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ABSTRACT
Wheaton, Charm A. A GIS and Literature Review Study of CAFO Surface Water Pollution in North Carolina. (Under the direction of Dr. Jennifer Richmond-Bryant).
Concentrated animal feeding operations (CAFOs) are large-scale livestock facilities where animals are confined and fed for extended periods, typically more than 45 days per year, and where waste is managed in concentrated systems rather than dispersed across pastureland. This project integrates a comprehensive literature review, evaluation of existing regulatory frameworks, analysis of siting restrictions and mitigation technologies, and a geospatial assessment to examine the cumulative impacts of CAFOs across the state. Evidence from prior research consistently shows that lagoon-and-spray field waste systems contribute nitrogen, phosphorus, ammonia, dissolved organic carbon, and fecal indicator bacteria to adjacent surface water and groundwater. These contaminants move through multiple pathways, including spray field runoff, soil leaching, storm-related overflow, and hydrologically connected floodplains. 
Long-term monitoring studies demonstrate that nutrient concentrations can rise in wells, trenches, and streams near CAFOs even when direct lagoon leakage is not detected, suggesting broader landscape-scale transport mechanisms. At the same time, emerging mitigation technologies show promising performance. Modified bioretention systems with biochar amendments and internal water storage zones achieve high removal efficiencies for nitrogen and fecal bacteria, while advanced treatment systems developed to meet Environmentally Superior Technology standards demonstrate substantial reductions in odors, pathogens, nutrients, ammonia emissions, and heavy metals. Despite their effectiveness, widespread adoption of these technologies remains limited due to cost barriers and lack of regulatory requirements. 
The geospatial analysis conducted for this project identified 2,479 registered animal feeding operations in North Carolina, with 371 located within 1 km of a surface water body and 1,170 within 3 km. High-density CAFO clusters in Duplin, Sampson, Wayne, Bladen, and Greene Counties overlap extensively with impaired waterways, vulnerable floodplains, and communities already experiencing environmental and socioeconomic stress. Overall, this project demonstrates that current CAFO siting, waste management, and regulatory practices do not adequately protect water resources or public health in North Carolina.
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CHAPTER 1
Introduction
The Clean Water Act defines “Concentrated Animal Feeding Operations” (CAFOs) as facilities where animals are confined for 45 days or more in a 12-month period and the operation meets specific size thresholds. (Environmental Protection Agency [EPA], 2025) A swine CAFO, for instance, is classified as a Large CAFO if it houses 2,500 or more hogs over 55 pounds or 10,000 or more hogs under 55 pounds, regardless of acreage. Although “Concentrated Animal Feeding Operation” (CAFO) has a precise regulatory definition, this paper uses the term more broadly to describe intensive livestock production systems where animals are confined and raised to market weight (Coastal Carolina Riverwatch, n.d.). In North Carolina, CAFOs are central to the state’s swine and poultry production economy and are disproportionately located in rural, low-income, and minority communities in the eastern part of the state (Watnick, 2024). Over the past several decades, U.S. animal agriculture has shifted from many small, dispersed farms to a smaller number of large-scale, highly concentrated operations. For example, the number of U.S. hog farms declined by more than 70 percent between 1992 and 2017, while the average herd size more than tripled during the same period (USDA ERS, 2020). This trend has led to the widespread adoption of CAFOs. These operations collectively generate large volumes of manure and wastewater that must be managed onsite. 
CAFOs are classified as “point sources” under the Clean Water Act (CWA), meaning they are required to obtain National Pollutant Discharge Elimination System (NPDES) permits when they discharge or propose to discharge pollutants into navigable waters (U.S. Environmental Protection Agency [EPA], 2025). However, fewer than 30 percent of CAFOs nationwide currently hold NPDES permits, a gap that may reflect multiple factors—including underreporting, lack of permit applications by operators, limited regulatory capacity, or the difficulty regulators face in identifying unpermitted facilities (EPA, 2025). Because regulators can only enforce violations that they are aware of, unpermitted operations may discharge manure or wastewater during heavy rainfall or flooding events without oversight, contributing to nutrient and pathogen loading in North Carolina’s rivers, streams, and estuaries. Federal efforts such as the Farm System Reform Act (2023) and the Industrial Agriculture Accountability Act (2023) aim to strengthen oversight and reduce pollution risks, but these policy changes remain in early stages and have not yet produced structural shifts in CAFO permitting or waste management practices.
