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CHAPTER 1 

REVIEW OF LITERATURE 

 

1. INTRODUCTION  

In the last decade, throughout the Upper Midwest, farmers have observed an 

increase in land prices and fertilizer prices resulting in the increased popularity of 

confinement feeding facilities such as mono-slope and hoop barn facilities with bedded 

packs.  While stocking density of cattle in open lot feedlots range from 150-300 ft2/hd 

depending on region and facility design, typical stocking densities in cattle confinement 

facilities range from 25-50 ft2/hd, requiring much less land per animal.  Additionally, 

confinement facilities eliminate run off and allow complete containment of manure to be 

used for fertilizer on crop fields.  Environmental pressure has been placed on the 

agriculture community to improve ammonia (NH3), greenhouse gas (GHG), and volatile 

organic compounds (VOCs) emissions from concentrated animal feeding operations 

(CAFOs).  The EPA’s published rulings requiring CAFOs to report emission releases 

continue to circulate in the court system.  In 2014, the EPA reported 8.3% of GHG 

emissions in the U.S. came from agriculture (EPA, 2016), with 71% of ruminant methane 

emissions from enteric fermentation attributed to beef cattle.  Consequently, feedlot 

operators want to implement management strategies to reduce emissions.  Initial research 

in air quality around confinement facilities has been conducted to detect and quantify 

specific compounds that contribute to offensive odors.  Much of the early work focused 

on hydrogen sulfide (H2S) and ammonia (NH3) due to ease of measurement, human 
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health risk and government regulation (Merkel et al., 1969; Barth and Polkowski, 1974; 

Gustafsson, 1997).  More recently, GHG compounds such as carbon dioxide (CO2), 

methane (CH4), and nitrous oxide (N2O) have been heavily evaluated throughout the 

livestock production system because of public concern about the contribution of these 

gases to climate change (Pitesky et al., 2009; EPA, 2019).  However, they have little 

impact on the noxious odors humans may detect from a livestock feeding facility.  

Studies have reported bedding materials can influence air quality coming from confined 

feeding facilities (Jeppsson, 1999; Misselbrook and Powell, 2005; Powell et al., 2008; 

Spiehs et al., 2014b).  While NH3, GHG, and H2S compounds continue to receive 

pressure for their reduction, other compounds may be larger contributors to noxious 

odors from the human perspective.  Environmental factors such as soil pH, temperature, 

humidity, and wind speed contribute to odor emission from CAFOs and compound the 

difficultly of distinguishing specific odorous compounds and their source (Zahn et al., 

2001).  Determination of odorous compounds perceived by humans as noxious is a 

challenge analytically because typically the lowest emission compounds are the greatest 

contributors to noxious odor (Wright et al., 2005).  Increased sensitivity of tools used to 

detect odorous compounds, such as gas chromatography equipment, contributed to the 

success in determining specific compounds that contribute to perceived odor.  As a result, 

researchers began focusing on specific VOCs that contribute to odor such as straight-

chain fatty acids (SCFAs), branched-chain fatty acids (BCFAs), aromatic compounds, 

and sulfur compounds.  Research continues to determine individual compounds that 

contribute to noxious odorants detected by humans from over 200 VOCs (Wright et al., 

2005; Trabue et al., 2011a), reported to be emitted from CAFOs.  
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2. ODOROUS COMPOUNDS DETECTION CAPABILITIES 

Malodor characterization is among the most demanding of analytical challenges 

(Wright et al., 2005).  Evaluating key odorants from livestock facilities was initially 

completed by trained human panelist.  This method brought with it many challenges 

including variability among panelists and determining which specific compounds 

contribute to perceived odor (Zahn et al., 2001).  Correlating concentrations of key odor 

components with odor intensity is difficult because mixtures of odorous compounds may 

have an additive, subtractive, synergistic, or counteractive effect on perceived odor 

(Mackie et al., 1998).  This is especially the case when odorant levels are minute and 

detectability is hindered by larger quantities of other odors.  Agricultural researchers have 

explored GC-O (gas chromatography-olfactometry; Wright et al., 2005), an analytical 

technique used by the food, beverage, and fragrance industries to identify odors of 

interest (Trabue et al., 2011b).  Gas chromatography machines separate and analyze 

compounds by passing vaporized compounds through a chromatographic column 

(McNair and Miller, 2009).  Using gas chromatography allows peaks to be labeled for 

specific odorous compounds along with odorous intensity values.  Published research has 

reported 200 odorous compounds detected from animal feeding operations (AFOs) (Kai 

and Schafer, 2004; Trabue et al., 2011a,b), though a minimal number such as branched-

chain fatty acids, sulfur compounds and volatile aromatic compounds are considered the 

most offensive to humans (Trabue et al., 2011b).  The GC-O technique has allowed 

scientist the ability to narrow this broad field of odors emitted from AFOs to those of 

potential odorous importance.  However, while the cost of GC machines and 
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chromatographic columns have reduced in the past two decades, they are still expensive 

for individual laboratories to purchase.     

 

3. AMMONIA (NH3) 

Ammonia emissions are a great concern for human and livestock respiratory 

wellbeing when exposed to elevated levels (OSHA, 1992).  Elevated NH3 exposure to 

humans causes burning of the eyes and respiratory system damage.  Within the United 

States, Occupation Safety and Health Administration (OSHA) has set a maximum 

average ammonia exposure of 50 ppm for humans over an 8-hour work day (OSHA, 

1992).  While an estimated 70-90% of NH3 emissions in the United States come from the 

livestock sector (McQuilling and Adams, 2015), NH3 concentrations at beef cattle 

feedlots are rarely detected over 3 ppm (Preece et al., 2012).  Based on NH3 emission 

factors, the IPCC (2006) reported livestock housing facility NH3 emissions as a ratio of 

total nitrogen (N) excreted were 7% with no long-term manure storage, 20% for open 

lots, 28% pit under slated floor, and 30% bedded pack facilities.  Liu et al. (2017) 

reviewed 92 papers from 1997 to 2016 which measured NH3-N loss as a percentage of N 

intake at beef or dairy cattle operations.  For beef feedlots facilities, dairy open-lots, 

free/tie-stall dairy barns with natural ventilation, and free/tie-stall dairy barns with 

mechanical ventilation the average NH3-N loss as a percentage of N intake was 53.1%, 

15.6%, 8.4%, and 5.6%, respectively.  The primary source of NH3 emissions within 

livestock facilities is urinary urea volatilization (Hristov et al., 2011).  The N content of 

urine in cattle is made up of roughly 78% urea N (Misselbrook and Powell, 2005).  Urea 

N excreted in urine volatizes to NH3 through the enzymatic process of urease (Dai and 
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Karring, 2014).  The enzyme urease is found abundantly within fecal matter of livestock 

facilities (Montes et al., 2013).  The volatilization process can happen very rapidly, and in 

some cases, NH3 levels peaked within two hours after excretions on a concrete surface 

(Elzing and Monteny, 1997).  However, Varel (1997) reported hydrolysis of urea in cattle 

and swine slurries was completed within 24 hours.  Ammonia emissions from livestock 

manure results in the reduction of nitrogen fertilizer content within manure and bedding 

mixtures (Hristov et al., 2011).   

Reductions in NH3 emission can be accomplished when pooled urine is blocked 

from air movement (Misselbrook and Powell, 2005), in addition to reducing urease 

activity within manure and bedding mixtures (Varel, 1997; Parker et al., 2016).  Varel 

(1997) reported the application of the urease inhibitor phenyl phosphordiamidate (PPDA) 

to cattle and swine slurries once weekly was effective in reducing urea hydrolysis, but 

once PPDA treatments stopped urea hydrolyzed.  Similarly, N-(n-butyl) thiophosphoric 

triamide (NBPT) has been reported to reduce NH3 volatilization when applied to feedlot 

pen surfaces, though it was reported that once treatments of NBPT stopped urea levels 

decreased (Varel et al., 1999).   

Ammonia emission rates change as a result of ambient temperature and the 

moisture content of soil, manure and bedded packs.  Mukhtar et al. (2008) reported NH3 

emission from open-lot dairy operation were four times greater during summer months 

when ambient temperatures averaged 29.9°C compared to winter at 8.3°C average 

ambient temperature.  Todd et al. (2011) reported greatest NH3 flux (>100 kg ha-1 d-1) 

during a warm summer season and lowest flux (<15 kg ha-1 d-1) during winter months 

when monitoring feedlots in the Texas panhandle.  Similarly, Spiehs et al. (2011) 
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observed at commercial beef feedlots NH3 concentration in the air were 99.5 ±2.9 mmol 

L-1 when ambient temperature was at or above 20.6°C compared to 14.8 ±5.4 mmol L-1 

when ambient temperature was at or below 0°C.  When monitoring NH3 emissions from 

cow sheds Bleizgys et al. (2013) measured an approximately 5% reduction in annual NH3 

emission corresponded to a decrease in temperature by 1°C in cow sheds.  Additionally, 

Bleizgys et al. (2013) reported the increase in manure temperature from 4°C to 30°C 

elevated NH3 emissions from 102 mg m−2 h−1 to 430mg m−2 h−1.  In previous lab-scale 

bedded pack studies, Spiehs et al. (2014a, 2016) reported NH3 concentrations in 

headspace above bedded packs were influenced by temperature.  When corn stover or 

bean stover bedding was used in lab-scale bedded packs stored at ambient temperature of 

10 and 40C, NH3 concentrations were (400 ppm vs 1190 ppm; respectively) in 

headspace (Ayadi et al., 2015).    

In addition to ambient temperature bedding material has been considered as a 

potential influencer of NH3 emissions in dairy and beef confinement facilities.  When 

evaluating mixtures of pine chips and corn stover bedding material Spiehs et al. (2012) 

reported bedding material mixtures with less than 60% pine chips increased NH3 

concentrations above the bedded packs.  In a similar lab-scale bedded pack study using 

pine chips, corn stover, dry cedar chips, and green cedar chips NH3 headspace 

concentration was greater for pine and corn stover bedding material over the 42-d study 

(Spiehs et al., 2014a).  However, Spiehs et al (2016) observed bedded packs containing a 

ratio as low as 20% concentration of pine chips with corn stover bedding material could 

potentially reduce NH3 emission between 7 to 14%.  When chopped straw, sand, pine 

shavings, chopped newspaper, chopped corn stalks and recycled manure solids were 



7 
 

evaluated by Misselbrook and Powel (2005) no significant differences in bedding 

material was reported for NH3 emission based on percent of urine N.  Ayadi et al. (2015) 

reported when lab-scale bedded packs were maintained at 40C, NH3 concentration in 

headspace above corn stover bedded packs was greater than bean stover bedded packs 

(1389 vs 992 ppm; respectively). 

 

4. HYDROGEN SULFIDE (H2S) 

 Sulfur compounds such as hydrogen sulfide (H2S), dimethyl sulfide (DMS), 

dimethyl disulfide (DMDS), and dimethyl trisulfide (DMTS) are found around livestock 

facilities manure (Clanton and Schmidt, 2000).  O’Neill and Phillips (1992), reported six 

of ten compounds with the lowest odor detection threshold contained sulfur.  In manure 

and bedded packs anaerobic sulfate reducing bacteria reduce sulfate to sulfide, producing 

H2S, and finally dimethyl sulfides through methylation (Zang et al., 2017).  Hydrogen 

sulfide is completely a liquid-filmed controlled odorous compound (Parker et al., 2010a).  

Hydrogen sulfide is one of the most dangerous gases to humans and livestock (Donham 

et al., 1982).  The greatest threat of H2S levels in and around livestock facilities is the fact 

that it’s heavier than air and travels near ground level (OSHA, 2005).  Occupational 

safety and health administration reports H2S levels at or above 100 ppm are immediately 

dangerous to life and health of humans (OSHA, 2005).  Fortunately, H2S has relatively 

low emission from cattle confinement bedded pack facilities because they lack the large 

volumes of liquid manure found in facilities with slatted pit floors or manure lagoon.  In 

these facilities the lack of agitation of liquid which would cause air bubbles containing 

H2S to burst, results in H2S emission (Ni et al., 2009).  For these reasons, H2S emissions 
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are relatively low in bedded pack facilities.  Hydrogen sulfide is the single gas and odor 

in which states, like Minnesota, have written laws dictating the levels of H2S that may be 

found at feedlots operations.  In Minnesota, statute 7009.0080 Minnesota Ambient Air 

Quality Standards rule only allows an average 0.05 ppm H2S detection level for not more 

than 30-minutes twice per year (Revisor of Statues, State of Minnesota 2017).  Hydrogen 

sulfide is not only hazardous to humans, but also livestock.  Hooser et al. (2000) reported 

158 cattle in a confinement facility with a pit were exposed to lethal levels of H2S during 

agitation of the pit before pumping.  Within minutes of agitating a large number were 

paddling on their sides and 26 died rapidly from H2S toxicities.   

Hydrogen sulfide emission rate or transfer from liquid to air increases as pH drops 

below 8 pH (Cole et al., 2008) and as the ambient temperature increases (Yongsiri et al., 

2004).  The effect of air temperature on H2S emissions from livestock manure has been 

reported with mix observations.  Arogo et al. (1999) reported H2S emissions from liquid 

swine manure was reduced as air temperature increase to 35C.  Meanwhile, Liu et al. 

(2011) did not observe an increase in H2S emissions from swine waste as air temperature 

increased, though a brief positive correlation with temperature was observed when slurry 

was discharged.  Research measuring H2S emission from swine facilities is plentiful (Ni 

et al, 2000; Zahn et al., 2001; Rumsey and Aneja, 2014).  Minimal research has been 

completed observing H2S emission from beef bedded packs.  In a study by Spiehs et al. 

(2019) using lab-scale bedded packs with corn stover bedding material, H2S emissions 

peaked at Day 14 before reducing over the remainder of the 42-d study.  Total reduced 

sulfides (TRS) emissions were reported in a previous bedded pack study by Spiehs et al. 
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(2014b) evaluating corn stover, dry cedar, pine and green cedar bedding material.  

Emission of TRS increased by nearly five times between Day 35 and Day 42. 

 

5. GREENHOUSE GASES (GHG) 

Greenhouse gases produce a film around the earth which reduces the rate at which 

energy can leave the Earth’s surface causing an increase in ambient temperature.  Within 

the United States in 2013, the Environmental Protection Agency (EPA) reported nine 

percent of the total GHG emissions are considered to have been a result of agriculture 

activities (EPA, 2015).  Agriculture contribution to GHGs are primarily from CH4 

through ruminant enteric anaerobic fermentations, N2O from nitrogen cycle of crops and 

pastures soils, and CO2 emissions from farm equipment (USDA USAF, 2016).  The 

potential harm of these three GHGs are reported by researchers as 100-y Global Warming 

Potentials for each gas (IPCC, 2014).  The Climate Change 2014 Mitigation of Climate 

Change reported N2O has a 265 times greater global warming potential compared to CO2, 

while CH4 was 28 time greater than CO2.  Slatted floor and bedded pack facilities manure 

can contribute up to 35% of the total farm GHG emissions (Rotz, 2018).    

 

5.1 Methane (CH4) 

Between 2005 and 2013 CH4 emission within the United States decreased by 

more than 10 percent (CAR, 2016).  Methane emissions from animal agriculture is 

mainly the results of eructation and flatulence from enteric fermentation by ruminants 

(Montes et al., 2013).  Though enteric fermentation is a major contributor of CH4 

emissions, the anaerobic decomposition of organic matter (OM) within manure, pits 
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under slatted floors and bedded packs at CAFOs can be a key contributor too (Mackie et 

al., 1998).  In facilities, such as freestall dairy barns, that scrap and remove manure 

behind feed bunks and cattle walkways frequently CH4 does not have enough time to 

form (Rotz, 2018).  Spiehs et al. (2016) reported CH4 concentrations in headspace above 

bedded packs constructed of corn stover and pine chips increased significantly over 42-d 

study.  In a similar 42-d bedded pack study by Spiehs et al. (2014a) using corn stover, 

pine chips, and cedar bedding material reported CH4 levels sharply increasing towards 

the end of the study. 

The addition of conventional straw to cattle manure reduced overall CH4 

emissions by 45% over 4-month storage period (Yamulki, 2006).  With CH4 production 

being purely an anaerobic process (Spiehs et al., 2016), the addition of bedding material 

to manure decrease bulk density and results in the greater likelihood of being an aerobic 

environment.  Similarly, van der Weerden et al. (2014) showed reduction in CH4 

emissions during 7 months of storage when adding sawdust at mass ratio to manure of 

0.9:1 or high rates of straw to manure slurry at a ratio of 0.2:1.  Low rates of straw 

addition at 0.1:1 showed no significant difference on CH4 emission over the storage 

period.  When ambient storage temperature was increased from 10 to 40C, CH4 

concentrations doubled in headspace above corn stover and bean stover bedded packs 

(Ayadi et al., 2015). 

 

5.2 Carbon Dioxide (CO2) 

Carbon dioxide is the result of the carbon cycle during the composting process 

decomposition of OM through aerobic respiration, producing CO2, water and heat 
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(Larney et al., 2006).  The production of CO2 is an indication of microbial activity within 

a bedded pack (Spiehs et al., 2014b).  Production of CO2 happens for a very limited time 

in most bedded pack facilities because the bedded packs are not agitated as they are in 

dairy composting facilities.  In short, 42-d studies using lab-scaled bedded packs Spiehs 

et al. (2016) reported CO2 flux increasing with age of bedded pack.  The author 

hypothesized that this was a result of microbial activity starting to build as feces and 

urine were added to bedding material.  Anaerobic activity increased over time in bedded 

packs, while aerobic activity decreased.  In a prior study by Spiehs et al. (2014b) using 

wood base bedding material in lab-scaled bedded packs, CO2 concentrations peaked at 

Day 28 and proceeded to drop through the remainder of the 42-d study.  Larney et al. 

(2006) reported carbon loss during manure stockpiling of 27.1% compared to a 

composted manure system resulting in 87.4% carbon loss.  When the bedded pack 

transitions from an aerobic to an anaerobic state, the CO2 emissions are reduced and CH4 

emission increase.  Ayadi et al. (2015) reported CO2 concentrations in headspace nearly 

doubled when temperature was increased from 10 to 40°C.  Microbial activity within the 

bedded packs increased as the internal temperature of bedded packs rose.  In previous 

studies of corn stover and pine chips bedding mixtures no difference in CO2 

concentrations were observed across all bedding material combinations, though CO2 

levels increase as bedded packs aged over the six-week study (Spiehs et al., 2012).  

Spiehs et al. (2014b) observed pine chips produced the largest concentration of CO2 

followed by corn stover and then cedar bedding material.    

