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Ammonia (NH3) emissions from broiler production raise environmental, agronomic, and animal 

welfare concerns. This study evaluated oolitic aragonite (OA), a calcium carbonate-rich Bahamian 

sand, as a broiler litter amendment to reduce NH3 emissions, improve nitrogen retention, and shape 

microbial communities. Three consecutive 6-week broiler flocks were raised in environmentally 

controlled chambers with litter prepared from wood shavings and OA sand at 100:0, 80:20, and 

60:40 (shavings:OA) weight ratios. Chamber environmental conditions were continuously 

monitored, and weekly composite litter samples were analyzed for pH, uric acid, moisture, and 

water activity. At the end of each flock, litter was tested for total nitrogen, ammonia-N, 

ammonium-N, and total phosphorus (as P2O5). Despite initial hypotheses that OA would regulate 

NH3 volatilization through reducing water activity and promoting nitrifying/denitrifying pathways, 

no significant differences were observed between OA and control litter in NH3 emissions, total 

nitrogen, uric acid, or water activity. The NH3 flux rose during flock cycles and peaked after 

windrow composting across all treatments. Microbial community analysis (16S rRNA sequencing) 

of start and end samples from each flock showed alpha and beta diversity were driven mainly by 

temporal succession, with shifts from gut-associated taxa (e.g., Enterococcus, 

Escherichia/Shigella, Clostridium_sensu_stricto) to litter-adapted genera (e.g., Corynebacterium, 



Brachybacterium, Salinicoccus). While differential abundance testing found few consistent 

treatment effects, Lysobacter, a genus associated with antimicrobial activity, was persistently 

enriched in OA treated litter. Observed effects on microbial diversity were subtle and did not result 

in meaningful functional shifts in the broader community composition between treatments. While 

OA as a standalone amendment did not significantly affect NH₃ emissions, its selective enrichment 

of Lysobacter warrants further investigation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
THE EFFICACY OF OOLITIC ARAGONITE FOR AMMONIA CONTROL AND 

MICROBIAL MODULATION IN BROILER LITTER 

by 

Luke Patrick Feeney 

A Thesis submitted to the Faculty of the Graduate School of the 
 University of Maryland, College Park, in partial fulfillment 

of the requirements for the degree of  
Master of Science 

2025 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Advisory Committee: 
Dr. Allen Place, Chair 
Dr. Hong Li 
Dr. Tsvetan Bachvaroff 

  



 

 

 

 

 

 

 

 

 

 

 

© Copyright by 

Luke Patrick Feeney 

2025   



ii 
 

Dedication 
 

To my parents, whose endless love, encouragement, and unwavering belief in me have been my 

foundation throughout this journey.  



iii 
 

Acknowledgements 
 
Many thanks to my advisor and mentor, Dr. Allen Place, for guiding me along such an 

unconventional path, from being a startup company employee at Instar Farms to becoming a 

Master’s student in your lab at IMET. Thank you for showing me the joy of being part of the 

sciences and encouraging me to pass that joy on to others. Your unwavering enthusiasm for 

discovery and your love for all things science have rubbed off on me and helped to push and 

motivate me. 

Thank you to Tsetso Bachvaroff for being the wise bioinformatics sage that you are, and for 

helping me navigate the mire that can be R coding. Your calm advice kept me from hitting the 

panic button when things with my project seemed to be taking a turn for the worse. 

Thank you to Hong Li and the University of Delaware for the invaluable data collected on the 

broiler chicks and your expert knowledge of poultry sciences. This project would not have been 

possible without your state-of-the-art environmental chamber systems and analyzers. Thank you 

for being an excellent long-distance committee member, answering countless questions and 

providing me with the means and expertise to make this project possible. 

Thank you to Sabeena for all your help and sequencing expertise. Your incredible skills in the 

BAS lab made my project possible, and our conversations always brightened my day and left me 

smiling. 

Thank you to my Aunt Meg, Uncle Dave, Grandmom, and Collin, whose pizza nights always 

revived me after a tough week at work. 



iv 
 

Thank you to Mom and Dad for always keeping my compass pointing true north. You 

encouraged me to follow my own path and were always there to support me whenever I 

stumbled. Mom, I hope this makes up for getting a C in your science class back in the 5th grade. 

To Ellen, whose voice I look forward to hearing every day. You are the greatest partner and 

friend I could have ever wish for. I am so grateful and lucky to have found you. 

And to Maggie, my constant companion and best fur girl, who made even the hardest days 

brighter. 

This project was funded by Maryland Industrial Partnerships (MIPS) Program.  

Thanks to our supporters:  

Mike and Trish Davis, Jeff Eckel & Kristyn Kuhn Eckel, Don and Cathy MacMurray, Tom and 

Nancy Reynolds, Ken Code and Cathy Dea Code, Arthur "Jib" Edwards, Bill and Chris Hufnell 

This project would not have been possible without philanthropic support. Thank you for helping 

us to protect the health of the Chesapeake Bay. 

I would also like to acknowledge the AI language model ChatGPT for its assistance in improving 

the clarity and grammar of my writing. 

Thank you to Dr. Russell Hill, Jacqueline Joubert, and the IMET administrative staff for your 

constant encouragement and support as I worked toward my goals. Your care and advocacy for 

all of us in the MEES program, especially during uncertain times, have meant a great deal. 

  



v 
 

Contents  
Dedication ................................................................................................................................... ii 
Acknowledgements .................................................................................................................... iii 
List of Tables ............................................................................................................................ vii 
List of Figures .......................................................................................................................... viii 

Chapter 1 ......................................................................................................................................... 1 
1.1 Literature Review .................................................................................................................. 1 

Background ........................................................................................................................... 1 
Ammonia Production............................................................................................................ 3 
Amendment Strategies for Ammonia Mitigation............................................................... 5 
Oolitic Aragonite ................................................................................................................. 11 

Chapter 2 ....................................................................................................................................... 14 
2.1 Introduction......................................................................................................................... 14 
2.2 Materials and Methods ....................................................................................................... 17 

Chamber Design and Environmental Control ................................................................. 18 
Bird and Litter Management ............................................................................................. 19 
Sample Collection and Analytical Procedures ................................................................. 21 
Statistical Analysis .............................................................................................................. 23 
DNA Extraction and 16S rRNA Gene Sequencing .......................................................... 23 
Microbiome Data Processing and Analysis ...................................................................... 24 

2.3 Results ................................................................................................................................. 26 
Environmental Factors ....................................................................................................... 26 
End-of Flock Bird Performance ........................................................................................ 27 
End-of-Flock Litter Chemistry .......................................................................................... 29 
Ammonia Emission Dynamics ........................................................................................... 32 
Litter Properties Time Series ............................................................................................. 35 
Overview of Sequencing and Quality Filtering ................................................................ 40 
Alpha Diversity Patterns Across Flocks and Windrow Periods ..................................... 43 
Beta Diversity and Temporal Dynamics of the Litter Microbiome ............................... 45 
Bacterial Community Composition at the Order Level .................................................. 51 
Bacterial Community Composition at the Genus-Level .................................................. 53 
DESeq2-Based Differential Abundance Analysis Across Timepoints............................ 56 
Functionally Relevant Genera ........................................................................................... 60 

2.4 Discussion ........................................................................................................................... 66 



vi 
 

Broiler Growth Performance ............................................................................................. 66 
Oolitic Aragonite Amendment Effects on Litter Chemistry ........................................... 67 
Implications for Agricultural Use...................................................................................... 68 
Ammonia Emissions in OA-Amended Litter ................................................................... 70 
Litter Moisture and Water Activity .................................................................................. 70 
Uric Acid Degradation ........................................................................................................ 71 
Proposed Nitrification Enhancement Potential................................................................ 73 
Alpha and Beta Diversity Patterns .................................................................................... 75 
Successional Dynamics Across Flock Phases .................................................................... 76 
Impacts of Windrow Composting on Microbial Communities....................................... 80 
Treatment-Based Differential Abundance Testing .......................................................... 81 
Lysobacter Enrichment in OA-Amended Litter ............................................................... 83 

2.5 Conclusion .......................................................................................................................... 84 
Chapter 3 ....................................................................................................................................... 86 

3.1 Future Directions ................................................................................................................ 86 
Functional and Species-Level Microbial Characterization............................................. 86 
Commercial Scale Evaluation ............................................................................................ 87 
Windrow Analysis ............................................................................................................... 88 
Expanded Nitrogen Cycling Measurements ..................................................................... 88 
Combined Amendment Strategies ..................................................................................... 88 
Experimental Design Changes ........................................................................................... 89 
Conclusion ........................................................................................................................... 89 

Bibliography ............................................................................................................................. 92 
 
  



vii 
 

List of Tables 
 
Table 2.1 Mean (± SD) broiler performance and welfare metrics over the three flocks ............. 29 
 
Table 2.2 Mean (± SD) of litter composition parameters measured at the end of each flock 
period ............................................................................................................................................ 30 
 
Table 2.3 Read retention throughout 16S rRNA data processing pipeline .................................. 40 
 
Table 2.4 Amplicon sequence variant (ASV) counts detected after processing steps ................. 40 
 
Table 2.5 (A) Top 10 most abundant phyla detected across all samples, (B) Top 10 most 
abundant bacterial orders detected across all samples, (C) Top 10 most abundant bacterial genera 
detected across all samples based on total read counts ................................................................. 41 
 
Table 2.6 Results of PERMANOVA and beta dispersion tests assessing the effect of litter 
treatment on microbial community structure ................................................................................ 45 
 
Table 2.7 Differentially abundant genera (padj < 0.05) in Week 1 sampling during Flock 1, one 
week post treatment exposure ....................................................................................................... 56 
 
Table 2.8 Differentially abundant genera (padj < 0.05) in Week 6 sampling during Flock 1, at 
the conclusion of the first flock period and prior to windrowing ................................................. 57 
 
Table 2.9 Differentially abundant genera (padj < 0.05) in Week 10 sampling during Flock 2, 
immediately following windrow treatment and flock restocking ................................................. 58 
 
Table 2.10 Differentially abundant genera (padj < 0.05) in Week 15 sampling during Flock 2, at 
the conclusion of the second flock period and prior to the second windrowing. .......................... 58 
 
Table 2.11 Differentially abundant genera (padj < 0.05) in Week 19 sampling during Flock 3, 
following the second windrow event and flock restocking .......................................................... 59 
 
Table 2.12 Differentially abundant genera (padj < 0.05) in Week 24 sampling during Flock 3, at 
the end of the final flock and study period ................................................................................... 59 
  



viii 
 

List of Figures 
 
Figure 1.1 Diagram showing how oolitic aragonite forms. ......................................................... 11 
 
Figure 2.1 Environmental chamber system used for ammonia monitoring. ................................ 18 
 
Figure 2.2 Environmental conditions within the controlled chamber system across three broiler 
flocks and two windrow composting phases. ............................................................................... 27 
 
Figure 2.3 Broiler production and welfare outcomes by treatment and flock. ............................ 28 
 
Figure 2.4 End-of-flock litter chemistry by treatment and flock cycle. ....................................... 31 
 
Figure 2.5 Daily NH3 emissions from poultry litter across three flocks and associated windrow 
composting periods under three treatment conditions over the 160-day study. ........................... 32 
 
Figure 2.6 Daily NH3 concentration (ppm) measured in poultry litter across three flock cycles 
and subsequent windrow composting periods. ............................................................................. 34 
 
Figure 2.7 Water activity (aw) in surface and subsurface layers of poultry litter across flock and 
windrow composting periods. ....................................................................................................... 35 
 
Figure 2.8 Weekly average litter moisture (%) across three flock periods. ................................. 37 
 
Figure 2.9 Temporal trends in mean uric acid concentrations in poultry litter across treatment 
groups and flock cycles. ................................................................................................................ 38 
 
Figure 2.10 Rarefaction curves showing the relationship between sequencing depth and 
observed amplicon sequence variant (ASV) richness across all samples. .................................... 43 
 
Figure 2.11 Alpha diversity metrics across litter treatments during flock periods. ..................... 44 
 
Figure 2.12 Alpha diversity metrics across litter treatments during windrow composting. ........ 45 
 
Figure 2.13 Non-metric multidimensional scaling (NMDS) ordinations of microbial community 
structure in broiler litter samples based on Bray–Curtis dissimilarities.. ..................................... 47 
 
Figure 2.14 Non-metric multidimensional scaling (NMDS) plots showing Bray–Curtis 
dissimilarities of microbial communities in broiler litter across six sampling weeks. ................. 49 
 
Figure 2.15 Mean relative abundance of bacterial orders in poultry litter, grouped by treatment 
and stratified by flock and sampling timepoint............................................................................. 51 
 
Figure 2.16 Mean order-level relative abundance of bacterial communities in poultry litter 
samples collected during Windrow 1 (Week 9) and Windrow 2 (Week 18) periods across 
treatment groups............................................................................................................................ 52 



ix 
 

 
Figure 2.17 Mean relative abundance of dominant bacterial genera in poultry litter across 
treatment groups and flock timepoints. ......................................................................................... 54 
 
Figure 2.18 Mean genus-level relative abundance of bacterial communities in poultry litter 
during Windrow 1 (Week 9) and Windrow 2 (Week 18) following flock periods. ...................... 55 
 
Figure 2.19 Mean relative abundance of potentially pathogenic genera across broiler flocks. ... 61 
 
Figure 2.20 Mean relative abundance of dominant litter-associated genera across broiler flocks 
with known roles in uric acid/urea decomposition. ...................................................................... 63 
 
Figure 2.21 Mean relative abundance of Lactobacillus and Lysobacter across broiler flocks and 
windrow periods............................................................................................................................ 65 



1 
 

Chapter 1   

 

 

1.1 Literature Review 

 

Background 

 

The broiler industry in the United States has expanded significantly in the past three decades, 

growing from 7.4 billion birds in 1995 to 9.33 billion birds in 2024 (USDA Economic Research 

Service, 2014; USDA NASS, 2024). This rapid increase has positioned chicken as the most 

consumed meat in the U.S. since the mid-1990s, surpassing both pork and beef (USDA Economic 

Research Service, 2018). The Delmarva Peninsula, comprising Delaware, the Eastern Shore of 

Maryland, and the Eastern Shore of Virginia, has historically been a foundational region for 

commercial broiler production and continues to be a critical contributor to the national supply. In 

2024, the Delmarva region alone raised over 613 million chickens, yielding 4.6 billion pounds of 

processed chicken with a wholesale value of $4.8 billion (Delmarva Chicken Association, 2025). 

This intensive scale of production inherently generates substantial volumes of broiler waste in the 

form of litter. 

Broiler litter is a mixture of manure (excreta) and bedding material (e.g. wood shavings, sawdust, 

straw), along with spilled feed, feathers, and moisture from drinking water spillage (Rahman et 

al., 2022; Omeira et al., 2006). This diverse composition makes broiler litter characteristically rich 

in nutrients such as nitrogen (N), phosphorus (P), potassium (K), and other trace minerals, making 
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litter a valuable agricultural fertilizer, but also a significant concern as a source of nutrient pollution 

when mismanaged (Cook et al., 2011; Naseem & King, 2018). 