The environmental impacts of concentrated animal feeding operations (CAFOs) remain an area requiring further study. Key research gaps include a deeper understanding of nutrient, pathogen, and contaminant pathways into surface and groundwater systems, as well as the limitations of current regulatory and treatment approaches. Waste lagoons, a primary method for managing animal waste, also require closer examination due to their potential to leak or overflow during heavy rainfall, contributing to downstream pollution (Aneja et al., 2024).   A spray field is an area of land where treated wastewater, agricultural effluent, or other treated liquids are distributed through spray nozzles onto the ground, similar to a sprinkler system (TAMU, n.d.) 
Under the Clean Water Act, facilities that discharge pollutants into navigable waters are required to obtain National Pollutant Discharge Elimination System (NPDES) permits. A central legal question has been whether CAFOs must obtain permits when they merely “propose to discharge,” rather than when a discharge has been documented. In Waterkeeper Alliance v. EPA, 399 F.3d 486 (2d Cir., 2005), and later in National Pork Producers Council v. EPA, 635 F.3d 738 (5th Cir., 2011), federal courts held that the EPA could not require a CAFO to obtain a permit solely on the basis of proposing to discharge; instead, the agency must establish an actual discharge or a “reasonable expectation” of one. These decisions limited the extent to which the EPA could proactively regulate unpermitted CAFOs. In Clean Wisconsin v. Dept. of Natural Resources (2021), the practical implications of these constraints are evident. This case was based in Kewaunee County, Wisconsin, where 36 permitted CAFOs produced more than two billion pounds of manure in 2022. Subsequent groundwater testing revealed elevated nitrate and E. coli levels in private wells, and several contamination events were linked to acute gastrointestinal illness among residents.  The Wisconsin Supreme Court ruled that the DNR has full authority to require CAFOs to install groundwater monitoring and impose animal-unit limits, affirming that the agency can use these permit conditions to prevent the kind of nitrate and E. coli contamination documented in Kewaunee County.
More recently, in Food & Water Watch et al. v. EPA, No. 21-71232 (9th Cir., 2024), petitioners argued that the EPA failed to adequately enforce CAFO permitting under the Clean Water Act. The Ninth Circuit rejected the petition, concluding that the EPA’s existing interpretation of its regulatory authority was permissible under the statute. The ruling underscored ongoing tensions between federal regulation, state-level permitting systems, and the environmental risks associated with CAFOs.
This study is guided by the hypothesis that communities in North Carolina with a higher density of CAFO facilities per square mile experience significantly greater surface water contamination than areas with fewer operations. The central research question asks: What is the relationship between surface water quality and the number of CAFOs per square mile in North Carolina, and how is this relationship influenced by proximity to public water supplies, flood zones, and shoreline buffer areas? To address this, the paper examines the effects of CAFOs on water quality, evaluates the adequacy of existing regulatory frameworks, reviews siting restrictions and mitigation technologies, and employs GIS and demographic analysis to explore the environmental justice implications of poultry and swine CAFOs in North Carolina.
Methods
This project relies on secondary datasets and spatial analysis because direct sampling was not feasible. A comprehensive literature search was conducted using the Web of Science Core Collection to identify peer-reviewed research focused on the impacts of large-scale livestock production on water quality and contamination. To capture the range of terminology used across environmental science, agricultural engineering, and public health, an advanced Boolean search was performed using both AND and OR operators in a structured query. The OR operator was used to group synonymous or related terms (e.g., “CAFO” OR “concentrated animal feeding operation” OR “factory farm”), while the AND operator was used to link those conceptual groups to specific water-quality outcomes (e.g., “water quality” AND “water pollution”). 
The search was conducted across All Fields rather than restricting to titles or abstracts to ensure comprehensive retrieval of studies that discussed the relationship between CAFOs and water quality throughout the text. This search yielded 369,026 results.
Table 1.  Table of terms used on Web of Science search.
	CAFO
	Water Impact