 

5.3 Nitrous Oxide (N2O) 
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In 2017 agriculture soils accounted for 73.9% of the total nitrous oxide (N2O) 

emissions in the United States (EPA, 2019).  Beef cattle manure management emissions 

of N2O have increased 45% between 1990 and 2017 (EPA, 2019), although beef 

production waste outputs of N2O per billion kilograms of beef produced have decreased 

88% from 1977 compared to 2007 (Capper, 2011).  Nitrous oxide production is the 

results of nitrification and denitrification within the nitrogen cycle (Khalil et al., 2004).  

Nitrification of ammonium (NH4) to nitrate (NO3
−) produces N2O, while denitrification 

of nitrate (NO3
-) to atmospheric nitrogen (N2) produces N2O (Zhu et al., 2013; Figure 1).  

Increase in soil saturation has been shown to increase N2O levels through the nitrification 

and denitrification process (Huang et al., 2014).  This could be a concern in facilities with 

poorly constructed and highly saturated bedded packs.  Additionally, steady increases in 

ambient temperature over recent years throughout the Midwest Corn Belt have increased 

the level of N2O emissions (Griffis et al., 2017).  Production of N2O from feedlot 

facilities is generally affected by ambient temperature (Waldrip et al., 2016).  Parker et al. 

(2018) observed N2O emissions from cattle manure increased as ambient temperature 

increased from 5 to 38C, with N2O emission levels spiking above 31C.  Previously, 

Ayadi et al. (2015) reported a significant (P = 0.01) temperature x week x hour 

interactions for N2O concentrations from head space of corn stover and bean stover 

bedded packs.  Concentrations of N2O were higher above bedded packs at 40C 

compared to 10C (0.61 vs 0.39 ppm, respectively), although N2O concentrations 

overtime did not differ when excluding sampling immediately following bedding material 

addition.  Variability in N2O levels were reported by Spiehs et al. (2014a) in a 42-d 

bedded pack study evaluating corn stover, dry cedar, pine chips and green cedar with a 
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peak at Day-14 and 42.  Spiehs et al. (2014a) reported that variability could be a result of 

agitating the lab-scale bedded packs when feces and urine were added causing change in 

nitrifying and denitrifying process from the anaerobic bedding layer being disrupted.  

Similarly, Spiehs et al. (2016) reported peaks in N2O flux at Day 14 and 35 when 

mixtures of corn stover and pine chips were used for bedded packs.  In a longer study of 

four months, nitrous oxide flux was reduced 40% overtime when conventional straw was 

added to cattle manure (Yamulki et al., 2006). 

  

6. VOLATILE ORGANIC COMPOUNDS (VOC) 

  Numerous items within a livestock facility produce odors such as feedstuffs, 

animal body odors, and equipment exhaust.  Typically, these odors are not considered 

noxious to humans.  Many humans consider odor from manure offensive.  Manure 

contains a mixture of undigested feedstuffs that are excreted from the animal.  Anaerobic 

digestions of manure by fecal microbes Bacillus, Bacteroides, Clostridium, 

Lactobacillus, and Megasphaera microorganisms are likely responsible for production of 

volatile organic compounds (VOCs) (Allison, 1978; Miller and Varel, 2002, 2003).  

Odorants from manure degradation released into the air attach to environmental dust 

particles, which can travel via wind and human vectors.  Airborne volatile fatty acids 

(VFAs), have been established as main contributors to livestock odors (Zhu et al., 1997; 

Miller and Varel, 2001; Zahn et al., 2001).  Noxious odors complaints are a primary 

complaint received by CAFO operators, and within the United States federal regulations 

regarding VOC odor emissions are not in place (Trabue et al., 2011b).  The term VOC is 
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used to include VFAs such as SCFAs, BCFAs, sulfur compounds, and volatile aromatic 

compounds (Cai et al., 2015). 

Researchers have also reported amines, VFAs, phenols and indole compounds 

from undigested nutrient fermentation as key contributors to feedlot odors (Trabue et al., 

2011b).  Undigested dietary carbohydrates in feces or bedding material leads to VFA 

production (Mackie et al., 1998; Le et al., 2005).  In fresh manure, starch fermentation 

led to 80% of carbohydrate loss and was the leading producer of odorous VFAs, but 

odorous VFAs have been shown to decrease as manure dries and pH drops below 4.5 

(Miller and Varel, 2001).  Carbohydrate catabolism is carried out under both aerobic and 

anaerobic environments starting with glycolysis generating pyruvate (Zhu et al., 1999; 

Figure 2).  Under aerobic conditions pyruvate is oxidized to acetyl-CoA, followed by the 

Krebs cycle and electron transport chain (Moat et al., 2002).  The presence of oxygen 

results in high energy generation of roughly 38 adenosine triphosphates (ATPs) reducing 

carbohydrate availability for VFA production (Jurtshuk, 1996).  Meanwhile, anaerobic 

conditions result in pyruvate being metabolized through anaerobic fermentation via lactic 

acid or alcohol fermentation or anaerobic respiration using the electron transport chain 

(Moat et al., 2002).  During anaerobic respiration, bacteria use oxidizing compounds, 

which include nitrate, oxidized metals, and sulfate as terminal electron acceptors (Miller, 

2001).  The microbial population involved in the anaerobic fermentation is similar to that 

found in the large intestine and excreted by beef cattle.  Therefore, the same processes 

can be expected to degrade nutrients found in cattle manure.  With carbohydrate 

metabolism as the leading substrate of odorous VOCs, maximizing dietary nutrient 

utilization by cattle will potentially reduce odor production.  
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6.1 Straight-Chain Fatty Acids (SCFA) 

Acetic acid, propionic acid, butyric acid, valeric acid, hexanoic acid, and 

heptanoic acid are examples of VFAs categorized as SCFAs.  Fermentation of undigested 

carbohydrates in feces or bedding material leads to the main production of SCFAs 

(Mackie et al., 1998; Miller and Varel, 2001).  Acetic acid accounts for roughly 60% of 

VFAs in manure (Le et al., 2005) and over 75% of total SCFAs produced by bedded 

packs (Spiehs et al., 2017).  Though typically present at higher concentrations than other 

odorous compounds associated with livestock manure, SCFA have a higher odor 

detection threshold (ODT) than many odorous compounds.  The ODT of a compound is 

the concentration at which it is detectable to the human nose, with a lower ODT 

indicating that it can be detected even at low concentrations.  Straight-chain fatty acids 

are generally present at higher concentrations compared to BCFAs.  The higher 

concentration of SCFAs compared to BCFAs around cattle feeding facilities is to be 

expected considering carbohydrate fermentation is the leading fermentation process 

within fresh manure.  Miller and Varel (2002) reported that starch was the preferred 

fermentation substrate of fecal microbes.  Only after starch substrate had been depleted 

did protein fermentation begin to increase.  Miller and Varel (2001) reported 98% of total 

VFAs from fresh and aged cattle manure slurries came from acetate, propionate and 

butyrate.  Reducing starch and protein in manure and urine should decrease odor 

emissions (Miller and Varel, 2001).  In commercial beef feedlots with deep bedded 

mono-slope facilities, Spiehs et al. (2011) reported significantly greater SCFA emission 

in air above bedded packs when ambient temperature was below 20.6°C.  The researcher 
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referenced that cattle spent greater amounts of time on bedded packs when it was cold 

compared to laying on concrete apron during hot weather.  This increased quantity of 

feces and urine being excreted on the bedded pack during cold temperatures providing 

greater substrate for production of SCFAs emissions.  In a lab-scale bedded pack study 

by Spiehs et al. (2013a) it was observed that SCFAs were the predominate VFAs initially, 

but as the bedded pack aged up to six weeks, BCFAs increased to 15% of all VFA 

present.  Similar observations of SCFAs initially being dominate though decreasing over 

the six-week period were also reported by Spiehs et al. (2017).  Greater odor potential has 

been reported for VFAs with five or greater carbons in the carbon chain (Mackie et al., 

1998).   

 

6.2 Branch-Chain Fatty Acids (BCFA) 

While SCFAs are the result of starch fermentation, BCFA compounds are 

produced primarily from protein fermentation (Spoelstra, 1980).  Branched-chain fatty 

acid emissions from livestock facilities include isobutyric acid, isovaleric acid, and α-

methylbutyric acid, resulting from degradation of branched-chain amino acids isoleucine, 

leucine and valine (Allison, 1978; Spoelstra, 1980; Zhu et al., 1999).  Allison (1978) 

reported anaerobic bacteria strains Bacteroides ruminicola and Megasphaera elsdenii as 

main producers of BCFAs.  The quantity of BCFAs compounds produced tends to be 

much lower than SCFAs as a results of microbial bacteria’s preference for starch.  

However, these compounds have a lower ODT than SCFAs (Zahn et al., 1997; Spiehs et 

al., 2011).  Miller and Varel (2001) monitored VFA production from fresh and aged 
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manure slurries.  They found fresh manure slurries produced no BCFA, while aged 

manure slurries produced BCFA, but only after four days.  

 

6.3 Aromatic Compounds  

In addition to BCFAs, volatile aromatic compounds are produced during protein 

fermentation (Zahn et al., 1997; Spiehs et al., 2013a).  Fungi play a key role in aerobic 

and micro-aerobic digestion of lignin to aromatic odors compounds within bedding 

material.  Phenol, p-cresol, 4-ethylphenol, indole, and skatole are examples of volatile 

aromatic compounds commonly produced from livestock manure.  Indole and skatole are 

indolic compounds resulting from microbial fermentations of tryptophan in manure 

(Macfarlane and Macfarlane, 1995; Le et al., 2005).  Many types of intestinal bacteria 

have been reported to produce indole, though skatole is produced mainly through 

anaerobic fermentation of tryptophan by Lactobacillus and Clostridium bacteria (Jensen 

et al., 1995).  Indolic compound production is pH dependent with low pH favoring 

skatole and high pH values favoring indole (Le et al., 2005).  Phenol, p-cresol and 4-

ethylphenol are all phenolic compounds, the end products of tyrosine metabolism (Le et 

al., 2005).  The production of p-cresol from tyrosine is completed through the anaerobic 

bacteria Clostridium and Bacteroides, compared to aerobic bacteria such as 

Enterobacteriaceae and Streptococcus that produce phenol from tyrosine (Niwa, 1993).  

In manure, the enzyme β-glucuronidase hydrolyses glucuronides releasing phenolic and 

indolic compounds (Le et al., 2005).  These compounds have very low ODTs and have 

been shown to be major malodor contributors on CAFOs.  Therefore, it is important to 

minimize these compounds.  Trabue et al. (2011b) reported VFAs and phenol compounds 
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were dominant odorants collected from the air near a cattle feeding operation.  As 

sampling became further downwind from the feedlot, VFA and phenol compounds levels 

decreased and indoles compounds became the greatest.  Spiehs et al. (2013a), reported 

differences in the concentration of total aromatic compounds among bedding materials.  

Total aromatic compounds emitted from lab-scale bedded packs were greatest for corn 

cobs and shredded paper, while wood shavings produced the least amount of aromatic 

compounds.  Increases in temperature generally produce higher VOC emission 

(Woodbury et al., 2015).  Though, Woodbury et al. (2015) reported aromatic compounds 

indole and skatole emissions from beef feedlot pen surfaces remained similar as 

temperature increased from 5 to 35C.  Spiehs et al. (2011) reported significantly greater 

aromatic compound emissions when ambient temperatures were below 20.6C at 

commercial deep bedded mono-slope facilities.  Though the researcher noted cattle spent 

greater time on the bedded packs during cold temperatures compared to hot which 

increased the amount of feces and urine excretions for microbial fermentations of 

aromatic compounds. 

 

6.4 Sulfur Compounds  

Key volatile sulfur compounds monitored from feedlot bedding and manure 

mixtures are DMDS and DMTS.  Parker et al. (2010a) reported DMDS is the closest 

sulfide compound to being gas-film controlled found near livestock facilities, while 

methyl mercaptan and H2S are completely liquid-film controlled.  Dimethyl disulfide 

produces a rotting organic matter odor, compared to the rotten egg smell of hydrogen 

sulfide (Le et al., 2005).  Dimethyl disulfide and DMTS are formed during anaerobic 
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bacteria fermentation of sulfur-contain amino acids (methionine and cysteine; Frederick 

et al., 1957; Mackie et al., 1998).  Megasphaera is the primary anaerobic bacteria in 

sulfur amino acids (methionine and cysteine) metabolism (Mackie et al., 1998).   

Large amounts of offensive odor are produced during respiration of sulfates by 

sulfate reducing bacteria such as Desulfovibrio, Desulfobacter, Desulfobulbus, 

Desulfotomaculum, and Desulfomonas (Levitt et al., 1995).  This dissimilatory pathway 

uses sulfur as an electron acceptor (Le et al., 2005).  Bouchard and Conrad (1973) 

reported sulfur excretion was balanced 50:50 between urine and feces in lactating dairy 

cows, though the percent sulfur in urine increased as dietary sulfur intake increased.  

Concern over sulfur compounds around feedlot facilities has increased due to the 

popularity of using corn distiller’s grains with solubles (DGS) in diets.  The sulfur 

content of DGS concentration ranges between 0.31 % DM to 1.93 % DM (Shurson, 

2009), which is approximately three times higher than corn grain.  When corn is replaced 

with DGS in the diet, the concentration of sulfur exceeds the nutrient requirements of the 

cattle and excess sulfur is excreted.  Corn replacement with DGS results in increased 

dietary protein levels too.  Stevens et al. (1993) indicated sulfide excretions increased as 

dietary protein levels increased from 17% to 34%, even though the 34% protein diet did 

not contain the largest sulfur concentration.   

Bedding materials can also affect the sulfur emissions from feedlot facilities.  

Anaerobic bacteria Megasphaera, a primarily sulfur amino acid metabolizing bacteria, 

has optimal growth at pH of 7.4 (Zhu, 2000).  With urine pH from cattle approximately 

7.4 (Abney et al., 2007) and pine wood products having similar pH it provides an ideal 

environment for sulfur producing bacteria Megasphaera (Spiehs et al., 2017).  When 
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evaluating wood-based cattle bedding material, Spiehs et al. (2014a) reported green cedar 

chips emitted the highest total sulfur compounds followed by dry cedar chips and corn 

stover, with pine chips being lowest.  However, Spiehs et al. (2017) reported 100% pine 

chips had greatest odorous sulfur compounds at the end of a six-week lab-scale bedded 

pack study compared to 100% corn stover or combinations of corn stover and pine chips.  

In addition to a pH of 7.4, anaerobic bacteria Megasphaera desire temperatures within 

25C to 40C (Zhu, 2000).  Woodbury et al. (2015) observed volatile sulfur compounds 

DMDS and DMTS contribution to total odor activity value increase from 76.6% to 90.1% 

from beef feedlot pen surfaces as the ambient temperature increased from 5 to 35C. 

 

7. ODOR ACTIVITY VALUE (OAV) 

With hundreds of odorous compounds emitted together from CAFOs it is 

extremely difficult to determine which compounds are causing malodor.  Odor activity 

values (OAV) provide scientists with a method to assess the relative importance of an 

individual compound in a complex odor mixture (Parker et al., 2012).  Parker et al. 

(2012) published a comprehensive review of OAV to complement the U.S. National Air 

Emissions Monitoring Study (NAEMS).  Patton and Josephson (1957) originally 

developed the OAV calculation when evaluating food odors.  The OAV is generated as a 

ratio of a single odorous compound to the ODT for that given compound and is a unit less 

value (Friedrich and Acree, 1998; Trabue et al., 2006).  The ODT is the lowest 

concentration at which an odor can be detected (Mackie et al., 1998).  Within the animal 

agriculture research community ODT values for individual compounds calculated by van 
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Germert (2003) have been consistently used (Parker et al., 2013b; Spiehs et al., 2014a).  

The equation for OAV is as follows: 

 

OAV= (Concentration of VOC)/(ODT) 

 

When evaluating OAV data, the higher the OAV value, the greater likelihood that 

the compound is contributing to the odor mixture (Parker et al., 2012).  Parker et al. 

(2012) calculated geometric mean ODT values from van Gemert (2003) for acetic acid, 

propionic acid, isobutyric acid, butyric acid, isovaleric acid, valeric acid, hexanoic acid, 

heptanoic acid, phenol, p-cresol, indole, skatole, DMDS, and DMTS which were 578, 

106, 38, 6.9, 2.3, 8.8, 69, 60, 206, 1.3, 2.1, 0.48, 12, and 2 ng L-1, respectively.  These 

geometric mean ODT values were similar to those published by Parker et al. (2010b). 

Odor activity values have been reported in a number of published studies looking 

at VOC emissions from CAFOs.  Trabue et al. (2011b) report spikes in total OAV levels 

specifically during early morning (0600-0800) and late evening hours (1900-2300) daily 

from cattle feedlots.  Previously, Woodbury et al. (2015) reported the percentage of total 

OAV from feedlot pen surfaces increased as temperature increased (9.2, 12.1, 17.5, and 

61.2% at 5, 15, 25, and 35C; respectively).  At the end of a six-week study evaluating 

eight bedding materials commonly used in beef bedded pack confinement facilities, 

Spiehs et al. (2013a) found total OAVs were the lowest for wood shavings, while ground 

corn cobs were roughly eight times greater.  Corn stover and wheat straw had similar 

total OAVs at roughly three times greater than wood shavings.  In a second lab-scale 

bedded pack study by Spiehs et al. (2014a) total OAV was significantly greater for green 
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cedar chips bedding compared to corn stover, dry cedar chips and pine chips at the end of 

the 42-d study.  Pine shavings had the lowest total OAV, but statistically it was similar to 

corn stover.  Meanwhile, Parker et al. (2012) reported OAVs on individual compounds 

from two swine and two dairy facilities, with H2S being the highest OAV emissions at all 

four facilities.  In both swine facilities, H2S was the greatest contributor to overall OAV, 

followed by p-cresol, butyric acid, and isovaleric acid.  However, there was greater 

variability in OAV levels between dairy facilities with H2S, NH3, DMDS, p-cresol, 

butyric acid, and isovaleric acid being the compounds most likely to contribute to odor.    

 

8. DIETS AND FEEDSTUFFS 

A variety of feedstuffs are used in livestock diets, and usage depends on feedstuff 

availability, price, and performance goals.  Feedstuff themselves located and stored 

around livestock feeding facilities have been correlated with VOC emissions (Alanis et 

al., 2010).  With increased scrutiny on noxious odors, researchers and nutritionists have 

focused on possible dietary manipulations to reduce the amount and type of nutrients 

remaining in urine and feces which contribute to negative VOC odorants.  Corn and corn 

DGS are two of the most frequently used feedstuffs in feedlot diets.  In a 2015 survey of 

feedlot consultants, 100% responded that corn was used as a main grain source in diets 

and 87.5% responded that corn distiller grains with solubles was the main by-product in 

finishing diets (Samuelson et al., 2016).  When evaluating these two feedstuffs for 

potential odor production, the starch digestibility of corn and excess crude protein 

excretion from distiller’s grains are the primary concerns for odor production.   
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8.1 Corn Starch 

Starch utilizations in feedlot diets have been a key emphasis of researchers for 

decades, with the goal of increasing energy availability from starch (Owens et al., 1997).  

