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Abstract

This dissertation is an empirical study of the livestock industry and its environ-

mental impacts on residents. Concentrated animal feeding operations, abbreviated as

CAFOs, are livestock production facilities where large numbers of animals are raised

in confined spaces. Although the hog and poultry industries provide jobs and eco-

nomic benefits, they also produce significant air pollution, contaminate waterways,

and affect people’s quality of life. North Carolina (NC) is currently the third largest

hog producing state in the nation and also hosts a high concentration of poultry

farms. Most of the animal farms are located in the eastern area of the state, which is

also the area where many low-income people and people of color (POC) reside. This

dissertation focuses on the case of eastern NC and examines the environmental im-

pacts of CAFOs from several different perspectives. Specifically, these papers study

how CAFOs affect housing price, whether there exists any disproportionate exposure

by race and income, and how households’ migration behaviors under climate change

could bring more environmental equity concerns to this industry.

Because of environmental pollution produced by CAFOs, local real estate mar-

kets could be affected. Chapter 4 examines how having CAFOs nearby could affect

housing price. In this co-authored paper, we utilize housing transaction data from

CoreLogic and study the impacts of CAFOs on housing price. We consider co-location

of hogs and poultry and separately examine the impacts for houses on private wells

and community water systems as water contamination is channeled as an important

exposure route. Results show significant housing price reductions for nearby housing

properties. The costs increase disproportionately for really large CAFO exposure and

are even larger for the houses with private wells. We find that being exposed to the

highest levels of exposure to hogs could cause housing price decreases ranging from
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13% to 50% for houses with private wells, while only a 13% to 27% price decrease for

community-water-dependent houses, depending on the distance between CAFOs and

the residential property.

In NC, most of the farms are located in the eastern region, where many commu-

nities of color and low-income populations live, and such high concentration raises

environmental justice concerns. Chapter 5 explores the relationship between race and

income and exposure to CAFOs. In this co-authored paper, we collect information

on both hog and poultry farms, use novel micro-data from InfoUSA, and investigate

how exposure varies by both income and race. We find POC are more likely to be

exposed to both hogs and poultry. Results show strong evidence of high exposure for

low-income Hispanic households, compared to white households. Higher income helps

reduce the exposure gap for Hispanics, but does not similarly help Black residents,

suggesting such uneven exposure patterns are more related to race other than class.

Climate change brings another challenge to CAFOs. During the past two hurricane

events in NC, Hurricane Matthew (2016) and Hurricane Florence (2018), CAFOs

caused large damages to local communities and contaminated neighborhood drinking

water sources. In Chapter 6, I first use individual demographic data from InfoUSA

to examine household’s out-migration behaviors after floods. Results suggest floods

make people move out, especially for those with CAFOs around or with private wells.

Besides out-migration behaviors, this study also examines how household race and

income composition change after floods. Results show more lower-income and POC

households move into flooded areas, especially places near animal farms, after floods.

Such migration patterns highlight equity concerns under climate change and in the

future hurricane events.
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1. Introduction
This dissertation is an empirical study of the animal farming industry and its envi-

ronmental impacts on residents. Concentrated animal feeding operations (CAFOs), are

livestock production facilities where large numbers of animals are raised in confined spaces.

CAFOs have been shown to be significant sources of local pollution: they produce air pol-

lution, contaminate drinking water sources, and affect the environmental and health of

local communities. Since the 1990s, the industry in North Carolina (NC) has expanded

and grown faster than in any other state. NC is currently the third largest hog producing

state in the nation, behind Iowa and Minnesota (USDA/NASS, 2020), and it also has a

high concentration of poultry farms. In NC, most of the hog and poultry farms are located

in the eastern area of the state, which is also the area where many low-income people and

people of color (POC) reside. This dissertation focuses on the case of eastern NC and exam-

ines the environmental impacts of CAFOs from several different perspectives. Specifically,

these papers study how CAFOs affect housing price, whether there exists any dispropor-

tionate exposure, and how people’s migration behaviors under climate change raise more

environmental justice concerns for this industry.

1.1 Housing Price Impacts

Due to the environmental hazards produced by CAFOs, local real estate markets could

be affected. Chapter 4 focuses on housing markets and studies the impacts of CAFOs

on housing price. In this co-authored paper, we utilize housing transaction data from

CoreLogic, applies the hedonic method, and investigate how CAFOs affect nearby housing

prices.

Although a few studies (Palmquist et al. 1997, Abeles-Allison and Connor 1990, Kim

2004, Milla et al. 2005, Herriges et al. 2005) have shown that proximity to hog production

could lead to significant price reductions, there are several limitations in the existing liter-

ature. First, previous studies only channeled houses in rural area (Palmquist et al., 1997)

or restricted the data sample to a limited geographic area (Milla et al., 2005). However, we

show that while farms are not located in urban areas, some farms are sited in the urban
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periphery and expose surrounding urban residents to CAFOs. We include urban households

who live close to the urban/rural boundary and also include housing transactions in the

entire eastern portion of NC (43 counties), which is the area where most hog and poultry

CAFOs are located in the state. Another limitation in the previous studies is the exposure

measure: most papers used hog count as the measure of farm size, however, farms with

fewer hogs that are larger in size can produce more waste than those with more animals

that are smaller in size. We use the hog farm data to calculate the steady-state live weight

(SSLW), which paths both hog count and farm producing stage, as the exposure measure.

Despite the large number of studies measuring the impacts of hogs, prior research on poul-

try exposure is limited. Because eastern NC is also the home to large number of poultry

farms, we consider co-location of hogs and poultry in this study. Finally, the studies on

water sources are also largely missing. Because water contamination is considered as an

important exposure route, we separate houses into those with private wells or community

water systems and examine how welfare costs differ based on drinking water sources.

Results show significant housing price reductions for nearby properties. Such costs

increase disproportionately for really large CAFO exposure, especially for the houses with

private wells. We find that being exposed to the highest levels of hogs could cause housing

price reductions from 13% to 50% for houses with private wells, while only 13% to 27%

price decrease for community-water-dependent houses, depending on the distance between

CAFOs and the residential property.

1.2 Disproportionate Exposure

In NC, most of the hog and poultry farms are located in the eastern region, where many

POC and low-income populations live and such high concentration raises environmental

justice concerns. Chapter 5 explores the relationship between race and income and exposure

to CAFOs and studies how the exposure varies by race and income.

Although previous studies have found that operations are disproportionately located in

areas with high levels of poverty (Wing et al. 1996, Wing et al. 2000) and high proportions

of POC (e.g. Black, Hispanic, and Native American population) (Wing and Johnston
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2014, Wing et al. 1996, Wing et al. 2000, Edwards and Ladd 2001), existing literature has

several limitations. Due to data limitation, prior research was only able to use Census

demographic data to examine the relationship between exposure and race or income. We

fill this literature gap by using a novel micro-data source, InfoUSA, and investigate how

the exposure varies by both race and income. Second, analysis of the relationship between

poultry CAFO exposure and race is also largely missing in previous literature. In this study,

we collect information on both hog and poultry farms and separately examine the exposure

patterns for both CAFOs.

We find strong evidence of high exposure for low-income Hispanic households, compared

to white households. Higher income helps reduce the exposure gap for Hispanics, but

does not help Black residents, suggesting such uneven exposure patterns are more related

to race rather than class. We also run the bivariate probit models and find Black and

Hispanic residents are more likely to be exposed to both hogs and poultry, compared to

white residents. Finally, we investigate how such exposure patterns vary by water sources

and find similar exposure patterns for both water sources but the exposure gaps are larger

for those living on private wells.

1.3 Residential Sorting

Climate change brings another challenge to livestock industry. Studies have found that

climate change increases the frequency and worsens the impacts of hurricanes and associated

floods (Holland and Bruyère 2014, Marsooli et al. 2019). In NC, the past two hurricanes:

Hurricane Matthew (2016) and Florence (2018), caused flooding and contaminated drinking

water sources, especially for areas around CAFOs.

One common response after natural disasters is to move out of affected areas. Although

many studies have found extreme weather drives households to migrate (Smith et al. 2006,

Ouattara and Strobl 2014, Sheldon and Zhan 2021), the discussion of how natural disasters

and other environmental hazards interact is missing from the literature. Climate change

could have more impacts for households who rely on more vulnerable systems. Hurricanes

and floods could have more impacts on some populations, such as those living with aging
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water infrastructure or private wells, or those who live next to CAFOs.

In Chapter 6, I first investigate households’ out-migration behaviors in response to

floods. Specifically, I use detailed demographic data from InfoUSA to examine how such

behaviors change for those living near CAFOs or with private wells. Results suggest floods

make people move out, especially for those with CAFOs around. Due to the water contami-

nation, I separate households into those with private wells and those who live on community

water systems and results show the out-migration responses are stronger for the the house-

holds with private wells. Besides out-migration behaviors, this study also examines how

household race and income composition change after floods. Results show more lower-

income and POC residents move into flooded areas, especially places near animal farms,

after floods, highlighting equity concerns under climate change and in the future hurricane

events.

1.4 Outline

This dissertation proceeds as follows. Chapter 2 provides background information on

the history of the animal farming industry, associated environmental hazards, and envi-

ronmental regulations. Chapter 3 describes data sets used in these three papers: animal

farm data, NC community water system data, inundation data, environmental attributes

risk-screening environmental indicators (RSEI) and landfill, housing transaction data from

CoreLogic, and individual demographic data from InfoUSA. Chapter 4 discusses the hous-

ing price costs associated with CAFOs, chapter 5 examines the disproportionate exposure

to CAFOs, and chapter 6 investigates household’s migration behaviors.
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2. Concentrated Animal Farming
Operations

2.1 Evolution of the Industry

The economy in eastern NC has been dominated by agriculture since colonization. His-

torically, agriculture was built off of the labor of enslaved people who farmed cotton and

tobacco in the region (Edwards and Ladd 2000, Wing et al. 2000). Hog farming grew in

direct response to forces that transformed southern agriculture. As demand increased, in-

dividual farmers moved toward crop specialization and began commercial sales of meat.

Local and state governments also sought to commercialize the hog industry and pushed it

as an important source of state income (Thompson, 2000).

Since the 1990’s, animal production has shifted from small and diversified family farms

to a system in which animals are raised in confinement. In 1990, the USDA estimated

the number of hogs in North Carolina to be around 2.8 million, but that number had in-

creased to almost 10 million by 2006 (Wing and Johnston, 2014) and remains there today

(USDA/NASS, 2020). This growth was driven by changes in the business model for animal

production. In this vertically-integrated system, a small number of companies (“integra-

tors”) owned the animals and oversaw the production process by contracting with farmers

(“growers”) who were responsible for raising the animals. This includes managing the large

amounts of waste that were produced (Trusts and of Public Health, 2008). This new ap-

proach to production also included more intensive practices that led to dramatic increases

in the number of hogs per farm (Tilman, 2002) while, at the same time, the number of

farming operations overall has decreased. From the late 1980s to 2000, the average size of

a farm in NC increased sixfold but the number of farms dropped from 11,400 in 1982 to

less than 2,400 permitted operations by 2000 (Edwards and Ladd, 2000). Since then, NC’s

hog populations have increased to almost 10 million (Wing and Johnston, 2014) and NC is

currently the third largest hog producing state in the US (USDA/NASS, 2020).

Although NC’s animal agricultural industry is dominated by hog farming (Edwards and
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Ladd 2000, Wing and Johnston 2014), the state is also one of the top poultry producers in

the United States (Yang et al., 2016). According to the NC Department of Environmental

Quality (DEQ), poultry production increased significantly in the eastern part of the state

between 1992 and 2014, with some river basins experiencing nearly 400 percent growth in

the number of birds (Patt, 2017). Data sets used in this dissertation suggest by the year of

2014, the number of poultry operations outnumbered hog operations by about 1.87.

2.2 Environmental and Health Impacts of CAFOs

CAFOs detrimentally impact the environment as well as the health and well-being of

those who live nearby. Such a high concentration of animals in eastern NC is of concern

because of the amount of waste generated and the responsibilities placed on growers who

are already operating at tight margins set by the integrators (Trusts and of Public Health,

2008). Swine manure is collected in pits beneath the buildings holding animals and is reg-

ularly flushed into open-air lagoons. The waste contains contaminants including nutrients,

pathogens, heavy metals, and biochemical oxygen-demanding materials. The liquid waste

is then ground-applied as fertilizer for crops onto sprayfields (Christenson and Serre, 2017).

When sprayfields are located near residential property, the waste can end up being de-

posited directly on to neighbors houses. DNA tests have even revealed the presence of the

waste inside their kitchens (Addison, 2022). When CAFOs exist in close proximity to one

another, the concentration of sprayfields can overwhelm the capacity of the land to treat

the nutrients and other biological contaminants, such as fecal coliform, in the waste, caus-

ing those substances to leach into groundwater or run off (Wing et al. 2000, Christenson

and Serre 2017) into nearby rivers, streams, or adjacent properties. In addition, lagoon

storage systems that are not properly lined or maintained can leach into groundwater or

contaminate surface waters during extreme weather events that lead to accidental releases

and catastrophic ruptures (Cole et al. 2000, Hribar 2010). Even the gradual migration of

water nutrients from facilities to surface water can cause increases in phosphorus and am-

monia (Raff and Meyer, 2022), and excessive growth of phytoplankton, which can lead to a

decrease in the dissolved oxygen in nearby rivers and streams, resulting in fish kills (Hribar,
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2010).

These operations also emit air pollutants and odor (Horton et al. 2009, Sherlock et al.

2002, Schinasi et al. 2011, Aneja et al. 2009a, Wing et al. 2013). Hog CAFOs emit hydrogen

sulfide (H2S), endotoxins, and particulate matter (PM10, PM2:5), all of which are known to

impact people’s health (Von Essen and Auvermann 2005, Schinasi et al. 2011, Wing et al.

2013). Hog CAFOs also emit greenhouse gases, such as nitrous oxide (N2O) and methane,

that contribute directly to climate damage (Sherlock et al., 2002).

Poultry operations collect waste as dry litter, mix it with straw or other materials, and

then land apply it to nearby fields or compost it (Mallin et al., 2015). Because the waste

is dry, the poultry farms are not required to apply for water waste management permits

and the industry is largely unregulated. Despite the dry litter system, poultry farms are

associated with many of the same environmental impacts as hog farms (Ritz et al. 2004,

Pan and Yang 2007, Aneja et al. 2009b, Dunlop et al. 2016, Sorg 2019).

Kravchenko et al. (2018) found communities located near hog CAFOs have worse health

outcomes, such as higher rates of all-cause mortality, infant mortality, mortality from ane-

mia, kidney disease, and higher rates of emergency department visits and hospital admis-

sions. Air pollutants are found to be correlated with physical symptoms, such as difficulty

in breathing, sore throat, chest tightness, and nausea (Schinasi et al., 2011). The airborne

dust particles and fungi emitted by hog CAFOs can lodge deep within lung tissue (Cole

et al. 2000, Von Essen and Auvermann 2005). The odors generated by CAFOs can cause

increases in acute blood pressure and contribute to development of chronic hypertension

(Wing et al., 2013). These waste management practices can lead infectious agents to mutate

and create novel disease strains, increase the resistance to antibiotics, and infect suscepti-

ble host populations (Cole et al. 2000, Hribar 2010). Living next to an industrial farming

facility can also have an impact on overall well-being. People living near hog farms find

themselves less frequently able to open their windows or go outside (Wing and Wolf 2000,

Horton et al. 2009) and are more likely to report feeling stress (Horton et al., 2009).

The concentration of hog farming in the eastern region of NC, where many communities
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of color and low-income populations reside, raises environmental justice concerns. (Wing

and Johnston, 2014) found that a higher proportion of African Americans, Hispanics, and

Native Americans live within 3 miles of an industrial hog operation when compared to

non-Hispanic whites. Another study (Wing et al., 2000) found that hog farming facilities

are highly concentrated in areas with higher dependence on wells as water sources and

higher poverty rates. Research has also shown that communities in close proximity to high

concentrations of CAFOs also suffer from low wages, lack of access to medical care, and

poor nutritional options (Wing et al., 2000).

2.3 Regulating the Industry

One problem for poultry farms is the environmental inspections and regulations are

largely missing. Because most poultry farms produce a dry litter waste, poultry operations

are exempt from most environmental permitting requirements and associated regulations.

As a result, the locations of poultry operations and disposal of waste are not kept under en-

vironmental regulations, and those farms are only inspected as a result of complaints (Patt,

2017). For hog operations, NC temporarily halted the construction of new (and expansion

of existing) hog CAFOs in 1997 following catastrophic failures of lagoons during Hurricane

Fran the year before, and the release of studies that revealed the high concentration of farms

in poor communities of color (Wing et al., 1996). Over the next several years, more studies

of the impacts were published (Edwards and Ladd 2000, Wing et al. 2000, Wing and Wolf

2000) and another disastrous hurricane (Floyd) caused flooding in eastern NC that ruptured

lagoons and killed many hogs. To avoid litigation, Smithfield Foods, the largest integrator

in the state, entered into an agreement with the state in which the company would finance

research on the impacts of their practices, research to identify waste management systems

that were “environmentally superior” to the lagoon and sprayfield system, and the imple-

mentation within three years of any system that was found to be environmentally superior

and economically feasible (NC Attorney General 2000, Miller and Longest 2019). The en-

vironmental performance standards laid out in the Agreement, which expires in 2025, were

incorporated into state law in 2007 when the NC General Assembly permanently prohibited
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any new or expanded hog CAFOs based on the lagoon and sprayfield system (NC Gen Stat.

143-215.10I).

Because of the damages caused during hurricane Floyd in 1999, the state created the

Swine Floodplain Buyout Program, which buys out farms in low-lying areas prone to flood-

ing. However, because of the industry’s mighty political force, the program has not been

so successful. The state stopped funding the program in 2007 and did not resume until

2018, when hurricane Florence caused severe water contamination. The program also has

not had sufficient funding: the number of volunteers consistently outpaced the funding and

left those flood-prone areas vulnerable to natural disasters (Walters, 2022).

Meanwhile, the state’s biogas projects build new pressure by keeping hog waste lagoons

in operation. Instead of replacing the current waste management systems with cleaner and

safer processes, the hog industry and energy companies proposed swine waste-to-energy

projects in NC. This profitable biogas system collects methane from hog waste and convert

it into natural gas for electricity. In 2020, Smithfield Foods partnered with Dominion Energy

to invest the largest biogas project. This $500 million project would build large facilities

and pipelines in rural eastern NC and sell methane gas to Piedmont Natural Gas. Although

there are some immediate benefits, such as reducing direct methane emissions and odors

or flooding, the biogas program does not help solve existing environmental problems and

residents in eastern NC disproportionately bear the pain from the pollution (Miller and

Longest 2019, Walters 2022, Oglesby 2022).

9



3. Data

3.1 NC CAFO Data

The hog farm data are provided by the NC Department of Environmental Quality

(DEQ). The data provide information on the location, animal counts, number of lagoons,

and growth phase of the hogs (e.g., “wean to feeder” and “feeder to finish”) of each farm.

Because poultry farms are often placed in areas where hog farms are already sited, we

include poultry exposure as an additional harm to the communities. Poultry farm data

are accessed under an agreement with Environmental Working Group and were collected in

2014.1 The data provide information on the location and bird counts for each farm.

Because farms are concentrated in the eastern part of the state, an area with more

low-income and POC communities than other parts of the state, all of the analyses in these

three papers focus on eastern NC. Figure 3.1 shows the distribution of hog and poultry

farms in eastern NC2. The area is decomposed into 1,855 block groups, where the darker

areas indicate block groups with a higher percentage of POC3.

In Chapter 4 (hedonic analysis), we path time periods between year 2010 and 2014.

Because there were new poultry farms installed during our analysis period (2010 - 2014), it

is necessary to identify and quantify the changes in poultry CAFO exposure over time. To

do so, we use satellite imagery to delineate poultry CAFO rooftops and identify the year

each poultry farm was built.4 Table 3.1 shows the summary statistics describing poultry

entry from years 2010 to 2014. Results suggest most of the farms were in place before 2010.5

1After the state issued the previous swine permit in 2014, Waterkeeper Alliance collected data
on cattle, hog, and poultry farms and filed the Title VI complaint alleging NC DEQ discriminatorily
subjected communities of color to noxious odors.

2The maps showing the distribution of hog and poultry farms in the entirety of NC are presented
in the appendix

3The same POC definition is used in Wing and Johnston (2014) – i.e., all people excluding
non-Hispanic whites are used here.

4We thank Brian Wong for his outstanding research assistance on this poultry satellite data.

53.78% farms present in EWG data either had no entry information (e.g., rooftops were not
found in satellite imagery) or were found after recording year 2014; we drop these farms from our
analyses and only consider entries that occurred in or prior to 2014.
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(a) Hog Farms Location (b) Poultry Farm Location

Figure 3.1 East NC CAFO Distribution

Figure (a): Distribution of hogs (provided by NC Department of Environmental Quality);
Figure (b): Distribution of poultry farms (provided by Environmental Working Group) in
eastern NC; The area is decomposed into 1,855 block groups, where the darker areas are
those with a higher percentage of people of color.

Table 3.1: Poultry Farm Entry Summary

Entry Year # Farms Percent Cumulative Percent

� 2010 3,266 82.29 82.29

2011 71 1.79 84.08

2012 124 3.12 87.20

2013 118 2.97 90.17

2014 240 6.05 96.22

Error Observations 150 3.78 100.00

Summary statistics describing poultry farm entry from years 2010 and 2014;
Error observations: either have no entry info, or entered after 2014.

3.2 Water Source Data

Water source data are managed by the NC DEQ Division of Water Resources. A team of

students at Duke University digitized community water systems (CWS) maps in partnership

11



with NC DEQ. The goal of this effort was to digitize all CWS that are either publicly owned

or serving over 3; 000 people by using the maps provided by CWS and Census TIGER lines

of boundaries of incorporated municipalities. 70% of CWS provide maps to digitize. For

the 17% of CWS that are municipal systems but have no maps to digitize, the team adapted

the boundaries of the incorporated municipalities. 13% of CWS are not included in the final

data because they neither provided a map nor are they municipal systems. The final data

contains service area boundaries for 532 CWS in NC (Gonsenhauser et al., 2020). Figure

3.2 shows the NC CWS map.

