barrels that were not being sampled were 

covered with a loose-fitting lid to prevent any debris from entering the barrels but still allowed for 

air flow.  

Effluent Sampling 

Effluent was sampled at collection from the AD and from all barrels on respective sampling 

days 1, 16, and 31 between 0800 and 0900 h for a wet chemistry analysis to obtain percent solids, 
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moisture, total nitrogen, ammonia nitrogen, nitrite/nitrate, organic nitrogen, and total Kjeldahl 

nitrogen. Temperature, pH, and oxidation reduction potential (ORP) measurements were collected 

using a P100 model pH/mV meter (Cole Parmer, Vernon Hills, IL, USA) for all barrels daily 

during transition of flux chambers as to not disrupt emissions sampling.  

A total of 500 ml was collected from each barrel on each sampling day. Samples collected 

on day 1 were taken while biochar was being incorporated into the effluent. Samples collected on 

days 16 and 31 were taken using a turkey baster to minimize disturbance of the Biochar layer on 

top of the effluent. Due to the sampling bias where day 1 samples contained biochar treatment 

mixed with the effluent and days 16 and 31 samples that were taken with turkey baster to minimize 

biochar treatment in the effluent samples only day 16 and 31 samples were analyzed for 

comparison. Samples were delivered fresh on the day of sampling to Denele Analytical Inc. 

(Woodland, CA, USA) for chemical analysis.  

Emissions Sampling with Flux Chambers 

Teflon sampling tubes were attached to the top of the flux chamber for air sample 

extraction. The sampling tubes were connected to a mobile agricultural air quality laboratory 

where samples were distributed for individual gas analysis. The mobile agricultural air quality lab 

housed gas analyzers and all related computer equipment. Continuous sampling of each flux 

chamber occurred for a 20 min period for each flux chamber followed by a 20 min ambient air 

sample. Air sampling continued for a 5-week period to allow for a 31-day collection period. 

 Air samples were analyzed for CO2, CH4, N2O, and NH3 by an INNOVA 1412 photo-

acoustic multi-gas analyzer (LumaSense Technologies Inc., Ballerup, Denmark). The INNOVA 

was factory calibrated prior to start of the experiment and underwent daily zero and span checks 
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throughout the study period.  A full list of analyzed gases and their respective detection ranges are 

reported in Table 4.4. 

Emissions Calculations 

The measured gas concentrations in the flux chambers over the 20-min period were 

truncated to remove the first 7 and last 2 min of each sample period to prevent any possible carry-

over effects. The total flux of each gas (mg/hr) was then calculated using the following equation: 

Total flux (mg/hr) = MIX × FL × 60 / MV× MW × Conv 

where MIX is the net concentration that is equal to the gas concentration in the air being sampled 

minus the background concentration in the fresh inlet air in ppm, FL is the ambient air flow rate 

at 8 L/min, 60 is the conversion from minute to hour, MW is the molecular weight of the gas in 

grams per mole, Conv is a conversion factor of 10−3, and MV is the volume of one molar gas at 

temperature 20 °C (24.04 L/mole). 

The surface-emission rate (mg/h/m2) of the sample in each barrel was calculated using the 

following equation: 

Surface Emission Rate (mg/h/m2) = Total Flux/Surface Area 

where the surface area is the cross-section area of the 208 L (55-gallons) steel drum barrel directly 

under the flux chambers, approximately 0.25 m².  

The emission rate per each cubic meter of manure (mg/hr/L) was calculated based on either 

the total flux or the surface emission rate: 

Volume Emission Rate (mg/hr/L) = Total Flux/Total volume = Surface Emission Rate/manure 

depth x 103 

 the manure depth in the barrel was 0.3 m and the amount of manure in each barrel was 75.71 L    

Statistical Analysis UC Davis Renewable Energy Anaerobic Digester 
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 Gas emissions data was analyzed using the lm function in the base stats package in R (R 

Core Team, 2021). The model used to evaluate the gas emissions data was a linear regression 

model shown below:  

Yij = μ + Bi + Tj + eij, 

Where Yij is the gases being measured (NH3, CH4, N2O, CO2) for the ith block in the jth treatment. 