In a 2015 feedlot consultant survey conducted by Samuelson et al. (2016), the 

nutritionists surveyed reported using steam flaking (70.8%), high-moisture (16.7%), and 

dry-rolling (12.5%) as primary corn processing methods.  Starch is tightly bound by the 

protein matrix in the endosperm of the corn kernel, limiting the penetration by amylolytic 

enzymes (McAllister et al., 1990).  Corn processing assists in disrupting the protein 

matrix through the use of shear force which increases the starch particle surface area.  

Starch digestibility is improved in steam flaked and high moisture corn through kernel 

rehydration and exposure to heat which gelatinizes starch molecules (Zinn et al., 2002).  

Owens (2005) reviewed 46 starch digestion trials and reported total tract digestion for 

high moisture corn (99.2%), steam flaked corn (99.1%), and dry rolled corn (91.0%).  

Not only does the corn processing method have a large impact on diet utilization and 

performance, but processing can also reduce excretion of non-utilized starch in feces. 

Starch is the preferred substrate in carbohydrate fermentation within manure 

producing L-lactate, acetate, propionate and butyrate (Miller and Varel, 2002).  Reducing 

the excretion of undigested starch will limit the substrates available in feces for microbes 

to use as an energy source producing VFAs.  The reduction in VFA production in feces 

minimizes the amount being volatized into the atmosphere.  Limited research has been 

conducted to discover the differences in corn grain processing methods and their effect 

on odorous production from feedlot cattle feces and urine.  Archibeque et al. (2007a) 

reported that feces from steers consuming dry rolled corn produce higher levels of VFAs 
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and organic odorous compounds compared to feces from steers consuming steam rolled 

corn.  However, Hales et al. (2015b) did not observe significant differences in VOC 

emission from urine and feces of steers fed dry rolled vs steam flaked corn grain 

processing methods.  Spiehs et al. (2018) reported no significant differences in odor 

potential, as determined by OAV, for cattle fed diets containing high moisture corn 

(HMC) and dry rolled corn (DRC) with either 25 or 45% wet corn distiller’s grains 

solubles (WDGS).  However, the HMC in the study was poorly digested by the animal 

and fecal microbes.   

 

8.2 Corn Distiller’s Grain Protein 

Research conducted previously has demonstrated that when cattle consume 

excesses N it is excreted in as urine and feces (Cole et al., 2005; Archibeque et al., 

2007b).  The U.S. Grains Council guide to DDGS (3rd Edition, 2012) reported an average 

nutrient concentration of 30.9% crude protein (CP) and 10.7% fat on dry matter basis 

among 32 U.S. DDGS samples. Buckner et al., (2011) report an average nutrient 

concentration of 31.0% CP and 11.9% fat on dry matter basis for WDGS sampled from 

six ethanol plants in Nebraska.  When DGS replace corn grain in feedlot diets, the crude 

protein content of the diet is higher than the nutrient requirements of the cattle.  Previous 

nitrogen-balance studies have reported only 15% of N dietary intake is retained by 

feedlot animal for tissue production (Waldrip et al., 2015).   Atmospheric N loss were the 

greatest at 44%, while manure removal from housing facilities contained 41% N dietary 

loss.  Spiehs and Varel (2009) observed an increase (P < 0.01) in N excretion as WDGS 

replaced corn in the diet.  While N excretion in feces did not differ, urinary N excretion 
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increased linearly as the inclusion rate of WDGS increased in the diet.  As WDGS 

increased up to 60% DM in the diet, concentration of long- and branched- chain VFAs 

and phenol in the feces also increased.  Indole, p-cresol, and skatole were not affected by 

dietary inclusion rate of WDGS.  Spiehs et al. (2018) reported DMDS and DMTS flux 

from feces was significantly higher for cattle receiving 45% WDGS diet than a 25% 

WDGS diet.  Similarly, dimethyl disulfide emission were four times greater and DMTS 

three times greater following land application of manure from cattle fed 30% WDGS 

diets compared 0% WDGS diets (Woodbury et al., 2014).  Interestingly, Hales et al. 

(2012, 2015b) observed the DMDS and DMTS flux from feces of cattle receiving diets 

with and without WDGS did not differ.   

 

9. BEDDING MATERIAL 

In confinement facilities without slated floors, bedding material is used to provide 

animal comfort in a loafing area.  In a survey of Iowa producers, 46.7% reported bedding 

mono-slope barns once per week, while 50% of producers operating hoop barns bedded 

twice per week (Doren et al., 2010).  Producers use a variety of bedding material 

including corn stover, wheat straw, corn cobs, bean stover and wood shavings (Doran et 

al., 2010).  Within the dairy industry wash sand, straw, wood shavings, and separated 

manure solids are commonly used as bedding materials (Misselbrook and Powell, 2005; 

Shane et al., 2010).  In most cases, availability and cost are the main factors for producers 

to consider when selecting a bedding material.  The amount of bedding material needed 

to maintain a comfortable environment is dependent on stocking density, animal size, 

diet, and environmental conditions.  Researchers and consultants have reported a range 
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between 0.907-4.536 kg/hd/d bedding needs for cattle raised in deep-bedded mono-slope 

facilities, with an average of 1.814 kg/hd/d (Honeyman et al., 2008; Doran et al., 2010; 

Spiehs et al., 2011).  The addition of bedding material like straw to feces and urine 

slurries promote aerobic composting and help to reduce anaerobic odor emissions 

(O’Neill and Phillips, 1991).  However, anaerobic degradation of bedding material may 

also contribute to odorous emissions, such as nitrogen (N) breakdown of corn stover 

residue when used to construct bedded packs structures over a period of time.  Recent 

research evaluating bedding materials has reported the possibility that a management 

decision on bedding type can influence odorant emissions (Spiehs et al., 2012, 2013a, 

2014a, 2017; Ayadi et al., 2015).   

 

9.1 Corn Stover 

 In 2017, an estimated 33.47 million hectares of corn were harvested across the 

United States (USDA NASS, 2018); leaving behind stalks, leaves and cobs for potential 

corn stover harvesting.  The process of harvesting corn stover has been done for 

generations by farmers to use as livestock bedding, a feedstuff, and more recently as a 

biomass for cellulosic ethanol production.  Often, nutrient composition of the corn stalks 

is not measured when harvested for bedding or feed because most nutrients are recycled 

to the fields through manure application to cropland (Karlen et al., 2015).  Corn stover 

yields will vary as a result of corn varieties, crop yields and growing conditions.  

Generally a 1:1 ratio of dry weight corn grain to dry weight residue is used when 

calculating corn stover residue yields (Sokhansanj and Turhollow, 2002).  When using 

85% dry matter corn stover, an 11,768.9 kg/ha corn yield would result in 9,336.7 kg/ha 
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corn stover production.  There is an indirect cost associated with the removal of corn 

stover from fields, as removal of stover can potentially lead to increased soil erosion and 

reduced soil fertility along with lower nutrient availability for future crops (Mann et al., 

2002).  While the nutrient concentration of stover varies by season, harvesting methods 

and crop yield, on average a ton of corn stover, remove 7.71 kg nitrogen, 1.81 kg 

phosphorus and 15.42 kg potassium from the field (Wortmann et al., 2012).  Any nutrient 

removal through residue harvesting must be accounted for when determining future 

fertilizer needs.  Removal of corn stover may be beneficial for no-till farming practices 

because the lack of residue cover allows soil temperatures to increase earlier in the spring 

(Sindelar et al., 2013). 

The vast acres of corn production in the Upper Midwest give feedlot producers 

access to large quantities of corn stover as a reasonably priced source of livestock 

bedding.  Gallagher and Baumes (2012) estimated the farm cost for harvesting stover, 

including fertilizer replacement cost for nutrient loss, at $35.98/MT.  Corn stover is also a 

popular bedding choice because it absorbs moisture well.  Spiehs et al. (2013b) reported 

the average water holding capacity at 3.6 grams of water per gram of processed corn 

stover bedding.  Corn stover and wheat straw had the greatest water holding capacity of 

the nine bedding materials tested.  Similarly, Kasimati et al. (2015) reported 4.3 g of 

water holding capacity per gram bedding for corn stover which was the highest across 

seven bedding materials tested.  Bedding needs for deep bedded mono-slope barns can 

fluctuate depending on cattle size, pen stocking density, length of feeding period and 

bedding type used.  Spiehs et al. (2011) reported 1.95 kg to 3.37 kg of chopped corn 

stover per animal per day when cattle were on feed for at least 100 days.  Previous 
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research conducted by Spiehs et al. (2011) showed concentration of total BCFA, aromatic 

compounds, sulfur compounds and calculated OAV did not differ between bedding 

containing corn stover, pine wood chips, and various combinations of these two 

materials.  

 

9.2 Wood Shavings 

In the Upper Midwest Corn Belt corn stover is by far the most popular bedding 

source choice for feedlot operators.  Alternative bedding materials are used for a variety 

of reasons including lack of stover availability, ease of access to other bedding materials 

and management.  In 2015, Wisconsin, Minnesota, and Iowa ranked in the top 16 states 

for forestry product manufacturing, providing access to wood base by-products (MN-

DNR, 2017).  Wood shavings are a popular bedding material in the dairy industry for 

free-stall barns (Kristula et al., 2008); some feedlot operators also use wood bedding 

(Doran et al., 2010).  Wood shavings are a by-product of the forestry and lumber industry 

that naturally contain antibacterial inhibitors such as tannins, resins, tars, and organic 

acids (Allison and Anderson, 1951; Goldstein, 1982).  While these antimicrobial 

properties could be beneficial in slowing the microbial fermentation in urine and feces of 

undigested protein and starch, research has been mixed regarding bacteria inhibition by 

wood products.  Allison and Anderson (1951) observed the concentration of 

antimicrobial compounds typically found in wood did not have significant effect on 

bacteria in organic matter.  Kudva et al. (1998) observed a shorter E. coli O157:H7 

survival time in bovine manure that contained small amounts of wood chip bedding 

material.  Nimenya et al. (2000) reported a urease-inhibitory effect by spruce sawdust on 
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dairy cattle urine, resulting in a reduction in NH3 volatilization.  It was hypothesized that 

the inhibitory effect of the spruce sawdust was from its tar content.  In contrast, the dairy 

industry has reported a positive correlation between wood products and teat end bacterial 

counts (Hogan and Smith, 1997; Zdanowicz et al., 2004).  When considering potential in 

bedding moisture retention, pine wood shavings tend to have slightly lower water holding 

capacity compared with the corn stover, ranging from 2-3 grams water per gram of 

material (Spiehs et al., 2013b; Kasimati et al., 2015).  Currently, there is a lack of 

research regarding the amount of shavings needed per head a day in deep bedded mono-

slope facilities to maintain a bedded pack and meet animal comfort.  Recently, Spiehs et 

al. (2013a) evaluated eight plant- and wood based bedding materials using lab-scale 

bedded packs.  Odor potential was lowest over a six-week simulation for wood shavings 

compared to ground corn cobs.  Spiehs et al. (2014a) reported similar findings with pine 

wood shavings in lab-scale bedded packs producing the lowest total OAV over a six-

week period compared to corn stover and cedar wood products.  In a follow-up study, 

Spiehs et al. (2017) evaluated pine chips as bedding material in lab-scale bedded packs as 

partial or 100% replacement of corn stover.  Pine chips inclusion >40% reduced BCFA 

concentrations and just 10% inclusion reduced skatole by 64%.  However, pine chips 

inclusion over 60% resulted in a C:N ratio over the ideal 24:1, which is the ideal N 

supply for maximum microbial productivity.  In addition, 100% pine chips significantly 

increased odorous sulfur compounds.   

 

9.3 Bean Stover 
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Bean stover is the residue left behind after harvesting soybeans with a combine.  

In 2018 roughly 35.65 million hectares (ha) of soybeans were harvested throughout the 

United States (USDA NASS, 2019).  While bean stover is not often the first choice for 

livestock bedding material, it is sometimes used when other primary bedding materials 

are unavailable.  Feedlot operators in the Upper Midwest will also use bean stover for a 

roughage source in high energy finisher diets when other roughage sources are 

unavailable.  Soybeans yielding 0.385 tonnes/ha will produce roughly 709 kg/ha of bean 

stover residue (Hickman and Schoenberger, 1989).  Bean stover water holding capacity 

(g of water per g of dry bedding) is similar to corn stover and wheat straw (Table 1.), 

although the rate to saturation is nearly 15 times quicker for bean stover (Spiehs et al., 

2013b).  Research evaluating bean stover as a dietary roughage source or bedding 

material for cattle is lacking to date.   

 

9.4 Wheat Straw 

There are many different types of straw (wheat, oat, barley) used in the livestock 

industry, with wheat straw being one of the most common.  Availability of wheat straws 

varies regionally in the United States as a result of wheat requiring specific climate zones 

for growth.  Wheat straw in livestock productions systems has been consider a beneficial 

bedding material for welfare of animals (Tuyttens, 2005).  Within the dairy industry 

straw was used heavily for bedding before more affordable bedding options such as sand 

or recycled manure solids became readily available (Husfeldt et al., 2012).  In 2018, 

producers in the United State harvested 16.0 million ha of wheat yielding nearly 51.7 

million tonnes of wheat grain (USDA NASS, 2019).  Wheat grain yield of 2.3 tonnes/ha 
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produces roughly 4500 kg/ha of straw residue (Reiter et al., 2015).  Wheat straw bedding 

characteristics tends to be similar to corn stover bedding material (Table 1).  Spiehs et al. 

(2013b) reported similar rates of time for wheat straw and corn stover to reach 95% 

saturation (24 and 23.4 hr, respectively), which was dramatically greater than bean stover 

and pine chips (1.6 and 1.8 hr, respectively).  Misselbrook and Powell (2005) concluded 

that bedding materials with greater bulk density like recycled manure solids compared to 

wheat straw resulted in greater NH3 emission reduction when applied at same bulk 

density.  Though adding greater volume of lighter bulk density bedding materials such as 

wheat straw to the same area could overcome this difference.  

At this time NH3, GHG, and VOC emissions from CAFOs are minimally or 

entirely not regulated by state and national agencies, but recent legal battles (Fatka, 2018) 

have emphasized the need for operators of these facilities to evaluate facility design and 

management practices to reduce emission levels.  To date, research looking at odorous 

compounds from bedded packs of feedlot operations has been focused on the larger 

picture of feedlots general emissions and effect facility type, bedding materials, age of 

bedded packs and manure storage on VOC emissions.  Research evaluating the influence 

of environmental ambient temperatures interaction with bedding materials and age of 

bedded packs on odorous emissions from bedded packs of feedlot operations has been 

limited.  Additionally, there is a lack of data observing the correlations between odorous 

compounds in feces and urine and the VOC emission flux they produce.  Having the 

ability to predict approximate VOC emission flux from the odorous compounds within 

feces and urine would give researchers a fast air emission value without needing large 

amounts of sophisticated air emissions monitoring equipment and workforce to construct 
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and monitor its operation.  The following two studies were developed with the objective 

of answering these questions.    
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USE OF BEDDING MATERIALS IN BEEF BEDDED MANURE 
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CHAPTER OVERVIEW 

Throughout the Upper Midwest, farmers have observed an increase in land prices 

and fertilizer prices resulting in the increased popularity of confinement feeding facilities 

such as mono-slope and hoop barns with bedded packs.  Environmental and public 

pressure has been placed on the agriculture community to improve NH3, GHG, and VOC 

emissions from CAFOs.  A study was conducted to determine the effect of bedding 

material (corn stover (CS), bean stover (BS), wheat straw (WS) or pine wood chips (PC)) 

and environmental ambient temperature (15°C (COLD) or 30°C (HOT)) on concentration 

of NH3, CH4, CO2, N2O, H2S, and odorous VOCs in air samples collected in headspace 

above lab-scaled bedded packs over a 42-d study.  Bedded packs were housed in a 

common area at 18°C through Week 3 before being placed at their treatment temperature 

in respective environmental chamber.  A significant (P = 0.0422) interaction between 

bedding material, ambient temperature and age of bedded pack was observed for CH4.  

Methane flux was similar across all treatments at Week 4.  As bedded packs aged all the 

bedded packs in the cold chambers and the packs with the HOT-BS, HOT-PC, and HOT-

WS treatment produced similar yet minimal flux compared to HOT-CS at Week 5.  

Whereas, at Week 6 HOT-BS and HOT-CS had significantly greater flux (10.48 and 

12.59 mg m-2 hr-1; respectively) across all other treatments.  A significant two-way 

interaction for bedding material by ambient temperature for NH3, H2S, and CO2, and N2O 

flux was observed (P = 0.0094, P < 0.0001, and P = 0.0005; respectively).  Ammonia 

flux from BS, CS, and WS bedding material treatments was significantly greater at HOT 

ambient temperatures than COLD.  Across all treatments significantly (P = 0.0407) 

greater NH3 flux (372.9 mg/m2/hr) was observed in headspace of HOT-WS bedded 
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packs.  Across all treatments COLD-BS had significantly (P < 0.0001) greater H2S flux 

than any other treatment, while bedding materials at HOT temperatures were similar.  

Carbon dioxide flux from WS bedding material was significantly (P < 0.05) greater no 

matter ambient temperature and increase over time.  A significant (P = 0.0357) two-way 

interaction between ambient temperature and age of bedded pack for H2S flux was 

observed.  Bedded packs maintained in COLD environments has similar H2S flux across 

weeks, while HOT treatments significantly (P = 0.0098) decreased from Week 4 to 6.  

Total aromatic compounds had significant (P = 0.0455) interaction for bedding material 

by ambient temperature as HOT were significantly greater than COLD across all bedding 

material types.  An ambient temperature by age of bedded pack and bedding material by 

ambient temperature significant (P = 0.0008 and P = 0.0083)); respectively) interaction 

existed for total sulfide compounds as flux from COLD increase and HOT decrease over 

time.  Total sulfides were the largest from PC bedded pack regardless of the temperature.  

Significant interactions for ambient temperature by age of bedded pack and bedding 

material by age of bedded pack was observed for both total BCFA and total SCFA.  Total 

BCFA and total SCFA flux from CS and WS was significantly (P < 0.05) greater at 

Week 4, while total BCFA and total SCFA flux from HOT bedded packs decreased 

significantly (P < 0.05) from Week 4 to 5.  Total OAVs decreases over time for both 

HOT and COLD treatments, although COLD treatments had significantly (P < 0.05) 

lower total OAVs regardless of age of bedded pack.  Bedding types BS and PC had the 

lowest total OAV across all weeks.  Aromatic compounds generated 72.0% of the total 

OAV over time.  Producers should evaluate their bedded pack management system and 
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consider potential bedding material being used and bedded pack removal frequency based 

on seasonal ambient temperatures to reduce overall operation flux emissions. 