Figure 3.2 NC CWS Map

Digitized community water systems (CWS) maps in partnership with NC DEQ. Gray areas
are NC counties. Blue regions are areas served by community water systems and the rest
of areas are on private wells.

3.3 Inundation Data

In Chapter 6, I use the inundated are map to identify the household and animal farms

located in flooded areas. Data describing the extent of flooding after Hurricanes Matthew

(2016) and Florence (2018) are provided by the Nature Conservancy (figure 3.3 shows

the map of Hurricane Matthew). Their maps provide estimates of flood inundation after

hurricanes crossed the Piedmont and Coastal Plain of NC. The regions are delineated using

a random forest classification model leveraging pre- and post-storm synthetic aperture radar
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from the European Space Agency’s Sentinel-1 sensor, in addition to topography, floodplain,

and land-cover data. The white areas are estimated flood areas and black regions are non-

flood zones. Unfortunately, the data do not provide information on the intensity of flooding.

Therefore, I am not able to investigate the effects of intensity on moving behaviors with the

current flooding data. The figure shows that the flooded areas are mostly in eastern NC6

Figure 3.3 Inundated Area after Hurricane Matthew, 2016

Flood extent data (provided by Nature Conservancy) after hurricane Matthew; The map
provides estimates of flood inundation across the Piedmont and Coastal Plain of NC.

3.4 Environmental Attributes

In the hedonic analysis paper (Chapter 4), we control for exposure to toxics using the

EPA’s risk-screening environmental indicators (RSEI) and number of active landfill sites

within 3km of each house as environmental attributes in our hedonic analysis. RSEI uses

modeling and data from the Toxic Release Inventory to determine the concentration of toxic

chemicals in each block group. The data on active landfill sties are provided by NC OneMap

(NCOnemap) and describe the physical location of each landfill site.

3.5 Housing Transaction Data

In chapter 4, we use the housing transaction data from CoreLogic. The housing data

6Similar figure for hurricane Florence.
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cover the universe of real estate transactions in 43 counties in eastern NC during our analysis

period. The data are provided through a use agreement with CoreLogic, a national real

estate data aggregator. The data include housing location, housing attributes7, transaction

date, and transaction price. We only keep housing transactions with a recording date. We

drop properties that are missing any of the housing attributes, houses with sales prices

outside the 1st or 99th percentiles, and houses with 0 or larger than 5000 square footage.

Because houses located near the coast are typically sold at higher prices and have no CAFOs

nearby, we also drop observations located within 5 miles of the NC coastline. The left graph

in figure 3.4 shows the location of houses that are included in our empirical analysis.

Since CAFOs are generally prohibited from locating in urban areas, we exclude urban

households in all of our analyses. We use 2010 Census and Urban Area designations to

identify these properties. Urban area is defined by both urbanized area (a densely settled

core of census tracts and/or census blocks that have 50,000 or more people) and urban

clusters (a densely settled core of census tracts and/or census blocks that have at least

2,500 and less than 50,000 people). A CAFO may be located outside of an urban area but

still be in close proximity to an urban boundary8; households living on the urban periphery

could therefore be exposed to these CAFOs. For the purposes of defining our sample, we

therefore consider urban households to be those located in the interior of an urban area,

but located at least a certain distance from the boundary. The right graph of figure 3.4

provides an example using a 3km distance buffer. The households located in the interior of

the buffer (the triangles) are defined as urban households while those outside the interior

buffer (the dots) are defined as “urban buffer” households and are included in the analysis.

We draw the distance buffers differently to correspond to different exposure distance buffers

used in different specifications.

7Specifically, we include square footage, year built, number of bathrooms and bedrooms, acreage,
and basement square footage

8Our data show the closest distances between CAFOs and urban boundaries are 282 and 7.64
meters for hogs and poultry, respectively.
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(a) CoreLogic Distribution, Regression Data (b) Urban Area Definition

Figure 3.4 CoreLogic Housing Data

Figure (a): location of houses included in the empirical analysis; The data only include
housing transactions with a recording date; The data drop houses that are missing any of
the housing attributes and houses with sale prices outside the 1st and 99th percentiles; The
data also exclude coastal houses (defined as those located within 5 miles of NC coastline).
Figure (b): urban households are excluded in all of our analyses. We begin by considering
the set of both urbanized areas (densely settled cores of census tracts and/or census blocks
that have 50,000 or more people) and urban clusters (densely settled cores of census tracts
and/or census blocks that have at least 2,500 and less than 50,000 people). We draw a
3km interior buffer in each of these areas and households located in the interior buffer (the
triangles) are defined as urban households and are excluded in our analyses. We use same
methods for 4km and 5km analyses.

Table 3.2 reports the summary statistics of housing attributes for property transaction

data. Because houses on different water sources may be systematically different, the analyses

are separated by water sources. The first two columns of the table show the mean and

standard deviation of each attribute for houses on private wells and with community water

systems, respectively. A t-test was conducted in the last column to compare the difference

for houses with different water sources. The results show that on average, community-water-

dependent houses are sold at higher price, are older, and have more square footage and

bathrooms. Those houses are generally surrounded by fewer environmental disamenities,

such as landfill sites, and RSEI (block group toxic chemicals) concentration. Because of

these significant differences in attributes, we conduct separate hedonic specifications for

households with private wells and community water systems and examine how the housing
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price decrease differs based on water sources in Chapter 4.

Table 3.2: CoreLogic Summary Statistics - Housing and Env. Attributes

Private Wells Community Water t-test
Houses Houses Community - Wells

Housing Price 147589.8 (75440) 147936.3 (88530) 346.44 (0.39)

Square Footage 1713.40 (567.07) 1767.92 (620.47) 54.51*** (8.25)

Housing Age 22.91 (21.64) 27.37 (24.50) 4.46*** (17.55)

# Bathrooms 2.20 (0.79) 2.27 (0.81) 0.07*** (7.30)

# Bedrooms 2.81 (1.10) 2.82 (1.05) 0.01 (0.63)

Acres 2.19 (6.77) 1.23 (4.83) -0.96*** (-13.10)

Basement Sqft 4.19 (65.83) 6.92 (87.98) 2.73*** (3.37)

Landfill 0.24 (0.67) 0.07 (0.42) -0.16*** (-22.98)

RSEI 1630.85 (5744) 695.98 (2979) -934.87*** (-15.47)

N 9680 36801

Summary statistics for CoreLogic houses with private wells and community water; First two
columns: mean (std); last column: diff in mean (t-stat), *** p < 0:01, ** p < 0:05, * p < 0:1;
landfill: # active landfill sites within 3km; RSEI: block group toxic chemicals.

3.6 Individual Demographic Data

We use individual demographic data from InfoUSA Residential Historial Files in chap-

ters 5 and 6. These data are used under an agreement with Duke University and include

household income and race of the household head. Variables, including physical address,

household race, and household income, are included in the analyses. The R package “wru”

is used to impute individual race/ethnicity. The package utilizes the Bayes’ Rule and uses

individual surname and geo-location (e.g., census block) to compute the posterior proba-

bility of each racial category for any given individual. The package implements methods

described in Imai and Khanna (2016).

One limitation from Imai and Khanna (2016) is this R package only imputes 4 race
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categories: Asian, White, Black, and Hispanic9 because it was not developed and tested

on a dataset that includes sufficient observations in other race groups, such as Native

Americans. However, according to U.S. Census, Native Americans make up a large portion

of population in some areas of eastern NC, such as 41% in Robeson County. With the current

micro-level demographic data, this dissertation is not able to investigate and conclude any

environmental and equity problems associated with Native Americans in NC.

Because households who depend on private wells may face higher risks of water contami-

nation, the analyses are separated by water sources. Table 3.3 shows the summary statistics

for households with private wells and community water10. The first two columns show the

mean and standard deviation of each attribute for households with private wells and com-

munity water, respectively. I conduct a t-test in the last column to compare the difference

between community-water-dependent and private-wells-dependent households. The results

show around 7% and 8% private-well and community-water households experienced floods

during these two hurricanes Matthew and Florence. Results show fewer community-water

households are owners, have children, or stay longer in the current locations, and on average

more community-water households live in urban areas and earn higher income.

3.7 CAFO Exposure

To calculate the exposure of houses to CAFOs, a buffer is drawn around each CoreLogic

house and InfoUSA household. We use aggregated SSLW and total bird counts within that

buffer as exposure measures. For all of the analyses, hogs exposure is reported in units of 1

million SSLW and poultry exposure is reported in units of 100,000 bird counts. These units

are similar sizes to large CAFOs. Previous research has shown housing price impacts from

exposure to hog CAFOs at distances up to 3km (Palmquist et al., 1997). Other research

has shown that households can smell odor from hog farms (Mirabelli et al. 2006, Wing

and Johnston 2014) and that there are correlations between exposure and negative health

9All other races are defined in the category “other”.

10The summary uses the same data sets as used in the main specifications in Chapter 6.
The summary statistics for the data sets used in Chapter 5 are in the appendix.
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Table 3.3: InfoUSA Summary Statistics

Private Wells Community Water t-test
Houses Houses Community - Wells

percent of flood 0.07 (0.25) 0.08 (0.26) 0.01*** (15.05)

percent of white 0.82 (0.38) 0.76 (0.43) -0.06*** (-71.85)

percent of Black 0.15 (0.35) 0.21 (0.41) 0.06*** (80.85)

percent of Hispanics 0.04 (0.18) 0.03 (0.18) -0.00*** (-6.15)

income 57447 (44886) 59990 (50957) 2543*** (26.11)

percent of owner 0.92 (0.27) 0.86 (0.34) -0.06*** (-99.65)

percent of having children 0.31 (0.46) 0.29 (0.45) -0.02*** (-23.37)

length of residence 18.02 (13.04) 17.28 (13.22) -0.74*** (-26.82)

percent living in urban 0.24 (0.43) 0.55 (0.50) 0.31*** (336.79)

N 276781 1174114

Summary statistics for households with private wells and community water; First two columns: mean
(std); last column: diff in mean (t-stat), *** p < 0:01, ** p < 0:05, * p < 0:1;

results (e.g., all-cause mortality, infant mortality, and kidney disease (Kravchenko et al.,

2018)) from farms that are located up to 5km away. We therefore conduct our analyses

over a range of distance buffers from 3km to 5km.

In Chapter 4, we calculate the aggregated CAFO exposure within 3/4/5km buffer for

each CoreLogic house. Table 3.4 reports the CAFO summary statistics for property transac-

tion data. The first two columns of the table show the mean and standard deviation of each

attribute for houses on private wells and with community water systems, respectively. The

last column shows a t-test to compare the difference for houses with different water sources.

The results show that on average, community-water-dependent houses are surrounded by

fewer environmental disamenities: the aggregated hog and poultry exposures are smaller

for houses with community water.
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Table 3.4: CoreLogic CAFO Exposure Summary

Private Wells Community Water t-test
Houses Houses Community - Wells

Hogs Exposure

3km hogs 0.35 (0.92) 0.16 (0.61) -0.20*** (-19.92)

4km hogs 0.66 (1.53) 0.32 (1.01) -0.34*** (-20.52)

5km hogs 1.03 (2.27) 0.56 (1.57) -0.47*** (-19.15)

Poultry Exposure

3km poultry 0.32 (0.80) 0.20 (0.60) -0.13*** (-14.63)

4km poultry 0.63 (1.26) 0.39 (0.96) -0.24*** (-17.67)

5km poultry 1.03 (1.84) 0.67 (1.40) -0.36*** (-17.87)

N 9680 36801

Summary statistics for CAFO exposure; First two columns: mean (std); last column: diff
in mean (t-stat), *** p < 0:01, ** p < 0:05, * p < 0:1; Exposure adjusted by large CAFO:
1 million SSLW, 100,000 total bird count; The summary statistics use same data as 5km
hedonic specification and we only keep houses with any hogs or poultry within 10km.

To have a better sense of the hog and poultry exposure levels, we plot (figure 3.5)11

the (logged) distributions of exposure using a 5km buffer for houses on private wells and

community water 12. Figure 3.5 only includes households with positive exposure. The

graphs (from left to right) describe households with private wells and community water,

respectively. Logged exposure distributions are approximately normal, implying that un-

derlying distributions are highly skewed. Around 21% and 24% households have hogs and

poultry within 5km. For households with private wells, the percentages increase to 34%

and 32%, while there are only 17% and 22% community-water households exposed to hogs

and poultry within 5km.

11The distribution plots for 3km and 4km are in the appendix

12The x-axis is in logged exposure units and the percentile labels (P50, P75, and P90) are in
actual exposure units (1,000,000 SSLW and 100,000 bird counts for hogs and poultry.
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(a) Hogs Exposure

(b) Poultry Exposure

Figure 3.5 5km CAFO Exposure

Logged distribution of hog and poultry exposure using a 5km buffer for houses on private
wells and community water; The figures only include households with positive exposure.

In the hedonic analysis, We use ventiles (i.e., the 5th, 10th, 15th, ..., 95th percentiles)

of the CAFO exposure distribution to define our disamenity. The ventile cutoffs are de-
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(a) Hogs, Private Wells (b) Hogs, Community Water

(c) Poultry, Private Wells (d) Poultry, Community Water

Figure 3.6 East NC CAFO Cumulative Distribution

Cumulative distribution for hogs and poultry exposure within 5km buffer by water sources;
The figures only include households with positive exposure.

fined using the distribution of households with positive exposure (zero exposure defines our

baseline category) and we use private wells/community-water 5km exposure distribution to

define the cutoffs for private wells/community-water specifications separately. Figure 3.6

shows the cumulative distribution for both hogs and poultry exposure within 5km by water

sources and the full tables showing every percentile are in the appendix13 14.

13Full tales are in tables A.1 and A.2. In some cases, the empirical distributions of exposure
are flat. This is the case for the 55th and 60th percentiles of the hog exposure distribution for
private-wells homes and for the 40th, 45th, 50th and 55th percentiles of the poultry distribution for
community water. There are, therefore, only 19 and 18 bins in these distributions, respectively.

14The two-sample Kolmogorov-Smirnov tests show there are statistical significance of differences
in the distribution of hogs and poultry exposure by water sources. Results are in the appendix.
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In chapter 5 and chapter 6, we calculate the aggregated hog and poultry exposure for

each InfoUSA household. Table 3.5 shows the summary statistics on CAFOs by using the

data sets applied in chapter 6. The first two columns show the mean and standard deviation

for households with private wells and community water, respectively and the last column

shows the t-test results by water sources. Results show that compared to households with

community water, more households with private wells are exposed to hogs and poultry.

They are also, on average, exposed to higher hogs and poultry.

Table 3.5: InfoUSA Summary Statistics - CAFO Exposure

Private Wells Community Water t-test
Houses Houses Community - Wells

hogs exposure (5km) 1.16 (2.82) 0.67 (1.90) -0.49*** (-87.23)

poultry exposure (5km) 1.06 (2.09) 0.68 (1.60) -0.38*** (-88.62)

percent having hogs (3km) 0.26 (0.44) 0.15 (0.36) -0.11*** (-121.54)

percent having hogs (4km) 0.35 (0.48) 0.22 (0.41) -0.13*** (-130.60)

percent having hogs (5km) 0.42 (0.49) 0.28 (0.45) -0.14*** (-134.34)

percent having poultry (3km) 0.25 (0.43) 0.17 (0.38) -0.08*** (-89.63)

percent having poultry (4km) 0.34 (0.47) 0.25 (.43) -0.09*** (-95.88)

percent having poultry (5km) 0.42 (0.49) 0.32 (0.46) -0.10*** (-97.93)

N 276781 1174114

Summary statistics for CAFO exposure; First two columns: mean (std); last column: diff in mean (t-stat),
*** p < 0:01, ** p < 0:05, * p < 0:1; Exposure adjusted by large CAFO: 1 million SSLW, 100,000 total bird
count.

Because whether the surrounding farms were flooded may matter during hurricane

events, I conduct additional analyses by separating the surrounding hogs/poultry into

flooded versus non-flooded categories in chapter 6. Because there could be a higher chance

of being exposed to animal waste when the flooded farm is located at a higher elevation of

the house, I create a stricter definition on flooded CAFO, as a robustness check, by consid-

ering the elevation information of both the farms and the households. The digital elevation

model (DEM) is a 20 by 20 grid size data and are provided by NC Floodplain Mapping

Program and NC DOT - GIS Unit. The farm is labeled as flooded only when this flooded

facility is located uphill of the house.
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4. The Costs of Exposure to Industrial
Livestock Operations

This chapter is based on a joint work with Kay Jowers and Christopher Timmins.

4.1 Introduction

As is the case with other environmental nuisances, evidence that nearby communities

are affected by the disamenities generated by CAFOs can be seen in the local real estate

markets. Compensating differentials, measured with a hedonic property value model, can

be used to quantify the welfare effects of these operations. Obtaining monetary values for

the external costs associated with CAFOs informs efforts to make policy to better regulate

the environmental impacts.

Although there have been numerous studies measuring the impacts of CAFOs, prior

research analyzing their impacts on house prices is limited. The existing studies document

that proximity to hog farms causes a statistically significant reduction in prices (Abeles-

Allison and Connor 1990, Kim 2004, Milla et al. 2005, Herriges et al. 2005). Abeles-Allison

and Connor (1990) focus on the 5 miles surrounding the eight hog operations in Michigan

and find a 500 head operation could reduce property tax by $5; 937. Palmquist et al. (1997)

focus their analysis on NC, analyzing the presence of hogs surrounding a limited sample of

237 transacted properties in nine counties that were experiencing rapid production growth.

Those authors find that siting another new hog operation very close by – within 0.5 mile in

an area with low initial hog population – can cause up to 9% housing price reduction. The

two studies focusing on Craven County, NC find property values could decrease by $0:68

(Kim, 2004) or $0:52 per hog at 1 mile (Milla et al., 2005), and there is no impact after 1.75

miles (Kim, 2004). Herriges et al. (2005) considers 5 counties in North-Central Iowa and

their results suggest there could be a 9% housing price decrease when the farm is located

upwind.

There are several limitations of the existing studies. First, to make control groups

and treatment groups more comparable, Palmquist et al. (1997) only considered households
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living in rural areas (i.e., in a surrounding jurisdiction with less than 2,500 people). However,

our data sets show that, while farms are not sited in urban areas, they are sometimes

placed in the urban periphery, exposing urban residents to their impacts1. We include

urban residents if they live sufficiently close to the urban/rural boundary as to be impacted

by CAFOs located in the urban periphery. Second, some of the prior research restricts

attention to a limited geographical area. Milla et al. (2005) consider only transactions in

Craven County, NC, whereas Duplin and Sampson counties are ignored despite being home

to the highest density of hog operations in the state. Our analysis considers the universe of

housing transactions in the entire eastern region of NC (43 counties in total), which is the

home to the state’s hog industry and most of its poultry CAFOs as well. We take advantage

of this large data to allow for greater flexibility in how we model the impact of exposure

on house prices. Third, co-location of hogs and poultry is an important industry feature,

but the norm has been to focus only on the former (Palmquist et al. 1997, Kim 2004, Milla

et al. 2005). We have compiled a dataset that will allow us to consider both. Fourth,

the prior literature has often been limited in how it measures the disamenities associated

with CAFOs. Hog count has commonly used as a measure of farm size (Abeles-Allison

and Connor 1990, Milla et al. 2005) but a farm with fewer overall hogs that are larger in

size can produce more waste than a farm with more animals of a smaller size. We use a

measure of steady-state live weight, which is the commonly used metric for defining CAFO

status. Finally, although water contamination is considered to be an important exposure

route, prior studies have not considered how welfare costs may differ between houses that

rely on groundwater pumped from private wells versus houses with access to a community

or municipal water system. We employ a novel dataset on water service area boundaries in

NC that lets us differentiate houses based on this potential exposure route.

Our results suggest that CAFOs impose economically and statistically significant costs

on nearby property owners, and that these costs grow disproportionately when CAFO ex-

posure becomes very large. Moreover, these costs are even larger for houses that depend on

1The closest distance between an urban area boundary and a hog farm is 282 meters and the
closest distance for poultry farm is 7.64 meters
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private wells, suggesting that home buyers perceive this to be a possible pollution exposure

route. In particular, We find that exposure to the highest levels of hog production could

cause house price impacts ranging from �13% to �50% for residents on private wells. In

contrast, community-water-dependent households see impacts ranging from �13% to �27%.

4.2 House Price Impacts

4.2.1 Hedonic Price Function: Theory and Speci�cation

Rosen (1974) first interpreted the association between house prices and environmental

amenities in an applied welfare context. In Rosen’s paper, a house can be described by a

vector of characteristics (Z1; Z2; :::; Zn), such as physical attributes (e.g., square footage),

neighborhood public services (e.g. local school quality), and local environmental disameni-

ties (e.g., total hog steady-state live weight within 3km). The hedonic price function for

house i can be written as a function of the house price, attributes, and amenities:

Pi(Z) = P (Zi1; Zi2; :::; Zin)

The partial derivative of price with respect to the jth housing characteristic (@P=@Zj)

is referred to as the implicit price of that characteristic and describes the additional amount

that a household must pay for a marginal improvement in that attribute while holding all

other housing attributes fixed.

The hedonic price function arises from the interactions of consumers and suppliers in

housing market equilibrium. Consumers choose a vector of amenities Z = (Z1; Z2; :::; Zn),

and other consumption C, to maximize their utility, with respect to the budget constraint:

max
fZ;Cg

U(Z;C) s.t. P (Z) + C = I

max
fZg

V (Z; I � P (Z))

The first order condition taken with respect to Zi shows that the marginal willingness to
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pay (MWTP) for that attribute equals to gradient of the hedonic price function at the

equilibrium point:
dV

dZi
=
@V

@Zi
+
@V

@C

�
� dP
dZi

�
= 0

dP

dZi
=
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Hedonic theory provides the tools to infer the monetary cost of exposure to CAFOs from

the tradeoffs buyers make in the housing market. Intuitively, we would like to compare two

houses that are identical in every respect except in their exposure to CAFOs. This is,

of course, not possible in practice. Rather, we use multi-variable regression techniques to

control for differences in housing and neighborhood attributes. In particular, we estimate

a hedonic specification using both price and log price as dependent variables. We control

for individual housing attributes (e.g., number of bedrooms, square footage, and age of the

houses), and environmental attributes (e.g., RSEI and number of active landfill sites within

3km), and we separately analyze houses with private wells and community water. Because

fewer farms are located near urban areas, households living in urban area are systematically

exposed to fewer CAFOs. We therefore drop houses in the urban cores and control for the

status of houses in urban peripheries.