	“Concentrated Animal Feeding Operation”
	“Water quality”

	“Confined Animal Feeding Operation”
	“Water contamination”

	“CAFO”
	

	“Factory Farm”
“Large -scale animal production facilities”
	“Water pollution”

“Water pollutant”

	“Mega-farm”

	

	“Large-scale animal farm”
“Agro-industry”
“Agroindustry”
“Industrial agriculture”
	



To refine the dataset and make the review process more manageable, several levels of filtering were applied. First, time restrictions were introduced to include only publications from 2000 to 2024, ensuring that the research reflected modern regulatory frameworks, technological practices, and environmental monitoring standards. Second, the results were filtered by document type, retaining only peer-reviewed journal articles and excluding conference proceedings, reports, theses, and book chapters. Third, the search was limited to English-language publications to ensure consistency in interpretation. These filters reduced the dataset to approximately 4,200 articles.	Comment by Jennifer Richmond-Bryant: This paragraph is well done.
A subsequent title and abstract screening was conducted to identify studies directly related to CAFOs and water pollution. Articles were included if they focused on (1) the impact of CAFOs or other large-scale livestock operations on surface water or groundwater quality; (2) empirical measurement or modeling of pollutant transport (e.g., nitrogen, phosphorus, pathogens, heavy metals, or pharmaceuticals); or (3) assessment of mitigation measures or regulatory policies addressing CAFO-related water contamination. Studies were excluded if they focused primarily on air emissions, odor, animal welfare, economic analyses, or general agricultural sustainability without reference to water quality outcomes.
After screening, 20 articles were retained for full-text review and thematic synthesis. The qualitative analysis involved reading each article in detail and summarizing the major findings related to nutrient pollution, pathogen transport, groundwater and surface water impacts, regulatory frameworks, and waste-management practices. Key arguments, evidence, and conclusions from each study were extracted and organized by theme to allow direct comparison across the literature.
For the quantitative analysis, numerical data reported in the literature, such as nitrate and ammonium concentrations, phosphorus loading rates, E. coli counts, lagoon seepage estimates, and removal efficiencies from treatment technologies were systematically collected and compiled into a comparative table. These values were grouped by pollutant category to identify typical concentration ranges and performance levels across studies. Together, these qualitative and quantitative steps ensured that the final synthesis incorporated both conceptual patterns and empirical measures of CAFO-related water quality impacts.
Animal Feeding Operations (AFOs) are agricultural operations where animals are confined, fed, and maintained for at least 45 days within a 12-month period, and where crops or vegetation are not sustained during the normal growing season over the confinement area. (EPA, 2025) This definition comes from the U.S. Environmental Protection Agency and includes a wide range of livestock facilities, from small poultry houses to large swine or cattle operations. All CAFOs are AFOs, but not all AFOs qualify as CAFOs. CAFO designation is based on animal numbers (e.g., 2,500 or more swine over 55 pounds) (Table 2) and whether the facility discharges pollutants into waters of the United States. (EPA, 2025)
To identify areas in North Carolina with the highest number of registered Animal Feeding Operations (AFOs), I first used Excel to count the frequency of each county in the NC OneMap dataset. An AFO is any agricultural operation where animals are confined, fed, and maintained for at least 45 days in a 12-month period, as defined by the U.S. Environmental Protection Agency (EPA, 2025). AFOs include a wide range of livestock facilities, from small poultry houses to large swine and cattle operations.
Table 2. Size thresholds of CAFOs for cattle, swine, and poultry. Source: (EPA, 2025)
	Animal Sector 
	Size Thresholds (number of animals) 