 

1. INTRODUCTION 

Beef feedlot producers in the Upper Great Plains and Midwest regions of the 

United States are building confinement feeding facilities to address environmental and 

management issues associated with livestock production.  Slatted floor facilities require 

no bedding, but mono-slope and hoop facilities are typically bedded for animal comfort. 

A variety of bedding material types are used with the most common being crop residues 

such as corn stover, bean stover, and wheat straw (Doran et al., 2010).  Livestock manure 

is recognized as primary source of NH3, GHG, and VOCs from animal agriculture (Miller 

and Varel, 2001; Chadwick et al., 2011), and the bedding-manure mixture in confinement 

beef facilities is a potential source of gas emission and odors.  To reduce NH3, GHG, and 

VOC emissions from CAFOs, feedlot operators evaluate many management decisions 

that impact odors and gases including feed, cleaning, age and type of animals present, 

and type of bedding material used in the facility.  Bedding material type has been 

reported as possible influence of gaseous and odorant emissions (Misselbrook and 

Powell, 2005; Garlipp et al., 2011; Spiehs et al., 2012, 2014a, 2017; Ayadi et al., 2015).   

Greenhouse gas contributions from ruminants has been heavily focused on CH4 

production from enteric fermentation (Johnson and Johnson, 1995; Kebreab et al., 2008), 

although microbial decomposition of manure produced at CAFOs also results in NH3, 

CH4, CO2, and N2O production (Mackie et al., 1998).  Undigested dietary nitrogen 

excreted in urine and feces contributes to NH3 emissions (Archibeque et al., 2007b).  
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Ammonia volatilization depends on temperature, moisture content, pH, air movement, 

and other factors (Van Horn et al, 1996).  Potential negative respiratory health effects 

from NH3 volatilization is a concern for confinement workers (Mitloehner and Calvo, 

2008).  Ayadi et al. (2015) reported NH3, CH4, CO2, and N2O concentrations in 

headspace above lab-scale bedded packs was higher at 40C compared to 10C.  Bedded 

packs using corn stover compared to BS resulted in greater NH3 concentrations when 

ambient temperatures were 40C.  Previously, Spiehs et al. (2016) reported bedded packs 

containing greater than 20% pine chips in a corn stover mixture reduced NH3 up to 14%.  

Regardless of the percent of pine chips and corn stover in the bedding mixture, CH4, CO2, 

and N2O concentrations throughout the 42-d bedded pack study did not differ (P > 0.61). 

Airborne VFAs have been established as primary contributors to livestock odors 

(Zhu et al., 1997; Miller and Varel, 2001; Zahn et al., 2001).  Warmer ambient 

temperatures during summer tend to increase VOC levels as a result of increase microbial 

activity compared to winter temperatures.  When evaluating manure from beef feedlot 

surfaces, Woodbury et al. (2015) reported VOC emission increased as ambient 

temperature rose from 5 to 35C.  Type of bedding material also influences VOC 

emission.  Pine chips inclusion with corn stover bedding at greater than 40% reduced 

BCFA concentrations, and as little as 10% inclusion of pine chips reduced skatole by 

64% (Spiehs et al., 2017).  However, pine chips inclusion over 80% resulted in excess 

carbon that increased the C:N ratio to 27.5:1.  A ratio of 24:1 is recommended to support 

the soil microorganisms needed for nutrient recycling in the soil.  Ratios above 24:1 may 

create a temporary nitrogen deficiency for growing crops.  In addition, 100% pine chips 

significantly increased odorous sulfur compounds.  When pine wood chips were used as a 
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bedding material in place of corn stover OAV was reduced by 73% over a 42-d study 

(Spiehs et al., 2014a).  However, research conducted by Spiehs et al. (2012) showed 

concentration of total BCFA, aromatic compounds, sulfur compounds and calculated 

OAV did not differ between bedding containing corn stover, pine wood chips, and 

various combinations of these two materials.  While current literature has demonstrated 

that temperature and bedding material can independently affect gas and odor emissions 

from feedlot surfaces, no research has examined how these two factors interact with one 

another. 

The objective of this study was to determine the effect of bedding material and 

environmental ambient temperature on concentration of NH3, CH4, CO2, N2O, H2S, and 

odorous VOCs in air samples collected in headspace above lab-scaled bedded packs over 

42-d study. 

 

2. MATERIALS AND METHODS 

2.1 Bedding Material 

 Corn stover (CS), bean stover (BS), wheat straw (WS) and pine wood chips (PC) 

were used in this lab-scaled bedded packs study.  Corn stover, BS, and WS where 

sourced locally and processed in an Earthquake chipper/shredder (Ardisam, Inc., 

Cumberland, WI) before being sifted through a 6.35-mm screen to remove fines as 

described by Spiehs et al. (2014a).  Kiln-dried pine wood chips were purchased 

commercially (Ozark Shavings Co., Licking, MO). 

 

2.2 Lab-Scaled Bedded Packs 
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Lab-scaled bedded packs were built using a 0.43 m high and a 0.38 m diameter 

plastic trash can as previously described by Spiehs (2018).  To allow air movement, each 

container had six 1 cm holes spaced equally around the circumference of the container, 

approximately 5 cm from the top of the container (Spiehs, 2018).  

Initially, 400 g of bedding treatment material was used for the base bedded pack.  

Three times per week, on Monday, Tuesday and Thursday for Tuesday sample collection 

group (Environmental Chambers A & B) and Tuesday, Wednesday and Friday for 

Wednesday sample collection group (Environmental Chambers C & D), 300 g of cattle 

feces and 300 ml of cattle urine (adjusted to pH 7.4) were added to bedded pack surface.  

Bedding (200 g) was added once weekly on day of sample collection after sample 

collection was completed.  Following addition of feces, urine and bedding material, the 

bedded pack was mixed for 30 s using a plastic covered 5.08-cm steel rod to imitate live 

animal activity.  Bedding and air samples were collected once weekly from bedded packs 

for NH3, CH4, CO2, N2O, H2S, VOCs, pack temperature, pack height and pH before 

addition of feces, urine and bedding material.  Each period used four environmental 

chambers, controlling ambient temperature and humidity (Brown-Brandl et al., 2011).  

Two environmental chambers replicates (Environmental Chambers B & D) were used for 

the hot treatment (HOT) at 30C with a 12C dew point and two chambers 

(Environmental Chambers A & C) for cold treatment (COLD) at 15C with a 10C dew 

point, with each chamber maintaining a steady ambient temperature and humidity level 

throughout the study.  Each environmental chamber held eight lab-scaled bedded packs, 

two of each bedding material treatment during each of four 42-d studies creating 16 

experimental units per bedding treatment.  During first 21 days, before being placed in 
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their respective environmental chambers, bedded packs were all stored in a common 

room at constant temperature of 20C. 

 

2.3 Sample Collection 

Sample collections were completed on Tuesday (Chambers A & B) and 

Wednesday (Chambers C & D) before feces, urine and fresh bedding were added to the 

bedded packs.  Relative differences in steady state concentrations of NH3, CH4, CO2, 

N2O, H2S, and VOCs were measured using 7 L stainless steel hemispherical flux 

chambers with an overall surface area of 640 cm2 (Miller and Woodbury, 2006; 

Woodbury et al., 2006).  Air was collected from the headspace above each lab-scaled 

bedded pack on days 28, 35, and 42.  Flux samples from the air above lab-scaled bedded 

packs were collected as described previously by Spiehs et al. (2018, 2019) for NH3, H2S, 

GHG, and VOCs analyses.   

At the initiation of sampling, one flux chamber was placed on top of the lab-

scaled bedded pack.  Centered within the headspace of the chamber approximately 70 

mm off the bedded pack surface was a 40 mm, 12 V axial-flow fan moving 

approximately 130 L min-1 pulling airflow from the surface to the top of the chamber 

(Spiehs et al., 2019).  Soft, elastic rubber skirts that were 61 cm square and contained 

22.9 cm diameter holes cut in the center were attached over each flux chamber to form a 

seal on the top of the plastic container when the flux chamber was placed on the plastic 

container for air sampling (Spiehs, 2018).  A 0.64 cm inert tubing was attached to the 

flux chambers using inert compression fittings (Spiehs, 2018).  The inert tubing was 

attached to the gas sampling manifold that fed into the air sampling equipment (Spiehs, 
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2018).  The gas sampling system was controlled by a 24 V Programmable Logic Relay, 

which signaled multi-positional three-way solenoids to open and close one of eight air 

inlet lines on the gas sampling manifold (Spiehs, 2018).  One line was opened at a time to 

allow for individual air sampling from each bedded pack (Spiehs, 2018).  Ambient air 

from the room was flushed through the tubing at a rate of 5 L min-1 for 30 min followed 

by air sampling for 20 minutes per bedded pack (Spiehs, 2018).  Only sampling data 

minutes 8 to 20 were analyzed to guarantee quality sample from tubing.  Analytical 

equipment used for analyses of air flux samples was as previously described by Spiehs 

(2018).  Hydrogen sulfide air flux samples were analyzed using a Thermo Fisher 450i 

Hydrogen Sulfide/Sulfur Dioxide/Combined Sulfur Pulsed Fluorence gas analyzer 

(Thermo Fisher Scientist, Waltham, MA).  Ammonia emissions was determined using a 

Thermo Fisher 17i Ammonia Chemiluminescent gas analyzer (Thermo Fisher Scientist, 

Waltham, MA),   while CH4 was measured with a Thermo Fisher 55i Direct Methane and 

Non-methane Hydrocarbon Backflush Gas Chromatograph gas analyzer (Thermo Fisher 

Scientific, Waltham, MA).  The remaining GHGs, N2O and CO2, were measured using an 

Innova 1412 Photoacoustic gas monitor (LumaSense Technologies, Santa Clara, CA). 

Volatile organic compounds sample collection was completed using 

preconditioned stainless steel sorbent tubes (89 mm × 6.4 mm OD) filled with Tenax 

TAsorbent (Markes International, Inc.) with brass polythtrafluorethylene (PTFE) ferrules 

storage caps (Spiehs, 2018).  A single stainless steel sorbent tube was connected to an 

inlet port on the stainless steel hemispherical flux chamber using flexible plastic tubing.  

Headspace air sample was pulled through the sorbent tubes at a flow rate of 75 mL min-1 

for 5 min for a sample volume of 0.375 L using a vacuum pump (Pocket Pump 210 
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Series, SKC Inc.; Spiehs, 2018).  Sorbent tubes were analyzed for VOCs (acetic acid, 

butyric acid, propionic acid, isobutyric acid, isovaleric acid, valeric acid, hexanoic acid, 

heptanoic acid, phenol, p-cresol, indole, skatole, DMDS, and DMTS) using a thermal 

desorption-gas chromatography-mass spectrometry system (Parker et al., 2013a, 2013b).  

The TD system was a Markes Unity 2 (Markes International Inc., Wilmington, DE, USA) 

with autosampler (Ultra 2, Markes International, Inc.) coupled to an Agilent GCMS 

(7890A/5975C, Agilent Technologies, Inc., Santa Clara, CA, USA) as previously 

described by Parker et al. (2013b).  

Odor activity values (OAV) were determined from the individual VOCs values 

analyzed using gas chromatography as described by Spiehs et al. (2014a).  The OAV is 

the ratio of the concentration of a single chemical compound to the odor detection 

threshold (ODT) for that chemical (Friedrich and Acree, 1998; Trabue et al., 2006) and 

were calculated using the following formula: 

 

OAV = (Concentration of VOC)/(ODT) 

 

The odor detection threshold is the published ODT of a specific volatile organic 

compound (van Gemert, 2003; Parker et al., 2013b; Spiehs et al., 2014a).  Odor detection 

threshold values as reported by Spiehs et al. (2014a) were used in the calculation of OAV 

for this study.  The ODT values for acetic acid, propionic acid, isobutyric acid, butyric 

acid, isovaleric acid, valeric acid, hexanoic acid, and heptanoic acid are 578, 106, 38, 6.9, 

2.3, 8.8, 69, and 60 ng L-1, respectively.  The ODT used to calculate OAV for phenol, p-

cresol, indole, skatole, DMDS, and DMTS are 206, 1.3, 2.1, 0.48, 12, and 2 ng L-1, 
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respectively.  A summation of individual OAVs was used to produce a total OAV for 

each bedded pack as described in Parker et al. (2013b).  The total OAV was used to 

estimate differences in odor from each bedded pack (Spiehs et al, 2014a) though it does 

not account for synergistic or complex interactive effects from the mixing odorous 

chemicals (DiSpirito et al., 1994; Powers, 2001). 

Chemical and physical properties of the bedded pack were measured weekly 

before addition of bedding, urine, and fecal material.  A representative sample 

approximately 20-g from each bedded pack was collected at the center of the bedded 

pack approximately 7.6 cm below the surface of the bedded pack to determine pH as 

previously described by Spiehs et al. (2012, 2014a,b).  Samples were then diluted in a 1:2 

ratio based on mass with distilled water before a pH/mV/temperature meter (IQ150, 

Spectrum Technologies, Inc., Plainsfield, IL) was used for pH determination.  

Additionally, pack temperature was measured in the center of the pack at a depth of 

approximately 7.6 cm below the surface using a pH/mV/temperature meter (IQ150, 

Spectrum Technologies, Inc., Plainsfield, IL).  Bedded pack height was measured prior to 

collecting air samples to determine pack depth.  Mixing of the bedding, feces, and urine 

each week prevented a hole from developing in the middle of the bedded pack.   

Free air space percentage was determined through water displacement which was 

measured on the final day of the study as described by Spiehs et al. (2012, 2014a, 2014b).  

Air displacement volume provides a rough estimate of aerobic/anaerobic status within the 

bedded packs with greater air displacement being more aerobic. 

 

2.4 Statistical Analysis 
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Data were analyzed as a 2 x 4 factorial with repeated measures in time using the 

GLIMMIX procedure of SAS (SAS Inst., Inc., Cary, NC).  The model included the 

effects of bedding material, temperature, age of bedded pack, replication, period, bedding 

material x temperature, bedding material x age of bedded pack, and bedding material x 

temperature x age of bedded pack.  Covariate structure was tested using the following 

structures variance components, Toeplitz, autoregressive and compound symmetry to 

find lowest Akaike information criteria (AIC) value.  Compound symmetry was found to 

provide the lowest AIC value.  Fisher’s Least Significant Difference test was used for 

means separation when significant differences were detected in the least squares means.  

The experimental unit was bedded pack.  Differences were considered significant when P 

< 0.05 and tendencies at P values ranging from P = 0.05 to P < 0.10. Statistical analysis 

of each of the gases is reported in Table 2.  Table 3 shows the results of statistical 

analysis for each SCFAs and BCFAs compounds, while aromatic compounds, sulfide 

compounds and total OAV statistical analysis reported in Table 4.  

 

3. RESULTS AND DISCUSSION 

3.1 Ammonia 

The average bedded pack NH3 flux in headspace across treatments varied from 

94.0 to 442.3 mg/m2/hr.  These NH3 flux values were similar in range of the 

approximately 80 to 360 mg/m2/hr NH3 flux reported recently by Spiehs et al. (2019) 

when evaluating aluminum sulfate treatment on corn stover lab-scaled bedded packs.  

When flux in the current study was converted to mg m-3, levels were lower than previous 
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concentrations reported by Spiehs et al. (2014b, 2016) for bedded packs using crop 

residue and wood-based bedding materials.   

 A significant (P = 0.0094) interaction between bedding material and ambient 

temperature was observed for NH3 flux (Table 2).  Ammonia flux from BS, CS, and WS 

bedding material treatments was significantly greater at HOT ambient temperatures than 

COLD (Figure 3).  While NH3 flux from PC treatments was similar for HOT and COLD 

ambient temperatures (303.7 and 281.4 mg/m2/hr).  Flux above COLD-CS was lowest 

(122.2 mg/m2/hr) of all treatments, while HOT-WS had the greatest (372.9 mg/m2/hr) 

NH3 flux.   Observing lower NH3 concentrations from the COLD 15C treatments was 

expected as NH3 volatilization increases as ambient temperatures increases (Ayadi et al., 

2015; Koenig and McGinn, 2016).  In a Nebraska open feedlot system seasonal nitrogen 

loss during warmer summer months was 155 g/hd/d compared to colder winter months at 

92 g/hd/d (Koelsch et al., 2018).  Unutilized dietary nitrogen from cattle is primarily 

excreted as urea in urine (Varel, 1997; Bierman et al., 1999; Cole et al., 2005).  As 

temperature increases ureases activity increases the rate of conversion of urea to NH3 in 

manure (Moraes et al., 2017).  Spiehs et al. (2011) reported similar findings from beef 

deep-bedded mono-slope facilities where NH3 concentration in the air were 99.5 ±2.9 

mmol L-1 when ambient temperature was at or above 20.6°C compared to 14.8 ±5.4 

mmol L-1 when ambient temperature was at or below 0°C.  Ammonia emissions were 

potential larger for PC bedding treatments regardless of the environmental temperature 

because of increased urine absorption, which allowed a greater percentage of urine-

soaked bedding material surface area to be exposed to air movements.  When urine is not 

absorbed by bedding material it drains through to the bottom of the bedded pack where 
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volatilization is limited due to less air turbulence (Misselbrook and Powell, 2005).  Corn 

stover consistently provided some of the lowest NH3 emissions in both cold and hot 

environments, suggesting that CS is a viable bedding option to help reduce NH3 

volatilization.   

 

3.2 Hydrogen Sulfide 

In addition to causing odor, hydrogen sulfide emissions from livestock facilities 

are a safety concern because exposure can cause human and livestock fatalities (Hooser 

et al., 2000).  Hydrogen sulfide emissions are associated with liquid manure (Parker et 

al., 2010a).  Bedded packs lack the large volumes of liquid manure found in slatted floor 

deep-pit facilities or manure lagoons and lack of agitation of liquid causing air bubbles 

containing H2S to burst releasing H2S emission (Ni et al., 2009).  For these reason H2S 

emissions are relatively low in bedded pack facilities.  To date, no H2S emission data has 

been reported from beef mono-slope barns with deep-pits.  In bedded packs 

environments, H2S flux is produced as a result of sulfate reduction obligate anaerobic 

bacteria (Zang et al., 2017).  Obligate anaerobic bacteria degradation of sulfur containing 

proteins and OM excreted from livestock consuming diets high in corn distillers grains 

with solubles or sulfur amino acids (cysteine and methionine) have been reported as the 

main contributors to H2S emissions (Li et al., 2011; Mackie et al., 1998).    