μ is the overall mean, Bi is the block where i = 1, 2, 3, Tj is the treatment, where j = 1, 2, 3, and eij 

~N(0,s2).  Bi + Tj were fixed effects in the gas model.  There were no significant interactions, so 

interactions were not included in the final model.  

For the following linear mixed model used to analyze temperature, pH, and ORP, barrel 

was random and all other variables were fixed effects. Study day was a continuous variable and 

barrel, block, and treatment were categorical. Temperature, ORP, and pH data of the effluent was 

analyzed using the lmer function from the lmerTest package in R (Kuznetsova et al., 2017).   

The model used to evaluate pH, ORP, temperature, and effluent nitrogen panel was: 

Yijkl = μ + Ei + Bj + Tk + Dl + Bj:Tk + Tk:Dl + eijkl, 

Were Yijkl is the dependent variable for the ith barrel in the jth block in the kth treatment on the lth 

study day (1-31). μ is the overall mean, Ei is experimental unit (barrel), Bi is the block, Tj is the 

treatment, Dl is study day, Bj:Tk is the interaction between block and treatment, Tk:Dl  is the 

interaction between study day and treatment and eij is the error term associated with the model ~ 

N(0, σe2). For temperature and effluent nitrogen panel the interactions were non-significant so they 

were removed from the model. For pH and ORP a contrast matrix was constructed using the glth 

function in the Multcomp package in R to determine differences in slopes between treatments 

(Hothorn et al., 2008).  
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 For all data, least squares means (LSM) and standard error means (SEM) between 

treatments were determined using the emmeans package in R (Lenth et al., 2019). Pairwise 

comparisons between treatment LSM were determined by a Tukey test using the base stats package 

in R (R Core Team, 2021). Differences were declared significant at P ≤ 0.05 and showed a trend 

at 0.05 < P ≤ 0.10. P-values reported in the tables are from the ANOVA table. Individual contrast 

P-values are reported in the  text when appropriate. Any insignificant interactions were removed 

from respective models. The ggplot2 package was used to create graphics for visualization of the 

treatments over study days (Wickham, 2016).  

RESULTS AND DISCUSSION 

Effect of Biochar on Gaseous Emissions from Effluent 

 Table 4.5 shows the effects of biochar (LB and HB) vs. CON on various gaseous emissions 

from the effluent. Treatment versus control barrels were similar in gaseous emissions of NH3, CH4, 

N2O, and CO2 for the main effect of treatment. The CON versus HB treatment tended to have 

lower N2O and CO2 emissions (P = 0.081 and P = 0.073 respectively).  

 The efficacy of biochar to bind nitrogenous compounds such as NH4+ and NO3- in solution 

varies greatly based on surface area, surface functional groups, and pore size distribution, all of 

which are determined by the organic feedstuff utilized and the various processes used to create 

biochar (Zhang et al., 2016; Huang et al., 2016). Fan et al. (2019) found bamboo biochar effectively 

adsorbed NH4+ in aqueous solutions with precipitation and surface complexation being the main 

mechanisms. 

There is little research on wastewater or anaerobic digester effluent treated with biochar 

for gaseous emissions reduction; however, biochar has been studied extensively as a soil 

amendment and has shown reductions of N2O between 38 and 54% in two different meta-analyses 
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(Cayuela et al., 2013; Borchard et al. 2018). Biochar application in soils and composting stimulates 

both nitrification and denitrification via altering the microbial community to favor carbon (C) and 

N cycling related microbes (Ducey et al., 2013; Wang et al., 2013; Xu et al., 2014; Harter et al., 

2016; Zhang et al., 2019).  