Inadequate litter pH and moisture control, insufficient ventilation, and prolonged reuse can lead to 

many environmental and production challenges (Bolan et al., 2010; Naseem & King, 2018). 

Ammonia (NH3) emission from litter is one such challenge. As microbial activity in litter 

increases, nitrogenous waste materials within the litter get broken down and volatilized in the form 

of NH3 gas (Burt et al., 2017; Schefferle, 1965; Kim & Patterson, 2003; Joerger et al., 2020). High 

NH3 levels within poultry houses (> 25ppm) harm broiler health and performance, causing 

respiratory tract damage, eye irritation, and increased susceptibility to diseases. Prolonged 

exposure at high levels has been shown to inhibit growth and feed efficiency in broilers (Sheikh et 

al., 2018; Kristensen & Wathes, 2000). These high NH3 levels also pose an occupational health 

risk to the farm workers who are consistently exposed (Padappayil & Borger, 2025; Naseem & 

King, 2018). In terms of negative environmental implications, NH3 volatilization contributes to 

atmospheric pollution when being exhausted from poultry houses. Once released, NH3 can react 

with other atmospheric compounds to form fine particulate matter, which poses risks to both 

environmental and human health (Bist et al., 2023; Naseem & King, 2018). Especially in poultry-

dense regions like the Delmarva Peninsula, atmospheric deposition of NH3 can lead to soil 

acidification and nutrient imbalances in nearby ecosystems like the Chesapeake Bay watershed, 

contributing to issues such as eutrophication and biodiversity loss (Larsen et al., 2001; Baker et 

al., 2020; Malone, 1992). Another environmental issue related to poor litter management is nutrient 

runoff that occurs when broiler litter is routinely utilized as fertilizer for fields. Litter is valuable 

for growing crops because of its high N and P content, but improper or over-application can lead 

to loss of these nutrients in the form of leaching or runoff (Bolan et al., 2010; Moore et al., 1995). 
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Additionally, broiler litter can harbor many pathogenic microorganisms such as Salmonella, 

Campylobacter, and E.coli (Rothrock et al., 2008a; de Toledo et al., 2020; Lu et al., 2003). When 

litter conditions are not properly managed, higher pathogenic load can result in increased risks to 

broiler health and food safety (Oladeinde et al., 2025; Liang et al., 2014; Bailey et al., 2022). 

Proper litter management is essential in modern commercial production to maintain bird health 

and welfare, optimize fertilizer value, and minimize negative environmental impacts. 

 

Ammonia Production  

 

NH3 in poultry houses originates primarily from the microbial breakdown of uric acid that has 

been deposited into the bird litter (Kim & Patterson, 2003; Joerger et al., 2020). Uric acid and are 

the main nitrogenous waste components in bird manure, and they are quickly degraded through a 

series of enzymatic steps in a process called mineralization (Nahm, 2005). Mineralization is the 

process whereby organic N compounds such as uric acid, urea, or proteins are converted into 

inorganic NH3 and ammonium (NH4
+). NH3 readily volatilizes, escaping the litter profile as a gas 

whereas NH4
+’s charge helps to keep it much less mobile (Cook et al., 2011). Bacteria and fungi 

possessing the enzyme uricase initiate the process of mineralization, converting uric acid into 

allantoin. Allantoin is then further metabolized by enzymes such as allantoinase and allantoicase 

in a degradation pathway that leads to the production of urea and/or NH3 (Rothrock et al., 2010; 

Pustake et al., 2022). Likewise, any urea or amino acids present in the litter can be hydrolyzed by 

microbial urease enzymes, adding to the NH3 pool (Schefferle, 1965). Under typical broiler litter 

conditions with warm temperatures and moderate moisture, these microbial processes proceed 

rapidly.  Studies have demonstrated that untreated broiler litter harbors a high abundance of genes 
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associated with nitrogen decomposition, with the microbial conversion of uric acid and urea into 

NH3 occurring predominantly within the first two weeks of accumulation (Rothrock et al., 2010; 

Cook et al., 2008). 

The volatilization of NH3 from litter is dependent on multiple physicochemical factors which 

influence the equilibrium between NH4
+ to NH3. The amount of NH3 being volatilized is highly 

pH dependent. In alkaline litter NH3 release is accelerated due to NH4
+ being progressively 

deprotonated to free NH3 gas. Fresh poultry droppings initially have a mildly acidic to neutral pH, 

but rapidly increasing microbial activity and NH3 accumulation can raise litter pH into the alkaline 

range (often pH 8–9), creating a cycle where more NH3 leads to higher pH, which in turn favors 

further NH3 volatilization. However, in low pH nitrogen tends to remain in the NH4
+ form as NH3 

acts as a base and accepts protons. Additionally, the temperature of the litter and house 

environment influences NH3 production. Higher temperatures not only increase the vapor pressure 

of NH3, facilitating its release, but also stimulate microbial metabolism rates. For example, Miles 

et al. (2011) observed that raising litter temperature from ~ 18 °C to ~ 40 °C resulted in up to a 

seven-fold increase in the rate of NH3 emissions. The intentional heating of poultry litter through 

a process known as “windrowing” is a widely used management practice in the poultry industry. 

Windrowing enhances litter quality by reducing moisture content, accelerating the decomposition 

of organic matter, and suppressing pathogenic microbes through elevated temperatures. However, 

this process also intensifies NH3 volatilization by stimulating microbial activity and increasing 

litter temperature. Burgess et al. (1998) points out that simply drying litter without pH adjustment 

can still result in major nitrogen loss, since drying often involves a rise in pH that encourages NH3 

evaporation. Moisture content of the litter exerts a more complex, non-linear influence on NH3 

emissions. Some moisture is necessary for microbial activity and for NH4
+ to be in solution. If pH 
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is controlled, dry litter can slow NH3 generation by desiccating microbes and immobilizing uricase 

enzymes. On the other hand, excessively wet litter also tends to reduce NH3volatilization, as shown 

in controlled studies by Miles et al. (2011). They found that increasing litter moisture led to greater 

NH3 release up to a point, but beyond a critical moisture level, NH3 emissions plateaued or even 

declined as moisture continued to rise. This effect is likely because extremely wet litter can create 

a physical barrier to gas exchange and may dilute or carry away some NH4
+. In practical terms, 

however, litter moisture in commercial operations is usually well below such saturation levels to 

protect bird welfare, and because high moisture is correlated with higher NH3 in most field 

situations (Miles et al., 2011). To help regulate these physicochemical factors in the litter, most 

commercial operations facilitate the use of amendments to help maintain optimum litter quality. 

To manage these physicochemical conditions and mitigate NH3 emissions, poultry producers 

commonly apply litter amendments. These are materials specifically designed to improve litter 

quality by influencing pH, moisture, and microbial activity. 

 

Amendment Strategies for Ammonia Mitigation 

 

Considering the relationships discussed, mitigation strategies typically involve either chemically 

binding or transforming NH3, or altering the litter's microenvironment to reduce microbial N 

decomposition and volatilization. In modern broiler production, litter amendments are a widely 

used approach. Amendments are substances added to the bedding and litter to chemically or 

physically reduce NH3. The two major categories are acidifying agents and adsorbent or mineral 

agents. Acidifying amendments are often chemical effectors, and mineral agents typically function 
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by sorbing NH4
+ or moisture. Many of these amendments have been developed and tested in the 

last two decades. 

Acid-based litter amendments are among the most effective, and as a result, the most commonly 

used NH3 controls in the poultry industry. By applying acids or acid-generating compounds to 

litter, the pH is driven downward, converting NH3 into NH4
+ salts that remain in the litter. One 

prominent example is aluminum sulfate (alum), which has been extensively studied and adopted 

in poultry houses. When alum is applied to litter (usually before a new flock is placed or during a 

clean-out), it reacts with water to produce aluminum hydroxide and sulfuric acid (Eugene et al., 

2015; Moore et al., 1995; Sims & Luka-McCafferty, 2002). This pH drop curtails ammonia 

volatilization and prevents N loss in the litter. In addition to its chemical effects, alum exhibits 

strong antimicrobial properties. Cook et al. (2008) and Rothrock et al. (2008a) reported that alum 

application reduced total bacterial populations by approximately 50%, with ureolytic bacteria 

declining by as much as 90% over time. Interestingly, this bacterial suppression was accompanied 

by an eventual increase in fungal populations, highlighting the importance of evaluating the 

broader and long-term ecological impacts of litter amendments on microbial community dynamics. 

Other acids or acid-producing compounds have shown similar benefits. Sodium bisulfate 

(NaHSO4), commercially named Poultry Litter Treatment (PLT) is another widely used 

amendment with a similar mode of action. PLT dissolves to release hydrogen sulfate (HSO4-), an 

acid that drives down pH by releasing hydrogen ions in water. Similar to alum treatment, PLT is 

usually applied to litter prior to bird placement and has been proven to reduce NH3 emissions in 

the range of 70-90% compared to untreated litter (Mohammadi-Aragh et al., 2025; Choi & Moore, 

2008). The industry-standard practices involve spreading alum or PLT on the house floor or litter, 

which effectively curbs ammonia emissions for several weeks (Li et al., 2013). These treatments 
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are particularly valuable in the brooding period of a flock’s grow-out, when chicks are young and 

ventilation is often kept low to conserve heat, a combination that can otherwise lead to high 

ammonia accumulations (USDA APHIS & Iowa State University, 2022). By reducing initial 

ammonia release, acidifiers improve bird health and growth and allow producers to ventilate less 

aggressively. 

Aside from alum and PLT, research has been done to evaluate other chemical amendments. For 

example, ferrous sulfate (FeSO4) and phosphoric acid (H3PO4) were found to dramatically reduce 

ammonia volatilization in experimental settings. Moore et al. (1996) showed FeSO4 could bind 

with ammonia or alter microbial activity, achieving large NH3 reductions comparable to alum. 

However, some of these chemicals are less commonly used in practice due to undesirable side 

effects. Phosphoric acid application to litter can harm its value as an agricultural fertilizer by 

adding too much P to the litter. On the other hand, ferrous sulfate has been associated with extreme 

cases of bird mortality due to iron toxicity (Wallner-Pendleton et. al., 1986; Pescatore and Harter-

Dennis, 1989). A key point with any acidifier is that while they effectively “capture” ammonia, it 

is important to fully understand their side benefits or drawbacks. Alum, for instance, significantly 

reduces greenhouse gas production and P runoff potential (Eugene et al., 2015; Sims & Luka-

McCafferty, 2002). On the other hand, dry acidifiers can have a corrosive effect on farm equipment 

and can create dusty conditions which can create health concerns (Barrientos, 2025). Furthermore, 

as discussed pH alterations to the microbial community can have potentially significant effects in 

the long-term if not managed properly. Commercially, both alum and PLT are established 

amendments. Alum has been used in broiler and turkey houses for over two decades, and PLT is 

favored for its ease of application and immediate action. 
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Beyond acidifying treatment options, researchers have explored mineral-based amendments and 

other porous sorbents that do not necessarily rely on acidification. These include clays, zeolites, 

gypsum, and carbon materials that can immobilize ammonium or reduce moisture. The mode of 

action for these materials is typically through adsorption/ion exchange, moisture absorption, or 

chemical reactions that stabilize ammonium. One class of such amendments is natural clays, like 

bentonites and montmorillonites, which have high cation-exchange capacity and can bind 

ammonium ions from the litter. In a laboratory study, Redding (2013) compared standard alum to 

a bentonite clay and found that, at sufficiently high application rates, bentonite can outperform 

alum in retaining ammonia. The clays essentially sequester ammonium on their exchange sites 

keeping the litter nitrogen in a stable state. However, natural clays alone require high inclusion 

rates with the litter to achieve the best results, making them less cost effective as a standalone 

amendment. Evidence points to utilizing natural clays in combination with other amendments 

being a more efficient method of NH3 treatment. For example, a study done by Szymula et al. 

(2021) showed that even a small mixture addition of 2% bentonite and 1% clinoptilolite zeolite 

(by weight) mixed into the litter was able to cut ammonia emissions by roughly 30% over the 

course of their experiment. This finding is valuable because it suggests that relatively small 

additions of certain aluminosilicate minerals can make a measurable difference in ammonia 

release. It also reinforces the idea that amendments can have significant synergistic effects on 

mitigation even if they are not cost-effective as standalone treatments. Zeolites have attracted 

interest as NH3 sorbents. Zeolites are porous aluminosilicate minerals with a high affinity for NH4
+ 

and even NH3 gas (Szymula et al., 2021). Zeolites are widely studied for agricultural research and 

can exchange native cations for NH4
+, making them effective at preventing N loss from broiler 

litter (Ellersdorfer et al., 2020; Sheng et al., 2015). Another benefit of zeolites and clays is that 
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they tend to be non-corrosive and nutrient-neutral, meaning they do not add undesirable elements 

to the litter. Additionally, clay or zeolite bound NH4
+ can still serve as fertilizer when the litter is 

applied to crops. 

Another mineral amendment of interest is gypsum (calcium sulfate dihydrate, CaSO₄·2H₂O). Flue-

gas desulfurization gypsum (FGDG), a byproduct from power plant scrubbers, has been studied as 

an in-house litter amendment and as an alternative bedding material. Gypsum’s effect on ammonia 

is not through strong pH reduction, but through moisture management and ionic reactions. Gypsum 

is a moderately hygroscopic salt and it can absorb and hold water. Burt et al. (2017) found that 

mixing 20–40% FGDG into broiler litter significantly dried the litter and imposed osmotic stress 

on microbes, suppressing the populations of uric acid degrading bacteria by 38–71%. Although 

only having modest impact on emissions compared to using other amendment types, gypsum offers 

other benefits. Gypsum has been shown to tie up soluble P by forming calcium phosphate in litter, 

and because it is a neutral salt it does not pose the same corrosion risk as acid amendments (Le & 

Y, 2004).  

Carbon-based adsorbents like biochar have also been tested as alternative amendments. Biochar is 

highly porous and can sorb ammonia. Additionally, if the biochar is made from high-carbon 

materials, it can temporarily immobilize nitrogen by adsorption or by providing surfaces for 

microbial biofilms. Recent studies have shown that surface-applying certain biochars or activated 

carbons to poultry litter can reduce ammonia emissions on the order of 10–30%, though results 

vary with the type of char (Agyarko-Mintah et al., 2017; Ritz et al., 2011). 

Current ammonia mitigation strategies in litter management rely heavily on litter amendments. 

Acidifiers such as alum and bisulfates are proven to be an effective means to instantly reduce 

ammonia emissions. Alongside these, alternative mineral amendments provide additional or 
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complementary strategies by targeting moisture and ammonium retention rather than pH alone. 