To control for geographic and time variations, we include census tract and year fixed

effects2. Because the effect of CAFOs on house prices may not be linear – e.g., the effect

of exposure to a large CAFO may be more than twice the exposure to one half its size

2In the appendix, we also report results using county � year fixed effects, which control for
time-varying county-level public goods (e.g. county sheriff and county school district). The housing
price decreases associated with CAFO exposure are slightly larger compared to those derived using
census tract fixed effects.
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– we allocate hog and poultry exposures into 20 ventile bins for houses on private wells

and community water. We also include an interaction term between exposure to hogs and

poultry to examine the joint effect of being exposed to both types of CAFOs simultaneously.

In order to define a control group that will be more similar to the set of houses treated

with CAFO exposure, we consider only houses that are exposed to hogs and/or poultry

within 10km. Our control group is then defined by houses that have some exposure to

hogs or poultry within 10km, but none inside either 3, 4, or 5km, depending upon the

specification. Our hedonic price function is described by the following equation:

Yi;k;t = �0;k + �1;kHogs
Q1;:::;Q20
i;k;t + �2;kPoultry

Q1;:::;Q20
i;k;t + �3;k (Hogs� Poultry)

+ �11;kX
house
i;k;t + �12;kX

env
i;k;t + �13;kTracti;k + �14;kYeari;t + "i;k;t

where Y = fln(Price);Priceg, i indexes houses, k indexes water sources, and t indicates sale

years.

4.2.2 Results

Figure 4.1 plots the price impact (in percentage terms) of each hogs and poultry exposure

bins for 3km and 5km results.3 Impacts are reported along the x-axis at the midpoint of

each exposure bins measured in logs.

Focusing first on hogs, we see no effect or a slight price increase when houses face the

smallest exposure bins. Prices begin to decrease as exposure rises from this point. Con-

sidering the 3km exposure buffer, we see a fairly constant price reduction of 10% to 20%

in the medium exposure bin for private-wells-dependent houses. The impact of exposure

to the highest bins is significantly larger when considering private-wells-dependent houses.

In particular, we see an 48:3% housing price decrease if exposure is larger than 95th per-

centile, while the comparable value for houses on community water is only 13:8% and not

3The figure for 4km result is in appendix. The full results for logged price and price specifications
are also in the appendix
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(a) 3km Results

(b) 5km Results

Figure 4.1 Price Decrease

Price impacts (in percentage terms) of each hogs and poultry exposure bins for 3km and
5km results; X-axis is labeled at the midpoint of each exposure bins measured in logs.
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significant4. The effects of exposure at 5km are smaller than at 3km results, with the price

decrease associated with exposure to the largest exposure bins at approximately 14%.

The impacts of exposure to poultry CAFOs are smaller than those associated with

exposure to hogs. For poultry exposure, being exposed to the largest poultry CAFOs could

cause 32% and 30% housing price decreases for houses on private wells and community

water systems, respectively5. The coefficients on the interaction terms between hog and

poultry exposure are not significant.

4.2.3 Discussion

Compared to existing studies, our results suggest significantly larger impacts of hog

CAFOs on housing price, especially for the housing properties with private wells. This

study also fills the literature gap by considering the co-location of hogs and poultry. Results

suggest that poultry CAFOs could also impose economically and statistically costs on nearby

housing properties, although such impacts are smaller compared to hog CAFOs. Our results

echo the conclusions of other research studying environmental hazards and groundwater

contamination risk. Muehlenbachs et al. (2015a) found that groundwater-dependent houses

face large negative impacts from nearby shale gas construction – placing an extra shale

gas well within 1.5km would lower prices of these houses by 10% to 22.4%. Similar to our

results here, the size and significance of this effect decreases with distance. While private-

wells houses are negatively impacted, houses that rely on community water suffer a smaller

cost and may even receive a net benefit if the shale gas wells are productive and generate

royalty payments (payments from oil and gas companies to landowners as part of agreement

to drill and frack on their land and they are usually paid in terms of percentage of gas value

produced).

4The 95th hogs exposures are 7.819 million and 6.959 million SSLW for private wells and com-
munity water, respectively, which are approximate 7.8 and 7 large hog CAFOs if we define 1 large
hog CAFO as 1 million SSLW.

5The 95th hogs exposures are 636,000 and 524,000 bird count for private wells and community
water, respectively, which are approximate 6.36 and 5.24 large poultry CAFOs if we define 1 large
poultry CAFO as 100,000 total birds.
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We conduct several robustness analyses and the results are in the appendix. In the main

specifications, we only include houses with any hog or poultry CAFOs within 10km to have

better control group. In the robustness check, we include every housing transaction and the

results are similar to our main results. To better compare treatment and control groups, we

further restrict our sample by dropping houses with acres larger than 10 (such a house could

be a farm) or 0 acres (more likely to be located at the interior of city) and results are also

similar to our main specifications. We also compare how results vary when we use different

fixed effect specifications. Because other environmental and neighborhood attributes could

affect the housing price, we use the most conservative controls with census tract fixed effect

in the main specifications. We compare the main results to specifications that do not use

any geographic fixed effect or use country by year fixed effects in the robustness check. The

impacts from large exposure are larger when there is no fixed effect and results become

smaller when we use smaller geographic controls.

Although hog farm data are updated by NC DEQ, poultry farm data are not publicly

available. Environmental regulations rarely inspect poultry farms: they do not know the

locations of most farms and not able to track where the waste goes (Alexander and Wager,

2022). In this paper, we rely on the poultry farm information recorded by EWG in year

2014. It would be great if future research could use more updated poultry farm data to

capture the variation in the poultry exposure and calculate the associated environmental

costs. The hog farm data only provide a single latitude/longitude location, however, such

current data may not provide accurate proxy for exposure measure. Sprayfields, which

are used to spray animal waste to grow crops, compose a large portion of the hog farm.

Including sprayfield data could provide better exposure measure in the future research.

Previous lawsuits mentioned lost use and decrease enjoyment associated with CAFOs,

however, they did not provide detailed information. In this paper, we quantify the damages

associated with CAFOs by calculating the economic and disamenities cost. The significant

negative effects on houses with private wells suggest some large gains to the housing market

from the regulation in reducing the water contamination risk.
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4.3 Conclusion

NC is currently third largest hog producing state and also hosts a high concentration of

poultry farms. Those livestock production facilities have been causing serious environmental

problems in NC. This study focuses on eastern area of the state and uses the hedonic

model to quantify the negative impacts of both hog and poultry industrialized animal

farms on nearby property values. We find strong evidence that exposure to CAFOs has

statistically and economically significant impacts on house values. Specifically, we focus

on the potential different impacts for houses relying on different water sources and find

groundwater contamination lead to a larger decrease in house values. Results show being

exposed to the highest levels of hogs could cause 13% to 50% housing price decrease for

houses on private wells and 13% to 27% price reductions for community-water-dependent

houses, depending on the distance between CAFOs and houses. The impacts from poultry

CAFOs are smaller compared to hog exposure but could still cause 30% price decrease.

In future work, we are interested in studying the role of wind in aerial transmission.

Because air pollution is affected by weather, farms located upwind of the house could cause

more damages than those located downwind. One paper (Herriges et al., 2005) found the

negative effects are largest for houses located downwind of the operations. Having more

accurate information locations on poultry farm and hog sprayfield could also provide a

better measure of exposure.
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5. The Equity Implications of Exposure to
Industrial Livestock Operations

This chapter is based on a joint work with Kay Jowers and Christopher Timmins.

5.1 Introduction

The concentration of hog farming in the eastern area of NC, where many communi-

ties of color and low-income populations reside, raises environmental justice concerns. In

this paper, we examine the relationship between race and income and exposure to CAFOs.

In studies of the siting of hog farms, researchers looking at the relationship between the

presence of a hog CAFO and the race-based and class-based characteristics of nearby res-

idents have found the operations are disproportionately located in areas with higher levels

of poverty (Wing et al. 1996, Wing et al. 2000) and higher proportions of POC (e.g. Black,

Hispanic, and Native American populations) (Wing and Johnston 2014, Wing et al. 1996,

Wing et al. 2000, Edwards and Ladd 2001).

However, that literature has faced some limitations. First, previous studies have had

to rely on Census demographic data to measure the relationship between hog exposure and

race (Edwards and Ladd 2000, Wing et al. 2000, Wing and Johnston 2014) or income (Wing

et al. 2000, Edwards and Ladd 2000). Importantly, data limitations prevented analysis of

how disproportionate exposure varies by race and income at a very local level. Using a novel

micro-data source, we add this dimension to our analysis. Compared to white and Hispanic

residents, we find that having a high income does not necessarily help Black residents to

reduce their CAFO exposure, suggesting that uneven exposure patterns are more related

to race than to class for this group.

Second, the relationship between race and exposure to poultry CAFOs has largely been

missing in previous studies. We collect information on hog and poultry farms and separately

describe exposure to both. We also run a series of bivariate probit models to examine the

likelihood of multiple overlapping exposures – i.e., the joint probability of being exposed to

neither, either, or both types of CAFOs. Results suggest that Black and Hispanic residents
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are indeed more likely to be exposed toboth hogs and poultry, compared to white residents.

Finally, we investigate how exposure patterns vary by water source { i.e., community

water systems versus private wells. Results suggest similar exposure patterns for both water

types but the exposure gaps are larger for households on private wells.

5.2 Racial disparities in CAFO exposure

Previous research has documented inequity in exposure to CAFO's along the lines of race

and poverty Wing et al. (2000)Wing and Johnston (2014). We begin by con�rming these

inequities using our data, considering exposure de�ned simply as the number of animals {

either hog steady state live weight (SSLW) or poultry bird count { within a bu�er of 3, 4

or 5km. In particular, we are interested in how exposure varies for race, income, and water

sources. Household race is de�ned as white, Black, or Hispanic based on the name and

geographic location of the household. We separately demonstrate the inequities in exposure

for hog and poultry farms in our analyses.

We plot the actual CAFO exposure at each income level for each race and bootstrap

the corresponding 95% con�dence intervals. To smooth the plots, we use a moving average

calculation to average the points at nearby income levels for each income. The graphs

in �gure 5.1 describe 5km exposures; plots for 3km and 4km are in the appendix. The

two panels compare CAFO exposures across race groups plotted separately by hogs and

poultry for all households. Because of the possible di�erence between owners and renters,

we also plot separately for owners and renters. The exposure patterns are similar when we

compare owners and renters and the graphs are in the appendix. The graphs suggest POC

face higher hog and poultry exposure than whites for both forms of housing tenure. We

conduct additional analysis (see appendix) by focusing on the top agricultural-producing

counties in livestock farm cash receipts USDA/NASS (2022)1. Results suggest the exposure

is higher for those living in major agricultural-producing counties. In �gure 5.2, we plot

relative hog exposures { i.e., the di�erence in the hog exposure between each POC group

1The top ten counties are Duplin, Sampson, Bladen, Union, Robeson, Wilkes, Wayne, Anson,
Randolph, and Bertie.
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and white residents and speci�cally, we show how these di�erences vary across drinking

water sources. In �gure 5.3, we plot the corresponding relative poultry exposures. These

plots suggest similar relative exposure patterns with respect to race and income. Compared

across water sources, similar patterns hold for both water types but the di�erences are larger

for households dependent upon private wells. These exposure patterns show that increasing

income does not help Black residents in avoiding CAFO exposure, suggesting that uneven

distributional e�ects more related to race instead of class. Such exposure patterns are even

more signi�cant in major agricultural-producing counties.

Due to data limitation, we are not able to investigate the disproportionate exposure

associated with Native American. However, some counties in NC contain high percentage

of Native American. These Native Americans may be assigned in incorrect racial categories

and our results would be biased. According to ACS 2012-2016, there are three counties in

NC with more than 10% Native American: Robeson, Scotland, and Swain. We drop East

NC counties (Robeson and Scotland) as a robustness check. Around 73,000 households live

in those 2 counties in our data sample. Results (see appendix) and conclusions are similar

compared to the main speci�cations2.

2The exposure gaps between Hispanics and White are slightly larger (around 500,000 SSLW and
20,000 bird counts) in income between $0 and $40; 000.
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Figure 5.1 5km Hogs and Poultry Exposure, by Race and Income

We use animal farm data (provided by NC Department of Environmental Quality and
Environmental Working Group) and household demographic data (InfoUSA) to calculate
the aggregated SSLW (in 1,000,000) and bird counts (in 100,000) within household's 5km
bu�er and corresponding 95% con�dence interval at each income level for each race (white,
Black, and Hispanic). The two panels show the hog/poultry exposure distribution for
all households. The solid line shows the exposure and shaded area shows the con�dence
interval. Exposure plots for renters and 3km and 4km bu�ers are in appendix.

Figure 5.2 5km Hogs Exposure Race Di�erence, Private Well vs Community
Water System

Hog exposure di�erence (in 1,000,000 SSLW) between POC group and white for all house-
holds. The line shows the exposure di�erences between Black/Hispanic and white residents,
where the solid and dashed lines show the exposure di�erences for households dependent
upon private wells versus community water systems. The shaded area shows the corre-
sponding con�dence interval. Exposure di�erence plots for 5km renters and 3km and 4km
bu�ers are in the appendix.
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Figure 5.3 5km Poultry Exposure Race Di�erence, Private Well vs Community
Water System

Poultry exposure di�erence (in 100,000 bird counts) between POC group and white for all
households. The line shows the exposure di�erences between Black/Hispanic and white
residents, where the solid and dashed lines show the exposure di�erences for households
dependent upon private wells versus community water systems. The shaded area shows the
corresponding con�dence interval. Exposure di�erence plots for renters and 3km and 4km
bu�ers are in the appendix.

Because of the interaction of hogs and poultry, some racial groups may face higher

welfare costs if they are more likely to be exposed to both hogs and poultry. To examine

such disparities, we calculate the joint probability of CAFO exposure { i.e., being exposed to

neither, either, or both hog and poultry operations. We allow exposure to di�er for groups

de�ned by both race and income. In particular, each household is placed into one of three

race groups { low, medium and high. The low-income group is composed of households with

income below $35; 000 and high-income group are households with income above $100; 000.

We run the following bivariate probit model:

Hogsi = � 0 + � 1X i + " i

Poultry i = � 2 + � 3X i + " i

whereX i are race by income indicator variables. Fewer farms are located near urban areas.

However, race and income may be correlated with urban status { in particular, we �nd that

low-income Black households are more likely to live in urban areas. Ignoring urban status

may therefore lead to an omitted variables problem. We therefore exclude households in
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the interiors of urban areas, but we include an urban area dummy since households living

in urban area are systematically exposed to lower CAFOs. The bivariate probit model

speci�es the outcomes as:

Y =

8
<

:

1 if CAFO Exposure > 0

0 if CAFO Exposure = 0

We then calculate four joint probabilities of being exposed to hogs and/or poultry: expo-

sure to neither hogs nor poultry: P(Hogs = 0; Poultry = 0), exposure to either hogs or

poultry: P(Hogs = 0 ; Poultry = 1) and P(Hogs = 1 ; Poultry = 0), and exposure to both

hogs and poultry: P(Hogs = 1; Poultry = 1). The predicted joint probabilities for 5km

analyses are plotted in �gure 5.4 and results for 3km and 4km analyses are in the appendix.

The results show compared to being exposed to single CAFO, all race groups have higher

probabilities of being exposed to both hogs and poultry, but such probabilities are higher for

Black and Hispanic residents. We conduct additional analyses testing equality of predicted

probabilities (results are in the appendix). The tests compare whether coe�cients of POC

are larger than white and compares within income groups. Results show POC are more

statistically more likely to be exposed to both hogs and poultry. Such probabilities are

larger for Hispanic: the coe�cients are larger for Hispanic, compared to Black residents.
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Figure 5.4 Predicted Probability (Hogs, Poultry), 5km

Four predicted join probabilities from bivariate probit models: P(Hogs = 0 ; Poultry = 0),
P(Hogs = 0; Poultry = 1), P(Hogs = 1 ; Poultry = 0), and P(Hogs = 1 ; Poultry = 1). In
the bivariate probit model, we de�ne outcome as 1 if the CAFO exposure is positive and 0
otherwise. The independent variables are race by income dummies.

5.3 Conclusion and Discussion
We have built a dataset that includes detailed information on the location of both

swine and poultry CAFOs combined with household-level demographics and water source

information. Our study is descriptive in nature and documents racial and income disparities

in CAFO exposure. With the detailed demographic micro-data, we are able to examine

how race interacts with income in determining exposure to the harms of CAFOs. While

increasing income helps Hispanic and white residents avoid exposure, it does not similarly

help Black residents, suggesting that inequitable exposure for this group may be driven

by factors associated with race instead of class. Though it does not investigate the causal

aspects of the disparities in CAFO exposure, we document racial disparities in exposure

that cannot be attributed to class-based characteristics. Our results are consistent with
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previous studies examining the relationship between race, class, and exposure to hog CAFOs

in eastern NC, which also found that POC and low-income people are more likely to be

exposed to hogs. Given that eastern NC also has a high concentration of poultry CAFOs,

we did additional analyses of these operations and �nd similar exposure patterns.

Nonetheless, our study could be expanded in the following ways. First, we rely on

data that provide the location of CAFOs themselves, but we do not have data on the

location of spray�elds used by the farms for waste application. Spray�elds may be an im-

portant additional route of exposure for households (see appendix). Second, our measures

of exposure are based on proximity but do not account for wind direction. Because air

pollution exposures are a�ected by weather patterns, households with CAFOs located up-

wind or downwind may experience di�erential health exposures and odor levels. While a

moratorium on hog CAFO construction has been in place since 1998, poultry CAFOs have

continued to be built. Further research could therefore explore the relative importance of

facility siting versus residential sorting in determining observed disparities in exposure for

these operations in particular. This could help inform regulatory and policy strategies for

redressing historically disproportionate exposures by race as well as inform future siting

decision criteria to better address environmental injustices related to CAFOs. Finally, al-

though previous literature has found evidence of disproportionate exposure associated with

Native Americans (Wing et al. 1996, Wing and Johnston 2014, Kravchenko et al. 2018),

with the current demographic data InfoUSA, we are not able to study and conclude any EJ

problems associated with Native Americans.
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6. Equity Consequences of Climate
Adaptation

6.1 Introduction

There has been a growing global awareness of the costs associated with climate change.

With increasing global air and water temperatures, the possibility of extreme weather, such

as growing frequency of heat waves, rising wind speed of tropical cyclones, and increasing

intensity of droughts, will likely occur (Van Aalst 2006, Banholzer et al. 2014). Sea level rise

and increasing intensity of tropical storms has brought attention to hurricanes and 
ooding.

Studies have found that climate change increases the frequency and worsens the impacts of

hurricanes and associated 
oods (Holland and Bruy�ere 2014, Marsooli et al. 2019). We are

now experiencing stronger winds, higher storm surges, and record rainfalls during hurricane

seasons. Climate change also enlarges the zone where hurricanes can form. In NC, there

have recently been two notable hurricanes: Hurricane Matthew (in year 2016) and Florence

(in year 2018). Both hurricanes made landfall in southeastern NC, causing catastrophic


ooding, destroying housing properties, and contaminating drinking water sources.

One common response after natural disasters is to migrate out of a�ected areas. In the

residential sorting story, individuals \vote with their feet" to choose the preferred combi-

nations of costs, public goods, and amenities. Studies found that extreme weather drives

households to migrate (Smith et al. 2006, Ouattara and Strobl 2014) and households have a

higher propensity of moving to safer places if they choose to do so (Sheldon and Zhan, 2021).

Such migration behaviors also tend to vary across demographic (race, income/wealth, and

education) groups. However, literature has mixed results as the interplay of economic, po-

litical, demographic, social and environmental factors at the origin and destination could

complicate the migration stories. Although studies (Smith et al. 2006, Ouattara and Strobl

2014) found wealthier households are more likely to move out of a�ected areas, there also

exists evidence that the wealthiest households could stay, possibly because they have the

ability to self-protect and insure (Smith et al., 2006). In contrast, although lower socioeco-

40



nomic residents have higher incentives to migrate as they tend to be those most exposed to

pollution and climate change, they often cannot a�ord to pay the cost of migration. POC

and lower-income households are therefore more likely to stay (Sheldon and Zhan, 2021)

and thus face double risks from inability to avoid risks and vulnerability to the impacts

(Black et al. 2011, Cattaneo et al. 2020). However, the migration rate could be higher in

lower socioeconomic segments if they are not able to rebuild lost or damaged properties.

Mallick and Vogt (2012) found a higher migration rate in lower socioeconomic segments

of Bangladeshi society as higher-income groups had better-quality housing materials and

were more resilient to wind and tidal surges. This could also be caused by less government

funding for 
ood protection in poorer neighborhoods. During Hurricane Katrina, more

than half of those who died were Black and over 80% of destroyed houses belong to Black

residents because these neighborhoods received less protection and white neighborhoods got

priority in rebuilding after 
oods, even though they experienced less damages (Cho, 2020).

Such migration induced by natural disasters has the potential to reshape the distribution

of population and economics (Eyer et al., 2018). However, that literature has faced some

limitations. First, there is little research studying how behaviors change for di�erent race by

income groups. Low-income POC may be more likely to stay or move to a�ected areas than

low-income white residents, even given they both have limited �nancial means to relocate.

A complicating factor in this discussion is the interaction between 
oods and other en-

vironmental hazards. Climate change poses big threats to the existing systems and some

areas will be more impacted than others. One example is the water system. During 
ood

events, many aging water infrastructures are at risk as runo� enters pipes and contami-

nates drinking water sources. In NC, another concern arises from animal farming. Many

CAFOs are located in the low-lying region vulnerable to 
ooding (Martin et al., 2018).