Biochar derived from straw applied to rice fields showed promising CH4 mitigation 

potential by 20-51% over a four-year period (Wang et al., 2018); however, increases in CH4 

emissions after addition of biochar have also been reported (Pandey et al., 2014; Singla and 

Inubushi, 2014). It is likely that the biochar addition to the anaerobic digester effluent in the present 

experiment tended to increase CH4 emissions because this was adding C back into a system that 

had fermented and gassed off most of the C for energy production.  

Effect of Biochar on Temperature, pH, and ORP of Effluent 

 Table 4.6 shows least squares means (LSM) of biochar treatments versus the control on 

temperature for the main effect of treatment. There were no significant differences for temperature 

between treatments. Table 4.7 shows the average slope of pH and ORP over the 31-d study period. 

The CON treatment versus both the LB and HB treatments had a higher pH (P < 0.001 for both 

contrasts). For pH, all treatment versus control slopes were different with control being the steepest 

slope followed by LB and HB (P < 0.001). This is reflected in Figure 4.2 where the control pH is 

increasing the most followed by LB and HB treatments. Treatments slopes for ORP were also 

different with CON followed by LB and HB slopes decreasing over the trial (P < 0.001). Figure 

4.3 represents this with the average change in ORP of the effluent by treatment for each respective 

study being reduced.   

 Biochar obtained from pyrolysis of municipal biowaste was used as an additive to 

municipal wastewater and lowered pH in treated wastewater from alkaline to neutral (Manyuchi 
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et al., 2018). The pH in the present study for all treatments was in the pH range from 7 to 8, 

however biochar treatments were closer to 7 than the CON. Manyuchi et al. (2018) also reported 

that chemical oxygen demand was reduced by 90% when passed through a biochar filter. Chemical 

oxygen demand determines the amount of oxygen that would be depleted from water because of 

bacterial action. Oxidation-reduction potential is similar in determining the oxidizing or reducing 

potential of water and can be indicative of biochemical reactions in certain ranges. The ORP range 

in the present study was from approximately -10 to -75. In this range, denitrification is the most 

prevalent biochemical reaction occurring from +50- to -50 mV and sulfide or H2S formation 

occurring from -50 to -250 mV (YSI, 2021; Holman and Wareham, 2003). While ORP levels 

showed a significant reduction, the difference in range between treatments was not large enough 

that biologically there would be a great difference in types of gases produced between treatments 

in relation to ORP.  

Effect of Biochar on Nitrogen Parameters of Effluent 

 Table 4.8 shows LSM of biochar treatments vs. control for ammonia nitrogen (NH3-N), 

total nitrogen (Tot-N), organic nitrogen (Org-N), total solids (TS), and moisture (%) of effluent 

sampled from barrels on day 16 and 31. The means and standard deviation for NH3-N, Tot-N, 

Org-N, TS, and moisture (%) for day 1 control barrels were as follows: 4,048.33 ± 355.89; 

4,533.33 ± 500.19; 575.17 ± 358.26; 28,316.67 ± 1,466.17; and 97.18 ± 0.17 respectively. Due to 

inclusion of biochar in the effluent sample on day 1 from the LB and HB treatment barrels these 

were not included in the analysis and CON means and standard deviations (SD) are given for 

comparison as there was no biochar inclusion to bias the sample; however, the data were not 

used in the statistical analysis. There were no significant differences between treatments versus 

control on day 16 or 31 for any parameter analyzed from the effluent.  
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Adsorption of NH3 by biochar was most effective at a pH of 5 to 8 with more acidic pH 

leading to NH4+ formation and a pH >10 leading to rapidly reduced adsorption (Liang et al., 

2016). Kizito et al. (2015) found that rice husk and wood biochar effectively adsorbed 44.64 ± 

0.602 and 39.8 ± 0.54 mg/g NH4+ nitrogen respectively from swine manure anaerobic digestate 

slurry with an NH4+ concentration of 1400 mg N/L. Adsorption was found to be a function of 

biochar mass in solution, biochar particle size, NH4+ nitrogen concentration in the effluent, 

contact time, pH, and temperature (Kizito et al., 2015). Gai et al. (2014) tested the NH4+ 

adsorption abilities of 12 biochars produced from wheat straw, corn straw, and peanut shell 

generated from pyrolysis at temperatures of 400, 500, 600 and 700 °C. While all biochars 

showed adsorption potential for NH4+, efficacy was reduced with higher pyrolysis temperatures. 

