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Foreword

In June, 2001, Governor Tom Vilsack asked the Presidents of  Iowa State University and of  The
University of  Iowa to assist the Iowa Department of  Natural Resources and the Environmental
Protection Commission with addressing public health and environmental concerns arising from air
emissions from concentrated animal feeding operations (CAFOs). With the concurrence of  both
presidents, Iowa Department of  Natural Resources Director Jeffrey Vonk charged the College of  Public
Health at the University of  Iowa and the College of  Agriculture at Iowa State University to recommend
standards for air quality and address other issues regarding CAFOs.

The Colleges of  Agriculture and Public Health assembled teams of  faculty with appropriate expertise to
complete a comprehensive review of  available scientific information to address five questions asked by
Director Vonk. At ISU, faculty from the College of  Veterinary Medicine also made important
contributions to this effort. The ISU team was led by administrators from both of  these colleges. At
The University of  Iowa, the Environmental Health Sciences Research Center, sponsored by the
National Institute for Environmental Health Sciences, assembled a team composed of  faculty from the
Colleges of  Public Health, Engineering and Medicine. Together, these faculty delved into existing
research literature, developed a ten-chapter report on the various aspects of  these issues and, through a
series of  meetings, developed responses to Director Vonk’s five questions in the form of  an Executive
Summary. This Executive Summary describes the consensus reached by the study group. Individual
chapters are the products and views of  the chapter authors. Independent national and international
scientists, with appropriate expertise, reviewed and commented on both the Executive Summary and the
full report.

The report is based upon the best science available to ensure that rural ambient air is as free of  risk as
possible in order to protect health and the quality of  life at the highest possible level. These science-
based recommendations were generated with the goal of  providing helpful guidance to the Iowa
Department of  Natural Resources and the Environmental Protection Commission. It is hoped that the
report will provide a sound basis for the development of  appropriate administrative rules that will
promote confidence in agricultural production and the quality of  life in rural Iowa.

James A. Merchant, M.D., Dr.P.H. Richard F. Ross, D.V.M, Ph.D.
Dean Former Dean
College of  Public Health College of  Agriculture
The University of  Iowa Iowa State University

February 7, 2002
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CHAPTER 1 Executive Summary

Introduction

In mid-June of  2001, Governor Tom Vilsack requested that the faculty of  the two universities address
the public health and environmental impacts of  concentrated animal feeding operations (CAFOs, also
referred to as Concentrated Feeding Operations or CFOs). In response to this request, Richard Ross,
PhD, DVM, Dean of  the College of  Agriculture at Iowa State University and James Merchant, MD,
DrPH, Dean of  the College of  Public Health at The University of  Iowa, were asked by the Department
of  Natural Resources Director Jeffrey Vonk to provide guidance  “regarding the impacts of  air
quality surrounding CFOs on Iowans and recommended methods for reducing and/or
minimizing emissions. Specifically, I am asking your advice and recommendations on how the
Department of  Natural Resources should address this critically important public policy issue.”

Director Vonk asked five questions. Through a series of  discussions and meetings, a combined study
group of  faculty and consultants (See Attachment 1) was identified, conflict of  interest and
confidentiality statements were signed by all faculty and consultants, definitions were discussed and
agreed upon, a comprehensive report outline was developed and agreed upon and individual teams of
faculty agreed to write each of  the 10 chapters that constitute the full report. A technical and policy
workshop was held in Des Moines on December 18 and 19, 2001, at which time chapter presentations
were made and discussions were held regarding the series of  five questions asked by Director Vonk.
Groups were assigned to summarize the responses to these five questions in this Executive Summary.
Peer review of  this Executive Summary and the full report was considered to be vital to the validity and
integrity of  the report. This peer review, completed by national and international scientists who are
experts in the areas addressed by the report (See Attachment 2), was completed in January, 2002. Their
review comments, as well as comments from members of  the combined study group, were discussed at
meetings on January 8, 24 and 29 and were useful in completing the final report for submission to the
Iowa Department of  Natural Resources (IDNR). An agreed-upon glossary, which defines the many
technical terms used in this report, is found in Attachment 3.