During Hurricanes Matthew and Florence, CAFOs caused large damages to local communi-

ties. Animal waste was released into surrounding 
ood waters, contaminated neighborhood

drinking water sources, and spread large amounts of fecal matter that poses the danger of

antibiotic-resistant bacteria (Niedermeyer et al. 2020, Harris et al. 2021, Cole et al. 2000,
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Hribar 2010).

This paper �lls a literature gap by studying households' adaptive behaviors after cli-

mate change interacts with local environmental hazards and how such adaptation varies by

race and income. This paper focuses on hurricanes Matthew (2016) and Florence (2018)

and studies household's migration behaviors between years 2016 and 2020. Speci�cally, I

examine households' out-migration behaviors after hurricanes, how such behaviors change

if households lived near CAFOs or relied on private wells, and how moving behaviors varied

for di�erent demographic (race and income) populations. This paper utilizes the inundated

area map for Hurricanes Mathew and Florence, animal farms data that provide information

on farm location and size, and demographic data from InfoUSA, a marketing dataset that

provides information on households' annual physical address and demographic information,

including race, income, tenure status (owner vs renter), and number of children. With these

data, I am able to track households before and after hurricanes.

Results show that 
oods increase the likelihood of migration, and such responses are

stronger for households who rely on private wells. Households who live near CAFOs are

more likely to move out when they experience 
oods. The responses are even stronger if

the farm itself is also 
ooded and such e�ects are mostly attributable to hog (as opposed

to poultry) farms. However, I do not �nd signi�cant evidence showing that POC or higher-

income households are more or less likely to move out after 
oods, compared to white

households and lower-income households. Despite the insigni�cant di�erence in moving-out

behaviors between races or by income, I do �nd di�erent relocation choices after 
oods.

Speci�cally, I investigate the changes in the race and income compositions in areas with

and without damages after 
oods. Results suggest whites and higher-income communities

shift damages and risks to POC and lower-income residents. There are higher proportions

of lower-income households moving to 
ooded areas. For the transitions across races, more

low-income POC move into low-income white neighborhoods that experienced 
oods. Such

changes are even more signi�cant in 
ooded areas near CAFOs, and most of these transitions

happen in 
ooded areas with hog farms.
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A large literature has focused on disproportionate siting and exposure to hog farms

due to the rapid expansion of hog industry in NC. Studies conclude that low-income and

communities of color face higher burdens from hog pollution (Wing et al. 2000, Wing and

Johnston 2014), and such exposure gaps may be caused by disproportionate siting of the

hog facilities as this disadvantaged group did not have enough political power to reject

or protest (Wing et al. 1996, Edwards and Ladd 2001). Heterogeneous adaptation after


ooding could make the existing disproportionate damages even worse. Climate change

is expected to make extreme weather more frequent and intense. As time goes on, more

disadvantaged populations will live in areas with high risks. In the long run, they will su�er

the worst impacts of climate change, given where they live, their low income, limited access

to �nancial and health resources, and limited knowledge processing pollution information.

To protect their well-being, policy-makers and governments could increase protection. One

option is to increase investments in water infrastructure to prepare for the e�ects of climate

change or have stricter regulations on CAFOs, such as requiring a lower water line on animal

waste lagoons or forbidding spraying the waste before extreme weather. Providing access

to credit and insurance may also help residents cope with the shocks. On the other hand,

government-funded buyout programs that purchase houses and farms in the 
ooded areas

may be more e�cient. Because of lower housing costs, residents lacking �nancial means

will continue to move to 
ooded areas. Buyout programs that either demolish the 
ooded

houses into open space (such as wetland) or redevelop the house (such as elevate the house)

to prepare for the future disasters (Hashida and Dundas, 2022) could either reduce the

exposure to 
ood risks or help residents better cope with climate change.

6.2 Who Chooses To Move Out

6.2.1 Choice Model

To investigate whether or not households decide to migrate after any or both 
oods, and

if so, what types of households are more likely to move, I estimate a simple discrete choice

model, where householdi decides to stay or move after 
oods. The alternatives m are:
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0 = stay and 1 = move. The model assumes alternativeYi;m = X
0
� depends linearly on

some household's attributes, including race and income, and neighborhood's attributes, such

as whether the location was inundated during 
oods. Applying logit model, the probabilities

take the form:

P r (Yi = 1 jX ) =
exp(X

0
� )

1 + exp(X 0� )

P r (Yi = 0 jX ) =
1

1 + exp(X 0� )

and maximizing the likelihood function estimates the coe�cient � :

L (� ) =
Y

(1 � P r (Yi = 1 jX; � )P r (Yi = 1 jX; � )

The �rst component included in the X vectors is a 
ooding dummy indicating whether

or not the household experienced 
oods, so� here captures the e�ect of experiencing 
oods

on the likelihood that households select alternativem conditional on their demographic

characteristics. The second component ofX includes a vector of individual characteristics to

control for the potential disparities in moving behaviors. Demographic information includes

race, which is de�ned as white, Black, or Hispanic, household income, length of residence in

current address1, tenure status (owner vs renter), dummy indicating whether the household

has children, and whether the household lives in an urban area.

6.2.2 Empirical Analyses

I investigate whether or not households who experience 
oods are more (or less) likely

to move after Hurricanes Matthew and Florence and how such responses di�er if they live

near CAFOs. Because 
oods may signi�cantly contaminate people's drinking water sources,

households who live on private wells or community water may have di�erent responses to


oods. To examine the di�erent moving behaviors, I separate the speci�cations by water

sources. To have better control groups, I only consider households in the block groups

1Because people generally do not move when the length of residence is short or long, I include
a squared term on the length of residence.

44



where at least some households experienced 
oods. Previous literature suggests people

may move for di�erent reasons when they move locally versus long-distance (Sheldon and

Zhan, 2021). Long-distance moving may involve labor market and network change while

local movers may consider more environmental and neighborhood change factors. I therefore

only consider local movers here, which are de�ned as those moving within designated market

area (DMA) 2. To control for geographic and time variation, I include census tract and year

�xed e�ects. I use the logit 3 speci�cation described in the following equation:

movei;t +1 = � 0 + � 1
ood i;t + � 2X i;t + � 3CAFO i;t

+ � 4 (Racei;t � 
ood i;t ) + � 5 (incomei;t � 
ood i;t )

+ � 6 (CAFO i;t � 
ood i;t ) + (Fixed E�ects) + � i;t

The dependent variable movet+1 is a dummy indicating whether or not the household

moved4 after one of the hurricanes. The treatment variable f lood i;t is equal to 1 if the

household locates in an inundated area in hurricane yeart. Demographic controls, such

as race, income, and tenure, are in variable vectorX . To capture the di�erent moving

behaviors between races and by income, I include the interaction terms between 
ood and

races/income to investigate whether POC (Black and Hispanic households) or households

with higher income are more or less likely to move when they were hit by the 
oods. The

variable CAFO i;t is a dummy indicating if there are any CAFOs inside a 5km bu�er. House-

holds with or without CAFOs nearby may have di�erent responses to 
oods. Households

living next to CAFOs may be already aware of the possible consequences after the 
oods

and would not be surprised even if the surrounding farms gets 
ooded. In contrast, be-

cause hurricanes are extreme weather, households with CAFOs nearby may not expect any

2DMA is a region of US that de�nes television and radio markets. DMAs are usually de�ned
based on metropolitan areas and surrounding suburbs. There are 210 DMAs in US and 10 DMAs
in NC.

3Results are not sensitive to using a Probit in place of the logit speci�cations.
4The household is de�ned as \moved" if the change in latitude/longitude is larger than 0.25

miles. The percentage of movers stays similar across years (around 4% to 4:5%). I tried using
both household address and latitude/longitude to de�ne the movement variable and around 98%
households have same moving status.
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of these events and may have stronger responses. To examine such behaviors, I include

an interaction term between 
oods and CAFO dummies and the e�ect is captured by the

coe�cient � 6. Because hog farms use lagoons to store animal waste while poultry farms use

the dry litter method, the damages from hog farms may be worse than poultry farms and

I investigate such di�erences by separating CAFOs into hog and poultry categories.

Does the Flooding Experience of Surrounding CAFOs Matter?

Due to the potential for water contamination, whether a nearby CAFO is 
ooded may

matter. I thus further separate CAFOs into 
ooded and non-
ooded categories, where the


ooded indicator equals to 1 if the farm itself was 
ooded and non-
ooded dummy equals

to 1 if the farm was not inundated. The speci�cation is in the following equation:

movei;t +1 = � 0 + � 1
ood i;t + � 2X i;t + � 3CAFO f lood
i;t + � 4CAFO notf lood

i;t

+ � 5

�
CAFO f lood

i;t � 
ood i;t

�
+ � 6

�
CAFO notf lood

i;t � 
ood i;t

�

+ � 7 (Racei;t � 
ood i;t ) + � 8 (incomei;t � 
ood i;t ) + (Fixed E�ects) + � i;t

When the surrounding farm 
ooded, it does not necessarily mean the households were

a�ected by its waste. Animal waste from 
ooded farms located downhill of the house may

not 
ow to the house as the house is located at a higher elevation. I thus consider the

elevations of both farms and the houses and re-de�ne the 
ooded CAFOs. The 
ooded

CAFO indicator now equals to 1 only if the elevation of the 
ooded farm is larger or equal

to that of the house (the farm is de�ned as uphill), so the animal waste is more likely to be

released to the house. The non-
ooded categories now include both non-
ooded farms or


ooded farms that are located downhill (if the elevation of the farm is strictly smaller than

that of the house) of the house5.

5The median and mean di�erence in elevation (between farms and house) are 15 and 13 meters
for uphill farms and 24 and 27 meters for downhill farms.
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6.2.3 Empirical Results

Table 6.1 and 6.2 shows the regression results for main speci�cation. The �rst two

columns show the results generally concerning CAFOs and the last two columns show how

the results di�er by hogs and poultry. Results show that aside from 
oods, Hispanics,

owners, and people who have lived longer in their current places are less likely to move,

while households with children or those living in urban areas are more likely to move.

Households who experience 
oods are more likely to move than households who do not.

Responses are stronger for households dependent on private wells. I do not, however, �nd

signi�cant di�erences in moving behaviors between white households and POC or by income.

Compared to those without any CAFOs nearby, households on private wells who live next

to animal farms are more likely to move when they experience 
oods, and such e�ects are

mostly attributable to hog farms. CAFOs seem to matter less for households who rely on

community-water systems: the coe�cients are either smaller or insigni�cant compared to

the private-wells results.

Table 6.3 shows the results related to 
ooded and non-
ooded CAFOs. The results show

similar results on 
oods: households who experience 
oods are more likely to migrate and

the responses are stronger for those living on private wells. Such responses are even stronger

if the surrounding CAFOs were also 
ooded. Responses are mostly evident for households

who rely on private wells and live near hog farms. In terms of speci�cations using elevation

to de�ne 
ooded CAFOs, similar results (in the appendix) hold for 
ooded households:

there are still signi�cant results on 
ooded farm categories but now the non-
ooded farms

also matter, although the e�ects are smaller. New results also show that 
ooded poultry

farms matter for households who rely on private wells. The results suggest households may

also care about farms located downhill, even though they may be less a�ected by these

farms. Flooded farms located downhill could also cause water contamination, due to the

intersections of water streams and 
ooded regions during the hurricanes. For example,

farms and houses may not be located in the same water stream or 
ooded regions, but they

could both connect to another 
ooded area, which indirectly transfers animal waste to the
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house. Perceptions of future risks could be another possible explanation. Households could

perceive the 
ooded farms in the neighborhood as future risks even though the farms are

located at lower elevation.

I conduct several robustness checks (results are in the appendix). Because moving may

take time, such as �nding a new house and selling one's current house, I run additional

speci�cations that consider moving in the two years after the hurricane. Having CAFOs

closer to the house may cause more damage. Therefore, I also investigate how moving

behaviors change when CAFOs are located at di�erent distances (3km, 4km, and 5km).

Similar conclusions hold: 
oods drive people to move out and responses are stronger for

people on private wells or live near CAFOs.
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Table 6.1 : Moving Behaviors - General Moving Behaviors

CAFO Hogs & Poultry

Private Wells Community Water Private Wells Community Water

Black -0.0633 -0.0350 -0.0633 -0.0354
(0.0636) (0.0234) (0.0636) (0.0234)

Hispanic -0.174** -0.308*** -0.173** -0.309***
(0.0817) (0.0396) (0.0817) (0.0396)

income (in $1000) -0.00109** -0.00106*** -0.00110** -0.00107***
(0.000447) (0.000185) (0.000447) (0.000185)

owner -0.611*** -0.622*** -0.611*** -0.622***
(0.0436) (0.0184) (0.0436) (0.0184)

have children 0.0734** 0.0723*** 0.0736** 0.0723***
(0.0354) (0.0156) (0.0354) (0.0156)

length of residence -0.148*** -0.142*** -0.148*** -0.142***
(0.00475) (0.00203) (0.00475) (0.00203)

(length of residence)2 0.00209*** 0.00208*** 0.00209*** 0.00208***
(0.000103) (0.0000433) (0.000103) (0.0000433)

urban 0.229*** 0.152*** 0.228*** 0.148***
(0.0557) (0.0238) (0.0558) (0.0239)

CAFOs -0.0413 -0.0198
(0.0567) (0.0287)

hogs -0.0776 -0.0576*
(0.0611) (0.0316)

poultry -0.0113 0.0118
(0.0613) (0.0290)

Standard errors in parentheses, ***p < 0:01, ** p < 0:05, * p < 0:1; Black and Hispanic are dummies with values
1 if the household race is Black and Hispanic, respectively;income is adjusted by $1; 000; Variablesowner, have
children and urban equal to 1 if the household is owner, have children, and the household lives in urban area.
length of residenceis the number of years the household lives at the current address and the speci�cation include
a square term as the relationship may not be linear.CAFOs, hogs, and poultry are dummies that equal to 1 if the
household has any hog or/and poultry CAFOs, hogs CAFOs, and poultry CAFOs within 5km bu�er.
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Table 6.2 : Moving Behaviors - Flood and CAFO Related

CAFO Hogs & Poultry

Private Wells Community Water Private Wells Community Water


ood 0.205* 0.165*** 0.189* 0.172***
(0.114) (0.0467) (0.112) (0.0465)

black � 
ood -0.00304 0.0766 0.0126 0.0812
(0.196) (0.0608) (0.196) (0.0608)

Hispanic � 
ood 0.171 0.0362 0.140 0.0374
(0.305) (0.150) (0.305) (0.150)

income� 
ood -0.000217 -0.00000619 -0.0000141 0.0000179
(0.00120) (0.000553) (0.00120) (0.000554)

CAFOs � 
ood 0.515*** 0.109*
(0.118) (0.0605)

hogs� 
ood 0.745*** 0.108
(0.142) (0.0780)

poultry � 
ood -0.148 0.00116
(0.149) (0.0773)

Standard errors in parentheses, ***p < 0:01, ** p < 0:05, * p < 0:1; 
ood is equal to 1 if the household lives
in the 
ooded area; All other variables are interaction terms between race/income/CAFO and 
ood dummy.
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Table 6.3 : Moving Behaviors - Flood CAFOs

CAFO Hogs & Poultry

Private Wells Community Water Private Wells Community Water


ood 0.201** 0.0932*** 0.212*** 0.172***
(0.0805) (0.0312) (0.0780) (0.0337)

CAFOsf lood � 
ood 0.708*** 0.149*
(0.148) (0.0870)

CAFOsnon � f lood � 
ood 0.0177 0.0760
(0.143) (0.0650)

hogsf lood � 
ood 0.747*** 0.0286
(0.154) (0.110)

hogsnon � f lood � 
ood 0.139 0.158*
(0.164) (0.0886)

poultry f lood � 
ood 0.0132 -0.00185
(0.205) (0.131)

poultry non � f lood � 
ood -0.0691 -0.0525
(0.165) (0.0826)

N 270477 1170235 270477 1168274

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; 
ood equals to 1 if the household lives in the

ooded area; CAFOsf lood , hogsf lood , and poultryf lood equal to 1 if there are any CAFO (either hogs or/and poultry),
hogs, and poultry in the 
ooded area within 5km bu�er; CAFOsnon � f lood , hogsnon � f lood , and poultrynon � f lood equal
to 1 if there are any CAFO (either hogs or/and poultry), hogs, and poultry in the non-
ooded area within 5km bu�er;
The speci�cation include the interaction terms between 
ooded/non-
ooded CAFOs and 
ood dummy.

6.3 Race and Income Compositions After Floods

Although the results show evidence of out-migration behaviors in response to 
ood

events, I do not �nd moving depends on race or income and results suggest that this form

of adaptation does not a�ect disproportionate exposure. However, households' heteroge-

neous relocation choices may place some disadvantaged populations in areas with damages.

Because households choose optimal locations based on preferences and ability to pay for a

clean environment, lower socioeconomic households may be more likely to relocate in 
ooded

areas as housing becomes more a�ordable in those areas (Bin and Landry, 2013). In this

section, I investigate the race and income compositions after 
oods and how the changes

di�er in areas with and without 
ood damages 6. Because of the histories of residential

6Because moving and relocation takes times, the main results use 2-years lag moves. The results
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segregation and housing discrimination, the analyses are separately done for each race and

income community. Households are assigned in one of the six categories: low/med/high-

income whites, and low/med/high-income POC (Black and Hispanics). Low-income are

de�ned as those with income below $35; 000, med-income is between $35; 000 and $100; 000,

and high-income are those with income higher than $100; 000. Tables 6.4 and 6.5 show

the race and income compositions in non-
ooded and 
ooded areas after 
oods. Each col-

umn shows the household compositions for each race by income category. For example,

column 1 in table 6.4 shows that for places starting with low-income whites, 83:4% of them

stay in low-income white, 13:4% of them switch to medium-income whites, and around 2%

switch to low-income POC. Both tables show that most (around 80% to 90%) places stay

in same race by income category after 
oods. There are some POC (around 3%) moving

into low-income white areas but few move into med- and high-income white communities7.

To compare whether the changes in household compositions are signi�cantly di�erent

between 
ooded and non-
ooded areas, I use t-tests to check the signi�cance of the di�er-

ences (table 6.6). Results show there are more low-income POC moving to low-income white

neighborhoods that experienced 
oods. Lower-income households take over residences in


ooded places where higher-income households used to reside, for both whites and POC. For

example, instead of moving to non-
ooded areas, around 0:9% more low-income POC move

to 
ooded low-income white neighborhoods. Around 1:2% more medium-income whites

move into high-income white neighborhood with 
ood damages. Similar stories are evident

for POC: around 1:9% more low-income POC move to med-income POC neighborhood that

experienced 
oods.

using 1-year lag moves are in the appendix and 1-year results show slightly larger coe�cients than
2-years results.

7The number of populations in all areas, 
ooded, non-
ooded, 
ooded areas with CAFOs around
are similar before and after hurricane events. Less than 1% addresses became empty after events.
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Table 6.4 : Transition Matrix - places with no 
oods

before

whitelow whitemed whitehigh POClow POCmed POChigh
af

te
r

whitelow 83.439 9.026 2.335 4.005 3.491 2.460

whitemed 13.431 82.879 12.551 0.631 2.715 3.646

whitehigh 0.409 6.501 84.023 0.026 0.180 1.367

POClow 2.080 0.701 0.279 87.833 10.043 1.892

POCmed 0.331 0.617 0.438 6.877 79.803 9.056

POChigh 0.013 0.044 0.160 0.089 3.337 81.299

Race and income compositions for places with no 
oods, after 
oods (2-years);low income is
de�ned as those with income below $35; 000, medium income are those with income between
$35; 000 and $100; 000, and high income are those with income above $100; 000. Race is
de�ned as white and POC. POC are racial groups Black and Hispanic.

Table 6.5 : Transition Matrix - places with 
oods

before

whitelow whitemed whitehigh POClow POCmed POChigh

af
te

r

whitelow 84.136 9.412 2.653 3.193 3.467 2.920

whitemed 11.976 83.140 13.725 0.286 2.041 3.282

whitehigh 0.460 6.157 82.911 0.007 0.109 1.247

POClow 2.938 0.619 0.239 90.882 11.937 1.524

POCmed 0.222 0.413 0.190 5.255 79.563 8.760

POChigh 0.007 0.030 0.116 0.022 2.491 81.927

Race and income compositions for places with 
oods, after 
oods (2-years);low income is
de�ned as those with income below $35; 000, medium income are those with income between
$35; 000 and $100; 000, and high income are those with income above $100; 000. Race is
de�ned as white and POC. POC are racial groups Black and Hispanic.
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Table 6.6 : T-test: 
ood - non-
ood

before

whitelow whitemed whitehigh POClow POCmed POChigh
af

te
r

whitelow 0.696** 0.386** 0.318*** -0.812*** -0.0247 0.460

whitemed -1.455*** 0.261 1.174*** -0.345*** -0.674*** -0.364

whitehigh 0.0514 -0.344** -1.112*** -0.0185*** -0.0709 -0.120

POClow 0.857*** -0.0819** -0.0405 3.049*** 1.893*** -0.368

POCmed -0.108*** -0.204*** -0.248*** -1.623*** -0.240 -0.296

POChigh -0.00631 -0.0133 -0.0439 -0.0675*** -0.846*** 0.628

* p< 0.1, ** p< 0.05, *** p < 0.01; T-test comparing race and income compositions for places with

oods and places with no 
oods; low income is de�ned as those with income below $35; 000, medium
income are those with income between $35; 000 and $100; 000, andhigh income are those with income
above $100; 000. Race is de�ned aswhite and POC. POC are racial groups Black and Hispanic; The
red box highlights the transition of how POC move into white locations.