Often, promising results are achieved by a combination of approaches. It is within this context that 

oolitic aragonite has been proposed as a novel litter amendment, offering a potentially unique mix 

of properties. 
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Oolitic Aragonite 

 

 

 

Figure 1.1 Diagram showing how oolitic aragonite forms. Ooids grow in warm, shallow, moving 
seawater where tiny particles (such as sand grains or shell fragments) are suspended. Layers of 
aragonite (a crystalline form of calcium carbonate, CaCO3) gradually build up around these 
particles, forming concentric layers. This process happens through both chemical precipitation and 
the activity of microorganisms. 
Oolitic aragonite (OA) sand is a naturally occurring form of calcium carbonate (CaCO3) 

characterized by its aragonite crystal structure and egg-shaped grain morphology. While much 

about the formation process of OA is still unknown, it has been shown that OA is formed by 

concentric precipitation of CaCO3 in warm, high energy, shallow marine environments, producing 
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roughly spherical “ooids” of varying size (Trower et al., 2018; Newell et al., 1960; Lincoln et al., 

2022). These ooids develop around a nucleus, typically a sand grain, shell fragment, or other 

microparticle, that is coated with successive laminae of aragonite. As these laminae of tangentially 

or radially arranged aragonite form, they create multiple concentric cortical layers. The layers 

create intricate internal structuring that result in high microporosity and surface area. Organic 

matter often gets trapped within the cortex layers, making ooids grains an ideal niche for microbial 

growth (Diaz et. al., 2017; Lion et al., 2004). In fact, recent studies suggest that the formation of 

OA is, at least in part, a biogenic process. Biogeochemical markers indicate that ooid grains can 

serve as a host environment for a wide range of bacterial metabolisms such as denitrification, 

nitrification photosynthesis, sulfate reduction, and sulfide oxidation (Folk and Lynch, 2001; 

O’Reilly, 2017; Diaz et al., 2013, 2014) These various microbial activities and their byproducts, 

such as extracellular polymeric substances (EPS), are theorized to play key part of ooid 

development. Intragranular biofilms may directly cause minerals to precipitate, forming new ooid 

layers, or create the ideal conditions for further mineral growth and increased grain complexity 

(Diaz et. al., 2017). 

The distinctive structure and composition of OA suggest potential functional advantages for use 

as an amendment to broiler litter systems. Its high surface area and microporosity, resulting from 

its concentric cortical layering, are likely to influence moisture dynamics by capturing “available” 

water in the litter microenvironment. These attributes are relevant for managing the microbial 

processes which are critical to ammonia generation and nitrogen retention in broiler production 

systems (Cook et al., 2008; Rothrock et al., 2010). 

As discussed previously, ammonia volatilization from poultry litter is closely tied to pH, moisture 

content, and microbial activity, conditions that OA may help to moderate. As a primarily CaCO3 
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mineral, aragonite can contribute to the buffering capacity that stabilizes litter pH, potentially 

reducing the shift to more alkaline conditions that favor NH3 formation and N loss (Moore et al., 

1995; Choi & Moore, 2008). Unlike other amendments that rely on acidification, OA may offer a 

more neutral pH adjustment while still inhibiting volatilization, depending on its dissolution 

dynamics and local microenvironmental conditions. Aragonite’s relatively high solubility 

compared to calcite may enhance its reactivity in the moist and biologically active conditions of 

used poultry litter (De Choudens-Sánchez & González, 2009). Perhaps more notably, the 

microbiological affinity of ooid grains supports the hypothesis that OA could shape microbial 

communities within poultry litter. As previously mentioned, the internal cortex of ooid grains 

likely hosts diverse microbial metabolisms, including those involved in nitrogen transformations 

such as denitrification and nitrification. Given that uric acid/urea degradation and ammonia 

production are microbial-mediated processes in litter, introducing a mineral substrate capable of 

fostering beneficial or competitive microbial assemblages may alter the balance of ammonia-

cycling pathways and prevent N loss (Ritz et al., 2004; Rothrock et al., 2008a). This raises the 

possibility that OA might not only modify physicochemical litter conditions but also create 

ecological pressure that shifts the composition or function of the litter microbiome. 

These properties present a scientifically grounded rationale for assessing OA’s efficacy as a litter 

amendment. An evaluation of OA is warranted considering industry interest in alternative, low-

cost strategies for ammonia control that avoid the drawbacks of acidifiers or synthetic additives. 

Testing OA in broiler litter systems can provide important data on its ability to influence 

physicochemical conditions and microbial succession as well as its impact on NH3 emissions and 

nutrient retention. 
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Chapter 2  

 

2.1 Introduction 

 

Ammonia (NH3) in the poultry production industry is a problematic source of environmental 

pollution and a commercial management concern. Confined animal operations or CAOs, such as 

broiler houses with high-density flocks, generate a significant output of NH3 following the 

decomposition of litter. Once volatilized and released, NH3 contributes to air quality degradation 

by forming fine particulate matter, which leads to environmental problems such as acid rain and 

eutrophication (US EPA, 2013; Brink et al., 2022). Elevated atmospheric NH3 also represents a 

direct loss of nitrogen from the production system, reducing the value of litter as a potential 

agricultural fertilizer (Moore et. al., 1995; Agyarko-Mintah et al., 2017). Inside poultry houses, it 

is recommended that NH3 concentrations be maintained below ~20–25 ppm to protect the health 

of the birds and workers. Prolonged exposure to >25 ppm of NH3 impairs broiler chick welfare 

and performance, causing respiratory irritation, ocular burns, reduced feed intake, poorer growth, 

and greater susceptibility to disease (Kristensen & Wathes, 2000; Sheikh et. al. 2018). Volatilized 

NH3 is a caustic gas that can damage the respiratory epithelium (e.g. destroying cilia and inflaming 

air sacs). Damage to these respiratory mechanisms leads to birds being unable to clear mucus 

accumulation, which promotes bacterial proliferation and increased risk of infections (Kristensen 

& Wathes, 2000; US EPA, 2013; Sheikh et al., 2018; Padappayil & Borger, 2025). Controlling 
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NH3 emissions in broiler houses is critical both for animal welfare and to minimize environmental 

impacts of poultry production. 

 

Nitrogenous waste is the main source of NH3 in poultry litter. These nitrogenous waste products 

like uric acid and urea are present in avian excreta and undigested protein and provide a substrate 

for diverse bacterial communities to grow. Uric acid usually constitutes a large percentage of the 

total nitrogen in poultry litter, and its hydrolysis is the first step in the pathways that lead to NH3 

generation (Naseem & King, 2018). This process is primarily mediated by microbes possessing 

the enzyme uricase, which decomposes uric acid into urea and NH3. Litter moisture availability 

and pH are key factors in litter management practices because they strongly influence the rate of 

NH3 production. Damp, warm litter with a moderate-to-high pH creates ideal conditions for 

microbial activity and NH3 volatilization (Miles et al., 2011). In general, wetter litter leads to 

greater NH3 volatilization because water supports microbial metabolism and can solubilize 

ammonium (NH4
+), making it prone to evaporation as NH3 gas. Likewise, litter pH influences the 

NH4
+– NH3 equilibrium. More specifically, a higher pH favors conversion of NH4

+ to gaseous NH3. 

Effective NH3 mitigation in poultry systems therefore is reliant on proper litter pH, moisture, and 

microbial management. (Kristensen & Wathes, 2000; Miles et al., 2011; Naseem & King, 2018). 

 

Poultry producers use both feed strategies and litter treatments to reduce NH3 levels in chicken 

houses. Managing dietary protein and adding ingredients like Yucca extract can lower nitrogen 

excretion, but much nitrogen still ends up in the litter (Ayoub et al., 2019). To control NH3 after 

excretion, producers use methods like better ventilation, moisture control, and manure removal, 

though these can be costly or challenging in practice. Chemical litter amendments, especially 
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acidifiers like alum, are widely used because they lower litter pH and trap NH3, significantly 

cutting emissions and boosting the litter’s fertilizer value (Moore et al., 1995). However, these 

treatments need frequent reapplication, can be potentially harmful to workers and chicks, and may 

have side effects like equipment corrosion or soil buildup (Shah et al., 2006; Oğuz et al., 2012; 

USALCO, 2020; Barrientos, 2025). Furthermore, many of these amendment types are not 

considered organic compliant, limiting amendment options for organic poultry farming 

(Barrientos, 2025). Because of these drawbacks, commercial poultry managers and researchers are 

interested in testing alternative mineral-based amendments that might control NH3 more safely, 

effectively, and affordably (Bist et al., 2023; Kim & Patterson, 2003; Swelum et al., 2021). 

 

The objective of this study was to investigate the effectiveness of OA as a broiler litter amendment 

for NH3 mitigation and nutrient retention. Primarily composed of microcrystalline calcium 

carbonate (CaCO3) (about 98%), OA has an egg-shaped structure that is referred to as an ooid. The 

ooid consists of a nucleus, often encased in a concentrically laminated envelope. It is formed in 

warm, shallow, turbulent, and high-salinity waters, so typically in tropical marine environments 

(Sipos et al., 2018). OA contains high amounts of organic matter incorporated into its structure 

(Lincoln et al., 2022; Trower et al., 2018; Newell et al., 1960). The study was designed to assess 

OA’s impact on broiler litter NH3 emissions and to investigate any underlying mitigation 

mechanisms, particularly concerning moisture control and microbial activity.  

We specifically tested if OA is capable of lowering water activity (aw) and moisture content of 

broiler litter by limiting free water within pore spaces. This process would create an environment 

unsuitable for NH3-producing microbial processes and as a result, suppress the overall microbial 

decomposition rate of uric acid and other nitrogenous compounds (Dunlop et al., 2016; de Toledo 
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et al., 2020; Ismael & Ismail, 2021; Jiao et al., 2023). The second proposed control mechanism 

posited that OA's extensive surface area and organic matter load, stemming from its overlapping 

concentric layers, could create microsites favorable for alternative nitrogen cycling processes like 

nitrification or immobilization (Lincoln et al., 2022; Trower et al., 2018; Newell et al., 1960; 

Simone, 1980). This could effectively lock nitrogen into non-volatile forms (Swelum et al., 2021; 

Iwata et al., 2010). By promoting nitrifying bacteria or facilitating nitrogen incorporation into 

microbial biomass, OA-treated litter could retain a higher proportion of nitrogen as nitrate or 

organic N, consequently reducing NH3 gas loss. We therefore anticipated that OA would improve 

the N:P ratio in litter by increasing its nitrate content or total Kjeldahl nitrogen. 

These hypotheses were tested through a combination of laboratory analyses and in situ 

measurements in simulated broiler house conditions within environmental control chambers. 

Emission fluxes for NH3 were monitored from OA-amended and control litter, litter water activity 

and moisture were measured, microbial community composition and uric acid concentrations were 

assessed, and litter nitrogen forms were quantified. The following sections of this thesis detail the 

results of these experiments and evaluate whether OA has potential as a sustainable litter 

amendment for NH3 mitigation in poultry production. 

 

 

 

2.2 Materials and Methods 
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Chamber Design and Environmental Control 

 

Figure 2.1 Environmental chamber system used for ammonia monitoring. Each chamber received 
fresh, NH₃-free air via a blower and flow meter (FM), with airflow adjusted based on bird body 
weight. A thermocouple (T) monitored internal temperature, and chambers were equipped with 
feeders/drinkers and bedding for broilers. Exhaust air containing NH₃ was routed through a servo 
valve (SV) and directed to a sampling pump and photoacoustic gas analyzer for real-time NH₃ 
quantification. Data acquisition modules collected flow, temperature, and gas concentration. Uric 
acid and urea, shown as molecular structures, are the primary precursors of ammonia in poultry 
litter. 

 
Experiments were conducted using a block design in six environmentally controlled emission 

chambers (Figure 2.1), each designed to mimic commercial poultry production settings. Each 

chamber measured 74 × 72 × 74 cm (29 × 28 × 29 in) and was housed within an environmentally 

controlled room. An air blower mounted on the top of each chamber delivered fresh, NH3-free air 

via PVC ducts. The airflow rate in each chamber was continuously monitored with an air mass 
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flow meter installed in the supply stream, ensuring an airflow range of 0.1 to 5 cubic feet per 

minute (cfm) per bird, adjusted according to bird body weight. 

 

Ventilation and Air Sampling 

 

Airflow and NH3 concentrations were continuously measured through a sequential sampling 

system. Exhaust air from each chamber, along with room supply air, was sampled at 5-minute 

intervals using six solenoid valves that directed the flow sequentially. Concentrations of NH3 were 

quantified with a Chillgard RT photoacoustic NH3 analyzer (MSA Safety). Ventilation within the 

chambers was managed to maintain relative humidity below 60% during the first flock, with the 

rate further adjusted based on an NH3 threshold of 25 parts per million (ppm) in the control 

chamber. 

 

Data Acquisition and Environmental Monitoring 

 

Temperature in each chamber was maintained through a combination of room temperature 

adjustments, variable airflow rates, and the use of individual chamber heat lamps. Thermocouples 

provided real-time temperature data, while portable relative humidity sensors measured ambient 

moisture levels. Analog signals from mass flow meters and thermocouples, along with digital 

outputs from the gas analyzer, were collected via a data acquisition module at 1-second intervals, 

although only 1-minute averaged values were recorded for subsequent analysis. 

Bird and Litter Management 
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Chamber Assignment 

 

Three flocks of female broiler chickens (Ross 708) were utilized for this study, with each flock 

raised over a 6-week period in the six environmental chambers. For each flock, the chambers were 

allocated with two chambers per treatment and two chambers serving as controls. Each chamber 

housed six birds, and all birds were fed commercial diets ad libitum. The chambers were 

maintained under identical temperature and lighting conditions. Bedding treatments consisted of 

softwood shavings mixed with OA sand at three different ratios: 100:0, 80:20, and 60:40 

(shavings:sand, w/w). Two chambers were randomly allocated to each treatment. The total bedding 

load per chamber was standardized at 2.3 kg. For mixed treatments, an initial 0.3 kg of shavings 

(representing a one-inch layer) was set aside, and the remaining shavings were thoroughly mixed 

with the sand before being placed into the bedding tray. The reserved shavings were then layered 

on top of the mixture. 

 

Flock Cycles, Litter Reuse, and Ventilation Protocol 

 

Three complete 6-week flock cycles were performed. After each cycle, the top or “cake” layer 

(approximately 5-7cm deep) was removed using a spatula, while the remaining litter was reused 

in subsequent flocks. Windrowing, a composting and drying process performed during flock 

downtime, is commonly practiced in commercial poultry operations to improve litter quality for 

reuse. In this study, a 3-week windrowing period was implemented between flocks. The litter was 

turned twice, 7 and 14 days after bird removal, and the chambers were continuously ventilated for 

the 21 day downtime to reduce moisture content to 13–15%. Live performance metrics (body 
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weight, average weekly gain, feed conversion, and footpad dermatitis scores) were recorded 

throughout the study. 

Sample Collection and Analytical Procedures 

 

Air and Litter Sampling 

 

Air samples were collected continuously from the exhaust of each chamber and from the room 

supply, while key parameters (NH3 concentration, ventilation rate, temperature, and relative 

humidity) were monitored throughout the study. Litter samples (approximately 50 g) were 

collected weekly from five locations within each chamber, encompassing both cake (two locations) 

and non-cake (three locations) areas. Composite samples were prepared for moisture, water 

activity, and pH analyses. At the conclusion of each flock, additional composite litter samples were 

analyzed for total Kjeldahl nitrogen (TKN), NH3-N, uric acid, pH, water activity, moisture content, 

and litter microbiome. 