Response to Question 1

There are two questions contained in Question 1. The first is:

Based on analysis of peer-reviewed, duplicated, legitimate, published scientific research, is there direct evidence
of harm to humans by emissions, byproducts, toxic waste, or infectious agents produced by CFOs?

There is now an extensive literature documenting acute and chronic respiratory diseases and dysfunction
among workers, especially swine and poultry workers, from exposures to complex mixtures of
particulates, gases and vapors within CAFO units. Common complaints among workers include sinusitis,
chronic bronchitis, inflamed mucous membranes of  the nose, irritation of  the nose and throat,
headaches, muscle aches and pains. Asthma and acute (cross-shift) declines in lung function are
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documented among CAFO workers, even though workers with pre-existing asthma usually select
themselves out of  such employment because of  increased asthma severity. Progressive declines in lung
function over years are documented among CAFO workers. Those workers with increased acute
declines in lung function, which are often accompanied by chest tightness and wheezing (asthma-like
syndrome), have been found to have more rapid declines in lung function over time. Very high
exposures to hydrogen sulfide, which occurs during pit agitation, may result in death from asphyxia and
respiratory arrest; those who survive such high dose exposures often develop reactive airways distress
syndrome (RADS), bronchiolitis obliterans and severe respiratory impairment. It is therefore concluded
that there is direct evidence of  harm to humans from occupational exposures within CAFOs (See
Chapter 6.3.2).

However, one cannot directly extrapolate occupational health risks observed among workers inside
CAFOs to community health risks that may arise from CAFO emissions. While the discharge of
airborne particulates and gases/vapors from CAFOs and manure handling clearly occur, the aerosols at
the point source differ from ambient exposures as they move downwind, both in composition and in
concentration. The populations at risk (workers) within CAFO units and within the community
(community residents) also differ significantly. CAFO workers are generally a healthy population (those
fit enough to work), while community residents include children, the elderly, and those with preexisting
impairments. Regulatory agencies recognize the need for lower exposure limits to compensate for
increased susceptibility among community residents, to allow for uncertainty factors from
epidemiological study findings (and for species to species differences when animal data is used) to
establish community ambient exposure limits.

The second part of  the first question is:

What human research is there to confirm the existence of disease and exactly what are the specific chemical,
bacterial, or aromatic causes of such diseases?

Published, controlled studies of  odor experienced by community residents living in proximity to CAFOs
are limited to two studies in North Carolina and one in Iowa. The first North Carolina study reported
more negative mood states (tension, depression, anger, reduced vigor, fatigue and confusion) among
those exposed to CAFO odor compared with control subjects. The second North Carolina study
reported increased symptoms of  headache, runny nose, sore throat, excessive coughing, diarrhea,
burning eyes and reduced quality of  life measures among community residents living in proximity to a
swine CAFO compared with rural residents not living in proximity to livestock operations. The Iowa
study found increases in several symptom clusters, mainly eye and upper respiratory symptoms, among
those living within two miles of  a swine CAFO compared with rural residents living near minimal
livestock production. These studies are limited in size and scope, did not make specific environmental
exposure or odor measurements, and are subject to recall bias. They are notable in that they are
controlled studies that report eye and respiratory symptoms associated with concentrated livestock
exposures that are similar to more prevalent and severe symptoms experienced by CAFO workers who
are exposed at much higher concentrations of  mixed emissions (See Chapter 6.3.3).