Hydrogen sulfide flux in headspace above bedded packs ranged from 3.0 to 113.7 

µg/m2/hr.  A significant (P < 0.0001) interaction by bedding material and ambient 

temperature was observed for H2S flux in headspace above bedded packs (Table 2).  

Hydrogen sulfide flux in headspace above bedding materials maintained at COLD 



47 
 

ambient temperatures was greater for all bedding treatments compared to those at HOT 

ambient temperatures.   The greatest flux at 90.3 µg/m2/hr was produced by COLD-BS, 

while HOT-WS produced the least at 5.6 µg/m2/hr (Figure 4).   Meanwhile, HOT-WS 

had similar H2S flux in headspace above HOT-PC, HOT-CS, HOT-BS, and COLD-WS 

(15.2, 15.9, 17.3, and 20.7 µg/m2/hr; respectively).   

Additionally, a significant (P = 0.0357) interaction by ambient temperature and 

age of bedded pack was observed for H2S flux in headspace above bedded packs (Figure 

5).  Bedded packs stored at HOT ambient temperature had a significant reduction in H2S 

flux as bedded packs increased in age from Week 4 to Week 6 (25.8 vs 4.2 µg/m2/hr; 

respectively).  Bedded packs stored at COLD ambient temperature were similar across all 

weeks with Week 6 having the highest flux (50.2 µg/m2/hr).  At Week 4, H2S flux was 

similar between COLD and HOT (41.7 and 25.8 µg/m2/hr; respectively).  At Week 5 and 

6, bedded packs stored at COLD temperatures produced significantly (P = 0.0013) 

greater flux compared to HOT treatments.     

Previously, Arogo et al. (1999) reported H2S emissions from liquid swine manure 

were reduced as air temperature increase to 35C.  However, H2S emission typically are 

affected by temperature in the opposite manor.  Cortus et al. (2013) observed a significant 

increase in H2S concentrations as temperature increase from mono-slope cattle facilities.  

As temperature increases, microbial activity increases which stimulate H2S production 

(Cortus et al., 2014).  Additionally, Andriamanohiarisoamanana et al., (2015) reported an 

exponential increase in H2S concentrations as temperature increased from 8C to 28C.  

Wheat straw bedding produced the lowest H2S flux of all bedding material across both 

HOT and COLD temperatures (20.7 and 5.6 µg/m2/hr; respectively).  Bedded packs with 
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WS had the highest pack height (19.2 ±0.4 cm), which indicates less compaction, more 

free air space, and therefore, a less anaerobic environment which is needed for H2S 

production.  Conversely, bean stover bedded packs had the shortest height (12.4 ± 0.2 

cm) at the conclusion of the 42-d study (Table 5), indicating increased compaction, less 

free air space, and a greater anaerobic microbial environment that contributed to the high 

H2S flux from COLD-BS bedded packs.  Additionally, COLD-BS bedded pack had 

significantly lower bedded pack pH (7.6 ± 0.0 pH) across all bedding material and 

temperature (Figure 6).  A low pH (<7.0) favors hydrogen sulfide production 

(Linderholm et al., 2008).  Previous research has demonstrated an increase in H2S 

concentrations by 285% when the pH of stored liquid dairy manure decreased from 7.32 

to 6.82 (Andriamanohiarisoamanana et al., 2015).     

 

3.3 Greenhouse Gases 

A significant (P = 0.0422) interaction of bedding material, ambient temperature 

and age of bedded pack was observed for CH4 flux in bedded pack headspace (Figure 7).  

Methane concentrations in headspace above bedded packs were similar across all 

treatments at Week 4.  As bedded packs aged all the bedded packs in the cold chambers 

and the packs with the HOT-BS, HOT-PC, and HOT-WS treatment produced similar yet 

minimal flux compared to HOT-CS at Week 5.  Whereas, at Week 6 HOT-BS and HOT-

CS had significantly greater flux (10.48 and 12.59 mg m-2 hr-1; respectively) across all 

other treatments.  Within bedding treatment HOT-BS and HOT-CS had significantly 

greater CH4 flux during Week 6 compare to the previous weeks of samplings.  Methane 

production is a result of anaerobic degradation of OM (Bryant, 1979).  Bean stover and 
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CS bedded packs had less free airspace and shorter bedded pack heights at Week 6 

compared to other treatments which likely created an anaerobic environment conducive 

to CH4 fermentation (Table 5).  As expected, the bedded packs in the HOT environment 

were significantly warmer than the bedded packs stored at COLD temperatures (30.0C 

vs 18.8C; respectively) over the course of the study.  The ideal temperature for 

anaerobic CH4 production from livestock manure is 35C to 37C (Sakar et al., 2009).  

Methane emissions from feedlot manure have been linked to increase in ambient 

temperature (Jarvis et al., 1995; Woodbury et al., 2018).  Woodbury et al. (2018) reported 

the mean CH4 flux from feedlot manure increased exponentially from 0.004 to 0.572 g m-

2 d-1 as temperature increased from 5C to 35C. 

A significant (P = 0.0189) interaction of bedding material and ambient 

temperature was observed for CO2 flux in bedded pack headspace (Figure 8).  Within 

COLD and HOT ambient temperature treatments CO2 flux was significantly greater 

above WS than all other bedding materials (9164 and 9990 mg m-2 hr-1; respectively).  

Carbon dioxide emission is considered an indicator of the microbial activity within 

livestock manure (Woodbury et al., 2018).  The production of CO2 is a result of aerobic 

respirations which increases as temperature and aeration increase (Hao et al., 2001).  

When bedded packs were compacted or maintained at cold temperatures aerobic 

respiration was reduced compared to more aerated or warmer bedded packs.  In current 

study, WS had greatest free air space compared to all other bedding material treatments 

(Figure 9).  Greater bedded pack height for those containing WS provided greater O2 

availability within the bedded packs, improving the aerobic environment for CO2 

production.  The production of CO2 is more sensitive to O2 exposure than temperature.  
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This could be the reason for COLD-WS and HOT-WS treatments having the greatest 

CO2 flux compared to all other treatments.  Within bedding material type COLD-WS and 

HOT-WS had similar CO2 flux.  Additionally, COLD-PC and HOT-PC had similar CO2 

flux (5773 vs 5974 mg m-2 hr-1; respectively).  While HOT-BS and HOT-CS had 

significantly greater flux compared to when those bedding materials were maintained at 

COLD ambient temperatures.  Bean stover and CS bedded packs had the lowest bedded 

pack height indicating the likelihood of greater compaction compared to WS and PC 

bedded packs.  With compaction limiting O2 availability for BS and CS bedded packs, 

CO2 production was possibly driven by increase in ambient temperature.         

No significant multi-variable interactions were observed for N2O flux in bedded 

pack headspace (Table 2).  Previous research by Ayadi et al. (2015) using corn stover and 

bean stover for bedding material at 10C and 40C did not observe a significant 

interaction between bedding material, ambient temperature and age of bedded pack for 

N2O over 42-d study.  In the current study N2O concentrations ranged from 0.029 to 

0.808 mg m-2 hr-1 which is similar to N2O flux previously reported by Spiehs et al. 

(2014b, 2016, 2019).  Significant (P < 0.0001) differences in N2O flux across bedding 

material types were observed (Figure 10).  Bedded packs containing WS or PC has 

similar N2O flux, which was significantly higher than the N2O flux from bedded packs 

containing BS and CS (0.392, 0.366, 0.247, and 0.217 mg m-2 hr-1; respectively).  Initial, 

Week 4 sampling produced significantly (P < 0.0001) greater N2O flux compared to 

Week 5 and 6 (Figure 11).  As bedded packs aged to Week 6, N2O flux levels in 

headspace decreased to 0.186 mg m-2 h-1.  Treatments maintained at HOT temperatures 

produced significantly (P < 0.0001) greater flux when compared to those under COLD 
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temperatures (0.449 vs 0.162 mg m-2 hr-1; respectively; Figure 12).  Nitrous oxide flux is 

produced from both nitrification and denitrification process, which is influenced by 

moisture and temperature (Parker et al., 2017).  Woodbury et al., (2018) reported N2O 

flux from feedlot manure increased from 0.170 to 0.995 g m-2 d-1 as temperature 

increased from 5C to 35C.  The change in ambient temperature at Week 3 when bedded 

packs were moved from 18°C to their respective temperature treatments may be the cause 

of N2O peaks at Week 4.  However, in a previous 42-d lab-scale bedded pack studies by 

Spiehs et al. (2019) they observed a spike in N2O around Day 21 followed by a decrease 

to Day 42.  

 

3.4 Aromatic Compounds 

Total aromatic compounds, p-cresol, and skatole had significant (P = 0.0455, P = 

0.0460, and P = 0.0389; respectively) two-way interactions for bedding material type by 

ambient temperature (Table 4).  Greater total aromatics (Figure 13), p-cresol (Figure 14) 

and skatole (Figure 15) flux was measured in the headspace of all bedding materials 

treatments in the HOT ambient temperature compared to COLD.  Bedded packs with 

treatment HOT-WS and HOT-CS produced significantly greater total aromatic, p-cresol, 

and skatole flux than any other treatment.  Bedded packs with COLD-BS bedding 

produced the least total aromatic, p-cresol, and skatole flux (87.09, 77.61, and 0.04 ng L-

1; respectively).  Warmer ambient temperature provides more conducive environment for 

microbial fermentation which is a key contributor to observing HOT bedded pack 

treatments with the largest total aromatic flux.  Miller et al. (2003) reported E. coli 

bacterial populations from pen-floor manure at a beef cattle feedlot were lowest during 
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the winter season (4.63 log CFU g-1)  compared to highest during summer season at 7.61 

log CFU g-1.   

Additionally, a significant (P = 0.0309) ambient temperature by age of bedded 

pack interaction was observed for 4-ethylphenol flux in headspace (Figure 16).  Within 

Week 4, 5, and 6 4-ethylphenol flux from bedded packs maintained at HOT ambient 

temperatures were significantly higher than COLD.   Across Week 4, 5, and 6 4-

ethylphenol flux was similar within treatments stored at COLD ambient temperatures 

(0.85, 0.68, and 0.63 ng L-1; respectively).  While, flux from HOT decreased significantly 

from Week 4 to 5 (2.34 vs 1.59 ng L-1; respectively) and similar between Week 5 and 6 

(1.59 vs 1.63 ng L-1; respectively).  This differed from previous research by Spiehs et al. 

(2012) who reported flux of aromatic compounds from bedded packs was similar at 

Week 0 and Week 3 before increasing at Week 6 (16.8, 15.4, and 27.2 ng L-1; 

respectively).  Additionally, previous research by Spiehs et al. (2014b) reported similar 

flux of aromatic compounds at Week 0, 3, and 6 (0.5, 0.5, and 0.8 ng L-1; respectively) of 

age for lab-scale bedded packs. 

Indole and phenol flux were not observed to produce a multi-variable interaction 

(Table 4).  A significant single variable difference was observed for indole flux with 

ambient temperature and age of bedded pack (P < 0.0001 and P = 0.0014; respectively; 

Figure 17 and 18).   Indole flux was significantly greater at HOT environment compare to 

COLD (0.73 vs 0.32 ng L-1; respectively).  With the largest (0.70 ng L-1) indole flux 

measured at Week 6 and lowest at Week 5 (0.70 and 0.36 ng L-1; respectively).   A 

significant (P < 0.0001) single variable for phenol flux was observed with bedding 

material type, ambient temperature and age of bedded pack (Figure 19-21).  Phenol flux 



53 
 

in headspace above WS was significantly (P = 0.0044) greater than all other bedding 

material types (29.30 ng L-1).  Treatments maintained at HOT vs COLD temperatures 

produced significantly great phenol flux.  Additionally, as bedded packs aged from Week 

4 to 5 phenol flux decrease (P < 0.0001) significant, while being similar from Week 5 to 

6 (25.48, 17.82, and 18.28 ng L-1; respectively).      

 

3.5 Sulfide Compounds    

 O’Neill and Phillips (1992) identified 168 compounds that contribute to odor 

nuisance from livestock facilities.  Of the 10 compounds with the lowest odor detection 

thresholds, 60% were contained sulfur.  Undigested dietary sulfur is excreted evenly 

between urine and feces.  However, as dietary sulfur intake increases the percentage 

sulfur excreted in urine increases compared to feces (Bouchard and Conrad, 1973).  

Dimethyl disulfide (DMDS) and dimethyl trisulfide (DMTS) are products of the 

metabolism of sulfur-containing amino acids (methionine and cysteine) by primarily 

Megasphaera anaerobic bacteria (Mackie et al., 1998).  Throughout the 42-d bedded pack 

study DMDS accounted for approximately 95% of the total sulfide compounds.  This was 

similar the previous study by Spiehs et al. (2017) where DMDS accounted for 90% of the 

total sulfides concentrations above bedded packs using a mixture of CS and PC bedding 

material.   

There was a significant two-way interaction between ambient temperature and age 

of bedded pack for total sulfide, DMDS and DMTS compounds (P = 0.0008, P = 0.0007, 

and P = 0.0246; respectively).  Flux of DMTS was similar across weeks for bedded packs 

in COLD environments but decreased (P = 0.0054) significantly from Week 4 to Week 6 
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for bedded packs housed in HOT environments (Figure 22).  There was a linear increase 

in DMDS flux from Week 4 to Week 6 for bedded packs in COLD temperatures, while 

the bedded packs stored in HOT temperatures had a linear decrease in DMDS flux as the 

bedded packs aged (Figure 23).  Because DMDS accounted for the majority of the sulfide 

compounds emitted from the bedded pack, total sulfide flux from the headspace of 

bedded packs exposed to the COLD ambient temperature increased (18.99, 28.20, and 

34.77 ng L-1; respectively for Week 4, 5, and 6; Figure 24), while bedded packs exposed 

to the HOT treatment saw a reduction over time (38.87, 24.31, and 18.31 ng L-1; 

respectively for Week 4, 5, and 6).  As a result, HOT treatments produced the greatest (P 

= 0.0320) total sulfide flux at Week 4, while at Week 6 COLD treatments were 

significantly (P = 0.0155) greater than HOT treatments.  Previously, when lab-scale 

bedded packs were housed at 18C ambient temperature Spiehs et al. (2014a) reported 

total sulfur flux increased from 1.5 ng L-1 to 184.7 ng L-1 as bedded packs containing 

corn stover, pine chips, dry cedar chips, and green cedar chips bedding material aged to 

42-days.  Additionally, Spiehs et al. (2017) observed an increase in total sulfide flux from 

initiation of bedded pack study 1.55 ng L-1 to 45.36 ng L-1 as bedded packs aged to 42-

days containing combinations of corn stover and pine chips when stored at 18°C.  

Total sulfide compounds, DMDS, and DMTS produced a significant (P = 0.0083, 

P = 0.0086, and P = 0.0150; respectively) bedding material by ambient temperature 

interaction (Figure 25-27).  Total sulfide compounds from COLD-PC were significantly 

(P = 0.0143; 51.69 ng L-1) greater than all other treatments.  Similarly, Spiehs et al. 

(2017) reported the highest sulfur concentration (44.72 ng L-1) in headspace of bedded 

packs containing 100% PC bedding material compared to other mixtures with corn 
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stover.  The bedded packs containing 100% PC had an ideal environmental pH of 7.4 to 

support sulfide-producing bacteria Megasphaera (Zhu, 2000; Spiehs et al., 2017).  

However, that is not the case in the current study; the pH of the bedded packs that had the 

COLD-PC treatment was (8.1 pH) (Figure 6).  Meanwhile, total sulfide flux levels in 

current study were similar across bedding materials within the HOT treatments.  As 

DMDS accounted for a majority of the total sulfide emissions, the same pattern was 

evident for DMDS flux from the bedded packs (Figure 26).  Flux of DMTS in COLD 

environment was highest for PC at 1.40 ng L-1, while BS had the lowest at 0.93 ng L-1.  

Bedded packs with the HOT-WS treatment had largest (2.04 ng L-1) DMTS flux, but was 

similar to HOT-CS (1.75 ng L-1). 

 

3.6 Branched-Chain Fatty Acids 

Isovaleric acid and isobutyric acid are contributors to noxious odor emission from 

livestock facilities (Parker et al., 2012).  Total BCFA flux ranged from 6.3 ±2.7 to 257.9 

±45.0 ng L-1 which is greater than total BCFA flux previously reported by Spiehs et al. 

(2017) for mixtures of CS and PC bedding (5.5 to 8.2 ng L-1). 

There was a significant two-way interaction between ambient temperature and age 

of bedded pack for isovaleric acid, isobutyric acid, and total BCFA (P = 0.0061, P = 

0.0205, and P = 0.0118; respectively; Figure 28-30).  For bedded packs in HOT 

environments, isovaleric (Figure 28), isobutyric (Figure 29), and total BCFA (Figure 30) 

flux decreased significantly from Week 4 to 5, but did not decrease further between 

Week 5 and 6.  While bedded packs in COLD environments had similar isobutyric, 

isovaleric, and total BCFA flux across Week 4 and 5; as well as being similar at Week 5 
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and 6.  Additionally, isobutyric, isovaleric and total BCFA flux at Week 4 and 6 was 

significantly greater for bedded packs with the HOT treatments compared to bedded 

packs in the COLD environment.  The greatest BCFA flux was measured at Week 4 for 

the HOT treatment. Similar results over time were observed by Spiehs et al. (2012) who 

reported a significant reduction in BCFA concentration from Week 0 to 3 (6.2 to 4.0 ng 

L-1; respectively) followed by BCFAs being similar from Week 3 to 6 (4.0 to 4.6 ng L-1; 

respectively) when evaluating lab-scale bedded pack mixtures of corn stover and pine 

wood chips.  The change in ambient temperature at Week 3 for the current study 

potentially created an increase in fermentation for HOT treatments causing the total 

BCFA spike at Week 4. 

There was a significant two-way interaction between bedding material and age of 

bedded pack for isovaleric acid, isobutyric acid, and Total BCFA (P = 0.0202, P = 

0.0222, and P = 0.0205; Figures 31-33; respectively).  Isovaleric flux, isobutyric flux, 

and flux of Total BCFA from the bedded packs containing CS and WS were significantly 

higher at Week 4 compared to flux from bedded packs containing BS or PC bedding.  As 

bedded packs aged isovaleric, isobutyric, and Total BCFA flux for all bedding materials 

was similar at Week 6 (Figure 31-33).  Total BCFA, isobutyric acid, and isovaleric flux 

from bedded packs containing BS and PC were similar across Week 4, 5, and 6.  

Whereas, total BCFA and isobutyric flux from bedded packs containing CS and WS 

bedding material were significantly greater at Week 4 compared to Week 5 and only flux 

from WS was significantly greater at Week 5 compared with Week 6.  Nitrogen content 

of PC bedding material is significantly lower than BS, CS, and WS providing minimal N 
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for protein fermentation (Spiehs et al., 2013a), the main substrate for BCFA production 

(Mackie et al., 1998).   