	
	Large CAFOs 
	Medium CAFOs[footnoteRef:1]  [1: 
] 

	Small CAFOs2 

	cattle or cow/calf pairs 
	1,000 or more 
	300 - 999 
	less than 300 

	mature dairy cattle 
	700 or more 
	200 - 699 
	less than 200 

	veal calves 
	1,000 or more 
	300 - 999 
	less than 300 

	swine (weighing over 55 pounds) 
	2,500 or more 
	750 - 2,499 
	less than 750 

	swine (weighing less than 55 pounds) 
	10,000 or more 
	3,000 - 9,999 
	less than 3,000 

	chickens other than laying hens (other than a liquid manure handling systems) 
	 	125,000 or more 
	37,500 - 124,999 
	less than 37,500 


1Must also meet one of two “method of discharge” criteria to be defined as a CAFO or may be designated. 
2 Never a CAFO by regulatory definition but may be designated as a CAFO on a case-by-case basis.
The “Animal_Feed_Operations_points” layer from NC OneMap was used to identify livestock operations across North Carolina. This dataset is labeled as Animal Feeding Operations (AFOs), a general term for facilities where animals are confined and fed for at least 45 days per year without vegetation in the confinement area. However, under the Clean Water Act, Concentrated Animal Feeding Operations (CAFOs) are a subset of AFOs that meet specific size and discharge thresholds. While all CAFOs are AFOs, not all AFOs qualify as CAFOs. Because the NC OneMap layer includes all permitted feeding operations, it was labeled as AFOs in this analysis for consistency with the source data. Nevertheless, given that large-scale operations are more financially viable and common in North Carolina’s livestock sector, it is likely that most AFOs in the dataset function as CAFOs. Because the NC OneMap layer is labeled “Animal Feeding Operations,” the dataset includes both AFOs and CAFOs; however, most permitted AFOs in eastern North Carolina function at the scale typically associated with CAFOs.
Using Excel, the function =COUNTIF(C:C, "Bladen") or when referencing a cell dynamically, =COUNTIF(C:C, ""&A9&"") was used to determine how many times each county appeared in the list of permitted AFOs. A graphic summarizing the distribution of operations across counties was created after cleaning and verifying the dataset. The finalized Excel table was then imported back into ArcGIS Pro as a CSV file to integrate results into the spatial analysis. Additional county-level attributes were calculated, including the land area of the counties with the highest AFO density and demographic characteristics such as racial/ethnic composition, poverty rate, age distribution, and educational attainment.
Results
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Figure 1. Animal feeding operations permits managed by the Division of Water Resources within the North Carolina Department of Environmental Quality (NC DEQ).	Comment by Jennifer Richmond-Bryant: This figure should have a call-out in the nearby text.	Comment by Jennifer Richmond-Bryant: Also don't forget to number the figures and tables.

Duplin and Sampson Counties have more hog CAFOs than any county in America. (Boraks, 2025).

Table 3. The five counties in North Carolina with the largest amount of AFOs permits and percent of AFOs in each county relative to the total number of AFOs in the state.	Comment by Jennifer Richmond-Bryant: Consider including another column with number of CAFOs per square mi to emphasize the density.
	County
	Number of  AFOs 
	Number of AFOs per square mile
	Percent of State Total AFOs