Also relevant in responding to this question are many experimental and epidemiological studies of  non-
CAFO populations exposed to low concentrations of  individual chemical components of  CAFO
emissions, particularly hydrogen sulfide, ammonia and endotoxin.  These studies document respiratory
symptoms associated with low levels of  these individual exposures. Because at least two of  these



7

chemicals (hydrogen sulfide and ammonia) are found in CAFO emissions that contribute to ambient
community exposures, these experimental and community exposure studies are relevant to this question
(See Chapter 6.3.1). Both the Environmental Protection Agency (EPA) and the Agency for Toxic
Substance and Disease Registry (ATSDR)1  have recommended ambient exposure limits for ammonia
and hydrogen sulfide based on these studies.

It is concluded that no specific disease(s) per se among community residents can be confirmed to arise
from a specific chemical, bacteria or aromatic cause. However, the findings of  the limited community
studies of  concentrated livestock exposures are consistent with adverse health effects observed in other
experimental and epidemiological studies of  some specific chemicals (ammonia and hydrogen sulfide)
known to be components of  CAFO air emissions. It is, therefore, also concluded that CAFO air
emissions may constitute a public health hazard2  and that precautions should be taken to minimize both
specific chemical exposures (hydrogen sulfide and ammonia) and mixed exposures (including odor)
arising from CAFOs.

Response to Question 2

Question 2:  Based on an analysis of peer-reviewed, duplicated, legitimate, and published scientific research,
what specific substances, including aromatic compounds, do you believe require regulatory action to protect the
public?

By consensus of  the entire study group, the following substances should be considered for regulatory
action: (1) hydrogen sulfide; (2) ammonia; and (3) odors. The justification for regulatory action of  these
substances is based on our assessment of  the scientific literature, (See Chapters 2.0-8.0),
recommendations by pertinent federal agencies, and review of  regulations established in other states
(See Chapter 9.0).

Hydrogen sulfide and ammonia are recognized degradation products of  animal manure and urine (See
Chapter 3.4 in the full report). Both of  these gases have been measured in the general vicinity of
livestock operations at concentrations of  potential health concern for rural residents, under prolonged
exposure (See Chapter 8.0).

The World Health Organization lists hydrogen sulfide as a toxic hazard in many environments, and
recommends specific exposure limits. The ATSDR lists hydrogen sulfide and ammonia on its registry of
toxic substances1 under its federal mandate to protect the public health according to the Comprehensive
Environmental Response, Compensation, and Liability Act, [42 U.S.C. 9604 et seq] as amended by the
Superfund Amendments and Reauthorization Act [pub. 99-499]. Furthermore, the ATSDR has
published Minimum Risk Levels (MRL’s) for these substances to protect the public’s health.1 The EPA
historically evaluates scientific information regarding environmental contaminants and the potential
threats for human health hazards. Based on a standardized risk assessment process, the EPA identifies
hydrogen sulfide and ammonia as potentially hazardous substances.3  A detailed description of  the
process and justification used by the EPA and ATSDR to include ammonia and hydrogen sulfide as
hazardous substances is provided in detail in Chapter 8.7.

1 Agency for Toxic Substances and Disease Registry, Minimal Risk Levels for Hazardous Substances (MRL’s), http://www.atsdr.cdc.gov/

mrls.html
2 hazard: the potential for radiation, a chemical or other pollutant to cause human illness or injury
3 Environmental Protection Agency, Integrated Risk Information System, www.cpa.gov/iris/subst.html
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Minnesota and Nebraska have established air quality standards for hydrogen sulfide based on public
health concerns. California and Minnesota regulate ambient concentrations of  hydrogen sulfide based
upon nuisance and human health effects. Minnesota is in the process of  setting standards for ammonia
ambient exposures. Monitoring of  ammonia ambient exposures is taking place in Missouri. The
regulatory actions taken by other states in setting standards are described in Chapter 9.0.

Odors have been a major concern of  residents in the vicinity of  CAFOs (see Chapter 3.4, 4.0, 6.8 and

8.0). Colorado, Missouri, and North Carolina have recognized the need to promulgate odor regulations.
Details of the processes of odor regulations for these states are presented in Chapter 9.0.