 

3.7 Straight-Chain Fatty Acids 

The six key SCFA compounds measure in this experiment were acetic, propionic, 

butyric, valeric, hexanoic, and heptanoic acids.  The fermentation of undigested 

carbohydrates in feces or bedding material leads to the main production of SCFAs 

(Mackie et al., 1998; Miller and Varel, 2001).  Straight-chain fatty acids are consistently 

identified as the largest volume producer of VOCs from bedded pack facilities (Spiehs et 

al., 2014a, 2017).  The VOC making up the largest volume of SCFA is acetic acid 

production, which in the current study averaged 51 to 71% of the total SCFA flux 

concentration found in headspace above the bedded pack treatments.   

Ambient temperature by age of bedded pack interaction was significant for acetic, 

propionic, butyric, valeric, hexanoic, and total SCFA (Figure 34-39).  Acetic acid, 

propionic acid, butyric acid, valeric acid, and total SCFA flux for both COLD and HOT 

treatments decrease significantly from Week 4 to 6.  Across all SCFA compounds except 

hexanonic acid and heptanoic acid flux were similar for bedded packs in the HOT and 

COLD environments during Week 5 and 6.  Flux of hexanoic acid were similar for HOT 

and COLD bedded packs at Week 5, but significantly higher for bedded packs with the 

HOT treatment compared to COLD treatment during Week 6.   The highest total SCFA 

flux was observed for HOT environment at Week 4, while COLD at Week 6 produced 

the lowest total SCFA flux ( 5196.8 and 651.9 ng L-1; respectively).  Bedded packs were 

moved from a constant 18C to 15C COLD and 30C HOT at 3 wks.  The increase 
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temperature for HOT treatments potential intensified microbial activity causing increase 

rate of fermentation of undigested carbohydrates from previous weeks.  Whereas, the 

slight reduction in ambient temperature for COLD treatments maintain or limited 

carbohydrate fermentation.  Woodbury et al. (2015) reported increasing ambient 

temperature from 5C to 35C resulted in greater VOC emissions above beef feedlot 

manure scrapings.   

Additionally, a significant interaction for bedding material by age of bedded pack 

was observed for acetic, propionic, butyric, valeric, hexanoic, and total SCFA (Figure 40-

45).  Flux of the individual compounds had a similar trend as the flux of Total SCFA.  

When observing total SCFAs flux within week, flux of WS and CS (5,717.4 and 5,053.5 

ng L-1; respectively) were significantly greater than flux from BS and PC (1,916.1 and 

1,525.0 ng L-1; respectively) at 4 wks.  At Week 5, total SCFA flux from WS was similar 

to CS, though significantly greater than BS and PC bedding material, and by Week 6 flux 

from all bedding materials was similar.  Total SCFA flux from BS and CS was similar 

over time as bedded packs increased in age.  The observation of lower total SCFA flux 

for PC compared to CS differed from previous lab-scaled bedding study by Spiehs et al. 

(2013) where SCFA concentration from pine chips was greater than corn stover bedding 

material (487.6 vs 282.2 ng L-1; respectively). 

There were no multi-variable interactions for heptanoic acid flux (Table 3.)  

Though a significant difference was observed for bedding material (P = 0.0002; Figure 

46), ambient temperature (P < 0.0001; Figure 47), and age of bedded pack (P < 0.0001; 

Figure 48).  Bedding material CS and WS had similar heptanoic acid flux (0.81 and 0.69 

ng L-1; respectively), while BS and PC had similar flux (0.49 and 0.46 ng L-1; 
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respectively) though significantly lower than CS and WS.  Heptanoic acid flux above 

bedded packs stored in HOT environments was significantly (P < 0.0001) greater than 

COLD (0.79 and 0.44 ng L-1; respectively).   From Week 4 to 5 heptanoic acid flux 

decreased (P < 0.0001) significantly and was similar between Week 5 to 6. 

Total SCFA flux of WS and CS decreased significantly from Week 4 to 5 and 

only flux from WS continued to decrease significantly from Week 5 to 6.  The total 

SCFA flux for bedding material by age of bedded pack had a similar pattern as total 

BCFA flux for this interaction.  The observation of a decrease or relative steady flux over 

time for both SCFA and BCFA compounds in the current study is dissimilar to previous 

research by Spiehs et al. (2014a and 2017).  In those 42-d studies the researcher reported 

a decrease from Week 0 to 3 before SCFA and BCFA compounds increase slightly from 

Week 3 to 6.  It’s likely the change in ambient temperature environment at Week 3 in the 

current study increase microbial activity increasing VFA production at Week 4.  Had the 

current study been conducted until 8 wks instead of 6 wks an increase in BCFAs may 

have been observed similar to increase at Week 6 in previous lab-scale bedded pack 

studies.  

   

3.8 Odor Activity Values 

Total odor activity values were calculated using water odor threshold valves for 

VOC (van Germert, 2003), which were previously reported by Parker et al., (2013b) and 

Spiehs et al., (2014a).  The ODT is lowest concentration of an odorous compound 

humans can detect.  A unit less value, OAV is generated as a ratio of a single odorous 

compound to the ODT for that given compound (Friedrich and Acree, 1998; Trabue et 
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al., 2006).  The larger the OAV the greater likelihood humans perceive the compound 

offensive.  In current study aromatic compounds made up 72.0% of the total OAV on 

average across Week 4, 5, and 6, while SCFA decreased from 25.1 to 11.8% as age of 

bed packs increased and total sulfide compounds increased from 1.5 to 8.4% as age of 

bedded packs increased. 

There was a significant two-way interaction between ambient temperature and age 

of bedded pack for total OAV (P < 0.0001; Figure 49).  Total OAV decreased 

significantly for both COLD and HOT treatments as bedded packs increased in age from 

Week 4 to 5 but did not decrease further between Week 5 and 6 for either temperature 

treatments.  Additionally, total OAV at Week 4, 5, and 6 was significantly (P < 0.0001, P 

< 0.0001, and P < 0.0001; respectively) greater for HOT treatments compared to COLD.   

The largest total OAV was measured at Week 4 (493.1) for the HOT treatment.  COLD 

treatments had a similar OAV at Week 5 and 6 which were also the lowest total OAV 

(136.7 and 106.4; respectively).  It appears the two-way interaction between ambient 

temperature and age of bedded pack for total OAV is driven by 4-ethylphenol (Figure 

16). 

A significant (P = 0.0255) interaction for bedding material by age of bedded pack 

was observed for total OAV (Figure 50).  At Week 4, total OAV was significantly greater 

for CS and WS (417.5 and 471.4; respectively) compared to BS and PC.  Total OAV 

decreased significantly each week as WS bedded packs increased in age (471.4, 284.8, 

and 179.0; respectively).  Whereas, total OAV for BS, CS, and PC bedded packs 

decreased significantly from Week 4 to 5, but were similar Week 5 and 6.  Interestingly, 

the decrease in total OAV over time was contradictory to previously reported total OAVs 
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for CS, dry cedar, PC and green cedar lab-scaled bedded packs by Spiehs et al. (2014) 

where total OAV values for CS, dry cedar and green cedar bedding increased as bedded 

packs aged to Day 42.  Whereas, Spiehs et al. (2012) observed total OAV was similar 

over time when evaluating lab-scale bedded packs with CS and PC mixtures over a 42-d 

study.  The total OAVs observed in the current study suggest the use of BS or PC would 

have the greatest benefit in reducing overall noxious odor from bedded pack facilities.  

Though if bedded packs are retained in a housing facility for periods of 6 weeks or 

greater, WS maybe an option too.  It appears SCFA’s (Figure 40-45) had greater 

influence on the two-way interaction for bedding material by age of bedded pack for total 

OAV (Figure 50) compared to aromatic and sulfide compounds in the current study.   

 

3.9 Physical Properties 

A significant (P = 0.0027) interaction for bedding material by temperature was 

observed for the pH of bedded packs (Figure 6).  Bean stover bedded packs maintained at 

COLD temperatures had significantly (P < 0.0001) lower bedded pack pH compared to 

COLD-CS, COLD-PC, and COLD-WS (7.6, 7.9, 8.1, and 8.3 pH; respectively).  

Meanwhile, COLD-WS bedded pack pH was significantly (P = 0.0124) greater than the 

other COLD treatments.  Bedded packs with the HOT-PC and HOT-WS treatments had 

similar pH, which was higher than bedded pack pH of the packs with the HOT-BS and 

HOT-CS treatments.  Both HOT-BS and HOT-PC had significantly (P < 0.0001 and P = 

0.0014; respectively) greater pH compared to COLD bedded pack treatments with the 

same bedding material, while HOT-CS and HOT-WS had similar pH to the individual 

bedding material treatment at COLD temperatures. 
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There were no significant multi-variable interactions when observing the bedded 

pack temperatures (Table 5).  Wheat straw bedded packs had significantly (P < 0.0001) 

greater bedded pack temperatures compared to the other three bedding materials, 

whereas, BS maintained the lowest bedded pack temperature (23.1 ±0.9°C).  Bedded pack 

temperatures did not change significantly over time.  Bedded packs maintained in COLD 

environments had average bedded pack temperature of 18.8 ±0.2°C.  Similar bedded pack 

temperatures that were approximately 2-3°C greater than environmental temperature were 

reported previously when lab-scale bedded packs were house at approximately 18°C 

(Spiehs et al., 2013a, 2014a, 2017).  The slight increase in bedded pack temperature over 

ambient temperature is likely the results of heat generated from microbial fermentation. 

Conversely, bedded packs placed in HOT environment had average bedded pack 

temperature of 30.0 ±0.3°C, which was identical to the environmental temperature. 

When comparing bedding material types, increases in bedded packs temperatures 

mirrored the increase of bedded pack height (Table 5).   Bean stover bedded packs were 

significantly (P < 0.0001) shorter (12.4 ±0.2 cm) across bedding materials, while WS 

bedded packs were significantly (P < 0.0001) taller (19.2 ±0.4 cm) than the other three 

bedding materials.  Bedded packs maintained at HOT and COLD environments were 

similar in height (14.8 ±0.3 vs 15.0 ±0.3 cm).  As anticipated bedded pack height 

significantly (P < 0.0001) increased over time as bedding material was added throughout 

the 42-d study.  

Free air space gives an indication of bedded pack microbial environment with 

lower free air space indicating a greater anaerobic environment.  The percentage of free 

air space was 2-4 times greater compared to previous free air space percentages from lab-
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scale bedded packs with similar bedding materials (Spiehs et al., 2013a, 2014a).  A 

significant (P = 0.0295) interaction for bedding material by temperature was observed for 

free air space as a percentage of total mass of the bedded pack (Figure 9).  Free air space 

for COLD-WS and HOT-WS bedded packs were significantly (P < 0.0001) greater than 

the other three bedding materials within given temperature treatment.  While COLD-BS 

and HOT-BS bedded packs were significant (P < 0.0001) lower in free air space 

compared to the other bedding material within their respective temperature treatments.  

Across all treatments HOT-WS had greatest free air space at 44.9% significantly, while 

COLD-BS had the lowest at 16.0% significantly.  This was reflected in CO2 flux which is 

produced from free O2, CO2 flux mirrored free air space percentages (Figure 8).  Spiehs 

et al. (2013b) previously reported BS and WS having the larger percent free air space 

compared in lab-scaled bedded pack to CS and wood chips (15.8, 14.0, 8.8, and 7.7%; 

respectively).  Different bedding material batches between studies may have resulted in 

variable bedding material process length from one lab-scale bedded pack study to the 

next contributing to some of the free air space differences observed. 

 

4. CONCLUSIONS 

Ammonia NH3 emissions for COLD treatments were lower than HOT treatments 

throughout the study.  Corn stover bedding produced the lowest NH3 flux over time at 

both COLD and HOT ambient temperatures.  Producers using a bedded pack system 

should consider using CS to minimize NH3 volatilization.  Hydrogen sulfide flux was the 

lowest from all HOT treatments, while WS bedding material produced the lowest H2S 

flux at both COLD and HOT ambient temperatures.  Significantly greater H2S was 
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produced in headspace of COLD-BS compared to all other treatments.  Greenhouse gas 

emissions tended to be higher from bedded packs at HOT ambient temperatures.   

Significantly greater CH4 flux was observed in headspace above HOT-BS and HOT-CS 

at Week 6 compared to all other treatments.  The largest CO2 levels were observed above 

WS bedding material, regardless of environmental temperature.  Total aromatic 

compounds were significantly greater for all bedding materials in HOT environments 

compared to COLD.  Both SCFA and BCFA compounds were observed to decease or 

have relative steady flux as bedded packs increase in age.  

Total OAVs decreased over time for both HOT and COLD treatments, though 

COLD treatments had significantly lower total OAVs regardless of the age of bedded 

pack.  Bean stover and PC had the lowest total OAV across all weeks.  During warm 

seasons increasing frequency of bedded pack removal and creating an aerobic compost 

environment may reduce overall odorous emissions.  Additional consideration of BS or 

PC bedding material for bedded packs construction to reduce odor production should be 

evaluated. Producers should evaluate their bedded pack management system and consider 

potential bedding material being used and bedded pack removal frequency based on 

seasonal ambient temperatures to reduce overall operation flux emissions.   
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CORRELATIONS BETWEEN ODOROUS VOLATILE ORGAINC 
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FROM FECES OR URINE OF BEEF FEEDLOT CATTLE 
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CHAPTER OVERVIEW 

Livestock manure from CAFO is recognized by humans for producing malodors 

and being a nuisance to neighbors.  These noxious odors from livestock manure are 

defined as VOC and are produced through anaerobic degradations of unutilized nutrients 

in feces and urine.  Volatile organic compounds include VFAs such as SCFAs and 

BCFAs, sulfur compounds, and volatile aromatic compounds.   

A study was conducted to determine the correlation between VOC concentrations 

(ng L) found within beef feedlot cattle feces or urine, to the VOCs’ flux (ng L) emitted 

into the air.  Feces and urine were individually collected daily from eight crossbred steers 

weighing with an initial BW of 394 ±3.4 kg.  Feces and urine samples were analyzed to 

determine concentration of the VOCs in the feces or urine sample using a gas-

chromatograph machine equipped with flame-ionization and mass-selective detectors.  

Flux concentrations emitted in air were determined using small wind tunnels and 

collecting sweep air in pre-conditioned stainless-steel sorbent tubes before being 

analyzed using a thermal desorption-gas chromatograph-mass spectrometry system.  

Bivariate linear regression using JMP was used to evaluate correlation between   

A significant (P < 0.0001, R2 = 0.7304) correlation in p-cresol concentration 

levels found within feces to concentration of p-cresol in the air was observed.  Phenol, 

indole, skatole, isobutyric acid and isobutyric acid concentrations within feces did not 

correlate with flux emitted in air above the feces.  Additionally, a significant correlation 

was observed for SCFA compounds acetic acid, propionic acid, butyric acid, and valeric 

acid measured in feces and the flux in the air emitted from the feces (P < 0.0001, R2 = 

0.4426; P < 0.0001, R2 = 0.6611; P < 0.0001, R2 = 0.5830; P = 0.0060, R2 = 0.2261; 
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respectively).  A significant (P = 0.0213, R2 = 0.1637) correlation was found for p-cresol 

levels in urine to concentration of p-cresol in the air.  There was no correlation for 

phenol, indole, skatole acetic acid and hexanoic acid between the individual compound 

found within urine compared to concentrations emitted in the air.   

Limited sample numbers of both feces and urine hindered the ability to find 

greater power of prediction between VOCs found within beef feedlot cattle feces or urine, 

to the VOCs flux emitted from them in air.  To improve correlation prediction accuracy 

for aromatic compounds and BCFA, future research may consider running fresh feces or 

urine samples multiple times in wind tunnels over period of time after collection to allow 

protein fermentation to begin.  The ability to create a correlation between VOC 

concentrations within feces or urine compared to VOC flux emitted in air would provide 

researchers the potential ability to estimate air emissions when sophisticated wind 

tunnels, emission monitoring equipment, and sample testing funds are unavailable. 

Further research in this area is needed with larger database of feces and urine samples to 

develop a strong set of prediction equations. 
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1. INTRODUCTION 

Livestock production continues to increase the concentration of its foot print as 

land prices increase and confinement feeding facilities grow.  Livestock manure from 

CAFO is recognized by humans for creating malodors and being a nuisance to the 

neighbors (Zahn et al., 2001).   

Determination of VOC sources is pertinent to reducing emission of odorous 

compounds perceived by humans from CAFO and to provide management practices for 

livestock managers to decrease emissions and odor (Parker et al., 2010a).  Previously, 

published research has only evaluated the VOCs within beef cattle manure (Spiehs et al., 

2009, 2013a) or the concentration of flux in air above the manure (Parker et al., 2005; 

Hales et al., 2012, 2015b; Spiehs et al., 2011, 2014a, and 2018).  To date, no research has 

examined the correlations between VOCs found within beef feedlot cattle feces or urine, 

to the VOCs flux emitted from either in air.  The ability to create a correlation between 

concentrations within feces and urine compared to air flux will provide researchers the 

potential ability to estimate air flux when sophisticated wind tunnels or emission 

monitoring equipment is unavailable.   The objective of this study was to determine the 

correlation between VOC concentrations (ng L) found within beef feedlot cattle feces or 

urine, to the VOCs’ flux (ng L) emitted into the air.   

 

2. MATERIALS AND METHODS 

2.1 Live Animal Procedures 

 All animal procedures were reviewed and approved by the U.S. Meat Animal 

Research Center (MARC) Animal Care and Use Committee.  Feces and urine were 
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obtained from metabolism trial study by Hales et al. (2015a).  Eight MARC III crossbred 

steers (1/4 Pinzgauer, ¼ Red Poll, ¼ Hereford, and ¼ Angus) with an initial BW = 394 

±3.4 kg were used.  A 4 x 4 replicated Latin square design with a 2 x 2 factorial 

arrangement of treatments with steers allotted to one of two Latin square replicates was 

used.  Dietary treatments contained 25% or 45% wet distillers’ grains with solubles 

(WDGS) with dry rolled corn (DRC) or 2:1 combination of high moisture corn (HMC) 

and DRC (Table 6).  Four diet combinations were: DRC with 25% WDGS (DRC-25), 

DRC with 45% WDGS (DRC-45), HMC with 25% WDGS (HMC-25), and HMC with 

45% WDGS (HMC-45).  Metabolism study adaptation and feed procedures were 

previously described by Hales et al. (2015a). 

 Steers were housed in individual metabolism crates with ad libitum feed and 

water access throughout the five-day collection periods (Hales et al., 2015a).  Individual 

animal total daily feces and urine were collected once daily over the five-day period.   