	Duplin
	514
	0.63
	20.73%

	Sampson
	462
	0.48
	18.64%

	Greene
	104 
	0.39
	4.20%

	Wayne
	156
	0.28
	6.29%

	Bladen
	148
	0.17
	5.97%



76 of the 100 NC counties have at least one permitted Animal Feeding Operation. Duplin, Sampson, Wayne, Bladen, and Greene counties are the 6 counties out of the 76, and they make up 55.83% of total Animal Feeding Operations in North Carolina. North Carolina has a land area of 48,617.9 mi2 (United States Census, 2010).  Duplin County covers approximately 816.22 mi2 while Sampson County is slightly larger at 944.74 mi2. Wayne County spans about 553.09 mi2, Bladen County covers 874.33 mi2, and Greene County is comparatively smaller, covering 265.93 mi2 (United States Census, 2010).  Despite these five counties holding 55.83% of registered Animal Feeding Operations, they only make up about 7.11% of total land area in North Carolina. These five counties are all located in eastern North Carolina, which is a region prone to hurricanes, tropical storms, and flooding. (Figure 2). 
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Figure 2. Duplin, Sampson, Wayne, Bladen and Greene Counties in North Carolina.

Table 4. Demographics of the Five-Highest AFO Counties Compared to North Carolina Overall
	County/ State
	Population
	Median Age
	Median Household Income ($)
	% White

	% Black
	% Hispanic/Latino

	Duplin
	49,053
	40.7
	51,880
	50.8
	22.7
	18.5

	Sampson
	59,036
	40.1
	50,187
	50.4
	23.6
	20.8

	Wayne
	117,333
	38.3
	50,495
	52.3
	30.4
	10.3

	Bladen 
	30,426
	42.4
	42,060
	57.4
	34.3
	6.5

	Greene
	20,600
	40.8
	48,297
	47.5
	35.6
	14.3

	North Carolina
(Overall)
	10.8 million
	39.5
	67,515
	62.4
	21.1
	11.0


(US Census Bureau, 2024) (DataUSA, 2024) 
Across all five counties with the highest concentrations of Animal Feeding Operations, the demographic patterns differ noticeably from North Carolina as a whole. Each of the counties has a lower median household income than the statewide average of $67,515 (US Census Bureau, 2024), reflecting higher levels of economic vulnerability. The counties also have higher proportions of Black and Hispanic/Latino residents compared to the state average, particularly in Duplin, Sampson, and Greene Counties, where Hispanic/Latino populations exceed 14–20 percent. (US Census Bureau, 2024) Bladen and Greene Counties also show substantially higher percentages of Black residents than the state overall, and they also experience elevated CAFO presence, with 0.17 CAFOs per square mile in Bladen and 0.39 CAFOs per square mile in Greene (Table 3), reinforcing a pattern in which communities of color face disproportionately higher exposure to livestock waste systems. . These demographic disparities indicate that the area’s most heavily burdened by CAFO density are also communities with lower income levels and higher proportions of racial and ethnic minorities, raising notable environmental justice concerns.	Comment by Jennifer Richmond-Bryant: You are using AFO and CAFO interchangeably in this sentence. Since you give CAFO a general definition, I think you should just use that consistently throughout.	Comment by Jennifer Richmond-Bryant: density?
The GIS analysis shows evidence of spatial clustering between CAFOs and nearby water resources in North Carolina. Out of 2,479 AFOs in the state, 371 are located within 1 kilometer of a surface water body. When the distance is expanded to 3 kilometers, the number increases to 1,170 animal feeding operations located within that range.
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Figure 3. 371 AFOs located within 1 km of surface water.
[image: A map of north carolina with water and its distribution
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Figure 4. 1170 AFOs located within 3km of surface water. 