 Response to Question 3

residence or public use area. The U.S. EPA has determined that simultaneous exposure of  two
substances such as hydrogen sulfide and ammonia (both pulmonary irritants) results in an additive
effect. Thus, in order to protect against the adverse effects of  such binary mixtures the exposure limit
for each should be reduced accordingly. While emissions from CAFOs fluctuate over time, they produce
chronic rather than acute exposures. Rather than representing single doses, these exposures are recurring
and may persist for days with each episode.

The study group reached consensus that measurements for hydrogen sulfide and ammonia should be
taken at the CAFO property line and residence or public use area. Measurements for odor should be
taken at a residence or public use area and one proposal includes measurements at the CAFO property
line. The study group recommends that measurements for hydrogen sulfide and ammonia should be
time weighted rather that instantaneous to allow for atmospheric variability.

With current animal production practices, stored manure must be removed and land-applied. During
these times hydrogen sulfide, ammonia and odor levels at or near production facilities may be
significantly higher than during normal conditions.  Therefore, it is also recommended that provisions
be made for allowable times to exceed the established standards to allow for proper manure application
to land.  Notification must be given to the Iowa DNR and nearby residents, at least 48 hours in advance
when the operation expects to exceed the standards

The study group provides the following recommendations on the regulation of  hydrogen sulfide,
ammonia, and odor from CAFOs:

Hydrogen Sulfide
It is recommended that hydrogen sulfide, measured at the CAFO property line, not exceed 70 parts per
billion (ppb) for a 1-hour time-weighted average (TWA) period. In addition, the concentration at a
residence or public use area shall not exceed 15 ppb, measured in the same manner as the property line

Question 3:  Based on an analysis of peer-reviewed, duplicated, legitimate, and published scientific research,
what would you recommend as Iowa or National consensus standards for any proposed substances to be regulated
as emissions from CFOs?

The study group recommends that ambient air quality standards be developed to regulate the
concentration of  hydrogen sulfide, ammonia and odor. There has been considerable discussion on what
standard levels should be established for each pollutant as well as where the measurement should take
place. Some states measure concentration at the property line of  the source while others measure at the
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measurement. It is recommended that each CAFO have up to seven days (with 48 hour notice) each
calendar year when they are allowed to exceed the concentration for hydrogen sulfide.

Ammonia
It is recommended that ammonia, measured at the CAFO property line, not exceed 500 ppb for a 1-
hour TWA period. In addition, the concentration at a residence or public use area shall not exceed 150
ppb, measured in the same manner as the property line measurement. It is recommended that each
CAFO have up to seven days (with 48 hour notice) each calendar year when they are allowed to exceed
the concentration for ammonia.

Odor
The study group was unable to reach consensus on the regulation of  odors. Thus, the following two
opinions for odor are presented:

Opinion 1:
It is recommended that odor, measured at the residence or public use area, shall not exceed
7:1 dilutions with an exceedence defined as two excessive measurements separated by 4
hours, in any day. It is recommended that each CAFO have up to seven days (with 48 hour
notice) each calendar year when they are allowed to exceed the concentration for odor. At
the CAFO property line, odor shall not exceed a 15:1 dilution, with an exceedence defined as
one excessive two-hour time averaged sample, in any day. It is recommended that each
CAFO have up to 14 days (with 48 hour notice) each calendar year when they are allowed to
exceed the property line concentration for odor. Exceedence of  a CAFO ambient air quality
standard should result in regulatory action similar to that which would be required in
regulatory action exceedence of  a National Ambient Air Quality Standard. The IDNR
should be granted the power to develop an implementation plan to reduce the emissions that
led to the violation.

Opinion 2:
Odor recommendations are more difficult to establish because studies relating health
impacts to odor exposure have not measured odor concentrations. However, odor
concentrations related to annoyance impacts have been established. Measurements for odor
should be taken at a residence or public use area. Using sampling events at the source, the
frequency, duration, and concentration of  exposure to odor at the residence can be modeled
using tools currently available, thereby avoiding extensive monitoring.