Corn straw biochars had the largest cation exchange capacity which led to the largest adsorption 

potential of the tested biochars (Gai et al., 2014).  

The method and source of biochar production can play a role in the binding ability of 

biochar for nitrogenous compounds. Dosage and particle size of biochar are also important 

components to consider when testing for NH4+ adsorption potential. Potentially a continued 

application of biochar to anaerobic digester effluent would have resulted in reduced NH3-N from 

the anaerobic digester effluent.  

 

CONCLUSION 

  Treatment of anaerobic digester effluent with pistachio shell biochar created through 

gasification lead to a decrease in pH toward neutral and an increase in ORP. No differences were 

detected in either gaseous emissions or nitrogen concentration parameters of the effluent for 

barrels treated with and without biochar versus control barrels. As biochar can be made from 
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many sources in multiple processes other forms of biochar should be assessed to determine if 

NH3 mitigation can be achieved from high nitrogen wastewater and digester effluent.  
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Table 4.1. Proximate analysis1 of pistachio shell biochar.  

Proximate Analysis As Received by % 
Weight 

Moisture Free % 
Weight 

Moisture and Ash 
Free % Weight  

Moisture 1.52 NA NA 
Ash 3.90 3.96 NA 

Volatile Matter 5.37 5.45 5.68 
Fixed Carbon 89.21 90.59 94.32 

 1Analysis conducted by Wyoming Analytical Laboratories, Inc (Laramie, WY, USA). 
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Table 4.2. Ultimate analysis1 of pistachio shell biochar.  

Ultimate Analysis As Received by % 
Weight 

Moisture Free % 
Weight 

Moisture and Ash 
Free % Weight  

Moisture 1.52 NA NA 
Ash 3.90 3.96 NA 

Carbon 89.20 90.58 94.31 
Hydrogen 0.72 0.73 0.76 
Nitrogen <0.01 <0.01 <0.01 

Sulfur 0.057 0.058 0.060 
Oxygen 4.60 4.67 4.87 

 1Analysis conducted by Wyoming Analytical Laboratories, Inc (Laramie, WY, USA). 
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Table 4.3. Micronutrient analysis1 of pistachio shell biochar.  

Micronutrient Result Units 

Chromium 0.72 mg/kg 
Manganese 7.22 mg/kg 
Cobalt 0.09 mg/kg 
Nickle 1.43 mg/kg 
Copper 1.42 mg/kg 
Arsenic 0.06 mg/kg 
Selenium 0.02 mg/kg 
Molybdenum 0.28 mg/kg 
Cadmium 0.01 mg/kg 
Mercury 0.04 mg/kg 
Lead 0.37 mg/kg 
Iron 1,137.00 mg/kg 
Potassium 5,992.00 mg/kg 
Sodium 58.10 mg/kg 
Boron 3.23 mg/kg 
Silica, as SiO2 43.40 mg/kg 
Phosphorus, as P 502.00 mg/kg 
Chlorine 0.01 Weight % Dry Basis 
 1Analysis conducted by Wyoming Analytical Laboratories, Inc (Laramie, WY, USA). 
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Table 4.4. Gases analyzed using the INNOVA 1412 photo-acoustic multi-gas analyzer 
(LumaSense Technologies Inc., Ballerup, Denmark), detection limits, and detection ranges used 
to measure emissions from barrels containing anaerobic digester effluent.  

Gases Detection Limits (µg/L) Upper Range (g/L) 

CO2 2.75 1.83 
NH3 0.71 0.71 
CH4 0.06 0.57 
N2O 0.05 1.83 

    CO2 = carbon dioxide; NH3 = ammonia; CH4 = methane; N2O = nitrous oxide. 
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Table 4.5. Cumulative gaseous emissions taken from averaged daily gas measurements from 
treatment barrels containing anaerobic digester effluent (n = 6) with least squares means 
(LSM), pooled standard errors (SEM), and P-values. Measured gases include methane, carbon 
dioxide, nitrous oxide, and ammonia and are reported on a per barrel basis.  