Discussion
Water pollution from CAFOs begins with the direct movement of untreated animal waste into nearby waterways, making pathogen and nutrient pollution two of the most immediate and well documented outcomes of these facilities. CAFOs generate large volumes of manure and wastewater that contain bacteria, viruses, protozoa, and antibiotic resistant organisms, all of which travel through runoff, drainage ditches, shallow groundwater, and tile drainage systems (Gentry-Shields et al., 2015). Studies conducted in CAFO dense regions consistently show that this contamination is chronic rather than episodic. Gentry-Shields et al. (2015) detected viral markers in 98% of surface water samples collected downstream of swine sprayfields, demonstrating that microbial pollution persists even in dry weather. Mallin and McIver (2018) reported that fecal coliform concentrations in eastern North Carolina streams downstream of CAFOs were 10 times higher in summer than winter due to warm season manure application and enhanced microbial survival. Additional work has shown elevated levels of antibiotic resistance genes near swine facilities (West et al., 2011) and widespread contamination of surface waters by enteric pathogens in areas with intensive livestock production (Heaney et al., 2015). These findings establish that pathogen based pollution is an inherent and predictable consequence of CAFO waste management practices.
Alongside pathogens, CAFOs are major contributors to nutrient enrichment in rivers and streams, particularly through the release of nitrogen and phosphorus. The concentration of thousands of animals in confined spaces produces nutrient surpluses that exceed the assimilative capacity of surrounding croplands, resulting in the transport of nitrate, ammonium, and organic nitrogen into surface waters. In Eastern Iowa, Weldon and Hornbuckle (2006) found that four intensively farmed watersheds, despite representing only 1.5% of the Mississippi River drainage basin, contributed nearly 10% of the nitrate load delivered to the Gulf of Mexico. In the lower Cape Fear River Basin of North Carolina, Brown et al. (2020) documented nitrate concentrations of 3 to 6 mg L downstream of swine and poultry operations compared to concentrations below 1 mg L at upstream reference sites, with isotopic signatures confirming an animal waste source. These nitrogen signals were detected more than 10 kilometers downstream, demonstrating that waste applied to agricultural fields migrates readily through shallow groundwater and interconnected drainage networks. Further evidence comes from Wisconsin, where Raff and Meyer (2021) found that each additional CAFO increased total phosphorus by 1.7% and ammonia by 2.7%, contributing to measurable declines in water quality and resulting in more than $200,000 in annual nonmarket damages. Collectively, these studies show that nutrient loading from CAFOs is a widespread, quantifiable, and system level outcome across multiple regions of the United States.
Microbial contamination represents another major pathway by which CAFOs impair surface waters. Swine and poultry waste contains high concentrations of bacteria, viruses, and antibiotic-resistant organisms that travel through runoff and shallow subsurface flow. Gentry-Shields et al. (2015) found viral indicators in 98% of surface water samples collected near swine sprayfields. Mallin and McIver (2018) reported that fecal coliform concentrations in eastern North Carolina streams draining CAFOs were ten times higher in summer than winter. West et al. (2011) also found elevated levels of antibiotic resistance genes downstream of CAFOs. In addition to nutrients and pathogens, CAFO runoff produces changes in turbidity and suspended sediment concentrations. West et al. (2010) documented significantly higher turbidity and suspended solids immediately downstream of CAFO drainage areas, often accompanied by higher total phosphorus and fecal coliforms. Sousan et al. (2021) observed that conductivity and dissolved ions doubled in streams during periods when sprayfields were actively applying wastewater. These changes alter light penetration, reduce habitat quality, and promote conditions favorable to algal blooms and other forms of aquatic degradation.
The combined effect of nutrient and organic matter enrichment from CAFOs is a reduction in dissolved oxygen. Burkholder et al. (2006) documented repeated episodes of low dissolved oxygen, fish kills, and habitat loss in rivers draining CAFO dominated regions of North Carolina. Dissolved oxygen declines often coincided with algal bloom die offs and storm related pulses of waste laden runoff. Extreme weather events further magnify these problems. Quist et al. (2025) documented that hurricanes and heavy rainfall events in eastern North Carolina cause lagoon overtopping, sprayfield flooding, and the release of concentrated nutrient and pathogen loads into waterways. North Carolina’s Coastal Plain provides evidence of CAFO impacts on surface water quality. The region contains some of the largest clusters of swine and poultry operations in the country, situated on flat, poorly drained soils with a high water table. Brown et al. (2020) documented nitrate concentrations of 3 to 6 milligrams per liter at sites downstream of swine and poultry operations, compared to concentrations below 1 milligram per liter at upstream reference sites, with isotopic signatures confirming an animal waste source and detection more than 10 kilometers downstream. These findings support earlier work by Burkholder et al. (2006), who reported that CAFOs in the Neuse and Cape Fear watersheds have repeatedly contributed to nitrogen and phosphorus enrichment, harmful algal blooms, and dissolved oxygen declines.