Places with and without CAFOs

Such change in exposure could be worse for 
ooded places with CAFOs nearby as these

areas experience the worst damages. Therefore, I separate the analysis into places with

(table 6.8) and without (table 6.7) CAFOs. Results show that compared to those without

CAFOs, more low-income POC move to 
ooded low-income white neighborhoods with

CAFOs nearby. Similar stories hold in income: more lower-income households (both whites

and POC) move to 
ooded higher-income communities with CAFOs nearby. Because hog

farms use lagoons to store animal waste while poultry farms use the dry litter method, the

damages could be worse from hogs than from poultry. Tables 6.9 and 6.10 compare the

changes in 
ooded areas with hogs and poultry around. Results show larger changes in


ooded areas with hogs, while the changes are not signi�cant in places with poultry.

Several robustness checks are conducted here (results are in the appendix). Because

Black and Hispanics households may have di�erent moving behaviors, I separate POC into

these two groups and results show that the transitions are mostly attributable to low-income

Black households. Because it takes time for owners to relocate, while renters can respond
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quickly, I separately check the transitions for owners and renters. Results show similar

conclusions for owners in both 1- and 2-years moves but results are only signi�cant for

renters in 1-year moves.

Table 6.7 : T-test (with no CAFOs): 
ood - non-
ood

before

whitelow whitemed whitehigh POClow POCmed POChigh

af
te

r

whitelow 1.091*** 0.517*** 0.408*** -1.066*** -0.0909 0.121

whitemed -1.839*** 0.0967 0.790** -0.490*** -0.772*** -0.509

whitehigh 0.105 -0.239 -0.824** -0.0313*** -0.113* -0.121

POClow 0.792*** -0.0166 -0.0237 3.362*** 3.789*** -0.340

POCmed -0.113*** -0.305*** -0.233*** -1.618*** -1.635** 1.108

POChigh -0.00374 -0.0172 -0.0609* -0.0736*** -1.133*** -0.0183

* p< 0.1, ** p< 0.05, *** p < 0.01; This table focuses on locations with no CAFOs and shows the
t-test comparing race and income compositions for places with 
oods and places with no 
oods;low
income is de�ned as those with income below $35; 000,medium incomeare those with income between
$35; 000 and $100; 000, and high income are those with income above $100; 000. Race is de�ned as
white and POC. POC are racial groups Black and Hispanic; The red box highlights the transition of
how POC move into white locations.

Table 6.8 : T-test (with CAFOs): 
ood - non-
ood

before

whitelow whitemed whitehigh POClow POCmed POChigh

af
te

r

whitelow 0.261 0.497* 0.65** -0.56** 0.15 1.17

whitemed -1.081*** 0.763** 1.663** -0.141* -0.813*** -0.201

whitehigh -0.0704 -1.174*** -2.04*** 0.00195 -0.0410 -0.192

POClow 1.018*** -0.114 0.00711 1.849*** -0.385 -0.438

POCmed -0.0999* -0.0166 -0.239** -0.861** 1.759** -2.830**

POChigh -0.0110*** -0.0103 0.00335 -0.0588* -0.644* 1.905

* p< 0.1, ** p< 0.05, *** p < 0.01; This table focuses on locations with CAFOs and shows the t-
test comparing race and income compositions for places with 
oods and places with no 
oods;
low income is de�ned as those with income below $35; 000, medium income are those with income
between $35; 000 and $100; 000, and high income are those with income above $100; 000. Race is
de�ned as white and POC. POC are racial groups Black and Hispanic; The red box highlights the
transition of how POC move into white locations.
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Table 6.9 : T-test (with hogs): 
ood - non-
ood

before

whitelow whitemed whitehigh POClow POCmed POChigh
af

te
r

whitelow 0.342 0.615* 0.732* -0.0195 0.422 0.639

whitemed -1.339*** 0.151 2.672*** -0.104 -0.739** 0.277

whitehigh -0.0143 -0.698*** -3.109*** 0.00439 -0.0755 0.0792

POClow 1.099*** -0.197** -0.00384 1.676*** -0.787 -0.382

POCmed -0.0480 0.0392 -0.222* -1.241** 2.055** -2.535

POChigh -0.0112*** 0.00775 -0.00185 -0.0344 -1.060*** 1.015

* p< 0.1, ** p< 0.05, *** p < 0.01; This table focuses on locations with hogs and shows the t-test
comparing race and income compositions for places with 
oods and places with no 
oods;low income
is de�ned as those with income below $35; 000, medium income are those with income between
$35; 000 and $100; 000, and high income are those with income above $100; 000. Race is de�ned as
white and POC. POC are racial groups Black and Hispanic; The red box highlight the transition of
how POC move into white locations.

Table 6.10 : T-test (with poultry): 
ood - non-
ood

before

whitelow whitemed whitehigh POClow POCmed POChigh

af
te

r

whitelow 0.324 -0.0567 0.376 -0.506* 0.0500 1.365

whitemed -0.371 1.437*** 1.356* -0.0392 -0.651** -0.732

whitehigh -0.0420 -1.259*** -1.437* 0.0129 -0.00576 0.203

POClow 0.198 -0.0808 0.00775 1.299** -0.786 -0.123

POCmed -0.0965 -0.0542 -0.265** -0.472 1.608* -2.964*

POChigh -0.0125*** -0.0377*** -0.0266 -0.0875*** -0.240 1.382

* p< 0.1, ** p< 0.05, *** p < 0.01; This table focuses on locations with poultry and shows the t-test
comparing race and income compositions for places with 
oods and places with no 
oods;low income
is de�ned as those with income below $35; 000,medium incomeare those with income between $35; 000
and $100; 000, andhigh income are those with income above $100; 000. Race is de�ned aswhite and
POC. POC are racial groups Black and Hispanic; The red box highlight the transition of how POC
move into white locations.

Race and Income in the Long Run

In order to put the results into context, I next examine how such adaptive behaviors
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would change the race and income compositions in the long run. To do so, I use the

transition matrix to simulate the household compositions over repeated 
ooding events. If

some damages are shifted to low-income and POC populations after every 
ood, there will

be a signi�cantly greater disadvantaged population living in 
ooded areas as time passes.

Figure 6.1 shows the changes in race and income compositions after every 
ood event8. The

largest decrease in changes occur in �rst 10 
ood events and the changes converge to 0 after

30 and 50 events for non-
ooded and 
ooded areas, respectively.

Figure 6.1 Change in Household Compositions After Flood Events

Changes in race and income compositions after every 
ood event; Each data point calculates
the di�erence in household compositions between the previous and the last 
ood event.

Based on the convergence patterns in 
ooded area, I plot the race and income composi-

tions after 509 
ood events. Figure 6.2 compares the compositions between non-
ooded and


ooded areas. Before the 
ood events, there are 5% more low-income POC living in 
ooded

areas relative to non-
ooded areas. After 
oods, the race and income compositions stay

similar for non-
ooded areas, while there is a signi�cant increase in low-income POC (from

17:4% to 22:3%) in 
ooded areas. There are 9% more low-income POC living in 
ooded

areas relative to non-
ooded areas. There are also more low-income whites and med- and

8Each point calculates the di�erence in household compositions between the previous and the
last 
ood event.

9Because 50 Matthew/Florence-similar 
ood events are rare, I plot the race and income compo-
sitions after 10 
ood events in the appendix. The compositions for non-
ooded areas and 
ooded
areas with poultry farms are similar but the changes (increase or decrease) are smaller for 
ooded
areas and 
ooded areas with hogs.
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high-income POC in the 
ooded areas, while there is an decrease in medium- (from 35:6%

to 29:8%) and high-income (from 14% to 11:6%) whites. Figure 6.3 focuses on 
ooded areas,

but examines how the transitions are di�erent in areas with hogs versus poultry. Similar

results hold for 
ooded areas with hogs around (approximate 6% increase in low-income

POC). For 
ooded areas with poultry nearby, the race and income compositions are similar

after 
oods.

Figure 6.2 Change in Household Compositions

The plot compares the race and income compositions before and after 50 
ood events for

ooded and non-
ooded areas; Households are separated into 6 categories: low/med/high-
income white, and low/med/high-income POC; POC are de�ned as Black and Hispanic.
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Figure 6.3 Change in Household Compositions (Flooded Areas with CAFOs)

The plot compares the race and income compositions before and after 50 
ood events
for 
ooded areas with hogs and poultry; Households are separated into 6 categories:
low/med/high-income white, and low/med/high-income POC; POC are de�ned as Black
and Hispanic.

6.4 Discussion

There are several limitations in this paper. First, the intensity of disasters may matter.

Sheldon and Zhan (2021) found households are more responsive to severe disasters that

result in more property damage or have greater impacts on local amenities. However, the

inundated area maps in this study only delineated the 
ooded regions but did not provide

information on the intensity of 
oods in each area. Therefore, results in this study may

underestimate the responses in areas with severest 
ood damages. The hog farm data only

provide a single point of location, however, hog pollution come from lagoons and spray�eld.

Including detailed information on the farm area could provide better exposure and 
ooding

information in the future research.

In the simulation analyses, I assume the same adaptive behaviors after every 
ood, but

the behaviors could change after several 
oods. If households believe hurricanes will be

more frequent, households with �nancial means may take immediate actions to move away

from areas with high 
ooding risks and the race and income transitions could be worse

after several 
ood events, leaving disadvantaged populations who are not able to cope with

natural disasters in high risk areas. On the other hand, the perceptions of risk may diminish
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over time once households restore calm (Bin and Landry, 2013) and the changes in household

compositions may be smaller.

6.5 Conclusion

Because of climate change, there is growing discussion about how residents minimize

the damages from natural disasters via adaptation. One dimension of such adaptation

is the potential to move away from areas that are exposed to natural disasters. Despite

a large literature focusing on hurricanes and 
oods, few papers have studied migration

decisions when climate change interacts with existing systems. In this study, I investigate

how 
oods could a�ect people's decisions to migrate, and whether households who live near

more fragile systems are more or less likely to respond. I �nd 
oods increase households'

propensity to migrate. The responses are stronger for households on private wells as these

wells are at high risks of contamination during the 
oods. Households living near CAFOs

are even more likely to move after they experience 
oods. Such e�ects are mostly found in

households dependent on private wells and near hog farms, which pose a high risk of water

contamination (than poultry farms) due to their waste management methods. Because

having animal farms nearby does not necessarily mean that a house will be directly exposed

to its waste, I further separate the CAFOs into 
ooded and non-
ooded categories. I �nd

households who experience 
oods respond more when the surrounding CAFOs are also


ooded. Such responses again, are mostly found in households relying on private wells and

those living next to hogs, while I do not �nd signi�cant results in non-
ooded farms. Despite

the signi�cant adaptive behaviors among households who experience 
oods, I do not �nd

signi�cant di�erences in the moving-out decisions between races or by income. However, the

race and income transitions after 
oods show evidence of higher burdens of damages and

risks for the disadvantaged population: more low-income POC and lower-income residents

move into 
ooded areas, especially to the 
ooded areas with CAFOs nearby.

Due to climate change, hurricanes will increase in frequency and intensity as well as

in terms of the rainfall they produce. This creates an important challenge for CAFOs in

NC. There is already disproportionate exposure to CAFOs based race and income, and
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transitions after 
oods will put more POC and low-income residents into areas with high

risks and damages. The population who will increasingly live in riskier regions will also be

the population that is more vulnerable to disaster destruction and less able to cope with

shocks. To protect the well-being of households, especially the POC and low-income resi-

dents living near CAFOs, policy-makers and government agencies could consider increasing

protection in areas with high 
ooding risks, increasing investments in water infrastructure,

or setting stricter regulations on CAFOs. Giving access to credit, providing insurances and

social protection that targets this disadvantaged population could also help them to cope

after shocks. Government-funded buyout programs that purchase the housing properties

in 
ooded areas could be more helpful. Transforming the 
ooded areas into public land

for open space or redeveloping the properties to better cope with natural disasters (such as

elevating houses) (Hashida and Dundas, 2022) could su�ciently reduce the disproportionate

exposure to high risks.
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7. Conclusion
The goal of this dissertation is to provide an empirical study of environmental impacts

associated with CAFOs. Pork and poultry are two of the most consumed proteins in the

world. While they are sources of both food and jobs, these animal farming industries

emit pollution, create health risks, and a�ect real estate markets. Chapter 4 focuses on

housing markets and �nds strong evidence of negative impacts of CAFOs on housing price,

especially for those on private wells, suggesting that home buyers perceive this to be a

possible pollution exposure route. Moreover, the high concentration of animal farming near

communities of color and low-income populations raises environmental justice concerns.

Chapter 5 �nds POC face higher hog and poultry exposure, compared to white households.

Such exposure gaps do not necessarily decrease with higher income, suggesting such uneven

exposure could be more related to race rather than class. Meanwhile, climate change poses

another big threat to CAFOs as the waterways could be severely contaminated during

hurricanes and associated 
oods. Chapter 6 investigates household's migration behaviors

and �nds that 
oods drive people to move out, especially for those living near CAFOs or on

private wells. The relocation patterns show more lower-income households and POC move

into a�ected areas, highlighting equity concerns under climate change and in the future

hurricane events.

In NC, CAFOs have a signi�cant impact on the environment and surrounding commu-

nities. One solution to mitigate the negative impacts is a farm 
oodplain buyout program.

NC started this program in 1999, after hurricane Floyd, but the program has not been

e�cient in solving the problems. The state stopped funding the program in 2007 and the

buyout program did not resume until 2018, when 46 animal waste lagoons over
ew or broke

during hurricane Florence. There has not been enough funding for those buyouts. Because

of its contribution to state's income, hog industry has been a strong political power and

any policy proposals that reduce the number of hogs may not be e�ective given current

political realities. Meanwhile, animal farm companies and energy companies have proposed

waste-to-energy biogas projects. Although lagoons will be covered when producing biogas
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and this may help reduce odors and 
ooding, these policies do not reduce the number of hog

operations in NC (Walters, 2022) nor solve existing environmental problems. Spray�elds

present another problem. Hog farms store animal waste in lagoons and spray the waste to

grow crops (Christenson and Serre, 2017). Before extreme weather, such as major rainfall,

many farmers spray untreated hog waste to reduce the water line in lagoons and such ac-

tions could severely contaminate waterways. Although spraying waste is illegal just before

storms (Yeoman, 2019), there are no regulations requiring monitoring of this. Poultry farms

are also largely unregulated as those operations are not required to apply for a permit to

operate. Given the negative impacts from CAFOs, better regulations are needed to miti-

gate the damages su�ered by local communities. Meanwhile, policies targeting surrounding

communities may also be helpful. One possible policy solution is to provide community

water for households living next to CAFOs, as this reduces the risk of water contamination

compared to private wells. Housing buyout programs, which make people move out of areas

with high risks, could also be e�cient in reducing exposure.
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A. Data Appendices

A.1 NC Community Water System Maps

(a) Hog Farms Location

(b) Poultry Farm Location

Figure A.1 NC CAFO Distribution

Distribution of hogs (provided by NC Department of Environmental Quality) and poultry
farms (provided by Environmental Working Group) in NC; The area is decomposed into
1,855 block groups, where the darker areas are those with a higher percentage of people of
color.

A.2 Farm Types

This section shows the distributions of farm types (farrow to wean, wean to �nish,

feeder to �nish, etc.) in the exposure bins 1, 5, 10, 15, and 20, by using the 3km and 5km
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speci�cations with private-well data 1. The �gures show that most of the farms are wean to

feeder in the smallest exposure bin, while feeder to �nish farms become the majority in the

larger exposure bins.

(a) 3km Exposure, Private Wells (b) 5km Exposure, Private Wells

Figure A.2 Distributions of Farm Types

Distribution of farm types in the exposure bins 1, 5, 10, 15, and 20 with 3km and 5km
private wells data.

A.3 (Logged) NC CAFO Exposure Distribution

The �gures A.3 and A.4 plot the distributions of exposure for 3km and 4km bu�er for

private-wells and community-water-dependent houses.

1The results are similar across distance bu�ers (3km to 5km) and across water types (private-
wells vs community water).
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(a) Hogs Exposure

(b) Poultry Exposure

Figure A.3 3km CAFO Exposure

Logged distribution of hog and poultry exposure using a 3km bu�er for houses on private
wells and community water; The �gures only include households with positive exposure.
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(a) Hogs Exposure

(b) Poultry Exposure

Figure A.4 4km CAFO Exposure

Logged distribution of hog and poultry exposure using a 3km bu�er for houses on private
wells and community water; The �gures only include households with positive exposure.

A.4 CAFO Percentile Cuto�
In the hedonic analysis, We use ventiles (i.e., the 5th , 10th , 15th , ..., 95th percentiles)
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of the CAFO exposure distribution to de�ne our disamenity. The ventile cuto�s are de-

�ned using the distribution of households with positive exposure (zero exposure de�nes our

baseline category) and we use private wells/community-water 5km exposure distribution to

de�ne the cuto�s for private wells/community-water speci�cations separately. Tables A.1

and A.2 show every percentile used in the hedonic analysis.

Table A.1 : Hogs Quantile Cuto�s

private wells community water

Percentile Percentile Percentile Percentile

P5 0.115 P55 1.359 P5 0.115 P55 1.086

P10 0.165 P60 1.359 P10 0.144 P60 1.323

P15 0.238 P65 1.652 P15 0.212 P65 1.712

P20 0.330 P70 1.788 P20 0.305 P70 1.786

P25 0.486 P75 2.261 P25 0.389 P75 2.084

P30 0.582 P80 2.761 P30 0.475 P80 2.740

P35 0.713 P85 3.645 P35 0.559 P85 3.407

P40 0.918 P90 4.960 P40 0.661 P90 4.960

P45 1.044 P95 7.819 P45 0.802 P95 6.941

P50 1.244 P50 0.950

Exposure adjusted by large CAFO: 1 million SSLW; Ventiles (5th , 10th , 15th , ..., 95th per-
centiles) of hogs exposure distribution
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Table A.2 : Poultry Quantile Cuto�s

private wells community water

Percentile Percentile Percentile Percentile

P5 0.142 P55 1.583 P5 0.162 P55 1.293

P10 0.297 P60 2.037 P10 0.243 P60 1.583

P15 0.497 P65 2.374 P15 0.450 P65 1.656

P20 0.568 P70 2.671 P20 0.594 P70 2.007

P25 0.682 P75 3.241 P25 0.617 P75 2.207

P30 0.796 P80 3.865 P30 0.778 P80 2.713

P35 0.926 P85 4.433 P35 0.909 P85 3.303

P40 1.187 P90 5.243 P40 1.104 P90 4.020

P45 1.364 P95 6.366 P45 1.104 P95 5.243

P50 1.478 P50 1.293

Exposure adjusted by large CAFO: 100,000 total bird count; Ventiles (5th , 10th , 15th , ...,
95th percentiles) of poultry exposure distribution
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With 2-sample Kolmogorov{Smirnovtest (KS) tests, we are able to compare the equality

of distributions of CAFO exposure. Table A.3 shows the 2-sample KS test for aggregated

hogs and poultry exposure within 5km by water sources. The �rst line tests the hypothesis

that exposure for CWS contains smaller values than for private wells. The largest di�erence

between the distribution functions are 0.1071 and 0.1265 for hogs and poultry exposure and

both results are statistically signi�cant. The second line tests the hypothesis that exposure

for CWS contains larger values than for private wells. The largest di�erence between the

distribution functions are relatively small (around 0.02). The approximately p-values for the

combined test are 0 for both hogs and poultry exposure, suggesting statistically signi�cant

di�erences in distributions of CAFO exposure by water sources.

Table A.3 : 2-sample Kolmogorov{Smirnovtest tests

Hogs Poultry

Smaller group D p-value Smaller group D p-value

0 0.1071 0.000 0 0.1265 0.000

1 -0.0275 0.006 1 -0.0251 0.014

Combined K-S 0.1071 0.000 Combined K-S 0.1265 0.000

The �rst line (labeled with 0) tests the hypothesis that CAFO exposure for group 0
(CWS) contains smaller values than group 1 (private wells). The second line (labeled
with 1) tests the hypothesis that CAFO exposure for group 0 (CWS) containslarger
values than group 1 (private wells). The last line is a combined test.
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A.5 InfoUSA Demographic Data

Table A.4 shows the summary statistics for race, income, and household water source

for InfoUSA households in eastern NC in Chapter 5.