 

Litter Water Activity Measurement 

 

Water activity was determined using an Aqualab 4TE dew point instrument (METER Group, Inc., 

USA). The chilled mirror dew point method was chosen for its measurement speed and accuracy 

(±0.003 aw), with each measurement completed in approximately 5 minutes. Calibration was 

verified before and after each series of analyses using a series of standard solutions (13.41 kg/mol 

LiCl, 8.57 mol/kg LiCl, 6.00 mol/kg NaCl, 2.33 mol/kg NaCl, and distilled water). Litter samples 

were homogenized by crushing and grinding in a mortar and pestle before being transferred to 
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sample cups to ensure complete coverage of the base. All measurements were performed in 

triplicate. 

 

Uric Acid Extraction and HPLC Analysis 

 

For uric acid quantification, 0.1 g of each homogenized litter sample was placed into a 50 mL 

centrifuge tube, and 25 mL of 0.1 M sodium acetate was added. After vigorous shaking for 10 

seconds, the samples were incubated in an oven at 50 °C for 2 hours, followed by 1 minute of 

sonication. The mixture was then centrifuged at 1,000 rpm, and 1 mL of the supernatant was 

transferred into an amber HPLC vial. 

Uric acid analysis was conducted on a Hewlett-Packard Series 1100 HPLC system (Palo Alto, CA) 

equipped with a degasser and autosampler. The UV/VIS detector was set at 290 nm as 

demonstrated by Finlayson and Smith (1974), which allows for high specificity for uric acid, 

effectively eliminating potential interfering peaks from compounds unrelated to the study. 

Separation was achieved using a C8 column (250 × 4.6 mm, 5 μm particle size) maintained at 35 

°C. The mobile phase consisted of 10 mM ammonium acetate (pH 4.5) delivered at a flow rate of 

1.0 mL/min. An injection volume of 50 μL was used, and the analysis time was reduced to 15 

minutes per sample without any observed carry-over. Column pressure ranged from 8.3 to 9.4 bar, 

with elution times between 8.5 and 10 minutes. Uric acid standards were prepared by dissolving 

20 mg of reference compound weighed on an analytical balance (Mettler ME22, Mettler-Toledo, 

Columbus, OH), in 0.002 mol/L ammonium hydroxide. 
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Statistical Analysis 

 

Data were analyzed on a per-chamber basis, with each chamber serving as an independent replicate 

(n = 2 per treatment). One-way ANOVA followed by Tukey–Kramer HSD tests was performed 

using R (v4.4.1) with emmeans() package to determine significant differences among treatment 

groups. All statistical tests were conducted at a significance level of 5% (P < 0.05). 

 

DNA Extraction and 16S rRNA Gene Sequencing 

 

DNA was extracted from a total of 84 samples for the microbiome analysis using the DNeasy 

PowerLyzer PowerSoil Kit (Qiagen, Germantown, MD, USA). A total of 72 poultry litter samples 

were collected during the flock periods. For each of the three flocks, 24 samples were collected 

across all six chambers, with 12 during the first week and 12 during the final week. An additional 

12 samples were collected during windrowing, with six samples taken during each of the two 

windrow events.  

The V3-V4 region of the bacterial 16S rRNA gene was amplified using the primer pair 341F (5′-

CCTACGGGNGGCWGCAG-3′) and 785R (5′-GACTACHVGGGTATCTAATCC-3′), selected 

for their broad coverage across bacterial taxa as evaluated by Klindworth et al. (2013). Libraries 

were prepared using the Nextera DNA Flex kit (Illumina, San Diego, CA, USA), beginning with 

100 ng of extracted DNA per sample. Paired-end sequencing (2 × 250 bp) was performed on the 

Illumina MiSeq platform according to the manufacturer’s instructions. 
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Microbiome Data Processing and Analysis 

 

Microbial community analysis was conducted using a custom pipeline in R (v4.4.1) adapted from 

the Bioconductor workflow described by Callahan et al. (2016), implemented in R (v4.2.2). 

Quality control, denoising, taxonomic assignment, and downstream analyses were conducted 

using the following core packages: DADA2, phyloseq, DECIPHER, and phangorn described in 

detail below. 

 

Sequence Preprocessing and Denoising 

 

The raw forward and reverse reads were visually inspected using plotQualityProfile. Due to poor 

overlap and quality in reverse reads, only forward reads were retained for downstream analysis. 

Forward reads were filtered using DADA2’s filterAndTrim() function, which removed PhiX 

contaminants, truncated low-quality tails, and discarded reads exceeding expected error thresholds 

(maxEE = 2, truncQ = 2). Adapter and primer sequences were trimmed from the 5′ end. Denoising 

was performed using pooled inference across all samples to improve detection of rare variants, 

followed by chimera removal with removeBimeraDenovo(). The resulting amplicon sequence 

variants (ASVs) were compiled into a sequence table. 

 

Taxonomic Assignment and Phylogenetic Tree Construction 

 

Taxonomy was assigned using a naive Bayesian classifier trained on the RDP reference database 

(v18) with a minimum bootstrap confidence of 80. A multiple sequence alignment of the non-
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chimeric ASVs was performed using DECIPHER, and a phylogenetic tree was constructed using 

phangorn with the maximum likelihood (GTR+Γ+I model). 

 

Phyloseq Object Construction and Filtering 

 

The ASV table, taxonomic annotations, sample metadata, and phylogenetic tree were combined 

into a phyloseq object. Taxa with uncharacterized phylum-level annotations or belonging to 

contaminant or irrelevant phyla (e.g., Chloroflexi, Cyanobacteria/Chloroplast, Verrucomicrobia) 

were excluded. Low-prevalence taxa were filtered using a 5% sample prevalence threshold. For 

community-level summaries, taxa were agglomerated at the genus and order levels using 

tax_glom(). 

 

Community Structure and Ordination 

 

Microbial community composition was assessed using Bray–Curtis dissimilarity and visualized 

with non-metric multidimensional scaling (NMDS). PERMANOVA was used to test for 

differences in community structure among treatments using the adonis2() function from vegan, 

stratified by flock and windrow periods. Homogeneity of multivariate dispersion was confirmed 

using betadisper(). 

 

Differential Abundance Testing 
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Differential abundance of microbial taxa was assessed using DESeq2. Analyses were conducted 

separately for flock and windrow periods, and for order and genus-level taxonomic ranks. DESeq2 

models included treatment as a primary factor, adjusted for confounding variables such as week 

or sequencing depth where applicable. The taxa with adjusted p-values (padj) < 0.05 were 

considered significantly differentially abundant. 

 

2.3 Results 

Environmental Factors 

Chamber temperature and relative humidity were monitored daily throughout the experiment 

across all flock periods (Figure 2.2). Average chamber temperatures followed a consistent 

declining trend over the course of each flock, aligning with expected management practices. 

Relative humidity increased steadily during each flock period, reaching peak levels by the end of 

each flock period. Measurements were not collected during the windrow composting periods. 

Statistical analysis revealed no significant differences in either temperature or RH among the three 

bedding treatments (Control, Low, High; p > 0.1), indicating that environmental chamber 

conditions were consistently maintained across all groups.  
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Figure 2.2 Environmental conditions within the controlled chamber system across three broiler 
flocks and two windrow composting phases. Average weekly temperature (°C) and average weekly 
relative humidity (RH, %) are shown for each treatment group (Control, Low, and High OA). Lines 
represent treatment means, and shaded regions indicate the standard deviation across replicate 
chambers. Vertical black lines mark transitions between flock and windrow periods; shaded grey 
areas indicate windrow composting phases. 

 

 

End-of Flock Bird Performance 

Growth performance and welfare outcomes were summarized at the completion of each flock 

(Figure 2.3, Table 2.1). Final live weights were statistically similar between the OA treatments 

and the control, indicating that the litter amendment had no significant impact on bird growth. 



28 
 

Both groups reached approximately the same market weight (~2.5 kg per bird on average for all 

treatments, p > 0.4), and feed conversion ratios (FCR) were comparable at ranging roughly from 

1.5-1.9 in all treatments (p > 0.1) (Table 2.1). 

 

Figure 2.3 Broiler production and welfare outcomes by treatment and flock. Bars represent means 
± standard deviation. Panels display (A) feed conversion ratio (FCR), (B) final body weight (kg), 
(C) average daily NH3 emissions per bird (g/bird/day), and (D) average footpad dermatitis (FPD) 
score across litter treatments. FPD scores were assigned on a 3-point scale:0 = no lesion, 1 = lesion 
<¼ inch, and 2 = lesion >¼ inch. Measurements were taken at the end of each flock to assess 
treatment impacts on broiler performance. Values represent the chamber-level mean based on 6 
birds per chamber, with two replicate chambers per treatment per flock (n = 2).  
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Welfare metrics over three flocks likewise showed no major differences between treatments. The 

average footpad dermatitis (FPD) score in OA-amended chambers did not differ significantly from 

the control (all p > 0.6) (Table 2.1). The average daily NH3 emission rates per bird (Figure 2.3 C) 

were not significantly affected by the treatment either (p >0.05). Although there was a reduction 

in some OA treated chambers compared to the control, the treatment effects were not consistent 

over replicate chambers throughout the length of the study.  

 

 

Table 2.1 Mean (± SD) broiler performance and welfare metrics over the three flocks. 

 

 

End-of-Flock Litter Chemistry 

End-of-flock litter analyses (Figure 2.4, Table 2.2) revealed that OA had a limited impact on most 

litter chemical properties. The litter N:P ratio, an important indicator for agronomic productivity 

and environmental stewardship, remained essentially the same between treatments and control at 

~1.2. This ratio showed no significant change (all pairwise tests p > 0.4).  

The total nitrogen content of the litter did not differ significantly between the treated and untreated 

groups by the end of the flock (all pairwise tests p > 0.2). On a content basis, all groups retained a 

similar amount of nitrogen in the litter. Furthermore, the partitioning of nitrogen into organic 
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(insoluble) N and NH4
+-N was not significantly altered. The OA-treated litter had nearly the same 

NH4
+-N concentration as control litter, and similar overall total N content.  

The final litter moisture content was comparable between the two treatments and control (all p > 

0.2), indicating that aragonite did not dry the litter or absorb moisture. Litter pH at the flock end 

remained in the slightly basic range for both groups; any pH increase from the CaCO₃ was modest 

and not statistically significant. Both control and treated litter had pH values around 8.5–8.8. 

The most pronounced chemical difference observed was in litter calcium content. Litter from the 

aragonite-amended pens had a substantially higher Ca concentration at flock-end compared to 

control litter (p < 0.01). For instance, the Low OA treated litter contained roughly double the 

calcium (e.g. ~6.2% Ca) of the control litter (~3.3% Ca) on a dry matter basis (Table 2.2). Aside 

from Ca enrichment, no significant changes in macro-nutrient litter content were attributable to 

OA treatments.  

 

Table 2.2 Mean (± SD) of litter composition parameters measured at the end of each flock 
period.  
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Figure 2.4 End-of-flock litter chemistry by treatment and flock cycle. Bars represent means ± 
standard deviation. Panels show (A) organic nitrogen (%), (B) NH4

+ nitrogen (%), (C) total 
nitrogen (%), (D) phosphorus as % P2O5, (E) calcium (%) with brackets and asterisks identifying 
significant differences, (F) pH, (G) moisture content (%), and (H) nitrogen-to-phosphorus (N/P) 
ratio across Control, Low, and High treatments for Flocks 1–3. Values reflect composite litter 
samples collected at the end of each flock with two replicate chambers per treatment (n = 2). 
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Ammonia Emission Dynamics 

 

Figure 2.5 Daily NH3 emissions from poultry litter across three flocks and associated windrow 
composting periods under three treatment conditions over the 160-day study. 
(A) Mean daily NH3 emissions per bird. Lines represent averaged daily NH3 emission rates 
(g/bird/day) for each treatment group over replicate chambers. Shaded bands indicate variability 
between replicates. Vertical black lines mark transitions between flock and windrow periods. 
Shaded grey regions indicate windrow composting periods. (B) Cumulative NH3 emissions per 
bird over time, separated by treatment replicate (solid vs. dashed lines).  
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Daily NH3 emission rate per bird (Figure 2.5 A) and cumulative NH3 emitted per bird (Figure 2.5 

B) over three consecutive flock cycles were visualized in time series. In each flock, daily NH3 

emissions increased over time and peaked during litter windrowing events, then dropped back to 

low levels at the start of the next flock cycle. All treatments followed similar emission trajectories 

throughout the trial. 

 

Results of ANOVA across the three flock cycles indicated no significant treatment effect on either 

daily emission rates or cumulative NH₃ per bird. Tukey’s HSD post-hoc tests likewise found no 

significant pairwise differences between any treatment means. 

 

Another ANOVA was also used to test for within flock cycle treatment effects (Cycle 1, p > 0.2; 

Cycle 3, p > 0.9). Treatment effects only approached significance in the second flock cycle (p = 

0.095), where the two treated groups showed a consistent trend toward lower emissions when 

compared to the control in both flock and windrow periods. However, this difference did not reach 

the 5% significance threshold. By the end of the third flock, the total cumulative NH3 loss per bird 

was similar in all treatment groups. 
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Figure 2.6 Daily NH3 concentration (ppm) measured in poultry litter across three flock cycles and 
subsequent windrow composting periods for Control, Low, and High litter treatments. Lines 
represent treatment means, and shaded areas indicate standard deviation (n = 2 chambers per 
treatment). Vertical black lines mark transitions between flock and windrow periods. Shaded grey 
regions indicate windrow composting periods. 

 

Daily NH3 concentration data collected from each chamber (Figure 2.6) followed similar patterns, 

remaining low in early weeks and rising as the flock aged, with the only discernible treatment 

separations during Flock 1 (~Days 10–28) and the end of Flock 2 (Day 80-90). Across the three 

flock periods, statistical analysis inferred no significant differences in daily NH3 concentrations 

between the OA-amended chambers and the controls (all p > 0.7). CaCO3 
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Litter Properties Time Series 

 

Figure 2.7 Water activity (aw) in surface and subsurface layers of poultry litter across flock and 
windrow composting periods. (A) Mean water activity in surface litter collected from 1–2 cm 
depth. (B) Mean water activity in subsurface litter ("cake") collected from 5–7 cm depth. Vertical 
black lines mark transitions between flock and windrow periods. Shaded grey regions indicate 
windrow composting periods. Colored lines indicate treatment group means, with ribbons 
representing standard deviation. Note that the first two weeks of each windrow composting period 
were not sampled; data shown represent only the final week of windrowing. 
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The litter water activity (aw) measured at the litter surface (Figure 2.7 A) and subsurface (Figure 

2.7 B) over time. Water activity exhibited a cyclical pattern, remaining near saturation (aw ≈ 1.0) 

during each flock cycle and then dropping during the windrow periods between flocks after the 

removal of the broilers/drying of the litter. This pattern was consistent across all treatments. 

ANOVA across the three flocks detected no significant differences in water activity among the 

Control, Low, and High treatments at either the surface or subsurface (p > 0.90). 