 

Trait 
LSM 

SEM 
P-value 

CON LB HB Treatment Block 
NH3 (mg/hr/m2) 1426 1874 1775 141 0.099 0.678 
CH4 (mg/hr/m2) 1253 1735 1720 206 0.209 0.138 
N2O (mg/hr/m2) 2.69 3.68 4.03 0.397 0.083 0.681 
CO2 (mg/hr/m2) 11134 14154 15449 1258 0.079 0.982 

Means with the same letter are not significantly different (P > 0.05); CON = control (0 g 
biochar); LB = low biochar (757.1 g biochar); HB = high biochar (3028.4 g biochar); CH4 = 
methane; CO2 = carbon dioxide, N2O = nitrous oxide; NH3 = ammonia. 
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Table 4.6. Average daily temperature measurements from treatment barrels containing 
anaerobic digester effluent (n = 6) with least squares means, pooled standard errors (SEM), 
and P-values.  

Trait 

LSM 

SEM 

P-value 

CON LB HB Treatment Block Study Day 
Temperature 

(ºC) 16.6 16.8 17.0 0.151 0.190 0.167 <0.001 
Means with the same letter are not significantly different (P > 0.05); CON = control (0 g 
biochar); LB = low biochar (757.1 g biochar); HB = high biochar (3028.4 g biochar); ORP = 
oxidation-reduction potential. 
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Table 4.7. Average slope of pH and oxidation-reduction potential (ORP) over 31-d study by 
treatment with pooled standard errors (SEM). 

Treatment Slopes for pH Slopes for ORP 

CON 0.038a -2.29a 

LB 0.029b -1.79b 

HB 0.016c -1.05c 

SEM 0.0008 0.046 
Columns for pH and ORP slopes with different superscripts (abc) are different (P < 0.001). 
CON = control (0 g biochar); LB = low biochar (757.1 g biochar); HB = high biochar (3028.4 
g biochar) 
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Table 4.8. Ammonia nitrogen (NH3-N), total nitrogen (Tot-N), organic nitrogen (Org-N), 
total solids (TS), and moisture (%) of effluent sampled from barrels on day 16 and 31. 
Parameters measured from treatment barrels containing anaerobic digester effluent (n = 6) 
with least squares means (LSM), pooled standard errors (SEM), and P-values.  

 

Trait 
LSM 

SEM 
P-value 

CON LB HB Treatment Block Day 
NH3-N (mg/L) 3588 3647 3593 38.5 0.512 0.001 <0.001 
Tot-N (mg/L) 3871 3873 3885 53.5 0.961 0.386 <0.001 
Org-N (mg/L) 282 228 293 21.6 0.108 <0.001 <0.001 
TS (mg/L) 24917 26155 26883 693 0.167 0.778 0.6775 
Moisture (%) 97.51 97.38 97.33 0.07 0.206 0.819 0.767 

Means with the same letter are not significantly different (P > 0.05); CON = control (0 g 
biochar); LB = low biochar (757.1 g biochar); HB = high biochar (3028.4 g biochar). 
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Figure 4.1 

 

 

Figure 4.1. Interior of cattle pen enclosure (CPE) with flux chambers (center), treatment barrels, 

and emissions trailer (right). 
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Figure 4.2 

 

 

Figure 4.2. Average pH of effluent by treatment for each respective study day. pH 

measurements were taken daily for each barrel between 0800 and 0900 h. 
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Figure 4.3 

 

 

Figure 4.3. Average oxidation-reduction potentials (mV) of effluent by treatment for each 

respective study day. Oxidation-reduction potential measurements were taken daily for each 

barrel between 0800 and 0900 h. 

 

 
 