These documented pollution pathways are closely tied to the regulatory structure that governs CAFO operations. Under the Clean Water Act, agricultural stormwater is exempt from National Pollutant Discharge Elimination System permitting, meaning that manure and wastewater applied to fields are not considered regulated discharges when runoff is attributed to rainfall (EPA, 2025). The North Carolina Department of Environmental Quality similarly states that a CAFO does not propose to discharge when its land applies manure, litter, or wastewater, even though this waste often reaches streams, ditches, and shallow groundwater through common hydrologic pathways (NCDEQ, 2010). This interpretation leaves a significant regulatory gap. The majority of CAFOs in North Carolina operate without wastewater discharge permits, and lagoon stored waste or sprayfield effluent that enters waterways through storm driven runoff is classified as nonpoint pollution rather than a regulated release. Multiple studies emphasize that these exemptions reduce accountability and directly contribute to ongoing nutrient and pathogen pollution (Burkholder et al., 2006; Hribar, 2010; Raff & Meyer, 2021). The combination of high animal density, hydrologic connectivity, and limited regulatory oversight creates conditions where CAFO driven pollution is not only possible but routine across affected watersheds.
Evidence from Wisconsin reinforces these conclusions. Raff and Meyer (2021) conducted a 22-year study linking CAFO expansion to surface water quality across hydrologic unit code eight regions. They found that each additional CAFO in a region increased total phosphorus by 1.7% and ammonia by 2.7%, even after accounting for climate, land use, and other controls, producing more than $200,000 per year in water quality damages. With Wisconsin considered one of the more strictly regulated states for CAFO permitting, these findings indicate that nutrient loading from CAFOs is a persistent and measurable outcome even under relatively strong regulatory conditions.
GIS spatial analysis demonstrate that a substantial portion of North Carolina animal feeding operations are sited in close proximity to rivers, streams, and other surface waters, placing these systems within distances, where runoff, lagoon seepage, or storm related failures can directly affect water quality. Climate change is increasing both the frequency and severity of extreme rainfall events, which makes CAFO waste systems even more vulnerable to catastrophic failure.
Although CAFO pollution is often treated as an unavoidable consequence of intensive animal agriculture, the literature shows that effective waste treatment technologies exist. The Super Soils process removes more than ninety eight percent of nitrogen and phosphorus and nearly all pathogens, producing a reusable effluent suitable for irrigation (Aneja et al., 2024). Integrated systems that combine anaerobic digestion with nutrient recovery processes such as struvite formation remove about ninety percent of nutrients while generating renewable energy (Amini et al., 2017). Nature based solutions also show promise. Biochar amended bioretention systems reduce nitrate, turbidity, pathogens, and antibiotic resistance genes (Rahman et al., 2024). Permeable reactive barriers have reduced nitrate concentrations below federal drinking water limits for more than ten years at livestock sites (Lawrinenko et al., 2025). These technologies show that nutrient and microbial pollution is not inevitable. It persists because of limited regulatory requirements, weak economic incentives, and the widespread use of outdated lagoon and sprayfield systems.
The human health implications of CAFO related water pollution are substantial and disproportionately affect low income, rural, and historically marginalized communities. Son and Bell (2025) found that residence near CAFO dense areas is associated with increased mortality risks linked to nitrate exposure, microbial contamination, and other environmental burdens. Nitrate contaminated drinking water has been associated with methemoglobinemia in infants and increased cancer risk in adults, while pharmaceuticals and hormones from animal waste can interfere with endocrine systems (Burkholder et al., 2006). Many households in eastern North Carolina rely on private wells that are neither regulated nor routinely tested, leading to greater exposure vulnerabilities.
Across all reviewed studies, a consistent pattern emerges. CAFOs degrade surface water quality through nutrient loading, microbial contamination, chemical enrichment, turbidity increases, and dissolved oxygen declines. These impacts are not isolated, temporary, or limited to the immediate facilities. They represent systemic outcomes of lagoon based waste storage, sprayfield application, and regulatory exemptions that allow large volumes of animal waste to move into hydrologically connected landscapes. Eastern North Carolina experiences these effects more intensely because of its high CAFO density, low lying topography, hydrologic vulnerability, and long standing social inequities. The scientific consensus is clear. Without stronger regulation, improved siting, and widespread adoption of modern waste treatment technologies, CAFO driven water pollution will continue to pose significant ecological and public health risks.
There are several limitations that influence the interpretation of these findings. The GIS analysis relies on available statewide AFO data, which do not distinguish among facility types, management practices, or the extent to which individual operations contribute waste to surrounding landscapes. Proximity to surface waters provides an indication of potential risk, but it does not confirm hydrologic connectivity or the specific routes by which pollutants move through ditches, shallow groundwater, or drainage networks. This report does not include direct sampling or longitudinal monitoring, so the analysis cannot quantify pollutant loads or isolate the contributions of individual operations. Many of the studies referenced were conducted under different climatic, geological, and regulatory conditions, which may influence how their results compare to conditions in North Carolina. Demographic patterns are described at the county scale, which may obscure smaller communities where disparities in exposure and vulnerability are more pronounced. These limitations indicate that the results should be viewed as identifying consistent patterns of risk rather than establishing causation, and they highlight the need for more detailed facility level information, higher resolution spatial data, and long term water quality monitoring in CAFO dense regions of the state.