 

As an exploratory approach, a GAMLSS model was also used to examine effects of treatment, 

depth, and week. This model indicated significant effects of slightly lower mean water activity 

under the Low treatment on the litter surface.  
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Figure 2.8 Weekly average litter moisture (%) across three flock periods for Control, Low, and 
High treatments. Lines represent mean values for each treatment, with shaded ribbons indicating 
standard deviation (n = 2 chambers per treatment). Vertical black lines mark transitions between 
flock and windrow periods. Shaded grey regions indicate windrow composting periods. Note that 
the windrow composting period was not sampled. 

 

Time series of average litter moisture content (%) was plotted over the three flock periods (Figure 

2.8). Litter moisture increased steadily throughout each flock, reaching 40–60% by the end of a 

flock and then declined to around 15–20% following each windrow period after the litter was 

stirred and dried. This moisture pattern was visually similar in all treatment groups but appeared 

to be especially elevated in Flock 1. Furthermore, moisture levels appeared to be slightly more 

elevated in one control chamber compared to the rest, although the difference was not pronounced 

enough to be statistically significant. Statistical analysis indicated that the treatments did not 

significantly affect litter moisture. ANOVA across flock periods found no significant differences 

in moisture content among treatments (p > 0.6).  
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Figure 2.9 Temporal trends in mean uric acid concentrations in poultry litter across treatment 
groups and flock cycles. (A) Surface litter samples 1–2 cm depth and (B) subsurface litter samples 
5–7 cm depth were collected weekly to assess uric acid content (mg/g litter) across three cycles. 
Vertical black lines mark transitions between flock and windrow periods. Shaded grey regions 
indicate windrow composting periods. Error ribbons represent standard deviation. Note that the 
first two weeks of each windrow composting period were not sampled; data shown represent only 
the final week of windrowing. 
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Temporal patterns of uric acid concentration varied across treatment groups and litter depth 

(Figure 2.9). Surface litter samples (1–2 cm depth) exhibited higher uric acid concentrations and 

greater week-to-week variability compared to subsurface litter samples (5–7 cm depth). Peaks in 

uric acid concentration varied flock-to-flock, while concentrations decreased for the final week of 

windrow period. 

 

Statistical analysis of mean uric acid concentrations across flock periods showed no significant 

treatment effects. One-way ANOVA indicated no differences among treatments in the surface 

layer (F(2,6) = 0.037, p = 0.964) or the subsurface layer (F(2,6) = 0.089, p = 0.916). Tukey’s HSD 

post hoc comparisons similarly revealed no significant pairwise differences between treatment 

groups for either litter depth. 
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Overview of Sequencing and Quality Filtering 

 

Of the initial 18.9 million raw reads, approximately 39.5% were retained after primer removal, 

quality filtering, denoising, and chimera removal. The largest reductions occurred during filtering 

and denoising (Table 3). After denoising and chimera removal, 3,744 unique ASVs were retained 

across all samples, with richness per sample ranging from 106 to 1,834 ASVs (Table 4). 

 

Table 2.3 Read retention throughout 16S rRNA data processing pipeline. 

 

 

Table 2.4 Amplicon sequence variant (ASV) counts detected after processing steps 

 

Taxonomic classification of non-chimeric ASVs revealed that the dominant bacterial phyla across 

all samples were Firmicutes, Actinobacteria, Proteobacteria, and Bacteroidetes, which together 

accounted for most of the reads. Phyla with low prevalence or of non-bacterial origin, including 

Cyanobacteria/Chloroplast, Plantae, and others, were excluded from downstream analyses to focus 
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on ecologically relevant bacterial taxa. At the order level, sequences were dominated by members 

of the Bacillales, Lactobacillales, and Micrococcales. Among the top genera, Enterococcus, 

Brachybacterium, Corynebacterium, and Salinicoccus were the most abundant (Table 5). 

 

Table 2.5 (A) Top 10 most abundant phyla detected across all samples, (B) Top 10 most 
abundant bacterial orders detected across all samples, (C) Top 10 most abundant bacterial genera 
detected across all samples based on total read counts. 

A. 

 

B.
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C. 

 

 

Rarefaction curves indicated that most samples reached asymptotic levels of observed ASV 

richness with increasing sequencing depth, suggesting sufficient coverage for diversity estimation 

(Figure 2.10). Based on these curves, a rarefaction threshold of 20,000 reads was selected for flock 

samples, and 16,000 reads for windrow samples. Two windrow samples representing the second 

biological replicates for the Control and Low treatments in the first windrow period were excluded 

from alpha diversity analysis due to low read counts below this threshold. Samples with the highest 

observed richness were generally associated with Flock 3, while lower richness values were more 

common in early timepoints. 
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Figure 2.10 Rarefaction curves showing the relationship between sequencing depth and observed 
amplicon sequence variant (ASV) richness across all samples. Each line represents an individual 
sample, colored by treatment. 

 

Alpha Diversity Patterns Across Flocks and Windrow Periods 

 

Alpha diversity did not differ significantly among litter treatments during the flock periods based 

on observed species richness, Shannon diversity, or Simpson’s diversity (Kruskal-Wallis tests, p 

> 0.05 for all metrics; Figure 2.11). Diversity metrics exhibited substantial variation, particularly 

in observed richness, but this variability was not dependent on treatment. Several low-diversity 
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outliers were associated with samples taken early in the study (The first week of Flock 1), while 

samples with higher richness and diversity were generally observed in Flock 3 (Weeks 19&24). 

 

 

Figure 2.11 Alpha diversity metrics across litter treatments during flock periods. (A) Observed 
species richness, (B) Shannon diversity index, and (C) Simpson’s diversity index. Samples were 
rarefied to 20,000 reads. 

 

Alpha diversity during windrow composting did not differ significantly across litter treatments 

based on observed species richness, Shannon index, or Simpson’s index (Kruskal-Wallis tests; p 

> 0.05 for all metrics; Figure 2.12). A wide range of richness values was observed within each 

treatment, but there were no consistent treatment-specific patterns. Samples with the highest 

observed species richness were primarily from the Control windrow chambers. 
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Figure 2.12 Alpha diversity metrics across litter treatments during windrow composting. (A) 
Observed species richness, (B) Shannon diversity index, and (C) Simpson’s diversity index. 
Windrow samples were rarefied to 16,000 reads. 

 

Beta Diversity and Temporal Dynamics of the Litter Microbiome 

 

Based on the Bray-Curtis dissimilarities, PERMANOVA analyses revealed no significant 

differences in microbial community composition across litter treatments during either the flock or 

windrow periods (Table 6; p > 0.05). Homogeneity of multivariate dispersions was confirmed, 

supporting the validity of the PERMANOVA results. 

 

Table 2.6 Results of PERMANOVA and beta dispersion tests assessing the effect of litter 
treatment on microbial community structure. 
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NMDS ordinations provided further visualization of community structure. In flock samples, 

microbial communities clustered primarily by collection week rather than by treatment, with a 

stress value of 0.095 indicating good representation of the dissimilarity space (Figure 2.13A, 13B).  
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Figure 2.13 Non-metric multidimensional scaling (NMDS) ordinations of microbial 
community structure in broiler litter samples based on Bray–Curtis dissimilarities. 
(A) NMDS plot of all flock samples (Flocks 1, 2, and 3), colored by treatment group. Each 
point represents an individual litter sample. 95% confidence ellipses are shown for each 
treatment group. 
(B) NMDS ordinations faceted by flock and shaped by collection week to show temporal 
progression of microbial communities during each flock cycle. Symbols represent sampling 
at start and end week time points. 
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Panels B–D in Figure 2.13 are derived from the single ordination in Panel A, allowing direct 

comparison of temporal and treatment influences within a common beta diversity framework. 

Panels B–D are faceted by flock and differentiate between start versus end sampling weeks. These 

subpanels reveal distinct temporal shifts within flocks, but treatment effects remained subtle.  
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Figure 2.14 Non-metric multidimensional scaling (NMDS) plots showing Bray–Curtis 
dissimilarities of microbial communities in broiler litter across six sampling weeks. Points are 
colored by treatment group. Each panel represents a different time point within the study: Weeks 
1 and 6 (Flock 1), Weeks 10 and 15 (Flock 2), and Weeks 19 and 24 (Flock 3).  

To explore potential treatment effects that were not clearly resolved in the Figure 2.13 unified 

NMDS ordination, Figure 2.14 presents separate NMDS plots for each of the six individual 
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sampling timepoints. By isolating communities at each timepoint, this figure removes temporal 

variation as a factor, to improve the ability to detect subtle treatment-related differences in 

community composition. While some panels (e.g., Weeks 1 and 6) suggest modest clustering by 

treatment, overall separation between treatment groups remained limited. Treatment groups 

frequently overlapped within the NMDS space, especially at later timepoints, and no consistent 

pattern of divergence was observed.  
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Bacterial Community Composition at the Order Level 

 

 

Figure 2.15 Mean relative abundance of bacterial orders in poultry litter, grouped by treatment and 
stratified by flock and sampling timepoint. Stacked bar plots display the mean order-level relative 
abundance for each treatment group (Control, Low, High) at the beginning (“Start”) and end 
(“End”) of each flock cycle. Only the top 12 most abundant orders are shown; less abundant orders 
are grouped as “Other.” 

 

The mean relative abundance of bacterial orders revealed consistent dominance of Bacillales, 

Lactobacillales, and Micrococcales across treatments and flock cycles (Figure 2.15). Stratifying 
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by both flock and sampling timepoint highlighted dynamic shifts in community composition over 

time. Notably, Flock 1 started with a higher relative abundance of Clostridiales and 

Enterobacterales, which declined by the end of the cycle. In later flocks, particularly Flocks 2 and 

3, microbial communities showed increased representation of orders such as Xanthomonadales, 

Streptosporangiales, and Burkholderiales, especially at the start of each cycle.  

 

Figure 2.16 Mean order-level relative abundance of bacterial communities in poultry litter samples 
collected during Windrow 1 (Week 9) and Windrow 2 (Week 18) periods across treatment groups. 
Bars represent the mean relative abundance of bacterial orders within each treatment (Control, 
Low, and High). Only the top 12 most abundant orders are shown; less abundant orders are grouped 
as “Other.” Two samples representing the second biological replicates for the Control and Low 
treatments were excluded from Windrow 1, results should be interpreted with caution, particularly 
for that timepoint. 

 

During both windrow periods, the poultry litter microbiome remained dominated by Bacillales, 

Lactobacillales, and Micrococcales, across all treatments (Figure 2.16). However, windrowing 

appeared to temporarily enrich certain lower-abundance bacterial orders, particularly 

Xanthomonadales, Streptosporangiales, and Burkholderiales, which were more prominent during 
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Windrow 1 and Windrow 2 but declined following the start of new flock periods as seen in Figure 

2.15. Meanwhile, Mycobacteriales showed increased relative abundance during windrow periods 

and persisted to some extent into the following flocks.  

 

Bacterial Community Composition at the Genus-Level 

 

The genus-level profiles revealed clear temporal shifts in bacterial community composition over 

the course of each flock cycle (Figure 2.17). In Flock 1, the litter microbiome was initially 

dominated by Enterococcus, Clostridium_sensu_stricto and Escherichia/Shigella, which declined 

were reduced by the end of the cycle, coinciding with an increase in genera such as 

Corynebacterium and Brachybacterium. This trend continued in Flocks 2 and 3, with a decline in 

gut-associated anaerobes and opportunistic pathogens, and a corresponding increase in Gram-

positive, litter-adapted genera not typically associated with the gut. Notably, Salinicoccus, 

Staphylococcus, and Atopostipes became increasingly dominant during these later flock cycles. At 

the end of Flock 3 we see a degree of increase in Weissella and Romboutsia, which we don’t see 

in any of the other timepoints. 
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Figure 2.17 Mean relative abundance of dominant bacterial genera in poultry litter across treatment 
groups and flock timepoints. Stacked bar plots display the average genus-level relative abundance 
for each treatment (Control, Low, High) at the beginning ("Start") and end ("End") of each flock 
cycle (Flock 1, Flock 2, and Flock 3). Genera shown represent the most abundant taxa across all 
samples, with less prevalent genera grouped under "Other." 
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Figure 2.18 Mean genus-level relative abundance of bacterial communities in poultry litter during 
Windrow 1 (Week 9) and Windrow 2 (Week 18) following flock periods. Stacked bar plots 
represent the average relative abundance of the top 15 most abundant genera across treatment 
groups (Control, Low, High), with less abundant genera grouped as "Other." Relative abundances 
were averaged across replicate chambers within each treatment. Two samples representing the 
second biological replicates for the Control and Low treatments were excluded from Windrow 1, 
results should be interpreted with caution, particularly for that timepoint. 

 

The bacterial community structure during Windrow 1 (Week 9) and Windrow 2 (Week 18) in 

Figure 2.18 showed a distinct shift compared to the flock-associated timepoints in Figure 2.17. 

Several genera that were previously less prominent became more abundant during windrowing. 

Brevibacterium, Jeotgalicoccus, Yaniella, Facklamia, and Aerococcus increased across all 

treatment during windrow. Corynebacterium and Brachybacterium remained the most dominant 

across windrow phases and appeared to increase compared to flock timepoints. Meanwhile, 

Enterococcus and Staphylococcus remained stable at similar levels to flock-associated timepoints. 
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DESeq2-Based Differential Abundance Analysis Across Timepoints 

 

Genus-level differential abundance analysis was conducted using DESeq2 to assess microbial 

shifts among treatments during the start and end flock period timepoints. DESeq2 analysis was not 

performed for the Windrow periods due to insufficient sample retention following filtering steps. 

 

Week 1 – Initial Treatment Effects 

 

Table 2.7 Differentially abundant genera (padj < 0.05) in Week 1 sampling during Flock 1, one 
week post treatment exposure. Results are based on DESeq2 differential abundance testing 
comparing the treatments to the Control. Columns include log2 fold change (log2FC), standard 
error (SE), normalized mean abundance (baseMean), and adjusted p-values (padj). 

 

 

One week after treatment application, multiple genera were differentially abundant between 

treatment groups and the control (Table 7). Genera such as Weissella and Bacteroides were 
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significantly enriched in the Low treatment, while Romboutsia, Kineothrix, and Corynebacterium 

were depleted. In the High treatment, Bacteroides showed further enrichment, with reductions in 

Romboutsia and Bacillus 

 

Week 6 – End of Flock 1 

 

By the end of the first flock, Lysobacter was significantly enriched in both Low and High 

treatments. Several genera, including Alicoccus, Aerococcus, and Lactobacillus, were reduced in 

the High group. Staphylococcus and Luteimonas were enriched, while Salinicoccus and 

Amphibacillus decreased (Table 8). 

 

 

Table 2.8 Differentially abundant genera (padj < 0.05) in Week 6 sampling during Flock 1, at the 
conclusion of the first flock period and prior to windrowing.  

 

 

Week 10 – Post-Windrow 1 and Flock 2 Start 
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Immediately after Windrow 1 and flock restocking, Lysobacter remained enriched in both 

treatments. Acinetobacter was depleted across both Low and High treatments, while Sporosarcina 

and Mycobacterium were significantly reduced in the High treatment (Table 9). 