Feces was captured using canvas bags fitted to steers using a harness.  Urine collection 

was aspirated from a urine collection harness apparatus into polypropylene jugs 

containing 100 mL of 3.6 N HCl to prevent NH3 volatilization.  Collection containers and 

bags for feces and urine were changed daily during sample collection at approximately 

0800 hours.  Separate urine and feces sub-samples were collected daily from each steer 

for analysis of VOC concentration (Miller and Varel, 2001) and flux (Spiehs et al., 2018).  

A 175-g feces sub-sample per steer was maintained fresh daily to run wind tunnel flux 

measurements.  A 25-g sub-sample feces was placed in a 50-ml conical tube and a 1:1 

ratio based on mass of 2 M sulfuric acid was added to halt fermentation before 

immediately being frozen at -4°C future analysis.  Additionally, daily sub-samples of 
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urine were acidified to pH 4 using hydrochloride acid and frozen immediately at -4°C for 

future analysis.  

 

2.2 Wind Tunnel VOC Flux Measurement 

Fresh 175-g feces samples were analyzed in wind tunnel within 6 h of collection.  

Frozen urine samples were thawed overnight at 21°C before adding sodium hydroxide to 

bring samples to cattle’s typical fresh urine pH of 7.5 to 8.5 before being placed in wind 

tunnels for analysis. 

Odorous VOC flux was measured using a 51 mm (height), 305 mm (length), and 

152 mm (width) with a 5mm thick Plexiglas top wind tunnel as previously described by 

Parker et al. (2013b).  Sweep air entered the wind tunnel through 17 holes (6 mm dia.) 

place in three rows at heights of 17 mm (6 holes), 30 mm (5 holes), and 43 mm (6 holes) 

above the base.  Sweep air exited the wind tunnel through 3 holes (10 mm dia), spaced 

equally at a height of 27 mm above the base.  Sweep air at rate of 1 L min-1 was supplied 

from compressed zero-grade air cylinder (Praxair, Lincoln, NE).  Activated carbon and 

Drierite column filters were used to remove VOCs and moisture from sweep air.  A 50% 

mixing of dry and humidified air in a 15 L tank with internal mixing fan maintained 

relative humidity.  

Feces or urine were placed into 138 mm diameter Petri dish and individually 

placed in the center of the wind tunnel on 5mm bed of sand (Spiehs, 2018).  Three 

volumes of air were allowed to pass through the wind tunnel to equalized internal wind 

tunnel air.  Following equilibration period, air samples were collected in pre-conditioned 

stainless-steel sorbent tubes (89 x 6.4 mm OD; Markes International Inc, Wilmington, 
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Del.) packed with 200 mg Tenax TA sorbent.  Using vacuum pumps (Pocket pump 210 

series, SKC Inc., Eighty Four, Pa.) air was pulled through the sorbent tubes at a rate of 75 

mL min-1 for 10 min for a sample volume of 750 mL.  Duplicate samples were collected 

and averaged from all daily feces and urine samples.  Sorbent tubes were analyzed using 

a thermal desorption-gas chromatograph-mass spectrometry (TD-GC-MS) system 

described by Parker et al. (2013b).  The analyzing system consisted of thermal desorption 

with a Markes Unity 2 (Markes International Inc., Wilmington, DE) with autosampler 

(Ultra 2, Markes International Inc.) and an Agilent GC-MS (7890A/5975C, Aglient 

Technologies, Inc., Santa Clara, CA).  Sorbent tubes for both feces and urine were 

analyzed for seven volatile fatty acids (acetic acid, propionic acid, butyric acid, isobutyric 

acid, valeric acid, isovaleric acid, and hexanoic acid), and five aromatic compounds 

(phenol, p-cresol, 4-ethylphenol, indole, and skatole).  Calibration and method detection 

limit calculations were conducted as described by Parker et al., (2013b).  Flux, J, of the 

VOC was calculated on a mass per unit area per unit time (µg m-2 min-1) basis using 

equation 1: 

 

J = (QCair) / As                                                                                                                                                                          (1)  

 

where Q is the sweep air flow rate (m3 min-1), Cair is the VOC concentration exiting the 

wind tunnel (μg m-3), and As is the footprint area of the wind tunnel (m2; Parker et al., 

2013b). 

 

2.3 Concentration of VOC within Measurement 
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Previously frozen feces and urine samples were analyzed to determine 

concentration of the VOC in the feces or urine sample as previously described by Miller 

and Varel (2001).  A 1-mL frozen feces or urine slurry sample was centrifuged at 10,000 

× g for 5 min. A 0.5-mL portion of the supernate was combined with an internal standard 

(ethyl butyrate: 0.25 mM final concentration) in an autosampler vial, acidified by the 

addition of 40 µL of 3 M HCl, and capped.  A Hewlett- Packard 6890 gas chromatograph 

(Agilent Technologies, Palo Alto, CA) equipped with flame-ionization and mass-

selective detectors was used to determine concentrations of the VOC in the manure 

samples and by comparison to the retention times and responses of known standards.  

Both feces and urine were analyzed for seven volatile fatty acids (acetic acid, propionic 

acid, butyric acid, isobutyric acid, valeric acid, isovaleric acid, and hexanoic acid), and 

five aromatic compounds (phenol, p-cresol, 4-ethylphenol, indole, and skatole). 

 

2.4 Statistical Analysis 

As a result of limited feces and urine sample numbers dietary treatments were 

removed and samples were pooled resulting in a total of 128 samples (32 samples each 

for VOC in feces or urine and VOC flux from feces and urine).  Odorous compounds 

calculated in the flux measurements were retained if concentration values were also 

determined for VOC concentration within feces or urine samples.  Data was analyzed 

using the bivariate fit test to achieve correlations and significance using JMP (SAS Inst., 

Inc., Cary, NC).  Differences were considered significant when P < 0.05 and tendencies 

at P values ranging from P = 0.05 to P < 0.10.  
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3. RESULTS AND DISCUSSION 

3.1 Correlation between Concentration of VOC within Feces and In the Air   

Aromatic Compounds 

Aromatic compounds (phenol, p-cresol, indole, and skatole) were evaluate for 

potential correlations between the concentration of those odorous compounds within beef 

feedlot cattle feces samples and air flux produced from feces samples in a small wind-

tunnels.  Phenol, indole and skatole compounds concentration within feces did not 

correlate with flux in air above the feces.  However, p-cresol levels found in feces had a 

significant (P < 0.0001, R2 = 0.7304) correlation to concentration of p-cresol in the air 

(Table 7).  Previously, Varel et al. (2008) observed manure from cattle fed 0 to 60% 

WDGS contained an average p-cresol concentration of 10.05 µmol/g DM.  Additionally, 

Hales et al. (2012) reported average p-cresol flux of 12.87 µg m-2 min-1 from feces of 

cattle consuming steam flake corn diets with 0 to 45% WDGS.  The ODT for p-cresol is 

very low (1.3 ng L-1; van Germert, 2003), therefore it is likely highly associated with 

human perception of odor and a key compound to measure in beef feces.  

Branch-chain fatty acids 

No significant correlations for branch-chain fatty acids isobutyric acid and 

isovaleric acid concentration in feces compared to emission levels in air was observed.   

Branch-chain fatty acids are produced during fermentation of branched-chain amino acids 

protein subtracts isoleucine, leucine and valine (Allison, 1978; Spoelstra, 1980; Zhu et 

al., 1999).   It’s possible that by analyzing the fresh fecal samples within 6 hours of 

collection starch was still the main substrate being fermented by fecal bacteria.  Miller 
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and Varel (2001) reported fresh cattle manure slurries produced no BCFAs, while aged 

manure slurries produced BCFA, but only after 4 days. 

Straight-chain fatty acids 

A significant correlation was observed for SCFA compounds acetic acid, 

propionic acid, butyric acid, and valeric acid between measured in feces compared to flux 

in the air (P < 0.0001, R2 = 0.4426; P < 0.0001, R2 = 0.6611; P < 0.0001, R2 = 0.5830; P 

= 0.0060, R2 = 0.2261; respectively).  However, the prediction equation r-square values 

for these compounds are lower than desired and caution should be used when deriving 

values using them.  Acetic acid, propionic acid and butyric acid are found in very high 

qualities within cattle feces.  Le et al. (2005) reported acetic acid accounts for roughly 

60% of total VFAs in manure.  However, acetic acid and propionic acid have a minute 

contribution to creation of noxious odors based on their low ODT values (Parker et al., 

2012). 

 

3.2 Correlation between Concentration of VOC within Urine and In the Air   

Aromatic Compounds 

A significant (P = 0.0213, R2 = 0.1637) correlation was found for p-cresol levels 

in urine to concentration of p-cresol in the air.  However, there was no significant 

correlation for aromatic compounds phenol, indole, and skatole between the individual 

compounds found within urine compared to concentrations in the air.  Similar to the 

SCFA prediction equations from feces, the p-cresol prediction equation from urine had a 

very small r-square value.  The largest quantities of p-cresol are found within urine 

compared to feces (Spoelstra, 1980), with p-cresol making up nearly 90% of phenolic 
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compounds in urine (Mackie et al., 1998).   Previously, Spiehs et al. (2018) reported 

approximately 81% of phenols found in flux above beef cattle urine were p-cresol.  

Hydrolysis of urinary glucuronides by β-glucuronidase in feces results in increase 

concentrations of p-cresol (Spoelstra, 1977).  With urine samples maintained separately 

from feces in this study the hydrolysis process with glucuronides would have been 

minimized.  Previously, Khoury et al. (1992) reported it took 5 to 6 days during anaerobic 

fermentation of urine before elevated concentrations of p-cresol were detected.  

Therefore, it’s possible greater correlation between p-cresol in urine compared to flux 

measured in air may have been observed if urine samples were placed in the wind tunnels 

multiple times over a period of a week or mixed with feces into manure slurries.    

Straight-chain fatty acids 

Acetic acid and hexanoic acid were the only SCFA evaluated for correlation from 

urine because propionic acid, butyric acid, and valeric acid were not detected in urine 

samples.   No significant correlation was observed for acetic acid or hexanoic acid 

compounds within urine and in the air above urine samples.  To date, evaluation of SCFA 

concentrations within urine only (not blended with feces or bedding material) from cattle 

has not been reported.  Concentration of SCFA within urine is expected to be relatively 

low relative to concentration within feces as a result of the lack of carbohydrate 

substrates in urine compared to feces.    

 

4. CONCLUSIONS 

Limited sample numbers of both feces and urine hindered the ability to find 

greater power of prediction between VOCs found within beef feedlot cattle feces or urine, 
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to the VOCs flux emitted into air.  Significant correlations were observed from feces 

samples for p-cresol, acetic acid, propionic acid, butyric acid, and valeric acid, along with 

p-cresol from urine samples.  To improve correlation prediction accuracy for BCFA, 

future research may consider running fresh feces or urine samples multiple times in wind 

tunnels over time to allow protein fermentation to begin. 

The ability to create a correlation between VOC concentrations within feces or 

urine compared to VOC flux in air would provide researchers the potential ability to 

estimate air emissions when sophisticated wind tunnels, emission monitoring equipment, 

and sample testing funds are unavailable.  To date, VOC emissions from CAFOs are not 

regulated by state and national agencies but recent legal battles in swine industry (Fatka, 

2018) have emphasized the need for managers of beef feedlots to evaluate facility design 

and management practices to reduce emission levels too.  Further research in this area is 

needed with larger database of feces and urine samples to develop a strong set of 

prediction equations. 
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Table 1. Bedding material nutrient composition and physical characteristics (dry matter basis).1 

 Corn Stover Bean Stover Wheat Straw 
Wood 

Shavings 

Dry matter, % 91.6 90.6 82.5 91.3 

Total N, g kg-1 7.5 8.1 8.2 1.3 

Total P, g kg-1 0.8 0.9 1.0 1.0 

Total S, g kg-1 0.9 1.0 1.3 0.2 

Total K, g kg-1 10.5 8.4 16.3 1.1 

Lignin, g kg-1 70.8 106.4 66.6 245.5 

Ash, g kg-1 60.2 62.7 86.5 3.4 

C:N 77.7 72.9 68.9 484.6 

Bulk density, kg m-3 37.3 38.9 31.3 53.5 

Free air space, % 12.9 10.9 13.7 12.1 

Water holding capacity, g of 

water per g of bedding2 
3.3 2.7 3.5 3.5 

Saturation rate, hours to reach 

95% saturation2 
23.4 1.6 24.0 1.8 

Evaporation rate, hours to reach 

95% dry matter2 
 45.0 38.1 50.7 24.0 

1 Table data adapted from Spiehs et al., 2013a; Spiehs et al., 2013b 
2 Water holding and evaporation characteristics based of medium ground bedding material 
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Table 2. Ammonia (NH3), greenhouse gas (GHG), and hydrogen sulfide (H2S) 

concentrations in headspace air from lab-scaled bedded packs containing bean 

stover, corn stover, pine wood chips, or wheat straw.1 

Treatment Factors2 NH3 H2S CH4 CO2 N20 

Bedding <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Temperature <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Age of bedded 

pack 
0.0063 0.2310 <0.0001 0.1872 <0.0001 

Bedding x 

temperature 
0.0094 <0.0001 0.0005 0.0189 0.1175 

Bedding x age of 

bedded pack 
0.5461 0.7644 0.0020 0.4823 0.8328 

Temperature x age 

of bedded pack 
0.4695 0.0357 <0.0001 0.3922 0.1028 

Bedding x 

temperature x age 

of bedded pack 

0.9404 0.6385 0.0422 0.8783 0.9465 

1 Treatment consisted of temperature (15C and 30C), bedding (bean stover, corn stover, 

pine wood chips, and wheat straw), and age of bedded pack (4, 5, and 6 week old).  Four 

42-d experiments were conducted with four bedding material replications per experiment 

(n = 128).   
2 Significant effect (P < 0.05) are reported in bold font. 
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Table 3. Straight-chain fatty acid (SCFA) and branched-chained fatty acid (BCFA) concentrations in headspace air from lab-scaled bedded packs 

containing bean stover, corn stover, pine wood chips, and wheat straw. 1 

Treatment Factors2 
Acetic 

acid 

Propionic 

acid 

Butyric 

acid 

Valeric  

acid 

Hexanoic 

acid 

Heptanoic 

acid 

Total 

SCFA 

Isovaleric 

acid 

Isobutyric 

acid 

Total 

BCFA 

Bedding <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0002 <0.0001 <0.0001 <0.0001 <0.0001 

Temperature <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Age of bedded 

pack 
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Bedding x 

temperature 
0.9329 0.4332 0.1198 0.4129 0.1723 0.3419 0.7516 0.1286 0.1195 0.1215 

Bedding x age of 

bedded pack 
0.0023 0.0152 0.0121 0.0248 0.0332 0.2180 0.0025 0.0202 0.0222 0.0205 

Temperature x age 

of bedded pack 
0.0088 0.0079 <0.0001 0.0073 0.0264 0.0629 0.0024 0.0061 0.0205 0.0118 

Bedding x 

temperature x age 

of bedded pack 

0.6727 0.5864 0.8153 0.7567 0.7901 0.9639 0.6907 0.6698 0.06553 0.6588 

1 Treatment consisted of temperature (15C and 30C), bedding (bean stover, corn stover, pine wood chips, and wheat straw), and age of bedded pack (4, 5, 

and 6 week old).  Four 42-d experiments were conducted with four bedding material replications per experiment (n = 128).   
2 Significant effect (P < 0.05) are reported in bold font. 
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Table 4. Aromatic and sulfide compounds concentrations in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw.1 

Treatment 

Factors2 
Phenol p-cresol 

4-ethyl 

phenol 
Indole Skatole 

Total 

aromatic 

compounds 

Dimethyl 

disulfide 

Dimethyl 

trisulfide 

Total sulfide 

compounds 

Total 

odor 

activity 

value 

Bedding <0.0001 <0.0001 <0.0001 0.3246 0.0021 <0.0001 0.0002 0.0304 0.0004 <0.0001 

Temperature <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.8701 <0.0001 0.9680 <0.0001 

Age of bedded 

pack 
<0.0001 <0.0001 0.0001 0.0014 0.1085 <0.0001 0.8388 0.4102 0.8265 <0.0001 

Bedding x 

temperature 
0.0681 0.0460 0.0835 0.2817 0.0389 0.0455 0.0086 0.0150 0.0083 0.0796 

Bedding x age of 

bedded pack 
0.5142 0.4981 0.4059 0.6478 0.7081 0.4974 0.6213 0.1399 0.6037 0.0255 

Temperature x 

age of bedded 

pack 

0.2495 0.0752 0.0309 0.1806 0.5281 0.0845 0.0007 0.0246 0.0008 <0.0001 

Bedding x 

temperature x age 

of bedded pack 

0.3248 0.3005 0.2281 0.1995 0.4549 0.2930 0.5934 0.8546 0.6017 0.5864 

1 Treatment consisted of temperature (15C and 30C), bedding (bean stover, corn stover, pine wood chips, and wheat straw), and age of bedded pack (4, 5, 

and 6 week old).  Four 42-d experiments were conducted with four bedding material replications per experiment (n = 128).   
2 Significant effect (P < 0.05) are reported in bold font. 
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Table 5. Free air space, pH, temperature, and bedded pack height from lab-scaled bedded packs 

containing bean stover, corn stover, pine wood chips, and wheat straw at 42 days.1 

Treatment Factors2,3 Bedded Pack pH 
Bedded Pack 

Temperature 

Bedded Pack 

Height 
Free Air Space 

  °C cm % 

Bedding     

Bean Stover 7.7 ±0.0   23.1 ±0.9 a 12.4 ±0.2 a 19.4 ±1.3 

Corn Stover 8.0 ±0.0 24.2 ±0.8 b 14.3 ±0.3 c 27.4 ±1.1 

Pine Wood Chips 8.2 ±0.0 23.7 ±0.8 ab 13.8 ±0.3 b 29.5 ±1.6 

Wheat Straw 8.3 ±0.0 26.6 ±0.9 c 19.2 ±0.4 d 43.4 ±0.8 

Temperature     

Cold 8.0 ±0.0 18.8 ±0.2 A 15.0 ±0.3  27.3 ±1.8  

Hot  8.1 ±0.0 30.0 ±0.3 B 14.8 ±0.3  32.6 ±1.6 

Age of bedded pack     

Week 4 8.0 ±0.0 24.3 ±0.8  13.4 ±0.4 x - 
Week 5 8.1 ±0.0 24.8 ±0.8  14.9 ±0.4 y - 
Week 6 7.9 ±0.0 24.2 ±0.8  16.4 ±0.4 z - 

ANOVA     

Bedding - P < 0.0001 P < 0.0001 - 
Temperature - P < 0.0001 NS - 
Age of bedded pack - NS P < 0.0001 - 