Table A.4 : InfoUSA Summary Statistics - Race and Income

All Private Community
Households Wells Water

Race and Income

White 0.7401 0.7979 0.7275

Black 0.2225 0.1609 0.2359

Hispanic 0.0374 0.0412 0.0366

Income 59999 (55721) 61977 (53006) 59568 (56287)

Race by Income

White Low Income 0.2590 0.2717 0.2562

White Middle Income 0.3259 0.3668 0.3170

White High Income 0.1552 0.1594 0.1542

Black Low Income 0.1377 0.0890 0.1483

Black Middle Income 0.0689 0.0584 0.0712

Black High Income 0.0159 0.0135 0.0164

Hispanic Low Income 0.0175 0.0176 0.0174

Hispanic Middle Income 0.0151 0.0180 0.0144

Hispanic High Income 0.0049 0.0056 0.0048

N 1057216 189394 867822

Demographic data describing household residents come from the InfoUSA Residential
Historical Files and are accessed under a use agreement with Duke University. The sum-
mary statistics use same data as the 4km exposure regression. Data exclude households
located in the coastal and urban areas. Race categories are calculated in percentage and
income category is calculated in mean (with standard deviation).
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B. Appendices to Chapter 4

B.1 Hedonic, Full Table

This section includes the tables that include coe�cients of CAFO exposure, housing

attributes, and other environmental amenities. The speci�cations use tract and year �xed

e�ects.
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B.1.1 Lprice Results

Table B.1 : Hedonic - by Water, Log Price Speci�cations (Hogs Attributes)

Private Wells Community Water

3km 4km 5km 3km 4km 5km

Hogs Q1 -0.110*** -0.0157 -0.0308 0.0681** -0.00849 -0.0219
(0.0400) (0.0350) (0.0332) (0.0266) (0.0235) (0.0231)

Hogs Q2 0.147*** 0.240*** 0.161*** 0.0515 -0.0239 -0.0000576
(0.0488) (0.0485) (0.0503) (0.0472) (0.0353) (0.0402)

Hogs Q3 0.0423 0.0722 0.0318 0.132*** 0.0775*** -0.0109
(0.0523) (0.0456) (0.0456) (0.0300) (0.0290) (0.0298)

Hogs Q4 0.0352 0.0644 -0.0231 0.116*** 0.0663*** -0.0201
(0.0541) (0.0427) (0.0422) (0.0291) (0.0255) (0.0239)

Hogs Q5 -0.110*** -0.153*** -0.0518 0.0388 0.0157 0.0108
(0.0316) (0.0406) (0.0452) (0.0249) (0.0249) (0.0245)

Hogs Q6 -0.118** -0.0735* -0.0479 -0.0472 -0.0526* -0.0455*
(0.0512) (0.0408) (0.0386) (0.0316) (0.0296) (0.0258)

Hogs Q7 -0.0418 -0.0661 -0.0757* -0.0994*** -0.0573* 0.000332
(0.0472) (0.0410) (0.0387) (0.0307) (0.0303) (0.0265)

Hogs Q8 -0.0751** -0.0253 -0.0546 0.0327 -0.0739** -0.0888***
(0.0345) (0.0378) (0.0420) (0.0368) (0.0325) (0.0259)

Hogs Q9 -0.225*** -0.0869* -0.0391 0.0361 0.0447* -0.0371
(0.0538) (0.0524) (0.0454) (0.0282) (0.0248) (0.0237)

Hogs Q10 -0.108** -0.125*** -0.0978** 0.0472 -0.0119 -0.00870
(0.0428) (0.0426) (0.0401) (0.0343) (0.0300) (0.0236)

N 9680 9680 9680 35662 36345 36801
R2 0.227 0.229 0.225 0.289 0.290 0.288

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Results related to the �rst 10
hogs ventile bins (hogs 5th , 10th , ..., 50th percentiles); Speci�cations control for tract and year �xed
e�ects.
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Table B.2 : Hedonic - by Water, Log Price Speci�cations (Hogs Attributes)

Private Wells Community Water

3km 4km 5km 3km 4km 5km

Hogs Q11 -0.0816 -0.0679 0.0530 -0.135*** -0.0289 -0.0657**
(0.0597) (0.0483) (0.0519) (0.0330) (0.0282) (0.0259)

Hogs Q12 0 0 0 0.0277 0.0727*** -0.0147
(.) (.) (.) (0.0347) (0.0262) (0.0243)

Hogs Q13 -0.167*** -0.0937** -0.0956** 0.00329 -0.0448* -0.0408*
(0.0385) (0.0371) (0.0409) (0.0308) (0.0247) (0.0237)

Hogs Q14 -0.134* -0.200*** -0.0331 -0.156*** -0.0866*** -0.0344
(0.0757) (0.0709) (0.0449) (0.0394) (0.0295) (0.0251)

Hogs Q15 -0.103** -0.0650 0.00677 0.0753** -0.0748** -0.0326
(0.0482) (0.0459) (0.0422) (0.0356) (0.0311) (0.0258)

Hogs Q16 -0.0506 -0.0703 -0.0734 -0.156*** -0.0764*** -0.0258
(0.0542) (0.0436) (0.0472) (0.0347) (0.0280) (0.0252)

Hogs Q17 -0.0138 -0.0462 -0.140*** -0.153*** -0.157*** -0.0933***
(0.0571) (0.0531) (0.0476) (0.0417) (0.0310) (0.0270)

Hogs Q18 -0.194*** -0.0647 -0.101* -0.0916** -0.117*** -0.104***
(0.0740) (0.0543) (0.0533) (0.0429) (0.0303) (0.0276)

Hogs Q19 -0.332*** -0.157** -0.182*** 0.0822 -0.0616 -0.0972***
(0.0921) (0.0687) (0.0546) (0.0794) (0.0421) (0.0331)

Hogs Q20 -0.483*** -0.141 -0.133 -0.138 -0.270*** -0.143***
(0.174) (0.0975) (0.0818) (0.141) (0.0603) (0.0418)

N 9680 9680 9680 35662 36345 36801
R2 0.227 0.229 0.225 0.289 0.290 0.288

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Results related to the last 10
hogs ventile bins (hogs 55th , 60th , ..., 95th percentiles); Speci�cations control for tract and year �xed
e�ects
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Table B.3 : Hedonic - by Water, Log Price Speci�cations (Poultry Attributes)

Private Wells Community Water

3km 4km 5km 3km 4km 5km

Poultry Q1 -0.0936* 0.0588 0.0237 -0.00788 -0.0320* -0.0169
(0.0494) (0.0408) (0.0368) (0.0239) (0.0186) (0.0182)

Poultry Q2 -0.103** -0.0307 -0.0187 -0.0782* -0.156*** -0.141**
(0.0416) (0.0408) (0.0405) (0.0470) (0.0537) (0.0624)

Poultry Q3 -0.0535 -0.0402 -0.130** -0.0956*** -0.0324 -0.00259
(0.0420) (0.0506) (0.0513) (0.0212) (0.0197) (0.0182)

Poultry Q4 -0.0483 -0.00703 0.0362 0.00108 -0.0125 -0.0597***
(0.0422) (0.0384) (0.0404) (0.0246) (0.0223) (0.0227)

Poultry Q5 -0.00731 0.0651 0.00329 0.0183 0.0583 0.00339
(0.0308) (0.0430) (0.0443) (0.0483) (0.0471) (0.0429)

Poultry Q6 0.0290 0.135*** 0.101** -0.0344 0.0156 0.0144
(0.0500) (0.0465) (0.0491) (0.0226) (0.0196) (0.0210)

Poultry Q7 -0.0258 0.0688* 0.0335 -0.0285 -0.0657*** 0.00787
(0.0406) (0.0371) (0.0442) (0.0281) (0.0250) (0.0215)

Poultry Q8 -0.156*** -0.103*** 0.00227 -0.0118 -0.0140 -0.0353*
(0.0422) (0.0389) (0.0420) (0.0184) (0.0190) (0.0196)

Poultry Q9 -0.0665 -0.184*** -0.0684* 0 0 0
(0.0428) (0.0367) (0.0405) (.) (.) (.)

Poultry Q10 0.168** 0.0753 -0.0307 0.000900 -0.0180 -0.0115
(0.0840) (0.0566) (0.0523) (0.0237) (0.0203) (0.0175)

N 9680 9680 9680 35662 36345 36801
R2 0.227 0.229 0.225 0.289 0.290 0.288

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Results related to the �rst 10
poultry ventile bins (poultry 5 th , 10th , ..., 50th percentiles); Speci�cations control for tract and year
�xed e�ects
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Table B.4 : Hedonic - by Water, Log Price Speci�cations (Poultry Attributes)

Private Wells Community Water

3km 4km 5km 3km 4km 5km

Poultry Q11 -0.0404 -0.0493 0.0296 0 0 0
(0.0662) (0.0604) (0.0555) (.) (.) (.)

Poultry Q12 0.0137 -0.00629 -0.0358 -0.106*** 0.0201 0.000431
(0.0445) (0.0411) (0.0445) (0.0282) (0.0242) (0.0197)

Poultry Q13 -0.0909 -0.0779 -0.0191 -0.0384 -0.0541** -0.00136
(0.0596) (0.0503) (0.0481) (0.0404) (0.0265) (0.0268)

Poultry Q14 -0.207** -0.0796 -0.0682 -0.0557* -0.0608*** -0.0508**
(0.0843) (0.0552) (0.0491) (0.0299) (0.0228) (0.0227)

Poultry Q15 -0.188*** 0.00798 -0.0913** -0.128*** 0.00530 -0.0541**
(0.0592) (0.0444) (0.0464) (0.0445) (0.0288) (0.0228)

Poultry Q16 -0.174** -0.0954** -0.0224 -0.0715* 0.0213 0.00525
(0.0773) (0.0470) (0.0466) (0.0371) (0.0273) (0.0236)

Poultry Q17 0.0301 0.00195 -0.0187 -0.0958* -0.0635** -0.0269
(0.0814) (0.0576) (0.0497) (0.0516) (0.0309) (0.0243)

Poultry Q18 -0.296*** -0.0897 -0.0313 -0.0633 -0.0787*** -0.0215
(0.0972) (0.0614) (0.0495) (0.0516) (0.0303) (0.0244)

Poultry Q19 -0.300* -0.113 -0.0192 -0.0428 -0.106*** -0.0534**
(0.176) (0.0796) (0.0548) (0.0512) (0.0346) (0.0254)

Poultry Q20 -0.324** -0.117 -0.240*** -0.304*** -0.194*** -0.125***
(0.156) (0.104) (0.0666) (0.0702) (0.0443) (0.0325)

H � P 0.00883* 0.000705 -0.000486 -0.00165 0.00174 0.000218
(0.00466) (0.00198) (0.000958) (0.00471) (0.00182) (0.000863)

N 9680 9680 9680 35662 36345 36801
R2 0.227 0.229 0.225 0.289 0.290 0.288

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Results related to the last 10
poultry ventile bins (poultry 55 th , 60th , ..., 95th percentiles); The speci�cation includes the interaction
terms between hogs and poultry dummies; Speci�cations control for tract and year �xed e�ects.
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Table B.5 : Hedonic - by Water, Log Price Speci�cations (Housing Attributes)

Private Wells Community Water

3km 4km 5km 3km 4km 5km

land�ll -0.0124 -0.0140 -0.0139 0.000736 0.00283 0.00796
(0.0115) (0.0118) (0.0127) (0.00762) (0.00755) (0.00756)

RSEI 3.29e-07 1.66e-06 5.61e-07 -5.32e-06** -5.37e-06** -5.40e-06**
(2.22e-06) (2.25e-06) (2.27e-06) (2.12e-06) (2.12e-06) (2.11e-06)

sqft 3.52e-04*** 3.53e-04*** 3.52e-04*** 4.04e-04*** 4.07e-04*** 4.08e-04***
(1.20e-05) (1.21e-05) (1.21e-05) (5.62e-06) (5.55e-06) (5.53e-06)

age -3.81e-03*** -3.88e-03*** -3.82e-03*** -3.68e-03*** -3.74e-03*** -3.69e-03***
(2.84e-04) (2.83e-04) (2.85e-04) (1.36e-04) (1.36e-04) (1.35e-04)

baths 0.0930*** 0.0916*** 0.0916*** 0.0842*** 0.0818*** 0.0825***
(0.00982) (0.00983) (0.00984) (0.00487) (0.00482) (0.00479)

beds -0.0467*** -0.0470*** -0.0464*** -0.0159*** -0.0155*** -0.0164***
(0.00821) (0.00819) (0.00821) (0.00344) (0.00339) (0.00338)

acres 8.95e-03*** 8.95e-03*** 8.79e-03*** 9.80e-03*** 1.00e-02*** 9.71e-03***
(7.94e-04) (7.92e-04) (7.93e-04) (5.41e-04) (5.39e-04) (5.37e-04)

basement 2.58e-04*** 2.75e-04*** 2.96e-04*** 5.80e-05** 5.40e-05* 5.51e-05*
(7.85e-05) (7.82e-05) (7.84e-05) (2.85e-05) (2.83e-05) (2.82e-05)

Urban 0.0169 0.0334* 0.0403** 0.0305*** 0.0324*** 0.0265***
(0.0180) (0.0178) (0.0181) (0.00837) (0.00837) (0.00842)

Constant 15.79*** 15.78*** 15.79*** 15.57*** 15.58*** 15.59***
(0.0312) (0.0320) (0.0330) (0.0147) (0.0148) (0.0151)

N 9680 9680 9680 35662 36345 36801
R2 0.227 0.229 0.225 0.289 0.290 0.288

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Results related to housing attributes; land�ll:
# active land�ll sites within 3km; RSEI: block group toxic chemicals. Speci�cations control for tract and year �xed
e�ects.
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Figure B.1 Price Decrease (4km)

Price impacts (in percentage terms) of each hogs and poultry exposure bins for 4km results;
X-axis is labeled at the midpoint of each exposure bins measured in logs.
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B.1.2 Price Results

Table B.6 : Hedonic - by Water, Price Speci�cations (Hogs Attributes)

Private Wells Community Water

3km 4km 5km 3km 4km 5km

Hogs Q1 -13415.8*** -1123.5 -3636.9 4612.6 -6859.2** -6054.1**
(4801.0) (4194.7) (3972.3) (3546.0) (3137.6) (3084.9)

Hogs Q2 15741.2*** 27204.4*** 17362.6*** -221.1 -5124.5 -4450.2
(5850.3) (5809.1) (6018.4) (6296.3) (4716.5) (5359.3)

Hogs Q3 3821.3 11620.3** -237.2 17106.6*** 2682.3 -1873.7
(6273.9) (5456.8) (5457.1) (4007.5) (3866.8) (3977.7)

Hogs Q4 3292.6 9737.3* -7255.7 9540.6** 503.2 -5646.1*
(6482.0) (5112.3) (5054.2) (3877.7) (3406.5) (3181.6)

Hogs Q5 -9238.7** -14822.6*** -8807.1 2683.8 -367.9 -597.9
(3790.9) (4856.7) (5412.2) (3319.9) (3323.9) (3265.0)

Hogs Q6 -4122.4 -6104.5 -6126.1 -7536.0* -9052.2** -7317.4**
(6139.4) (4887.0) (4617.9) (4216.0) (3959.9) (3440.7)

Hogs Q7 -10225.4* -9299.0* -10542.0** -6885.0* -6824.1* -1607.5
(5660.2) (4910.2) (4638.8) (4096.8) (4044.2) (3539.1)

Hogs Q8 -8039.0* -1496.1 -11221.4** 747.9 -8554.7** -12041.4***
(4134.1) (4527.0) (5024.2) (4916.5) (4336.0) (3460.9)

Hogs Q9 -22756.6*** -7832.3 -9886.8* 5120.6 2101.2 -5718.4*
(6455.5) (6274.9) (5442.1) (3758.8) (3305.9) (3157.7)

Hogs Q10 -11772.5** -9605.1* -9293.0* 1924.5 -1446.8 -2338.7
(5132.5) (5099.7) (4800.7) (4580.2) (4005.9) (3144.7)

N 9680 9680 9680 35662 36345 36801
R2 0.334 0.337 0.334 0.350 0.353 0.353

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results related to
the �rst 10 hogs ventile bins (hogs 5th , 10th , ..., 50th percentiles); Speci�cations control for tract and year
�xed e�ects.
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Table B.7 : Hedonic - by Water, Price Speci�cations (Hogs Attributes)

Private Wells Community Water

3km 4km 5km 3km 4km 5km

Hogs Q11 -12311.3* -10565.5* -976.5 -16702.4*** -9849.5*** -8930.6***
(7154.5) (5788.3) (6214.3) (4408.6) (3768.0) (3459.6)

Hogs Q12 0 0 0 7902.8* 7400.8** -2856.7
(.) (.) (.) (4630.7) (3502.6) (3245.3)

Hogs Q13 -17308.2*** -15105.9*** -14149.9*** 2137.3 -2832.5 -7921.2**
(4610.0) (4444.4) (4901.0) (4114.9) (3297.5) (3155.0)

Hogs Q14 -18946.4** -25397.8*** -3814.5 -12712.7** -19501.6*** -11047.0***
(9070.2) (8485.0) (5377.3) (5257.7) (3944.4) (3347.1)

Hogs Q15 -11700.0** -6409.4 -4176.9 13621.9*** -10103.3** -8784.0**
(5784.2) (5496.2) (5058.2) (4746.6) (4155.4) (3443.7)

Hogs Q16 -7002.3 -8894.1* -18774.8*** -6417.7 -11935.7*** -9323.0***
(6495.3) (5224.1) (5652.4) (4629.7) (3735.7) (3362.2)

Hogs Q17 223.8 -5094.4 -13761.6** -16592.0*** -16648.8*** -14492.5***
(6850.1) (6358.0) (5702.5) (5568.8) (4139.3) (3604.1)

Hogs Q18 -18218.4** -8965.0 -16915.2*** -11027.4* -9116.0** -10039.0***
(8870.9) (6498.5) (6386.8) (5727.4) (4049.3) (3682.3)

Hogs Q19 -26395.2** -18104.2** -25217.9*** 6813.2 -8325.7 -6321.2
(11038.5) (8223.8) (6540.7) (10599.3) (5619.5) (4421.0)

Hogs Q20 -47449.9** -15998.4 -12323.2 -14651.3 -28199.8*** -16294.9***
(20886.6) (11675.1) (9796.2) (18850.0) (8048.8) (5577.7)

N 9680 9680 9680 35662 36345 36801
R2 0.334 0.337 0.334 0.350 0.353 0.353

Standard errors in parentheses, ***p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results related to the last
10 hogs ventile bins (hogs 55th , 60th , ..., 95th percentiles); Speci�cations control for tract and year �xed e�ects.
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Table B.8 : Hedonic - by Water, Price Speci�cations (Poultry Attributes)

Private Wells Community Water

3km 4km 5km 3km 4km 5km

Poultry Q1 -4567.4 11102.3** 424.1 -4539.4 -4771.7* 3300.4
(5916.4) (4886.7) (4402.9) (3189.7) (2478.3) (2428.2)

Poultry Q2 -7413.8 -1897.2 -3695.2 -5609.5 -11548.3 -14161.4*
(4981.5) (4886.0) (4853.1) (6269.5) (7175.9) (8318.7)

Poultry Q3 -4922.3 3612.7 -3976.4 -7522.4*** 647.0 1354.1
(5037.1) (6060.1) (6144.0) (2831.4) (2630.5) (2425.0)

Poultry Q4 -7452.1 -3879.9 -3154.6 1117.8 -3312.5 -10514.2***
(5063.6) (4602.0) (4840.0) (3286.1) (2973.2) (3033.2)

Poultry Q5 -250.7 10641.1** 4717.0 4085.0 3177.5 -4860.6
(3695.0) (5148.0) (5301.4) (6443.7) (6284.7) (5715.2)

Poultry Q6 -1070.7 15251.0*** 14986.2** -3326.6 -332.6 5784.6**
(5999.9) (5563.0) (5884.4) (3010.2) (2611.8) (2795.5)

Poultry Q7 -1417.8 10147.4** 2279.5 -151.5 -5705.6* 2046.4
(4868.6) (4442.3) (5286.9) (3748.5) (3332.8) (2861.1)

Poultry Q8 -21987.6*** -7995.0* 1576.4 -430.5 -266.7 -3608.6
(5055.5) (4653.3) (5030.8) (2451.6) (2537.6) (2608.3)

Poultry Q9 -4242.4 -16955.4*** -10525.5** 0 0 0
(5128.6) (4394.3) (4850.2) (.) (.) (.)

Poultry Q10 18362.1* 11490.6* -5015.0 -2009.5 -5139.5* -5596.3**
(10074.2) (6772.9) (6265.5) (3157.2) (2708.0) (2336.9)

N 9680 9680 9680 35662 36345 36801
R2 0.334 0.337 0.334 0.350 0.353 0.353

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results related to
the �rst 10 poultry ventile bins (poultry 5 th , 10th , ..., 50th percentiles); Speci�cations control for tract and
year �xed e�ects.
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Table B.9 : Hedonic - by Water, Price Speci�cations (Poultry Attributes)

Private Wells Community Water

3km 4km 5km 3km 4km 5km

Poultry Q11 -7247.4 -7466.9 2771.3 0 0 0
(7933.2) (7231.7) (6651.5) (.) (.) (.)

Poultry Q12 -132.3 2480.5 -736.9 -11664.6*** -241.3 -296.2
(5335.6) (4920.0) (5322.8) (3763.7) (3233.1) (2632.3)

Poultry Q13 -6527.8 -7065.2 -3702.5 -3928.3 -2351.6 2811.7
(7147.4) (6026.1) (5757.8) (5396.5) (3539.2) (3575.3)

Poultry Q14 -22221.7** -6354.0 -9764.9* -8852.2** -8835.5*** -6993.2**
(10108.1) (6611.8) (5882.2) (3986.6) (3039.2) (3027.3)

Poultry Q15 -13696.5* 2994.0 -9405.9* -15505.0*** 1081.8 -7212.9**
(7097.8) (5316.8) (5554.3) (5943.9) (3853.1) (3041.1)

Poultry Q16 -7555.7 -8585.1 -1688.1 -8331.7* 1535.7 1563.9
(9268.5) (5625.5) (5577.3) (4945.3) (3646.8) (3144.8)

Poultry Q17 441.9 4102.5 8107.0 -14595.4** -7874.0* -4608.3
(9758.3) (6901.2) (5946.5) (6890.5) (4127.2) (3238.5)

Poultry Q18 -31128.7*** 2583.5 717.9 -9868.7 -10142.4** -4159.6
(11658.6) (7358.3) (5927.2) (6891.5) (4048.6) (3257.8)

Poultry Q19 -22191.1 -13535.9 -1093.2 -7151.6 -10992.8** -6125.8*
(21116.2) (9529.1) (6561.0) (6831.1) (4617.7) (3388.0)

Poultry Q20 -25748.1 -7648.8 -14709.1* -31731.1*** -17874.5*** -15142.9***
(18700.7) (12485.7) (7978.5) (9365.3) (5922.8) (4338.8)

Hogs� Poultry 529.9 24.18 -156.0 16.39 142.5 32.14
(558.6) (236.9) (114.7) (628.1) (242.7) (115.1)

N 9680 9680 9680 35662 36345 36801
R2 0.334 0.337 0.334 0.350 0.353 0.353

Standard errors in parentheses, ***p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results related to the last
10 poultry ventile bins (poultry 55 th , 60th , ..., 95th percentiles); The speci�cation includes the interaction terms
between hogs and poultry dummies; Speci�cations control for tract and year �xed e�ects.
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Table B.10 : Hedonic - by Water, Price Speci�cations (Housing Attributes)

PW CWS

3km 4km 5km 3km 4km 5km

land�ll -1826.7 -1760.7 -1922.8 -916.4 -698.4 -364.8
(1378.3) (1416.5) (1519.0) (1016.9) (1008.5) (1007.8)

RSEI -0.0730 0.0843 -0.00991 -0.546* -0.566** -0.549*
(0.266) (0.269) (0.272) (0.283) (0.283) (0.282)

sqft 59.37*** 59.52*** 59.47*** 66.01*** 66.50*** 66.63***
(1.441) (1.445) (1.446) (0.750) (0.742) (0.737)

age -384.6*** -392.6*** -382.5*** -379.6*** -391.9*** -383.1***
(34.07) (33.90) (34.11) (18.18) (18.11) (18.03)

baths 13561.0*** 13448.7*** 13436.4*** 12031.6*** 11848.2*** 11878.6***
(1177.6) (1176.6) (1178.1) (650.1) (643.5) (638.4)

beds -6763.7*** -6727.6*** -6688.5*** -3601.8*** -3649.6*** -3784.7***
(984.1) (981.1) (982.8) (458.5) (452.6) (450.9)

acres 1695.4*** 1699.5*** 1696.2*** 1622.1*** 1645.0*** 1615.8***
(95.17) (94.81) (95.00) (72.15) (71.97) (71.67)

basement 53.97*** 55.80*** 57.89*** 14.60*** 14.42*** 14.30***
(9.407) (9.364) (9.389) (3.799) (3.776) (3.763)

Urban -1529.9 592.7 1125.3 2746.5** 2701.7** 1766.0
(2156.6) (2137.2) (2170.4) (1116.6) (1117.8) (1123.4)

Constant 45669.6*** 43159.1*** 46308.0*** 23460.8*** 25262.6*** 26533.1***
(3743.4) (3837.2) (3946.1) (1957.4) (1980.4) (2017.6)

N 9680 9680 9680 35662 36345 36801
R2 0.334 0.337 0.334 0.350 0.353 0.353

PW: private wells, CWS: community-water system. Standard errors in parentheses, *** p < 0:01, **
p < 0:05, * p < 0:1; Price speci�cation; Results related to housing attributes; land�ll: # active land�ll sites
within 3km; RSEI: block group toxic chemicals. Speci�cations control for tract and year �xed e�ects.
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B.2 Hedonic Robustness Check, 5km

In this section, we compare how the results change with and without �xed e�ects. We

used 5km speci�cations as an example. The �rst column has no �xed e�ect, the second

column uses county by year �xed e�ect, the third column uses tract and year �xed e�ect,

which is our main speci�cations, and the forth column uses tract and year �xed e�ects

and we dropped houses with acres either equal to 0 or larger than 101. The �rst four

speci�cations only include households that are either exposed to hogs or poultry within

10km and we compare our main speci�cation to the one if we include all housing transactions

(either exposed to any CAFO or not within 10km), which is the �fth column 2.