 

Table 2.9 Differentially abundant genera (padj < 0.05) in Week 10 sampling during Flock 2, 
immediately following windrow treatment and flock restocking.  

 

 

Week 15 – End of Flock 2 

 

Enrichment of Lysobacter persisted into week 15 in both treatments, while Oceanobacillus showed 

modest enrichment in Low and Sphingobacterium declined in High (Table 10). 

 

Table 2.10 Differentially abundant genera (padj < 0.05) in Week 15 sampling during Flock 2, at 
the conclusion of the second flock period and prior to the second windrowing.  
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Week 19 – Post-Windrow 2 and Flock 3 Start 

 

Following Windrow 2 and the onset of Flock 3, Gracilibacillus was enriched in High, while 

Lysobacter and Luteimonas remained elevated. In contrast, several genera, including Virgibacillus, 

Anaerotignum, and Negativibacillus, were depleted (Table 11). 

 

Table 2.11 Differentially abundant genera (padj < 0.05) in Week 19 sampling during Flock 3, 
following the second windrow event and flock restocking.  

 

 

Week 24 – End of Flock 3 and Study Conclusion 

 

At the final sampling point, a large reduction in Pediococcus and Halomonas was observed in the 

Low group. Weissella abundance was also reduced in Low, contrasting with its early enrichment 

in the first week. The High treatment again showed significant enrichment of Lysobacter and 

Luteimonas.(Table 12) 

 

 

 

 

 

Table 2.12 Differentially abundant genera (padj < 0.05) in Week 24 sampling during Flock 3, at 
the end of the final flock and study period. 
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Lysobacter was the most consistently enriched genus in both Low and High treatments, appearing 

in every flock and persisting through windrow phases. It had moderate to high baseMean values 

and low standard error in most instances where it appeared significant. Other genera like 

Gracilibacillus, Luteimonas, and Bacteroides also showed repeated significant changes but varied 

by treatment and timepoint.  

 

A subset of significant genera had very low normalized abundance (baseMean < 20), including 

Mycobacterium, Negativibacillus, Aquihabitans, Corynebacterium, and Anaerotignum. Also, 

several taxa showed extremely large log2 fold changes (e.g., Weissella and Pediococcus) 

accompanied by relatively high standard errors. 

 

Functionally Relevant Genera 
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Figure 2.19 Mean relative abundance of potentially pathogenic genera across broiler flocks. Bar 
plots show the mean (± SE) relative abundance of Enterococcus (A), Escherichia/Shigella (B), 
Staphylococcus (C), and Streptococcus (D) in poultry litter samples collected during each flock 
period (Flock 1–3). Each bar represents a treatment group with error bars indicating standard 
deviation among replicates. 

 

The relative abundance of several genera associated with potential pathogenicity in poultry 

markedly over time and between treatment groups (Figure 2.19). Enterococcus (Figure 2.19A) 

was dominant at the start of Flock 1 across all treatments, with the Low and High groups exhibiting 

the highest mean relative abundance (~50%). Abundance declined sharply by the end of Flock 1 

and remained low and relatively stable through Flocks 2 and 3, with no clear treatment-associated 

differences in later timepoints. Escherichia/Shigella (Figure 2.19B) also showed high relative 

abundance at the beginning of Flock 1, particularly in the Control group, but rapidly declined to 



62 
 

near-undetectable levels by the end of the same flock period and stayed low throughout the 

remainder of the study. Staphylococcus (Figure 2.19C) displayed the opposite pattern. Initially 

low in all groups, its abundance steadily increased across timepoints, particularly in the High and 

Low treatment groups, with the most notable elevation at the end of Flock 2. Streptococcus (Figure 

2.19D) was present at low relative abundance throughout, with a small uptick at the end of Flock 

2 and start of Flock 3 (~1-2%) in all treatments. Variability among replicates was high for this 

genus, and no consistent treatment-associated pattern emerged. Sequences corresponding to 

Salmonella and Campylobacter were not detected in any samples, while Pseudomonas were 

present only at low abundances (<0.1%) for most of the study.  
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Figure 2.20 Mean relative abundance of dominant litter-associated genera across broiler flocks 
with known roles in uric acid/urea decomposition. Bar plots show the mean (± SE) relative 
abundance of Corynebacterium (A), Clostridium sensu stricto (B), Brachybacterium (C), and 
Bacillus (D) in poultry litter during each flock period (Flock 1–3), grouped by treatment.  

 

Several genera associated with nitrogen metabolism or litter adaptation exhibited dynamic 

abundance patterns across flocks and treatment groups (Figure 2.19). 

 

At the start of Flock 1 Corynebacterium (Figure 2.20A) was nearly absent and below 1% mean 

relative abundance, but increased sharply particularly in the Low treatment, peaking at the end of 

that flock. At the start of Flock 2 it displayed elevated abundances in the treatment groups. Its 

abundance declined gradually in later flocks but remained consistently present across all 
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treatments at similar levels. Like Escherichia/Shigella, Clostridium sensu stricto (Figure 2.20B) 

was highly abundant at the start of Flock 1 but dropped to near-zero levels by the end of that flock 

and remained at even lower levels in subsequent timepoints across all treatments. Brachybacterium 

(Figure 2.20C) exhibited an increase in abundance after Flock 1 start and fluctuated between ~10-

20% mean abundance over time, with marked peaks by the end of Flock 1 and 3 in the Low and 

High treatments. The genus Bacillus (Figure 2.20D) exhibited low mean relative abundances 

across all flock timepoints, consistently remaining below 1% for the study duration. The most 

notable presence was observed at Flock 1 Start, particularly in the control treatment (∼0.7%) and 

to a lesser extent in the High and Low OA treatments (∼0.1% and ∼0.05%, respectively). 

However, this was followed by a substantial decrease in all groups to near zero by Flock 1 End. 

Subsequent timepoints (Flock 2 Start, Flock 2 End, Flock 3 Start, and Flock 3 End) consistently 

showed very low mean relative abundances of Bacillus across all groups, indicating a temporally 

driven reduction and sustained low levels after the initial timepoint. 
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Figure 2.21 Mean relative abundance of Lactobacillus and Lysobacter across broiler flocks and 
windrow periods. Bar plot shows the mean (± SE) relative abundance of Lactobacillus and 
Lysobacter in poultry litter samples collected during each flock/windrow period (Flock 1–3), 
grouped by treatment. 

 

Figure 2.21 shows the mean abundance timepoint and treatment distribution of Lactobacillus and 

Lysobacter, two genera of interest due to their potential involvement in pathogen suppression. 

Lactobacillus (Figure 2.21A) was initially rare in all groups during Flock 1, but increased over 

time, particularly in the High treatment during Flock 2, though variability was quite high. This 

peak in mean abundance at the start of Flock 2 was followed by a general stabilization across 

groups in the rest of the later timepoints. Lysobacter (Figure 2.21B) was not present during early 

litter development either but later showed a pronounced and sustained increase in the High 

treatment group, with the highest abundance at the end of Flock 1 and continued elevation in 

Flocks 2 and 3. In contrast, Lysobacter remained low in the Control group and moderately elevated 

in the Low treatment.  
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2.4 Discussion 

 

Broiler Growth Performance 

 

The inclusion of OA sand as a litter amendment did not significantly impact broiler growth 

performance in this study relative to control. Final live weights and FCR did not differ significantly 

across treatments. This suggests that any observed variation was within the range of normal 

biological variability among birds.  

Across the study period, however, differences in performance emerged between flocks. FCR was 

highest in Flock 1, compared to Flock 2 & 3, indicating reduced production efficiency during the 

initial cycle. One plausible explanation for this is the elevated litter moisture observed during Flock 

1, which exceeded 60% int chamber and remained well above 30% for much of the Flock 1 period. 

Excessive moisture can impair bird performance by fostering microbial growth, increasing NH3 

levels, and compromising litter quality (de Toledo et al., 2020; Brink et al., 2022; Gençoğlan & 

Gençoğlan, 2017; de Jong et al., 2014). 

Ventilation during Flock 1 was later determined to be insufficient to maintain optimal litter 

conditions and was adjusted across all chambers before Flock 2. These changes coincided with 

improved FCR in the later flocks. In addition to elevated moisture, the litter sampled in Flock 1 

also showed greater relative abundance of potentially pathogenic bacterial genera, including 

Enterococcus, Escherichia/Shigella, and Clostridium sensu stricto. These taxa are usually 

associated with negative health outcomes in broilers and may have contributed to the elevated FCR 

and FPD scores observed in Flock 1. Persistently wet litter is also a known risk factor for causing 
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FPD, due to skin maceration and microbial irritation (Rashid et al., 2020; Mayne et al., 2007). FPD 

scores were highest in Flock 1 and declined in subsequent flocks, following improvements in 

ventilation and litter conditions. Birds from OA treated chambers showed numerically lower 

average footpad scores, but these differences were not statistically significant. The greatest 

apparent reduction in footpad severity occurred in Flock 1, where High OA birds exhibited milder 

lesions than controls. However, this result may be partially confounded by one of the Control 

chambers exhibiting particularly high litter moisture during Flock 1, potentially exaggerating the 

apparent advantage of the OA treatments. 

Despite a slightly higher FPD score in the first flock control, scores across all treatments and flocks 

remained consistently low, suggesting that baseline welfare was well-maintained in the 

experimental system. Regular litter windrowing, post-Flock 1 ventilation adjustments, and precise 

control of temperature and relative humidity likely contributed to this outcome. 

Overall, OA did not significantly improve broiler growth performance, NH3 emissions, or footpad 

dermatitis outcomes under the conditions tested. Importantly, there were also no negative 

performance effects connected with OA. This indicates that incorporating up to 40% OA sand in 

litter is feasible without impairing growth. If OA did have some subtle positive effects on 

performance, they could have been masked by the relatively high-moisture conditions of this study. 

Some moisture likely originated from unavoidable drinker spillage, because of this the ventilation 

system drying was not always adequate. If OA's primary mode of action is moisture mitigation, its 

benefits may be more pronounced under drier baseline conditions. 

 

Oolitic Aragonite Amendment Effects on Litter Chemistry 
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End-of-flock litter analyses revealed that inclusion of OA in broiler litter had minimal impact on 

most measured chemical properties, aside from a pronounced increase in calcium. As expected, 

OA amendments substantially elevated calcium concentrations in the litter, most likely a result of 

OA being primarily composed of CaCO3 (Keener et. al., 2014). OA-treated and control litters 

showed similar nitrogen and phosphorus profiles, suggesting a lack of treatment effect in terms of 

nitrogen retention in the litter. 

The pH of the broiler litter remained consistently alkaline (~8.5-8.8) across all treatments. This pH 

range is typical for broiler litter that has not been treated with acidifiers. Microbial degradation of 

uric acid and associated NH3 production raises litter pH from neutral pH in fresh litter to ~8.5 in 

used litter (Rashid et al., 2017; Gençoğlan et al., 2017). Moisture content also remained elevated 

across all groups, indicating that OA did not provide any notable drying effects. These results 

suggest that the addition of OA sand did not disrupt or enhance the litter’s nitrogen dynamics, 

moisture retention, or NH3 volatilization. Chemically, the OA treated litter remained largely 

similar to untreated litter, apart from a higher calcium content due to enrichment from CaCO3. 

 

Implications for Agricultural Use 

 

From an agronomic perspective, the primary goal of broiler litter application is to supply essential 

nutrients such as nitrogen (N) and phosphorus (P) in ratios aligned with crop requirements. A 

desirable N:P ratio for litter-based fertilizer is generally at least 2:1 and often as high as 8:1, 

depending on the target crop (G. S. Toor et al., 2007; Roswall et al., 2022). However, in this study, 

the N:P ratios remained near the 1:1 across treatments, suggesting a phosphorus-rich litter profile 
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with high potential for over-application if used as agricultural fertilizer. As a result, OA addition 

did not enhance the fertilizer value of the litter in terms of nutrient balancing. 

 

The increase in calcium offers limited direct fertilizer benefit, as calcium is rarely a limiting 

nutrient in most cropping systems and inexpensive agricultural lime is readily available for soil 

pH correction. While the additional calcium may provide minor secondary benefits, such as a slight 

liming effect in acidic soils or increased soil calcium levels upon land application, these benefits 

are likely marginal. Calcium can also react with phosphate to form less soluble Ca–P compounds, 

potentially reducing the immediate risk of phosphorus runoff (Wang et al., 2012). However, this 

immobilization effect is limited; Moore et al. (1994) demonstrated that ground calcitic limestone, 

which is chemically similar to OA, has minimal efficacy in reducing water-soluble phosphorus 

compared to more reactive calcium amendments. Moreover, any reduction in phosphorus 

solubility from Ca–P precipitation is temporary and limited by the soil’s phosphorus sorption 

capacity (Castro & Torrent, 1998). Long-term application of phosphorus-rich litter, regardless of 

calcium content, can still lead to phosphorus accumulation and saturation in soils. Therefore, while 

OA may slightly buffer phosphorus mobility through calcium interactions, it does not resolve the 

underlying issue of excess phosphorus loading. In neutral or calcareous soils, overapplication 

could even pose a risk of unnecessary liming (Cole et al., 1953). 

 

In summary, OA amendments did not significantly enhance the fertilizer nutrient profile of broiler 

litter. Although calcium levels were elevated, this provided limited agronomic value and did not 

meaningfully improve nitrogen availability or phosphorus management. Thus, from a soil fertility 



70 
 

standpoint, OA's role appears to be restricted to serving as a calcium additive with minimal impact 

on the primary fertilizing effects of poultry litter. 

 

Ammonia Emissions in OA-Amended Litter 

 

The time-series analysis of emissions data indicated that adding OA sand to broiler litter had no 

statistically significant effect on NH3 emissions, across three flock cycles. All treatment groups 

(0%, 20%, 40% OA by litter weight) followed similar NH3 emission trajectories during each flock, 

with only minor transient separation. For instance, a brief separation in mean daily NH3 

concentration with high variability was observed during early Flock 1 (with OA-amended litters 

showing slightly lower NH3 on average), but this difference quickly dissipated after windrowing. 

Overall, NH3 concentrations were similar across treatments. Higher NH3 emissions in Flock 1’s 

control group were largely driven by a single chamber, while other chambers followed comparable 

emission patterns. This elevated emission corresponded with higher moisture content in that same 

control chamber, suggesting that excessive moisture may have driven the increased NH3 release. 

The only indication of treatment effect appeared in the last 10 days of Flock 2, where the OA-

treated groups emitted slightly less NH3 than both control chambers. While this trend suggested 

some mitigation, it did not reach statistical significance. These findings suggest that any NH3-

suppressing effect of OA is likely subtle, transient, and susceptible to being obscured by 

environmental factors such as litter moisture. 