Bedding x temperature P = 0.0027 NS NS P = 0.0295 

Bedding x age of 

bedded pack 
NS NS NS - 

Temperature x age of 

bedded pack 
NS NS NS - 

Bedding x temperature 

x age of bedded pack 
NS NS NS - 

a,b,c Within a column, indicated differences among bedding treatment (P < 0.05). 
A,B,C Within a column, indicated differences among temperature treatment (P < 0.05). 
x,y,z Within a column, indicated differences among age of bedded pack treatment (P < 0.05). 
1 Treatment consisted of temperature (15C and 30C), bedding (bean stover, corn stover, pine wood chips, and 

wheat straw), and age of bedded pack (4, 5, and 6 week old).  Four 42-d experiments were conducted with four 

bedding material replications per experiment (n = 128).  Values shown are least square means with standard 

errors. 
2 Significant effect (P < 0.05) are reported in bold font. 
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Table 6. Treatment diets and nutrient composition (dry matter basis) consumed by steers that were the 

source of feces and urine samples.1,2 

Item DRC-25 DRC-45 HMC-25 HMC-45 

Ingredient, %     

WDGS3 25.00 45.00 25.00 45.00 

DRC4 64.64 45.04 22.10 15.30 

HMC5 0.00 0.00 42.94 29.74 

Hay 8.43 8.43 8.43 8.43 

Urea 0.40 0.00 0.00 0.00 

Supplement6 1.53 1.53 1.53 1.53 

Nutrient composition, %     

Dry matter 63.72 54.16 60.13 52.43 

Crude protein 18.31 22.11 17.79 22.37 

Starch 46.46 30.93 43.13 21.41 

Acid detergent fiber 10.44 13.44 11.18 13.60 

Neutral detergent fiber 17.62 21.31 17.12 21.41 

Ether extract 6.12 7.70 6.18 7.49 

Calcium 0.97 0.96 1.36 1.06 

Phosphorus 0.82 0.85 0.81 0.90 

Sulfur 0.31 0.35 0.34 0.38 

Potassium 0.79 0.83 0.80 1.06 
1Table adapted from Hales et al. (2015a). 
2 DRC-25 = dry rolled corn (DRC) diet with 25% wet distillers’ grains with solubles (WDGS); DRC-45 = DRC 

diet with 45% WDGS; HMC-25 = 2:1 combination of high moisture corn (HMC)  and DRC diet with 25% 

WDGS; HMC-45 = 2:1 combination of high moisture corn (HMC)  and DRC diet with 45% WDGS; 
3 Wet distillers’ grains with solubles was 35.9% DM, 30.74% CP, 5.27% starch, 15.16% ADF, 26.57% NDF, 

11.72% EE, 0.03% Ca, 1.02% P, 1.23% K, and 0.73% S. 
4 Dry rolled corn nutrient composition was 9.5% CP, 2.7% ADF, 3.5% EE, 63.4% starch, 0.07% Ca, 0.34% P, 

0.35% K, and 0.11% S. 
5 High moisture corn nutrient composition was 9.5% CP, 1.9% ADF, 4.3% EE, 67.5% starch, 0.01% Ca, 0.31% 

P, 0.34% K, and 0.11% S. 
6 Commercial supplement premix contained Rumensin and Tylan (Elanco Animal Health, Greenfield, IN) and 

vitamin and minerals to meet or exceed 2000 NRC requirements. 
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Table 7. Linear prediction equation for the correlations in VOCs concentrations within beef cattle feedlot feces or urine compared to the flux in air.1 

Sample 
Type 

VOC 
Group VOC 

Response 
Variable (ng L)2 Intercept ± Coefficient x 

Factor  
Variable (ng L)3 

MS 
Regression MS Error R-square P-value4 

Feces Aromatic Phenol 
phenol  

flux in air 30.54 + 6.25E-07 x 

phenol concentration 

within feces 79.11 284.78 0.0092 P = 0.6020 

Feces Aromatic p-cresol 
p-cresol  

flux in air 25.90 + 5.80E-06 x 

p-cresol concentration  

within feces 161412.00 1986.00 0.7304 P < 0.0001 

Feces Aromatic Indole 
indole  

flux in air 25.42 - 2.46E-07 x 
indole concentration  

within feces 74.57 243.06 0.0101 P = 0.5838 

Feces Aromatic Skatole 
skatole  

flux in air 0.13 + 8.82E-12 x 

skatole concentration  

within feces 0.08 0.03 0.0820 P = 0.1184 

Feces BCFA Isobutyric 
isobutyric  

flux in air 143.41 - 5.52E-07 x 

isobutyric concentration  

within feces 4787.82 4650.08 0.0332 P = 0.3184 

Feces BCFA Isovaleric 
isovaleric  
flux in air 75.82 - 6.30E-08 x 

isovaleric concentration  
within feces 92.27 2426.11 0.0013 P = 0.8467 

Feces SCFA Acetic 
acetic  

flux in air -2266.78 + 8.07E-07 x 

acetic concentration  

within feces 6225458.00 261301.00 0.4426 P < 0.0001 

Feces SCFA Propionic 
propionic  

flux in air -1443.17 + 1.32E-06 x 

propionic concentration  

within feces 19767096.00 337785.00 0.6611 P < 0.0001 

Feces SCFA Butyric 
butyric  

flux in air -887.58 + 1.63E-06 x 
butyric concentration  

within feces 15166379.00 361584.00 0.5830 P < 0.0001 

Feces SCFA Valeric 
valeric  

flux in air 18.15 + 6.48E-07 x 

valeric concentration  

within feces 87055.40 9934.90 0.2261 P = 0.0060 

Feces SCFA Hexanoic 
hexanoic  

flux in air 36.50 + 4.42E-07 x 

hexanoic concentration  

within feces 22.45 862.91 0.0009 P = 0.8729 

             

Urine Aromatic Phenol 
phenol  

flux in air 23.79 - 1.88E-07 x 

phenol concentration  

within urine 7.01 78.02 0.0030 P = 0.7665 

Urine Aromatic p-cresol 
p-cresol  

flux in air 16.47 + 6.25E-07 x 
p-cresol concentration  

within urine 72304.10 12252.40 0.1637 P = 0.0213 

Urine Aromatic Indole 
indole  

flux in air 0.88 + 9.32E-10 x 

indole concentration  

within urine 0.21 5.43 0.0013 P = 0.8468 

Urine Aromatic Skatole 
skatole  

flux in air 0.10 + 1.91E-10 x 

skatole concentration  

within urine 0.01 0.19 0.0115 P = 0.5598 

Urine SCFA Acetic 
acetic  

flux in air 188.85 - 6.12E-07 x 
acetic concentration  

within urine 4591.99 3092.98 0.0472 P = 0.2325 

Urine SCFA Hexanoic 
hexanoic  

flux in air 21.87 - 2.48E-06 x 

hexanoic concentration  

within urine 12.59 11.05 0.0366 P = 0.2943 
1 Linear regression prediction equation parameters for the correlation in volatile organic compounds (VOC) concentrations within beef cattle feedlot feces or urine compared to the flux in air.  
Volatile organic compound measurements were conducted on 32 feces and urine samples.   
2 Response variable = individual VOC flux in air above feces or urine sample in controlled continuous air flow wind tunnels (ng L). 
2 Factor variable = individual VOC concentration measured within feces or urine samples (ng L). 
4 Significant effect (P < 0.05) are reported in bold font. 
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Figure 1. Pathway of nitrous oxide (N2O) emission through nitrification and denitrification within the nitrogen cycle.  
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Figure 2. Aerobic and anaerobic respiration pathways 
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Figure 3. Average concentration of ammonia flux (mg m-2 hr-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Bedding material x ambient temperature treatment interaction P = 0.0094.   a,b,c,d,e Least square 

means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 4. Average concentration of hydrogen sulfide flux (µg m-2 hr-1) in headspace air from lab-scaled bedded packs containing bean stover, corn 

stover, pine wood chips, and wheat straw over four 42-d periods.  Bedding material x ambient temperature treatment interaction P < 0.0001.   a,b,c,d 

Least square means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by 

error bars. 
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Figure 5. Average concentration of hydrogen sulfide flux (µg m-2 hr-1) in headspace air from lab-scaled bedded packs containing bean stover, corn 

stover, pine wood chips, and wheat straw over four 42-d periods.  Ambient temperature x age of bedded pack treatment interaction P = 0.0357.   a,b,c,d 

Least square means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by 

error bars. 
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Figure 6. Average pH of lab-scaled bedded packs containing bean stover, corn stover, pine wood chips, and wheat straw over four 42-d periods.  

Bedding material x ambient temperature treatment interaction P = 0.0027.   a,b,c,d Within treatment least square means without common superscript 

letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 7. Average concentration of methane flux (mg m-2 hr-1) over time in headspace air from lab-scaled bedded packs containing bean stover, corn 

stover, pine wood chips, and wheat straw over four 42-d periods.  Ambient temperature x bedding material x age of bedded pack treatment interaction 

P < 0.0422.   a,b,c Within treatment least square means without common superscript letters differ (P < 0.05).  Values reported are least squares means 

with standard errors reported by error bars. 
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Figure 8. Average concentration of carbon dioxide flux (mg m-2 hr-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, 

pine wood chips, and wheat straw over four 42-d periods.  Bedding material x ambient temperature treatment interaction P = 0.0189.   a,b,c,d,e Least 

square means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error 

bars. 
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Figure 9. Free air space percentage of lab-scaled bedded packs containing bean stover, corn stover, pine wood chips, and wheat straw at end of four 42-

d periods.  Ambient bedding material x temperature treatment interaction P = 0.0295.   a,b,c,d,e,f,gLeast square means without common superscript letters 

differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 10. Average concentration of nitrous oxide flux (mg m-2 hr-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, 

pine wood chips, and wheat straw over four 42-d periods.  Bedding material treatment difference P < 0.0001.   a,b,c,d Least square means without 

common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 11. Average concentration of nitrous oxide flux (mg m-2 hr-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, 

pine wood chips, and wheat straw over four 42-d periods.  Age of bedded pack difference P < 0.0001.   a,b Least square means without common 

superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 



95 
 

 
Figure 12. Average concentration of nitrous oxide flux (mg m-2 hr-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, 

pine wood chips, and wheat straw over four 42-d periods.  Ambient temperature treatment difference P < 0.0001.   a,b Least square means without 

common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 13. Average concentration of total aromatic compounds flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn 

stover, pine wood chips, and wheat straw over four 42-d periods.  Bedding material x ambient temperature treatment interaction P = 0.0455.   a,b,c,d,e 

Least square means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by 

error bars. 
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Figure 14. Average concentration of p-cresol flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine wood 

chips, and wheat straw over four 42-d periods.  Bedding material x ambient temperature treatment interaction P = 0.0460.   a,b,c,d,e Least square means 

without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 15. Average concentration of skatole flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine wood 

chips, and wheat straw over four 42-d periods.  Bedding material x ambient temperature treatment interaction P = 0.0389.   a,b,c,d Least square means 

without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 16. Average concentration of 4-ethylphenol flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Ambient temperature x age of bedded pack treatment interaction P = 0.0309.   a,b,c Least square 

means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 17. Average concentration of indole (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine wood chips, 

and wheat straw over four 42-d periods.  Ambient temperature treatment difference P < 0.0001.   a,b Least square means without common superscript 

letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 18. Average concentration of indole (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine wood chips, 

and wheat straw over four 42-d periods.  Age of bedded pack difference P = 0.0014.   a,b Least square means without common superscript letters differ 

(P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 19. Average concentration of phenol flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine wood 

chips, and wheat straw over four 42-d periods.  Bedding material treatment difference P < 0.0001.   a,b,c,d Least square means without common 

superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 20. Average concentration of phenol flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine wood 

chips, and wheat straw over four 42-d periods.  Ambient temperature treatment difference P < 0.0001.   a,b Least square means without common 

superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 21. Average concentration of phenol flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine wood 

chips, and wheat straw over four 42-d periods.  Age of bedded pack difference P < 0.0001.   a,b Least square means without common superscript letters 

differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 22. Average concentration of dimethyl trisulfide (DMTS) flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, 

corn stover, pine wood chips, and wheat straw over four 42-d periods.  Ambient temperature x age of bedded pack treatment interaction P = 0.0150.   
a,b,c Least square means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by 

error bars. 



106 
 

 
Figure 23. Average concentration of dimethyl disulfide (DMDS) flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, 

corn stover, pine wood chips, and wheat straw over four 42-d periods.  Ambient temperature x age of bedded pack treatment interaction P = 0.0086.   
a,b,c Least square means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by 

error bars. 
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Figure 24. Average concentration of total sulfide flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Total sulfide includes dimethyl disulfide (DMDS) and dimethyl trisulfide (DMTS).  Ambient 

temperature x age of bedded pack treatment interaction P = 0.0083.   a,b,c Least square means without common superscript letters differ (P < 0.05).  

Values reported are least squares means with standard errors reported by error bars. 
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Figure 25. Average concentration of total sulfide flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Total sulfide includes dimethyl disulfide (DMDS) and dimethyl trisulfide (DMTS).  Bedding 

material x ambient temperature treatment interaction P = 0.0008.   a,b,c Least square means without common superscript letters differ (P < 0.05).  Values 

reported are least squares means with standard errors reported by error bars. 
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Figure 26. Average concentration of dimethyl disulfide (DMDS) flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, 

corn stover, pine wood chips, and wheat straw over four 42-d periods.  Bedding material x ambient temperature treatment interaction P = 0.0007.   a,b,c 

Least square means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by 

error bars. 
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Figure 27. Average concentration of dimethyl trisulfide (DMTS) flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, 

corn stover, pine wood chips, and wheat straw over four 42-d periods.  Bedding material x ambient temperature treatment interaction P = 0.0246.   a,b,c,d 

Least square means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by 

error bars. 
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Figure 28. Average concentration of isovaleric acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Ambient temperature x age of bedded pack treatment interaction P = 0.0061.   a,b,cLeast square 

means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars.  
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Figure 29. Average concentration of isobutyric acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, 

pine wood chips, and wheat straw over four 42-d periods.  Ambient temperature x age of bedded pack treatment interaction P = 0.0205.   a,b,c Least 

square means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error 

bars. 
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Figure 30. Average concentration of total branch-chain fatty acid (BCFA) flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean 

stover, corn stover, pine wood chips, and wheat straw over four 42-d periods.  Total BCFA include isovaleric acid and isobutyric acid.  Ambient 

temperature x age of bedded pack treatment interaction P = 0.0118.   a,b,cLeast square means without common superscript letters differ (P < 0.05).  

Values reported are least squares means with standard errors reported by error bars. 
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Figure 31. Average concentration of isovaleric acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Bedding material x age of bedded pack treatment interaction P = 0.0202.   a,b,c,dLeast square means 

without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 32. Average concentration of isobutyric acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, 

pine wood chips, and wheat straw over four 42-d periods.  Bedding material x age of bedded pack treatment interaction P = 0.0222.   a,b,c,dLeast square 

means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 33. Average concentration of total branch-chain fatty acid (BCFA) flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean 

stover, corn stover, pine wood chips, and wheat straw over four 42-d periods.  Total BCFA include isovaleric acid and isobutyric acid.  Bedding 

material x age of bedded pack treatment interaction P = 0.0205.   a,b,cLeast square means without common superscript letters differ (P < 0.05).  Values 

reported are least squares means with standard errors reported by error bars. 
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Figure 34. Average concentration of acetic acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Ambient temperature x age of bedded pack treatment interaction P = 0.0088.   a,b,cLeast square 

means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 35. Average concentration of propionic acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Ambient temperature x age of bedded pack treatment interaction P < 0.0079.   a,b,cLeast square 

means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 36. Average concentration of butyric acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Ambient temperature x age of bedded pack treatment interaction P < 0.0001.   a,b,cLeast square 

means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 37. Average concentration of valeric acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Ambient temperature x age of bedded pack treatment interaction P < 0.0073.   a,b,cLeast square 

means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 38. Average concentration of hexanoic acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Ambient temperature x age of bedded pack treatment interaction P = 0.0264.   a,b,c,dLeast square 

means without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 39. Average concentration of total straight-chain fatty acid (SCFA) flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean 

stover, corn stover, pine wood chips, and wheat straw over four 42-d periods.  Total SCFA include acetic acid, propionic acid, butyric acid, valeric acid, 

hexanoic acid, and heptanoic acid.  Ambient temperature x age of bedded pack treatment interaction P = 0.0024.   a,b,cLeast square means without 

common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 40. Average concentration of acetic acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Bedding material x age of bedded pack treatment interaction P = 0.0023.   a,b,cLeast square means 

without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 41. Average concentration of propionic acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Bedding material x age of bedded pack treatment interaction P < 0.0152.   a,b,cLeast square means 

without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 42. Average concentration of butyric acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Bedding material x age of bedded pack treatment interaction P = 0.0121.   a,b,c,dLeast square means 

without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 43. Average concentration of valeric acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Bedding material x age of bedded pack treatment interaction P = 0.0248.   a,b,cLeast square means 

without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 44. Average concentration of hexanoic acid flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Bedding material x age of bedded pack treatment interaction P = 0.0332.   a,b,c,dLeast square means 

without common superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 45. Average concentration of total straight-chain fatty acid (SCFA) flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean 

stover, corn stover, pine wood chips, and wheat straw over four 42-d periods.   Total SCFA include acetic acid, propionic acid, butyric acid, valeric acid, 

hexanoic acid, and heptanoic acid.  Bedding material x age of bedded pack treatment interaction P = 0.0025.   a,b,cLeast square means without common 

superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 46. Average concentration of heptanoic flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Bedding material treatment difference P < 0.0001.   a,bLeast square means without common 

superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 47. Average concentration of heptanoic flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Ambient temperature treatment difference P < 0.0001.   a,bLeast square means without common 

superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 



131 
 

 
Figure 48. Average concentration of heptanoic flux (ng L-1) in headspace air from lab-scaled bedded packs containing bean stover, corn stover, pine 

wood chips, and wheat straw over four 42-d periods.  Age of bedded pack difference P < 0.0001.   a,bLeast square means without common superscript 

letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 49. Calculated total odor activity value (OAV) for lab-scaled bedded packs containing bean stover, corn stover, pine wood chips, and wheat 

straw over four 42-d periods.  Ambient temperature x age of bedded pack treatment interaction P < 0.0001.   a,b,c,dLeast square means without common 

superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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Figure 50. Calculated total odor activity value (OAV) for lab-scaled bedded packs containing bean stover, corn stover, pine wood chips, and wheat 

straw over four 42-d periods.  Bedding material x age of bedded pack treatment interaction P = 0.0255.   a,b,c,d,eLeast square means without common 

superscript letters differ (P < 0.05).  Values reported are least squares means with standard errors reported by error bars. 
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