1The results if we drop large acres or not are similar in the tract and year �xed e�ects.
2The results are also similar whether we control for 10km exposure or not.
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B.2.1 Private Wells Results

Table B.11 : Hedonic - 5km Private-Wells Dependent Houses (Hogs Exposure)

(1) (2) (3) (4) (5)

Hogs Q1 -0.0558** -0.0295 -0.0308 -0.0391 -0.0342
(0.0279) (0.0279) (0.0332) (0.0320) (0.0313)

Hogs Q2 0.119*** 0.235*** 0.161*** 0.159*** 0.156***
(0.0394) (0.0431) (0.0503) (0.0495) (0.0478)

Hogs Q3 0.0112 -0.0338 0.0318 0.0230 0.0420
(0.0374) (0.0367) (0.0456) (0.0453) (0.0433)

Hogs Q4 -0.00672 -0.0287 -0.0231 -0.0249 -0.0197
(0.0379) (0.0373) (0.0422) (0.0414) (0.0400)

Hogs Q5 -0.0952** -0.0612 -0.0518 -0.0577 -0.0601
(0.0385) (0.0383) (0.0452) (0.0442) (0.0426)

Hogs Q6 0.00968 -0.0235 -0.0479 -0.0784** -0.0491
(0.0323) (0.0324) (0.0386) (0.0376) (0.0357)

Hogs Q7 -0.109*** -0.112*** -0.0757* -0.115*** -0.0786**
(0.0358) (0.0358) (0.0387) (0.0384) (0.0369)

Hogs Q8 -0.0742** -0.0665* -0.0546 -0.0630 -0.0557
(0.0342) (0.0344) (0.0420) (0.0419) (0.0399)

Hogs Q9 -0.0724* -0.00928 -0.0391 -0.0562 -0.0478
(0.0411) (0.0412) (0.0454) (0.0452) (0.0429)

Hogs Q10 -0.0836** -0.109*** -0.0980** -0.135*** -0.0964**
(0.0327) (0.0339) (0.0401) (0.0395) (0.0381)

County � year FE X
Tract FE, Year FE X X X
Drop Acres = 0 j > 10 X
No 10km CAFO Control X
N 9679 9629 9679 9283 13888
R2 0.264 0.336 0.225 0.240 0.240

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results
related to the �rst 10 hogs ventile bins (hogs 5th , 10th , ..., 50th percentiles); The �rst three columns
control for no �xed e�ects, control for county by year �xed e�ects, and control for tract and year �xed
e�ects; The fourth column controls for tract and year �xed e�ects and drops houses with acres with
values 0 or larger than 10; The last column controls for tract and year �xed e�ects and include all
houses with and without CAFOs within 10km.
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Table B.12 : Hedonic - 5km Private-Wells Dependent Houses (Hogs Exposure)

(1) (2) (3) (4) (5)

Hogs Q11 0.0382 0.0189 0.0530 0.0253 0.0607
(0.0412) (0.0417) (0.0519) (0.0516) (0.0493)

Hogs Q12 0 0 0 0 0
(.) (.) (.) (.) (.)

Hogs Q13 -0.0977*** -0.124*** -0.0955** -0.121*** -0.102***
(0.0357) (0.0361) (0.0409) (0.0401) (0.0389)

Hogs Q14 -0.103*** -0.0785** -0.0331 -0.0496 -0.0339
(0.0378) (0.0381) (0.0449) (0.0437) (0.0427)

Hogs Q15 -0.0126 -0.0207 0.00687 -0.0120 0.0102
(0.0367) (0.0374) (0.0422) (0.0414) (0.0402)

Hogs Q16 -0.0419 -0.0653 -0.0730 -0.105** -0.0711
(0.0387) (0.0407) (0.0472) (0.0467) (0.0449)

Hogs Q17 -0.122*** -0.174*** -0.140*** -0.184*** -0.137***
(0.0387) (0.0404) (0.0476) (0.0477) (0.0452)

Hogs Q18 -0.0746* -0.142*** -0.101* -0.154*** -0.103**
(0.0410) (0.0427) (0.0533) (0.0535) (0.0507)

Hogs Q19 -0.235*** -0.202*** -0.181*** -0.178*** -0.183***
(0.0408) (0.0448) (0.0546) (0.0553) (0.0519)

Hogs Q20 -0.198*** -0.171** -0.133 -0.116 -0.136*
(0.0604) (0.0675) (0.0818) (0.0844) (0.0778)

County � year FE X
Tract FE, Year FE X X X
Drop Acres = 0 j > 10 X
No 10km CAFO Control X
N 9679 9629 9679 9283 13888
R2 0.264 0.336 0.225 0.240 0.240

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results
related to the last 10 hogs ventile bins (hogs 55th , 60th , ..., 95th percentiles); The �rst three columns
control for no �xed e�ects, control for county by year �xed e�ects, and control for tract and year �xed
e�ects; The fourth column controls for tract and year �xed e�ects and drops houses with acres with
values 0 or larger than 10; The last column controls for tract and year �xed e�ects and include all
houses with and without CAFOs within 10km.
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Table B.13 : Hedonic - 5km Private-Wells Dependent Houses (Poultry Exposure)

(1) (2) (3) (4) (5)

Poultry Q1 -0.0496 -0.0485 0.0237 0.0329 0.0224
(0.0327) (0.0338) (0.0368) (0.0366) (0.0347)

Poultry Q2 -0.0514 0.000524 -0.0187 0.00293 -0.0211
(0.0346) (0.0354) (0.0405) (0.0401) (0.0386)

Poultry Q3 -0.197*** -0.142*** -0.130** -0.160*** -0.134***
(0.0438) (0.0458) (0.0513) (0.0514) (0.0488)

Poultry Q4 0.0577 0.00872 0.0362 0.0685* 0.0316
(0.0351) (0.0344) (0.0404) (0.0402) (0.0384)

Poultry Q5 0.0276 0.0423 0.00329 0.0288 0.00393
(0.0392) (0.0390) (0.0443) (0.0435) (0.0421)

Poultry Q6 -0.0809* 0.107** 0.101** 0.0963** 0.0987**
(0.0418) (0.0430) (0.0491) (0.0481) (0.0466)

Poultry Q7 0.0404 0.00116 0.0335 0.0471 0.0287
(0.0388) (0.0383) (0.0442) (0.0436) (0.0419)

Poultry Q8 0.0294 0.0899*** 0.00226 0.00978 0.00467
(0.0332) (0.0337) (0.0420) (0.0418) (0.0397)

Poultry Q9 -0.00450 -0.0516 -0.0684* -0.0417 -0.0744*
(0.0346) (0.0361) (0.0405) (0.0398) (0.0385)

Poultry Q10 -0.0119 -0.0461 -0.0308 -0.00391 -0.0462
(0.0488) (0.0479) (0.0523) (0.0515) (0.0496)

County � year FE X
Tract FE, Year FE X X X
Drop Acres = 0 j > 10 X
No 10km CAFO Control X
N 9679 9629 9679 9283 13888
R2 0.264 0.336 0.225 0.240 0.240

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results
related to the �rst 10 poultry ventile bins (hogs 5 th , 10th , ..., 50th percentiles); The �rst three columns
control for no �xed e�ects, control for county by year �xed e�ects, and control for tract and year
�xed e�ects; The fourth column controls for tract and year �xed e�ects and drops houses with acres
with values 0 or larger than 10; The last column controls for tract and year �xed e�ects and include
all houses with and without CAFOs within 10km.
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Table B.14 : Hedonic - 5km Private-Wells Dependent Houses (Poultry Exposure)

(1) (2) (3) (4) (5)

Poultry Q11 -0.111*** -0.00619 0.0296 0.101* 0.0349
(0.0416) (0.0434) (0.0555) (0.0548) (0.0528)

Poultry Q12 0.0522 0.0395 -0.0358 -0.0273 -0.0379
(0.0371) (0.0384) (0.0445) (0.0442) (0.0423)

Poultry Q13 -0.0228 0.00777 -0.0191 -0.00915 -0.0149
(0.0406) (0.0410) (0.0481) (0.0475) (0.0457)

Poultry Q14 0.0374 0.0111 -0.0688 -0.0260 -0.0723
(0.0416) (0.0418) (0.0492) (0.0483) (0.0467)

Poultry Q15 -0.0239 0.00235 -0.0913** -0.0624 -0.0849*
(0.0385) (0.0396) (0.0464) (0.0464) (0.0441)

Poultry Q16 0.0379 0.0510 -0.0224 0.0264 -0.0243
(0.0381) (0.0389) (0.0466) (0.0465) (0.0443)

Poultry Q17 0.0978** 0.0646 -0.0187 0.0224 -0.0190
(0.0405) (0.0411) (0.0497) (0.0491) (0.0473)

Poultry Q18 0.0764* 0.0650 -0.0311 0.0394 -0.0349
(0.0411) (0.0413) (0.0495) (0.0492) (0.0471)

Poultry Q19 0.140*** 0.119*** -0.0186 0.0404 -0.0337
(0.0437) (0.0442) (0.0548) (0.0550) (0.0522)

Poultry Q20 -0.0841 -0.0780 -0.240*** -0.137** -0.252***
(0.0526) (0.0538) (0.0667) (0.0666) (0.0635)

hogs� poultry 0.000272 -0.00104 -0.000491 -0.00122 -0.000453
(0.000860) (0.000849) (0.000958) (0.000968) (0.000913)

County � year FE X
Tract FE, Year FE X X X
Drop Acres = 0 j > 10 X
No 10km CAFO Control X
N 9679 9629 9679 9283 13888
R2 0.264 0.336 0.225 0.240 0.240

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results related
to the last 10 poultry ventile bins (poultry 55 th , 60th , ..., 95th percentiles); These speci�cations include the
interaction terms between hogs and poultry dummies; The �rst three columns control for no �xed e�ects,
control for county by year �xed e�ects, and control for tract and year �xed e�ects; The fourth column
controls for tract and year �xed e�ects and drops houses with acres with values 0 or larger than 10; The
last column controls for tract and year �xed e�ects and include all houses with and without CAFOs within
10km.
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Table B.15 : Hedonic - 5km Private-Wells Dependent Houses (Housing Attributes)

(1) (2) (3) (4) (5)

land�ll 0.0213** -0.0157* -0.0139 -0.0169 -0.0115
(0.00884) (0.00949) (0.0127) (0.0123) (0.0119)

RSEI 2.36e-06** 1.42e-06 5.61e-07 -8.17e-07 1.50e-06
(9.41e-07) (1.34e-06) (2.27e-06) (2.20e-06) (1.91e-06)

sqft 3.34e-04*** 3.63e-04*** 3.51e-04*** 3.56e-04*** 3.68e-04***
(1.16e-05) (1.20e-05) (1.21e-05) (1.21e-05) (9.67e-06)

age -5.27e-03*** -4.48e-03*** -3.82e-03*** -4.07e-03*** -2.82e-03***
(2.73e-04) (2.77e-04) (2.85e-04) (2.90e-04) (2.34e-04)

baths 0.0739*** 0.0924*** 0.0916*** 0.0890*** 0.0897***
(0.00892) (0.00980) (0.00984) (0.00980) (0.00790)

beds 0.00526 -0.0457*** -0.0463*** -0.0432*** -0.0328***
(0.00513) (0.00826) (0.00822) (0.00836) (0.00687)

acres 7.82e-03*** 8.49e-03*** 8.79e-03*** 2.11e-02*** 7.36e-03***
(8.00e-04) (7.83e-04) (7.93e-04) (3.83e-03) (6.99e-04)

basement 3.18e-04*** 3.06e-04*** 2.96e-04*** 2.80e-04*** 3.22e-04***
(7.91e-05) (7.74e-05) (7.84e-05) (7.73e-05) (6.02e-05)

Urban 0.106*** 0.0378*** 0.0403** 0.0415** 0.0318**
(0.0127) (0.0136) (0.0181) (0.0175) (0.0140)

Constant 15.70*** 15.66*** 15.79*** 15.77*** 15.77***
(0.0262) (0.492) (0.0330) (0.0331) (0.0264)

County � year FE X
Tract FE, Year FE X X X
Drop Acres = 0 j > 10 X
No 10km CAFO Control X
N 9679 9629 9679 9283 13888
R2 0.264 0.336 0.225 0.240 0.240

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results related to housing
attributes; land�ll: # active land�ll sites within 3km; RSEI: block group toxic chemicals; The �rst three columns
control for no �xed e�ects, control for county by year �xed e�ects, and control for tract and year �xed e�ects; The
fourth column controls for tract and year �xed e�ects and drops houses with acres with values 0 or larger than 10; The
last column controls for tract and year �xed e�ects and include all houses with and without CAFOs within 10km.
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B.2.2 Community Water Houses

Table B.16 : Hedonic - 5km CWS Houses (Hogs Exposure)

(1) (2) (3) (4) (5)

Hogs Q1 0.0539*** -0.0119 -0.0219 -0.0223 -0.0221
(0.0174) (0.0185) (0.0231) (0.0230) (0.0223)

Hogs Q2 -0.148*** -0.118*** -0.00000162 -0.0147 0.00227
(0.0295) (0.0302) (0.0402) (0.0401) (0.0387)

Hogs Q3 -0.128*** -0.135*** -0.0107 -0.0182 -0.00991
(0.0233) (0.0228) (0.0298) (0.0297) (0.0287)

Hogs Q4 0.0248 -0.00779 -0.0201 -0.00707 -0.0108
(0.0215) (0.0207) (0.0239) (0.0236) (0.0229)

Hogs Q5 -0.0478** -0.0293 0.0108 0.0195 0.0125
(0.0221) (0.0213) (0.0245) (0.0243) (0.0236)

Hogs Q6 -0.0477** -0.0436** -0.0455* -0.0521** -0.0399
(0.0217) (0.0216) (0.0258) (0.0255) (0.0248)

Hogs Q7 -0.0754*** -0.0731*** 0.0000745 0.0103 -0.00623
(0.0216) (0.0212) (0.0265) (0.0262) (0.0255)

Hogs Q8 -0.0853*** -0.102*** -0.0893*** -0.0867*** -0.0885***
(0.0241) (0.0234) (0.0260) (0.0258) (0.0250)

Hogs Q9 -0.0424* -0.0493** -0.0371 -0.0423* -0.0339
(0.0221) (0.0211) (0.0237) (0.0235) (0.0228)

Hogs Q10 -0.0389* -0.0220 -0.00862 -0.00913 -0.00580
(0.0218) (0.0213) (0.0236) (0.0233) (0.0227)

County � year FE X
Tract FE, Year FE X X X
Drop Acres = 0 j > 10 X
No 10km CAFO Control X
N 36795 34688 36795 35910 59738
R2 0.379 0.428 0.288 0.299 0.285

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results related to
the �rst 10 hogs ventile bins (hogs 5th , 10th , ..., 50th percentiles); The �rst three columns control for no �xed
e�ects, control for county by year �xed e�ects, and control for tract and year �xed e�ects; The fourth column
controls for tract and year �xed e�ects and drops houses with acres with values 0 or larger than 10; The last
column controls for tract and year �xed e�ects and include all houses with and without CAFOs within 10km.
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Table B.17 : Hedonic - 5km CWS Houses (Hogs Exposure)

(1) (2) (3) (4) (5)

Hogs Q11 -0.145*** -0.110*** -0.0657** -0.0599** -0.0758***
(0.0221) (0.0221) (0.0259) (0.0260) (0.0248)

Hogs Q12 -0.0938*** -0.0578*** -0.0146 -0.00646 -0.0156
(0.0221) (0.0218) (0.0243) (0.0243) (0.0234)

Hogs Q13 -0.0900*** -0.0616*** -0.0408* -0.0249 -0.0426*
(0.0224) (0.0221) (0.0237) (0.0236) (0.0228)

Hogs Q14 -0.0106 0.00639 -0.0344 -0.0313 -0.0384
(0.0202) (0.0201) (0.0251) (0.0249) (0.0242)

Hogs Q15 -0.136*** -0.0557** -0.0326 -0.0206 -0.0276
(0.0244) (0.0244) (0.0258) (0.0258) (0.0248)

Hogs Q16 -0.235*** -0.0227 -0.0258 -0.0124 -0.0241
(0.0225) (0.0235) (0.0252) (0.0255) (0.0242)

Hogs Q17 -0.307*** -0.130*** -0.0934*** -0.0839*** -0.0934***
(0.0224) (0.0258) (0.0270) (0.0272) (0.0260)

Hogs Q18 -0.273*** -0.109*** -0.104*** -0.0910*** -0.0956***
(0.0230) (0.0239) (0.0276) (0.0280) (0.0265)

Hogs Q19 -0.353*** -0.103*** -0.0972*** -0.0683** -0.0875***
(0.0251) (0.0265) (0.0332) (0.0335) (0.0319)

Hogs Q20 -0.414*** -0.176*** -0.143*** -0.119*** -0.135***
(0.0341) (0.0353) (0.0418) (0.0425) (0.0402)

County � year FE X
Tract FE, Year FE X X X
Drop Acres = 0 j > 10 X
No 10km CAFO Control X
N 36795 34688 36795 35910 59738
R2 0.379 0.428 0.288 0.299 0.285

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results related
to the last 10 hogs ventile bins (hogs 55th , 60th , ..., 95th percentiles); The �rst three columns control for no
�xed e�ects, control for county by year �xed e�ects, and control for tract and year �xed e�ects; The fourth
column controls for tract and year �xed e�ects and drops houses with acres with values 0 or larger than 10;
The last column controls for tract and year �xed e�ects and include all houses with and without CAFOs
within 10km.
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Table B.18 : Hedonic - 5km CWS Houses (Poultry Exposure)

(1) (2) (3) (4) (5)

Poultry Q1 -0.0110 0.00430 -0.0169 -0.0128 -0.0233
(0.0144) (0.0146) (0.0182) (0.0180) (0.0175)

Poultry Q2 -0.175*** -0.0460 -0.141** -0.155** -0.142**
(0.0630) (0.0609) (0.0624) (0.0625) (0.0601)

Poultry Q3 0.00540 0.0368** -0.00251 -0.0136 0.00182
(0.0167) (0.0162) (0.0182) (0.0181) (0.0175)

Poultry Q4 -0.0995*** -0.0608*** -0.0599*** -0.0629*** -0.0614***
(0.0179) (0.0189) (0.0227) (0.0225) (0.0219)

Poultry Q5 -0.109*** -0.0216 0.00352 -0.00926 -0.00210
(0.0324) (0.0372) (0.0429) (0.0428) (0.0413)

Poultry Q6 -0.0615*** 0.0199 0.0144 0.00443 0.0166
(0.0204) (0.0201) (0.0210) (0.0208) (0.0202)

Poultry Q7 -0.0366* 0.00756 0.00794 0.00336 0.00466
(0.0198) (0.0195) (0.0215) (0.0212) (0.0207)

Poultry Q8 0.0181 0.0378** -0.0360* -0.0319 -0.0365*
(0.0147) (0.0160) (0.0196) (0.0195) (0.0188)

Poultry Q9 0 0 0 0 0
(.) (.) (.) (.) (.)

Poultry Q10 0.0211 0.0141 -0.0115 -0.00144 -0.0124
(0.0141) (0.0144) (0.0175) (0.0174) (0.0169)

County � year FE X
Tract FE, Year FE X X X
Drop Acres = 0 j > 10 X
No 10km CAFO Control X
N 36795 34688 36795 35910 59738
R2 0.379 0.428 0.288 0.299 0.285

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results related to
the �rst 10 poultry ventile bins (hogs 5 th , 10th , ..., 50th percentiles); The �rst three columns control for no
�xed e�ects, control for county by year �xed e�ects, and control for tract and year �xed e�ects; The fourth
column controls for tract and year �xed e�ects and drops houses with acres with values 0 or larger than 10;
The last column controls for tract and year �xed e�ects and include all houses with and without CAFOs
within 10km.
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Table B.19 : Hedonic - 5km CWS Houses (Poultry Exposure)

(1) (2) (3) (4) (5)

Poultry Q11 0 0 0 0 0
(.) (.) (.) (.) (.)