 

Litter Moisture and Water Activity 
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Litter moisture dynamics followed an expected cyclic pattern in all treatments, increasing during 

each flock (as birds added water via excreta and respiration) and then dropping during the windrow 

composting periods when the litter was turned and aerated after broiler removal. Measurements of 

water activity(aw) showed that during active flocks, the litter was nearly water-saturated (surface 

aw often near 1.0), indicating extremely high relative humidity in the litter pore space. A paper that 

studied water activity in poultry litter by Dunlop et. al. (2016) showed that increases in water 

activity followed non-linear patterns and could reach near saturation values even when moisture 

content was in the low range of 22-33%. Throughout most flock periods, both control and OA-

treated chambers showed high moisture levels and water activity, providing ample water for 

microbial growth. In the context of our study, at these elevated moisture levels, there is no evidence 

that supports the idea that OA helps to control water activity. No significant treatment differences 

in moisture content or water activity were detected. If the slightly higher moisture content of the 

control treatment litter is not due to drinker leakage or other spurious chamber effects in one of 

the control chambers, and due to treatment effects from OA, then it is not through the mechanism 

we expected, which was water activity regulation. 

 

Uric Acid Degradation 

 

Uric acid measurements in the litter provide further insight into the nitrogen cycling under each 

treatment. Uric acid (UA) concentrations were consistently higher in surface litter than in 

subsurface samples, across all groups, especially in the early stages of the flocks. This makes sense, 

uric acid enters the litter via bird droppings deposited on the top; thus the surface layer always 

contains the freshest uric acid input. The subsurface, in contrast, is older litter where some of that 
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uric acid has already been metabolized or leached down. The data showed UA levels fluctuating 

week-to-week during Flocks 2 and 3, reflecting the balance between inputs (ongoing excretion) 

and decomposition. Interestingly, we don’t see this weekly variation occurring in Flock 1, which 

could be a reflection of Flock 1’s different microbial community structure than Flock 2 and 3 and 

its influence on uric acid breakdown. For instance, the first week of Flock 1 had much higher mean 

abundances of Enterococcus, Escherichia/Shigella, Clostridium sensu stricto than other flocks.  

At the end of each windrow composting, uric acid concentrations were low in both surface and 

subsurface layers. This indicates that the composting process was effective at breaking down uric 

acid in the litter. Microbial degradation of uric acid is known to accelerate at elevated temperatures 

and aerated conditions achieved during windrow composting (Dittoe et al., 2018). In fact, a 

substantial portion of nitrogen loss during composting is attributed to rapid decomposition of 

organic nitrogen and subsequent NH3 volatilization by aerobic bacteria (Mahimairaja et al., 1994). 

In our experiment, the spikes in NH3 emissions observed during the windrow periods correspond 

to this change in environment, as the litter piles are aerated and heated up, microbial enzymes 

(uricases, ureases, and amidases) quickly convert uric acid and other nitrogenous residues into 

NH₃, causing a surge of emissions. During our windrow phase, we also see the corresponding 

change in community structure where the activity of genera such as Corynebacterium, 

Brachybacterium, and Brevibacterium start to take prominence. These groups contain species that 

thrive in these aerobic conditions created by the composting of the litter (Funke et al., 1997; 

Schefferle, 1965; Joerger et al., 2020). Windrowing is intended to facilitate the drying of litter as 

well as reducing the microbial load, but if the litter is not supplemented with an effective treatment 

method, the side effect is a significant increase in NH3 volatilization (Liang et al., 2014).  
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There were no significant differences in uric acid concentration between control and OA 

treatments. At both surface and subsurface layers, uric acid levels varied over time but showed 

overlapping patterns across all treatments. This suggests that OA had no consistent or statistically 

measurable impact on uric acid decomposition in the litter. There were hints of transient uric acid 

retention in OA-treated chambers during early Flock 1 and Flock 2, but these effects were not 

sustained. In contrast, it was difficult to discern any clear treatment-related differences in the 

surface litter, potentially due to greater exposure to environmental fluctuations and continual 

exposure to fresh bird waste. If the aragonite amendment were altering microbial activity in a way 

that reduced nitrogen loss (e.g., by inhibiting uricase-producing microbes or diverting N into other 

forms), we would expect to see persistently higher residual uric acid in OA treatments. Instead, 

any potential effects appeared to be temporary and were not reflected in a sustained shift in uric 

acid profiles. Overall, uric acid decomposition appeared more influenced by composting schedule 

and microbial succession than by OA treatment. 

 

Proposed Nitrification Enhancement Potential 

 

This finding is important when interpreted alongside the litter nutrient data (Figure 2.4). One of 

the proposed benefits of OA was its potential to retain nitrogen in the litter by limiting uric acid 

breakdown. Preliminary investigations suggested that OA might improve the nitrogen-to-

phosphorus (N:P) ratio in litter by promoting nitrogen retention relative to phosphorus 

(Hesselgrave, 2023). Technically, this would imply that OA somehow conserved nitrogen in non-

volatile forms such as organic nitrogen or potentially nitrate via enhanced nitrification rather than 

allowing it to be lost as NH3. 
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However, our results did not support this mechanism. We observed no consistent increases in 

retained nitrogen forms in OA treatments. Daily NH3 emissions were not significantly reduced, 

and uric acid levels were not consistently elevated in OA-treated chambers. While it remains 

possible that oxidized N forms such as nitrate were increased (which we did not directly measure), 

the TKN and NH4
+-N data suggest no meaningful shift in nitrogen partitioning. 

If OA had enhanced nitrification or served as a niche for nitrifying microbes, we might expect 

either increased TKN or reduced NH4
+-N levels, neither of which was observed. It is plausible that 

the environmental conditions in the litter were not conducive to sustained nitrifier activity. While 

the MIPS project at UMCES hypothesized that OA could act as a biofiltration substrate for 

nitrifiers and denitrifiers (University of Maryland Center for Environmental Science, 2018), Such 

effects likely depend on maintaining specific environmental conditions, particularly a stable pH in 

the slightly acidic to neutral range and adequate moisture content, to support sustained nitrifier and 

denitrifier activity (Salim et al., 2014; Prakasam & Loehr, 1972; Anthonisen et al., 1976). Broiler 

litter is often alkaline and subject to shifting environmental conditions, which can suppress 

nitrification processes. Therefore, the environmental variability across our three-flock study may 

not have provided the stability or conditions necessary for nitrifier-based biofiltration mechanisms 

to strongly establish or persist within granule microsites. 

While OA clearly increased calcium content, its impact on nitrogen retention appears minimal. 

The overall lack of difference in NH3 emissions, TKN, and uric acid levels suggests that total 

nitrogen losses and retention were comparable across treatments. Any slight improvements in N:P 

ratio or reduced phosphorus likely stemmed from calcium-phosphate interactions rather than 

nitrogen conservation. 
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Alpha and Beta Diversity Patterns 

 

Alpha diversity analyses indicated that microbial richness and diversity were not significantly 

affected by OA treatments during either the grow-out or windrow periods. All treatment groups 

(Control, Low OA, High OA) exhibited similar ranges of observed species richness, Shannon 

index, and Simpson index values within a given period, suggesting that adding OA did not 

measurably alter overall diversity. This was true for both the active flock phases and the interim 

windrowing phases, consistent with the idea that the amendment did not disrupt the broader 

ecology of the litter microbiome. However, clear temporal patterns in alpha diversity were 

observed over the course of the experiment, with species richness generally increasing with each 

successive flock and peaking by Flock 3. Early in Flock 1, many samples reflected low diversity, 

likely due to initial colonization when the litter was still fresh. As the litter aged and accumulated 

microbial input from bird excreta and the environment, microbial diversity increased. Many values 

within the upper quartile range were reflections of high diversity samples from flocks 2 and 3, an 

expected trend as reused litter develops more ecological niches and resource availability 

(Kubasová et al., 2022). While OA amendment did not appear to influence alpha diversity, the 

progression of time and litter reuse did, with older litter supporting a richer and more even bacterial 

community. Beta diversity patterns reflected in NMDS indicate a clear successional trajectory in 

community structure over time as well. The microbial community changed significantly from one 

flock to the next, reflecting the strong influence of temporal dynamics and litter maturation, 

whereas any treatment-induced shifts across the six sampled timepoints were either not present or 

very subtle relative to this overall succession. 
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Successional Dynamics Across Flock Phases 

 

Consistent with these beta diversity results, we observed pronounced shifts in the taxonomic 

makeup of the litter microbiome across successive flocks, with early communities dominated by 

enteric bacteria and later communities increasingly comprised of litter-adapted taxa, but no 

consistent differences attributable to OA treatment at this level. In the first flock, the litter’s 

microbial community was dominated by a relatively narrow set of bacteria typically associated 

with fresh poultry litter and chicken gastrointestinal origin. Specifically, genera such as 

Enterococcus, Escherichia/Shigella, and Clostridium sensu stricto were highly abundant in the 

first week of Flock 1, typical of early colonization patterns in fresh poultry litter (Kubasová et al., 

2022). Their dominance in Flock 1 indicates the inoculation of initially sterile bedding by fecal 

microbes. While certain visual treatment patterns in relative abundance were observed among 

these enteric taxa, none were found to be differentially abundant. 

Clostridium sensu stricto garnered interest not only for its pathogenic species such as C. 

perfringens but also for members like C. acidurici, which can degrade uric acid into NH3 

(Hartwich et al., 2012; Dürre & Andreesen, 1983). This early-community profile is in line with 

previous studies showing that fresh broiler litter (within the first few weeks) is characterized by an 

influx of enteric bacteria and opportunists from the birds’ gut and environment (Kubasová et al., 

2022). The relatively low NH3 levels early in the production cycle and a lack of established 

microbial competitors are conditions that likely allowed Enterococcus and the other fecal bacteria 

to flourish. In practical terms, Flock 1 had the simplest community structure, which may have 

implications for chick health and performance. For instance, earlier in the trial, it was observed 

that birds on fresh litter had slightly worse growth and health metrics compared to later flocks like 
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lower footpad health scores. The lower litter NH3 during Flock 1 (due to minimal nitrogen buildup 

initially) would also favor acid-tolerant fermentative bacteria like Enterococcus, which could 

partly explain their dominance under those early conditions. Indeed, prior work has shown that 

enteric bacteria such as Enterococcus and coliforms become only minor constituents of the litter 

microbiome once the litter ecosystem develops, accounting for <0.2% of cultivable bacteria in 

reused litter (Lu et al., 2003). This suggests that the overwhelming initial dominance of those gut-

derived taxa in Flock 1 is a temporary state that dissipates as the litter microbiome diversifies and 

matures. This transitory phase reported in the literature is also reflected in our study, where all 

three early bacterial genera are only a fraction of their original relative abundance in the litter 

sampled from the final week of Flock 1. 

 

By the later flocks, the microbial community had shifted dramatically toward taxa adapted to the 

aged litter environment. In Flock 2 and 3 the early fecal colonizers were largely supplanted by 

Gram-positive, litter-associated genera that can tolerate the high-solids, high- NH3, and nutrient-

enriched conditions of built-up litter. Genera such as Salinicoccus, Corynebacterium, and 

Brachybacterium rose to prominence in the second and third flocks. These organisms are 

characteristic of well-used poultry litter and other manure-rich, drying habitats. Many are 

halotolerant or alkaliphilic: Salinicoccus (family Staphylococcaceae) for example, is known to 

thrive in saline or high-pH environments, and Brachybacterium and Corynebacterium (family 

Corynebacteriaceae) are Actinobacteria that prosper in nutrient-rich organic waste and produce 

enzymes to degrade uric acid, feathers, and other litter components (Lu et al., 2003).  

Staphylococcus, although typically part of the normal skin, respiratory, and intestinal microbiota 

of chickens, includes opportunistic pathogens such as S. aureus, which poses a public health 
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concern, and S. agnetis, a significant broiler pathogen known to cause bacterial chondronecrosis 

with osteomyelitis (BCO), lameness, endocarditis, and septicemia (Assumpcao et al., 2024; 

Szafraniec et al., 2022). Unlike other pathogen-associated genera, Staphylococcus showed a 

gradual increase as the litter developed. Staphylococcus, initially a minor component, expanded 

across successive flock cycles, in a few cases appearing more prominently in OA-treated litters, 

although it was only found to be differentially abundant in the High treatment during the end of 

Flock 1. This pattern suggests that staphylococci, likely continually introduced via bird skin, 

feathers, or excreta, establish and proliferate as the litter system stabilizes and other gut-derived 

bacteria decline. Kubasová et al., 2022 reported that some species of Staphylococcus appeared to 

favor conditions in older litter. 

Streptococcus showed a temporary rise during Flock 2 before declining again by Flock 3. There 

were no clear or consistent treatment-driven differences between the Control, Low, or High OA 

groups, suggesting that OA amendments did not influence Streptococcus dynamics. This genus is 

of interest because certain streptococcal species are opportunistic pathogens in poultry, associated 

with conditions like septicemia, arthritis, or endocarditis, and their presence in litter raises potential 

bird health concerns (Morishita, 2023).  

Lactobacillus was also consistently present in aged litter in low relative abundance. Lactobacillus 

species are important litter health indicators because they competitively exclude litter pathogens 

and aid in NH3 reduction (Liu et al., 2023; Naseem & King, 2018). 

 

The increased relative abundance of these bacteria in later flocks indicates a successional 

replacement of the initial gut flora with a “litter-adapted” microbiota. This successional trend 

aligns with reports by Kubasová et al. (2022), who found that by 3–4 months into litter reuse, 
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genera like Brevibacterium, Brachybacterium, Dietzia, Salinicoccus, and Yaniella became 

dominant, whereas enteric taxa were largely reduced or absent. Our findings reflect that timeline, 

Flock 3 (approximately 4–5 months of litter age in our study) showed a community heavily 

composed of Gram-positive Actinobacteria and Firmicutes, analogous to what others have 

observed in mature litter communities. The rise of Corynebacterium, a genus containing known 

uric acid hydrolyzers such as C. ammoniagenes and C. urealyticum, likely contributed to the higher 

NH3 emissions observed in later flock and windrow phases. (Lu et al., 2003). Brachybacterium, 

was enriched in later flocks and plays a role in decomposing poultry waste products such as uric 

acid, containing members such as B. faecium (Lapidus et al., 2009). While Bacillus was typically 

less than 0.1% relative abundance during our study, early differentially abundant enrichment in 

control litter compared to OA treatments suggests a potential treatment effect. Bacillus pasteurii, 

now often referred to as Sporosarcina pasteurii is a key urea hydrolyzer (Rashid et. al., 2017; 

Carter et al., 2023). The strong ureolytic potential of B. pasteurii could have contributed to 

increasing NH3 levels in the control litter chambers even as a less prominent constituent. 

As the litter microbial community evolved, so did its functional outputs. Early in the study, the 

litter pH was around 6, a range more conducive to fermentation processes dominated by lactic acid 

bacteria such as Enterococcus, leading to lower NH3 production and a predominance of lactic 

fermentation. By week 3, the litter environment became more alkaline, favoring proteolysis, urease 

activity, and ammonification. This pH shift coincided with a microbial community transition 

toward taxa associated with protein degradation and NH3 production, consistent with the elevated 

NH3 levels and odor observed in older litter. From a management perspective, this succession may 

also correlate with improved litter inoculation and competitive exclusion in later flocks. By Flock 3 

the litter microbiome was more complex and possibly more effective at suppressing enteric 
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pathogens, which is a known benefit of reused litter identified in previous studies (Wang et al., 

2016). Notably, the transition toward uricase-associated genera such as Corynebacterium and 

Brachybacterium across all treatments during these later timepoints suggests that both OA 

treatments were ineffective at regulating their ideal growth conditions. 