Conclusion
The findings from the literature review show that concentrated animal feeding operations are a major source of nutrient enrichment, microbial contamination, increased turbidity, and ecological decline in North Carolina watersheds. Across the reviewed studies, nitrogen, phosphorus, and fecal indicator bacteria consistently move from land application fields and lagoon systems into nearby surface water and shallow groundwater, even when operations follow current regulations. Research shows that typical systems such as lagoons, earthen basins, and vegetated buffers often fail to retain dissolved nutrients or pathogens under realistic conditions, especially during large storm events or periods of high loading. The GIS analysis reinforces the finding that water resources in North Carolina are highly exposed to animal feeding operation impacts. With 371 out of 2,479 animal feeding operations located within 1 kilometer of surface water and 1,170 located within 3 kilometers, many facilities sit close enough for runoff, flooding, or system failures to directly influence nearby streams and rivers. These include streams with nutrient violations, flood plains where waste storage structures are vulnerable to overtopping, and communities already carrying multiple environmental stressors. Together, these results demonstrate that the current waste management model and regulatory approach do not sufficiently protect surface water, groundwater, or public health.
The evidence also shows a strong need for improved and enforceable policy interventions. Updated siting laws would prevent the placement of large animal operations in areas prone to flooding, in regions with shallow or sensitive groundwater, or within communities that are already disproportionately exposed to environmental hazards. A statewide or regionwide system for tracking spills, lagoon breaches, and emergency discharges would increase transparency, support more rapid responses, and provide essential information that is currently fragmented or unavailable. Strengthening nutrient management requirements, increasing oversight of land application practices, and encouraging or requiring the use of advanced treatment systems that reduce pathogens and nutrients by more than 90 percent would significantly reduce the risks identified in this study.
Future research must also address persistent gaps. Climate projections for North Carolina indicate more frequent and severe storms, extended periods of saturation, and higher flood risk. These conditions increase the likelihood of lagoon failures, breaches of earthen storage structures, and runoff from spray application fields. Integrating climate risk into siting rules, design standards, and long term management strategies is therefore essential. Additional research is needed on groundwater transport processes, combined effects from multiple facilities within one watershed, and the real world performance of nature based treatment systems over time. 
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