Poultry Q12 -0.0575*** -0.0261 0.000566 0.000234 0.00246
(0.0170) (0.0166) (0.0197) (0.0195) (0.0190)

Poultry Q13 0.0258 0.00337 -0.00167 -0.00186 -0.00792
(0.0239) (0.0237) (0.0268) (0.0268) (0.0258)

Poultry Q14 -0.0312 -0.0267 -0.0468** -0.0536** -0.0452**
(0.0204) (0.0201) (0.0225) (0.0224) (0.0216)

Poultry Q15 -0.00685 -0.0240 -0.0585** -0.0440* -0.0625***
(0.0190) (0.0196) (0.0231) (0.0231) (0.0222)

Poultry Q16 0.0181 -0.000840 0.00541 -0.00801 0.00691
(0.0215) (0.0216) (0.0236) (0.0237) (0.0227)

Poultry Q17 -0.000521 0.00540 -0.0270 -0.0277 -0.0284
(0.0204) (0.0206) (0.0243) (0.0243) (0.0233)

Poultry Q18 0.0572*** 0.0302 -0.0215 -0.0428* -0.0239
(0.0201) (0.0202) (0.0244) (0.0245) (0.0235)

Poultry Q19 0.0132 -0.0138 -0.0537** -0.0516** -0.0530**
(0.0206) (0.0211) (0.0254) (0.0256) (0.0244)

Poultry Q20 -0.0621** -0.0695*** -0.125*** -0.128*** -0.126***
(0.0255) (0.0258) (0.0325) (0.0332) (0.0313)

hogs� poultry 0.00305*** -0.000303 0.000225 -0.000110 0.000335
(0.000742) (0.000744) (0.000863) (0.000891) (0.000831)

County � year FE X
Tract FE, Year FE X X X
Drop Acres = 0 j > 10 X
No 10km CAFO Control X
N 36795 34688 36795 35910 59738
R2 0.379 0.428 0.288 0.299 0.285

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results related
to the last 10 poultry ventile bins (poultry 55 th , 60th , ..., 95th percentiles); These speci�cations include the
interaction terms between hogs and poultry dummies; The �rst three columns control for no �xed e�ects,
control for county by year �xed e�ects, and control for tract and year �xed e�ects; The fourth column
controls for tract and year �xed e�ects and drops houses with acres with values 0 or larger than 10; The
last column controls for tract and year �xed e�ects and include all houses with and without CAFOs within
10km.
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Table B.20 : Hedonic - 5km CWS Houses (Housing Attributes)

(1) (2) (3) (4) (5)

land�ll -4.05e-04 8.40e-04 7.95e-03 8.51e-03 4.95e-03
(6.40e-03) (6.18e-03) (7.56e-03) (7.47e-03) (6.37e-03)

RSEI 8.65e-07 -9.95e-06*** -5.40e-06** -5.24e-06** -4.45e-06***
(8.94e-07) (1.18e-06) (2.11e-06) (2.07e-06) (1.20e-06)

sqft 4.02e-04*** 4.09e-04*** 4.08e-04*** 4.07e-04*** 3.98e-04***
(5.50e-06) (5.58e-06) (5.54e-06) (5.57e-06) (4.32e-06)

age -5.71e-03*** -4.53e-03*** -3.69e-03*** -3.98e-03*** -2.96e-03***
(1.23e-04) (1.29e-04) (1.35e-04) (1.36e-04) (1.09e-04)

baths 0.107*** 0.0969*** 0.0824*** 0.0810*** 0.0830***
(0.00451) (0.00483) (0.00479) (0.00477) (0.00360)

beds 0.00590** -0.00849** -0.0164*** -0.0164*** -0.00998***
(0.00266) (0.00339) (0.00338) (0.00337) (0.00278)

acres 9.07e-03*** 8.59e-03*** 9.72e-03*** 3.07e-02*** 9.54e-03***
(5.63e-04) (5.64e-04) (5.37e-04) (2.76e-03) (5.06e-04)

basement 9.61e-05*** 6.36e-05** 5.51e-05* 4.96e-05* 1.53e-06
(3.01e-05) (2.87e-05) (2.82e-05) (2.79e-05) (2.04e-05)

Urban 0.0366*** 0.0316*** 0.0266*** 0.0395*** 0.0468***
(0.00605) (0.00653) (0.00843) (0.00841) (0.00717)

Constant 15.52*** 15.58*** 15.59*** 15.57*** 15.64***
(0.0128) (0.473) (0.0151) (0.0151) (0.0123)

County � year FE X
Tract FE, Year FE X X X
Drop Acres = 0 j > 10 X
No 10km CAFO Control X
N 36795 34688 36795 35910 59738
R2 0.379 0.428 0.288 0.299 0.285

Standard errors in parentheses, *** p < 0:01, ** p < 0:05, * p < 0:1; Price speci�cation; Results related to housing
attributes; land�ll: # active land�ll sites within 3km; RSEI: block group toxic chemicals; The �rst three columns
control for no �xed e�ects, control for county by year �xed e�ects, and control for tract and year �xed e�ects; The
fourth column controls for tract and year �xed e�ects and drops houses with acres with values 0 or larger than 10; The
last column controls for tract and year �xed e�ects and include all houses with and without CAFOs within 10km.
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B.3 Change Detection Methods

This section classi�es the landuse-landcover (LULC) change associated with poultry

CAFO installations throughout North Carolina from January 1, 2010 through December

31, 2017 using Landsat-7 satellite imagery. Change detection methods within the remote

sensing �eld are especially equipped to identify and quantify these changes over time. More

speci�cally, multiple spectral indices were evaluated to select for highest sensitivity between

CAFO structures and its surroundings to maximize signal-to-noise ratio. The Tasseled Cap

Brightness (TCB) band of the Tasseled Cap Transformation proved to be most indicative

for identifying CAFO structure presence, however, confounding spectral signatures with

barren or non-vegetated �elds produced additional challenges. That said, an observation

that larger Tasseled Cap Greenness (TCG) responses of barren or non-vegetated �elds

relative to CAFO structures provided reason to exploit this relationship with a normalized

di�erence approach. As such, the Normalized TCB-TCG (NDTCBG) Index was used to

monitor CAFO structures through time. Below are the applied methods using the NDTCBG

Index to produce the North Carolina Poultry CAFO Installation Year dataset.

Because evaluating spectral signatures over time and identifying the targeted event (a

CAFO installation) requires precise spatial extent delineations for each of the 3,969 study

sites, a simple bu�er from the EWG-provided locations was not su�cient. Therefore, al-

gorithmically delineating CAFO rooftops was a necessary pre-processing step to optimize

signal-to-noise ratio in the �nal change detection analysis. To increase rooftop delineation

precision, Sentinel-2 imagery from the European Space Agency was used due to it being

freely available and high resolution attribute (10-m pixel resolution). 3,156 images were

accessed from January 1, 2017 to December 31, 2017. Each image was cloud-masked and

stacked into an n-dimensional image-cube, from which the median value was used to cre-

ate a 2017 composite. The Tasseled Cap transformation is not available yet for Sentinel-2

imagery so the Normalized Di�erence Vegetation Index (NDVI) was used to calculate rel-

ative vegetation presence for the composite. NDVI ranges from -1 to 1, with higher values

representing vegetation. Urban areas are generally between 0.2 - 0.3, so transferring this
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technique to search radius provided a way to extract CAFO rooftop extent. To further im-

prove precision, this 0.2 - 0.3 range was �ne-tuned for 7 regions of North Carolina ranging

from 0.23 0.3.

Eight annual satellite imagery composites were created of North Carolina using Landsat-

7 SR data, one for each year from 2010 to 2017. To do so, the Tasseled Cap transformation

was applied to each image, from which the NDTCBG Index was calculated for each pixel

and the annual median was extracted to represent each year's composite. The previously

created Valid Mask was then applied in binary form to all of North Carolina to �lter for

only pixels satisfying the regionally optimized threshold. This selection was then clipped to

a 150-meter bu�ered radius for each individual poultry CAFO site. To detect the year of

change, a for loop was applied to all 3,969 CAFO sites to record NDTCBG Index changes

from 2010 - 2017. A signi�cant increase from one year to the next was expected for CAFO

installation events so the �rst major increase (greater than 125% standard deviation) was

classi�ed as the year of change. Any sites that did not register notable changes were

assumed to have existed prior to 2010. Lastly, there were 45 individual CAFO sites with

invalid satellite data likely stemming from a Landsat-7 blind spot areas due to its Scan Line

Corrector failure in 2003. Those 45 are marked as NULL. This �nal analysis accessed 2,473

Landsat-7 images and processed 1,497 of those in the �nal algorithm.
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C. Appendices to Chapter 5

C.1 Single CAFO Exposure

We use animal farm data (provided by NC Department of Environmental Quality and

Environment Water Group) and household demographic data InfoUSA to calculate the

aggregated SSLW (in 1,000,000) and bird counts (in 100,000) within household's 3km and

4km bu�er and corresponding 95% con�dence interval at each income level for each race

(white, Black, and Hispanic). The two panels show the hog/poultry exposure distribution

for all households.

Figure C.1 3km Hogs and Poultry Exposure, by Race and Income

We use animal farm data (provided by NC Department of Environmental Quality and
Environmental Working Group) and household demographic data (InfoUSA) to calculate
the aggregated SSLW (in 1,000,000) and bird counts (in 100,000) within household's 3km
bu�er and corresponding 95% con�dence interval at each income level for each race (white,
Black, and Hispanic). The two panels show the hog/poultry exposure distribution for all
households. The solid line shows the exposure and shaded area shows the corresponding
95% con�dence interval.
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Figure C.2 4km Hogs and Poultry Exposure, by Race and Income

We use animal farm data (provided by NC Department of Environmental Quality and
Environmental Working Group) and household demographic data (InfoUSA) to calculate
the aggregated SSLW (in 1,000,000) and bird counts (in 100,000) within household's 4km
bu�er and corresponding 95% con�dence interval at each income level for each race (white,
Black, and Hispanic). The two panels show the hog/poultry exposure distribution for all
households. The solid line shows the exposure and shaded area shows the corresponding
95% con�dence interval.

Figure C.3 5km Hogs and Poultry Exposure, by Race and Income

We use animal farm data (provided by NC Department of Environmental Quality and
Environmental Working Group) and household demographic data (InfoUSA) to calculate
the aggregated SSLW (in 1,000,000) and bird counts (in 100,000) within household's 5km
bu�er and corresponding 95% con�dence interval at each income level for each race (white,
Black, and Hispanic). The two panels show the hog/poultry exposure distribution for all
households. The solid line shows the exposure and shaded area shows the corresponding
95% con�dence interval.
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C.2 Single CAFO Exposure, Owners and Renters

We use animal farm data (provided by NC Department of Environmental Quality and

Environment Water Group) and household demographic data InfoUSA to calculate the

aggregated SSLW (in 1,000,000) and bird counts (in 100,000) within household's 3km and

4km bu�er and corresponding 95% con�dence interval at each income level for each race

(white, Black, and Hispanic). The four panels show the hog/poultry exposure distribution

for owners and renters.

Figure C.4 3km Hogs and Poultry Exposure, by Race and Income

We use animal farm data (provided by NC Department of Environmental Quality and En-
vironmental Working Group) and household demographic data (InfoUSA) to calculate the
aggregated SSLW (in 1,000,000) and bird counts (in 100,000) within household's 3km bu�er
and corresponding 95% con�dence interval at each income level for each race (white, Black,
and Hispanic). The four panels show the hog/poultry exposure distribution for owners and
renters. The solid line shows the exposure and shaded area shows the corresponding 95%
con�dence interval.
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Figure C.5 4km Hogs and Poultry Exposure, by Race and Income

We use animal farm data (provided by NC Department of Environmental Quality and
Environmental Working Group) and household demographic data (InfoUSA) to calculate
the aggregated SSLW (in 1,000,000) and bird counts (in 100,000) within household's 4km
bu�er and corresponding 95% con�dence interval at each income level for each race (white,
Black, and Hispanic). The four panels show the hog/poultry exposure distribution for
owners and renters. The solid line shows the corresponding 95% con�dence interval.

C.3 Hog Exposure Di�erences

This section plots the hog (in 1,000,000 SSLW) exposure di�erence between POC group

and white for owners and renters. The solid line shows the exposure di�erences between

Black/Hispanic and white residents and the shaded area shows the corresponding con�dence

interval.
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Figure C.6 3km Hogs Exposure Race Di�erence

We use hog farm data (provided by NC Department of Environmental Quality) and house-
hold demographic data (InfoUSA) to calculate the hog exposure (within 3km) di�erence
(in 1,000,000 SSLW) between POC group and white for owners and renters. The solid line
shows the exposure di�erences between Black/Hispanic and white residents. The shaded
area shows the corresponding 95% con�dence interval.
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Figure C.7 4km Hogs Exposure Race Di�erence

We use hog farm data (provided by NC Department of Environmental Quality) and house-
hold demographic data (InfoUSA) to calculate the hog exposure (within 4km) di�erence
(in 1,000,000 SSLW) between POC group and white for owners and renters. The solid line
shows the exposure di�erences between Black/Hispanic and white residents. The shaded
area shows the corresponding 95% con�dence interval.
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Figure C.8 5km Hogs Exposure Race Di�erence

We use hog farm data (provided by NC Department of Environmental Quality) and house-
hold demographic data (InfoUSA) to calculate the hog exposure (within 5km) di�erence
(in 1,000,000 SSLW) between POC group and white for owners and renters. The solid line
shows the exposure di�erences between Black/Hispanic and white residents. The shaded
area shows the corresponding 95% con�dence interval.
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C.4 Poultry Exposure Di�erences

This section plots the poultry (in 100,000 bird counts) exposure di�erence between

POC group and white for owners and renters. The solid line shows the exposure di�erences

between Black/Hispanic and white residents and the shaded area shows the corresponding

con�dence interval.

Figure C.9 3km Poultry Exposure Race Di�erence

We use poultry farm data (provided by Environmental Working Group) and household
demographic data (InfoUSA) to calculate the hog exposure (within 3km) di�erence (in
100,000 bird counts) between POC group and white for owners and renters. The solid line
shows the exposure di�erences between Black/Hispanic and white residents. The shaded
area shows the corresponding 95% con�dence interval.
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Figure C.10 4km Poultry Exposure Race Di�erence

We use poultry farm data (provided by Environmental Working Group) and household
demographic data (InfoUSA) to calculate the hog exposure (within 4km) di�erence (in
100,000 bird counts) between POC group and white for owners and renters. The solid line
shows the exposure di�erences between Black/Hispanic and white residents. The shaded
area shows the corresponding 95% con�dence interval.
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Figure C.11 5km Poultry Exposure Race Di�erence

We use poultry farm data (provided by Environmental Working Group) and household
demographic data (InfoUSA) to calculate the hog exposure (within 5km) di�erence (in
100,000 bird counts) between POC group and white for owners and renters. The solid line
shows the exposure di�erences between Black/Hispanic and white residents. The shaded
area shows the corresponding 95% con�dence interval.
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C.5 CAFO Exposure Di�erences by Water

This section plots the hog (in 1,000,000 SSLW) and poultry (in 100,000 bird counts)

exposure di�erence between POC group and white for private well and community water sys-

tem dependent households. The lines show the exposure di�erences between Black/Hispanic

and white residents, where the solid and dashed lines show the exposure di�erences for

groundwater- and piped-water-dependent households. The shaded area shows the corre-

sponding 95% con�dence interval.
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Figure C.12 3km CAFO Exposure Race Di�erence, Private Well vs Community
Water System

We use hog farm data (provided by NC Department of Environmental Quality), poultry
farm data (provided by Environmental Working Group), and household demographic data
(InfoUSA) to calculate the hog (in 1,000,000 SSLW) and poultry (in 100,000 bird counts)
exposure (within 3km) di�erence between POC group and white for private well and commu-
nity water system dependent households. The lines show the exposure di�erences between
Black/Hispanic and white residents, where the solid and dashed lines show the exposure
di�erences for private well and community water system dependent households. The shaded
area shows the corresponding 95% con�dence interval.

108



Figure C.13 4km CAFO Exposure Race Di�erence, Private Well vs Community
Water System

We use hog farm data (provided by NC Department of Environmental Quality), poultry
farm data (provided by Environmental Working Group), and household demographic data
(InfoUSA) to calculate the hog (in 1,000,000 SSLW) and poultry (in 100,000 bird counts)
exposure (within 4km) di�erence between POC group and white for private well and commu-
nity water system dependent households. The lines show the exposure di�erences between
Black/Hispanic and white residents, where the solid and dashed lines show the exposure
di�erences for private well and community water system dependent households. The shaded
area shows the corresponding 95% con�dence interval.
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Figure C.14 5km CAFO Exposure Race Di�erence, Private Well vs Community
Water System

We use hog farm data (provided by NC Department of Environmental Quality), poultry
farm data (provided by Environmental Working Group), and household demographic data
(InfoUSA) to calculate the hog (in 1,000,000 SSLW) and poultry (in 100,000 bird counts)
exposure (within 5km) di�erence between POC group and white for private well and commu-
nity water system dependent households. The lines show the exposure di�erences between
Black/Hispanic and white residents, where the solid and dashed lines show the exposure
di�erences for private well and community water system dependent households. The shaded
area shows the corresponding 95% con�dence interval.
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C.6 Hog Exposure Di�erences by Water, Owners
and Renters

This section plots the hog (in 1,000,000 SSLW) exposure di�erence between POC group

and white for private well and community water system dependent owners and renters.

The lines show the exposure di�erences between Black/Hispanic and white residents, where

the solid and dashed lines show the exposure di�erences for groundwater- and piped-water-

dependent households. The shaded area shows the corresponding 95% con�dence interval.

Figure C.15 3km Hogs Exposure Race Di�erence, Private Well vs Community
Water System

We use hog farm data (provided by NC Department of Environmental Quality) and house-
hold demographic data (InfoUSA) to calculate the hog exposure (within 3km) di�erence
(in 1,000,000 SSLW) between POC group and white for private well and community water
system dependent owners and renters. The lines show the exposure di�erences between
Black/Hispanic and white residents, where the solid and dashed lines show the exposure
di�erences for private well and community water system dependent households. The shaded
area shows the corresponding 95% con�dence interval.
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Figure C.16 4km Hogs Exposure Race Di�erence, Private Well vs Community
Water System

We use hog farm data (provided by NC Department of Environmental Quality) and house-
hold demographic data (InfoUSA) to calculate the hog exposure (within 4km) di�erence
(in 1,000,000 SSLW) between POC group and white for private well and community water
system dependent owners and renters. The lines show the exposure di�erences between
Black/Hispanic and white residents, where the solid and dashed lines show the exposure
di�erences for private well and community water system dependent households. The shaded
area shows the corresponding 95% con�dence interval.
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Figure C.17 5km Hogs Exposure Race Di�erence, Private Well vs Community
Water System

We use hog farm data (provided by NC Department of Environmental Quality) and house-
hold demographic data (InfoUSA) to calculate the hog exposure (within 5km) di�erence
(in 1,000,000 SSLW) between POC group and white for private well and community water
system dependent owners and renters. The lines show the exposure di�erences between
Black/Hispanic and white residents, where the solid and dashed lines show the exposure
di�erences for private well and community water system dependent households. The shaded
area shows the corresponding 95% con�dence interval.
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C.7 Poultry Exposure Di�erences by Water, Own-
ers and Renters

This section plots the poultry (in 100,000 bird counts) exposure di�erence between POC

group and white for groundwater- and piped-water-dependent owners and renters. The lines

show the exposure di�erences between Black/Hispanic and white residents, where the solid

and dashed lines show the exposure di�erences for private well and community water system

dependent households. The shaded area shows the corresponding 95% con�dence interval.

Figure C.18 3km Poultry Exposure Race Di�erence, Private Well vs Community
Water

We use poultry farm data (provided by Environmental Working Group) and household
demographic data (InfoUSA) to calculate the poultry exposure (within 3km) di�erence (in
100,000 bird counts) between POC group and white for private well and community water
system dependent owners and renters. The lines show the exposure di�erences between
Black/Hispanic and white residents, where the solid and dashed lines show the exposure
di�erences for private well and community water system dependent households. The shaded
area shows the corresponding 95% con�dence interval.
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Figure C.19 4km Poultry Exposure Race Di�erence, Private Well vs Community
Water

We use poultry farm data (provided by Environmental Working Group) and household
demographic data (InfoUSA) to calculate the poultry exposure (within 4km) di�erence (in
100,000 bird counts) between POC group and white for private well and community water
system dependent owners and renters. The lines show the exposure di�erences between
Black/Hispanic and white residents, where the solid and dashed lines show the exposure
di�erences for private well and community water system dependent households. The shaded
area shows the corresponding 95% con�dence interval.
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Figure C.20 5km Poultry Exposure Race Di�erence, Private Well vs Community
Water

We use poultry farm data (provided by Environmental Working Group) and household
demographic data (InfoUSA) to calculate the poultry exposure (within 5km) di�erence (in
100,000 bird counts) between POC group and white for private well and community water
system dependent owners and renters. The lines show the exposure di�erences between
Black/Hispanic and white residents, where the solid and dashed lines show the exposure
di�erences for private well and community water system dependent households. The shaded
area shows the corresponding 95% con�dence interval.
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C.8 Exposure in Major Agricultural-Producing
Counties

We run additional analyses by focusing on major agricultural-producing counties in

eastern NC. In this section, we plot exposure for the top agricultural-producing counties

in livestock farm cash receipts (USDA/NASS, 2022) and compare the exposure with other

counties. The top ten counties are Duplin, Sampson, Bladen, Union, Robeson, Wilkes,

Wayne, Anson, Randolph, and Bertie. The analyses focus on exposure within 5km bu�er

and owners.
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