 

Impacts of Windrow Composting on Microbial Communities 

 

In between the flock grow-out periods, the process of windrow composting markedly altered the 

microbial community composition, speeding up succession toward an even more specialized 

microbiota. Windrowing created a high-temperature, high- NH3 environment that only certain 

microbes can withstand. After each windrow event, we observed enrichment of thermophilic and 

halotolerant taxa that were less prominent during the flock periods. Genera like Brevibacterium, 

Jeotgalicoccus, and Yaniella became much more abundant following windrowing. These three 

genera are all Gram-positive and are well known to inhabit protein-rich, saline environments. 

Brevibacterium and Brachybacterium, for instance, are famously associated with the curing of 

cheeses and manure where they produce NH3 and volatile compounds, and Jeotgalicoccus and 

Yaniella are halotolerant bacteria often isolated from salted fish or meat fermentations (Asai et al., 

2019; Park et al., 2011; Yoon et al., 2003; Li et al., 2004). The conditions during windrow 

composting likely select for exactly such organisms (Liang et al., 2014; Turan, 2008). Our findings 

agree with prior literature that noted Brevibacterium, Yaniella, Staphylococcus, and Salinicoccus 

as signature genera of reused or composted litter, in contrast to fresh litter communities (Wang et 

al., 2016) Notably, OA treatments did not induce significant changes in the abundance of these 
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major genera after windrowing. These windrow-associated genera were present in all treatment 

groups, reinforcing that time and the conditions of the composting were the primary drivers.   

 

Treatment-Based Differential Abundance Testing 

 

Despite the clear successional trends described above, relatively few statistically significant 

differences in specific taxa could be attributed to the OA amendment when examined at each 

timepoint. Differential abundance testing identified some genera that were enriched or depleted in 

OA-amended litter at specific points, but most differences were modest and inconsistent over time. 

For example, at the end of Flock 1, the Low and High OA treatments showed higher abundance of 

Bacteroides (a genus of Gram-negative gut bacteria) and Weissella (a lactic acid bacterium) 

relative to the Control, whereas the Control litter had higher levels of Romboutsia and Bacillus 

(both Firmicutes originating from the chicken gut or environment). These early differences might 

indicate that OA-amended litter slightly favored certain fermentative or gut-associated taxa 

initially. However, by the end of Flock 2 and Flock 3, those particular differences had disappeared 

or even reversed. After the first windrow, Acinetobacter was more abundant in control litter, while 

Lysobacter was enriched in OA-amended litter. Acinetobacter are common soil and environment 

bacteria that perhaps persisted more in the Control condition, but the fact that they were suppressed 

in OA treatments suggests a possible effect of the amendment on nitrogen cycling since some 

Acinetobacter can be involved in nitrification or denitrification, but this remains speculative (Zhan 

et al., 2022; Kim et al., 1997). By the end of Flock 3, OA treatments showed shifts in several 

genera, including reduced Pediococcus/Weissella both lactic acid bacterial groups and increased 

Gracilibacillus/Luteimonas. Gracilibacillus is a halophilic, sporulating bacterium (Carrasco et al., 
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2006) and Luteimonas is a Gammaproteobacterium often found in compost (Young et al., 2007), 

their enrichment in High OA suggests that higher mineral content or pH might benefit certain 

species adapted to such conditions by the end of the trial. On the other hand, the lower levels of 

Pediococcus/Weissella in OA treatments by Flock 3 could indicate that OA slowed the 

proliferation of some fermentative bacteria, possibly due to pH buffering effects of CaCO3 making 

the litter less favorable for acid-producing microbes (Deutch, 2024; Seleshe & Kang, 2021; Fusco 

et al., 2015). It’s important to note that several of the genera flagged as “significant” in the 

differential analysis had quite low base mean abundances or high variability (standard errors), 

which makes their biological significance uncertain. For example, some taxa like Halomonas 

showed large fold-changes despite low abundance. Some genera exhibited contradictory changes 

at different times. Weissella being relatively enriched in OA treated litter early on but depleted in 

OA treated litter later. These changes underscore that differences might not result directly from 

the treatment, but rather from indirect or transient effects. Notably, nitrifying groups such as 

Nitrosomonas and Nitrobacter were not found to be significantly enriched in OA-treated litter, 

suggesting that the amendment did not strongly promote known nitrification pathways (Salim et 

al., 2014; Nodar et al., 1990). In aggregate, the DESeq2 results suggest that while a few bacterial 

taxa responded to the OA amendment at certain points, there was no single taxonomic group (other 

than Lysobacter) that was persistently shifted by the treatment across all stages. The lack of strong, 

consistent differences in specific microbes between Control and OA groups is in line with the 

alpha and beta diversity findings, reinforcing that OA had a subtle impact on the community 

composition. 
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Lysobacter Enrichment in OA-Amended Litter 

 

One genus, Lysobacter, did stand out as consistently enriched in OA-amended litter. This pattern 

was observed across multiple flock and windrow phases, with Lysobacter showing significantly 

higher abundance in OA treatments compared to controls. In other words, while most genera 

fluctuated without a clear treatment association, Lysobacter maintained a treatment-linked 

difference. The genus Lysobacter comprises Gram-negative bacteria in the family 

Xanthomonadaceae that are widely distributed in soil, water, and other environments. Lysobacter 

spp. are notable for their production of extracellular enzymes and antibiotic compounds. 

Lysobacter spp. have a “predatory” lifestyle, secreting chitinases, proteases, lipases, and 

antimicrobial metabolites that can lyse other microorganisms. This genus has gained attention in 

agricultural microbiology as a potential biocontrol agent against plant pathogens, as certain species 

can suppress fungal diseases by producing antifungal antibiotics. Their ability to thrive in 

competitive, nutrient-rich niches including some extreme environments is also well documented 

(Ahmed et al., 2003; Allpress et al., 2002; Au et al., 1991; Chohnan et al., 2002; Weon et al., 2006; 

Sullivan et al., 2003). The consistent enrichment of Lysobacter in the OA treatments suggests that 

something about the OA amendment or the conditions it created gave Lysobacter a competitive 

edge. Although we did not examine the functional consequences in this study, the proliferation of 

Lysobacter in treated litter could have beneficial implications. Given Lysobacter’s known 

antagonism toward other microbes, its presence might help inhibit potential pathogens in the litter 

even at low relative abundances. It might also affect NH3 production dynamics. Lysobacter has 

been reported as a genus capable of nitrogen fixation and could influence nitrogen cycling under 

certain conditions, although its role in litter is unclear (Iwata et al., 2010). It is worth noting that 
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previous surveys of poultry litter microbiota have occasionally detected Lysobacter as a minor 

member of the community (Lu et al., 2003). This finding links the microbial community shift to 

an OA amendment effect, suggesting that even if overall community structure was unchanged, 

specific functional taxa like Lysobacter can be stimulated.  

 

2.5 Conclusion 

 

This study set out to test two primary hypotheses regarding the use of OA as a broiler litter 

amendment: (1) that OA would reduce water activity (aw) and moisture content, thereby 

suppressing NH3-producing microbial processes, and (2) that OA would enhance alternative 

nitrogen pathways, such as nitrification or nitrogen immobilization, ultimately improving nitrogen 

retention in the litter. 

Based on the data collected, these hypotheses were only partially supported and the treatment 

effects observed were generally subtle. Regarding water activity, OA-treated litter showed no 

significant reductions in either moisture content or aw compared to control, all treatments showed 

persistently high-moisture conditions in the litter throughout the flock cycles. This suggests that 

OA’s physical addition did not meaningfully restrict water availability within the litter matrix, and 

thus did not limit microbial uric acid decomposition or NH3 production via the expected moisture-

suppression pathway. 

In terms of nitrogen retention, OA-amended litter showed no consistent improvements in total 

Kjeldahl nitrogen, NH4
+-N, or other measured nitrogen forms. Emissions of NH3 followed similar 

trajectories across all treatments, and uric acid levels, the primary precursor to NH3, were largely 

comparable between OA and control groups, apart from minor, transient differences early in 
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Flocks 1 and 2. The predicted enhancement of alternative nitrogen pathways, such as nitrification, 

was not strongly supported by the data; environmental conditions (alkaline pH, fluctuating 

moisture, and temperature) likely limited sustained nitrifier establishment or activity. Key 

nitrifying groups Nitrosomonas and Nitrobacter were not found to be significantly enriched in OA 

treated litter. 

At the microbial community level, OA did not significantly alter overall diversity or successional 

dynamics, as alpha and beta diversity patterns were overwhelmingly shaped by time and litter 

aging rather than treatment. However, one notable and consistent treatment effect was the 

enrichment of Lysobacter in OA-amended litter. While subtle in relative abundance, this 

enrichment points to the possibility that OA creates microsites or chemical niches favoring 

specific, functionally relevant taxa, even if the broader community structure remains unchanged. 

The findings indicate that under the experimental conditions tested, OA did not produce strong or 

consistent effects on NH3 mitigation, nitrogen retention, or microbial succession. While certain 

functional shifts, such as Lysobacter enrichment, suggest some biological responsiveness to the 

amendment, these effects were modest. 

From an agricultural feasibility standpoint, the limited and context-dependent benefits observed 

here suggest that OA, as a standalone litter amendment, may not provide sufficient return on 

investment for producers. This is particularly true given the added material and labor costs, 

coupled with no significant improvements in NH3 control, nitrogen retention, or bird performance 

over baseline. Its practical value may lie more in combination with other management strategies 

rather than as a primary solution.  
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Chapter 3 
 
 

3.1 Future Directions 

 

The present study offers novel insights into using oolitic aragonite (OA) as a litter amendment for 

ammonia mitigation. However, further research is needed to fully understand OA's effects on litter 

and explore its practical application in commercial broiler production and other agricultural 

systems. 

 

Functional and Species-Level Microbial Characterization 

 

While the 16S rRNA amplicon sequencing done in this study provided a useful overview of 

microbial community shifts, a more comprehensive functional assessment is warranted. 

Metagenomic sequencing and qPCR assays of the litter and OA would enable direct 

characterization of functional gene abundance related to nitrogen cycling, including genes 

encoding uricase and urease, as well as antimicrobial genes that may influence microbial 

community structure and ammonia production (Rothrock et al., 2008b; Rothrock et al., 2010; Diaz 

et al., 2014). Enzyme activity assays for uricase and urease should be done as well to provide 

functional confirmation of shifts inferred from metagenomic or qPCR analyses. Understanding 

how these functional pathways differ between OA-amended and control treatments should offer 

greater insight into how OA might impact litter NH3 emission and microbial dynamics. 

Additionally, deeper species-level resolution through whole-genome metagenomics or targeted 
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amplicon approaches could clarify the taxonomic identity of key nitrogen-transforming bacteria 

whose roles remain unknown at the genus level in this study. 

 

The genus Lysobacter emerged as consistently enriched under OA treatments across multiple 

flocks and windrow phases. Further investigation into the specific Lysobacter species present is 

warranted due to its well-documented production of extracellular enzymes and antimicrobial 

metabolites (Xu et al., 2022; Zhang et al., 2014). Isolation and cultivation of Lysobacter strains 

from OA-treated litter would allow for functional characterization, including assessments of their 

enzyme activities, nitrogen cycling capabilities, and potential contribution to ammonia reduction. 

Whole-genome sequencing of Lysobacter isolates would help to reveal relevant metabolic 

pathways and ecological roles within the litter microbiome. 

 

Commercial Scale Evaluation 

 

The chamber-based experimental design used here offers important insights under controlled 

conditions but cannot fully capture the complexities of commercial-scale broiler production 

houses. Long term field-scale trials are needed to evaluate the sustainability and repeatability of 

OA performance across multiple production cycles under commercial conditions. These trials 

should assess not only NH3 emissions but also the nutrient retention characteristics of OA-

amended litter, including N speciation and fertilizer value when applied to croplands. Evaluating 

potential environmental trade-offs such as nitrate leaching, nitrous oxide emissions, and water 

quality impacts is also critical for assessing the broader agronomic and environmental viability of 

OA amendments. 
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Windrow Analysis 
 

Windrowing represents a unique phase of litter management where ammonia volatilization 

intensifies due to elevated microbial activity and temperature (Liang et al., 2014). Unfortunately, 

the number of litter samples processed representing windrow phases was more limited compared 

to the flock sampling periods, and the available samples yielded lower 16S sequencing depth, 

further constraining downstream analysis. Expanding sample size, sequencing depth, and temporal 

resolution during windrowing would provide a clearer picture of microbial succession and 

functional dynamics under OA treatment during this critical stage.  

 

Expanded Nitrogen Cycling Measurements 

 

Future work should incorporate more measurements of nitrogen species within the litter system 

including nitrate, nitrite, and microbial N. Measuring nitrate and nitrite concentrations in the litter 

could help clarify whether OA amendments are influencing nitrogen transformations primarily 

through enhancement of nitrification or denitrification processes. Direct assessments of microbial 

nitrogen transformation rates could provide a more comprehensive understanding of how OA 

amendments affect nitrogen fluxes within the litter system. 

 

Combined Amendment Strategies 

 

Evaluating the performance of OA in combination with established chemical amendments such as 

alum or other acidifiers may reveal synergistic or additive effects on ammonia mitigation and 
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microbial community modulation (Moore et al., 1995; Szymula et al., 2021; de Toledo et al., 2020). 

However, due to the highly acidic nature of amendments like alum and PLT, co-application with 

OA may lead to chemical neutralization and reduced effectiveness. Staggered application by using 

acidifiers at flock placement and OA later in the production cycle (e.g., after 2 to 3 weeks) may 

offer a more strategic approach that preserves the functional properties of both amendments while 

enhancing overall litter management outcomes. 

 

Experimental Design Changes 

 

Increasing biological replication would enhance the statistical power of future experiments and 

allow for more robust treatment comparisons. Furthermore, evaluating the effects of repeated OA 

application across successive flocks may clarify whether cumulative or adaptive microbial 

responses occur with long-term use. 

 

Conclusion 

 

While the effects of OA on ammonia emissions and nitrogen retention were limited under the 

conditions tested, the consistent enrichment of specific microbial taxa like Lysobacter suggests 

that OA may exert selective pressures on the litter microbiome. These findings point to the 

potential of OA to create localized chemical or physical niches that influence microbial 

composition or activity, even in the absence of broader shifts in community structure or diversity.  
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Importantly, OA did not significantly reduce water activity or litter moisture content, indicating 

that its mode of action is unlikely to involve broad suppression of microbial activity via moisture 

regulation. This underscores the need to investigate alternative mechanisms such as chemical and 

biogenic interactions with OA that might explain the observed microbial responses. 

 

Rather than serving as a standalone solution, OA may offer value as part of an integrated litter 

management strategy, particularly when used in combination with other amendments or timed 

strategically during the production cycle. Further research using functional genomics, enzyme 

activity assays, and commercial-scale trials will be essential to clarify the mechanisms by which 

OA influences microbial processes and to assess its practical utility under field conditions.  
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