Polls indicate that residents are willing to tolerate nuisance odors for only up to a reasonable
amount of  time (see Iowa Rural Life Poll, Chapter 7 in the full report). Thus, the reported
odor concentration represents tolerable continuous exposure, above which, concentrations
are tolerated only in relation to their frequency and duration. An odor concentration of 7:1
dilutions at a residence is a tolerable odor providing it is not exceeded for periods that
extend beyond that considered reasonable.
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Response to Question 4

Question 4:  What do you think should be done to address any other emerging issues with respect to industrial
CFOs in Iowa?

There are other important emerging issues surrounding the intensification of  livestock production that
extend beyond concerns over air emissions. These include concerns about water quality, the health of
CAFO workers, socioeconomic impacts in rural communities, and the emergence of  microorganisms
resistant to antibiotics used in human and veterinary medicine. There are also concerns about the
emission of  greenhouse gases from CAFO sites. The effects of  siting large CAFOs in or near
communities should be recognized and used in making informed decisions on permitting facilities.
There is a need to evaluate plans for controlling livestock epidemics and for proper disposal of  carcasses
in the event of  an outbreak. Recent events in Europe associated with foot and mouth disease, plus
renewed concerns over agricultural bioterrorism highlight this need. Lastly, the study group makes
recommendations regarding the formation of  a science advisory panel to advise the IDNR on
agricultural and environmental health issues. Each of  these issues is further described below.

Some issues discussed in this section may be outside the purview of  the IDNR, but all are congruent
with science-based conclusions in the body of  the report. Some are appropriately addressed by other
state or federal agencies, and some can only be addressed through a combination of  related public
policies.

Water Quality

Water quality is a major issue concerning CAFOs. Concerns include: 1) leakage or rupture of  lagoons
(both lined and unlined); and 2) runoff  from agricultural fields where animal waste has been improperly
applied. Nonpoint discharges may result in surface runoff  with high concentrations of  ammonia,
biochemical oxygen demand (BOD), total and fecal coliform bacteria, total suspended solids, and
phosphorus which can cause low dissolved oxygen in streams. Ecosystem impacts may include fish kills,
changes in the natural food webs, algae growth, and losses of  biological diversity in stream habitat. Both
the structure and function of  aquatic ecosystems can be impaired. Impacts may include increased cost
for drinking water treatment of  surface water supplies, reduced harvest of  fish and shellfish, closed
bathing beaches due to fecal coliforms, and loss of  aesthetic beauty of  Iowa’s waterways.

Recently, Iowa has experienced an increase in the number of  CAFOs as well as a greater density of
animals per operation. Many larger operations are not self-sufficient in grain production and purchase
feed from other sources. Therefore, applicators must follow additional application guidelines established
by legislation and rules. While some study group members believe manure should never be applied to
frozen ground or steep slopes, others recommend that manure application on steep slopes and frozen
ground follow guidelines established by USDA Natural Resources Conservation Service “Iowa Nutrient
Management Standard 590”. In addition, large producers are required to file manure management plans
with the IDNR.

Study group members reached consensus that as operations become more numerous and concentrated
on limited land bases, there is an increased risk for deterioration of  water quality. All members believe
that if  producers do not follow their manure management plans, the chance for runoff  of  nutrients and
bacteria is increased. In addition, some members felt more strongly on this issue, stating that it is not
possible to apply manure at high areal loading rates without runoff  of  nutrients and bacteria because
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one cannot foresee intense rainfall events. One cannot assume that manure can always be safely applied
to land without a potential for runoff. These members feel the present system of  CAFO production
disposes of  too much manure in too small an area exposed to uncontrolled meteorological conditions to
realistically expect acceptable water quality.

Wastes that are stored in lagoons or earthen waste storage structures have a potential for spills and/or
groundwater contamination if  existing standards are not met. National Pollutant Discharge Elimination
System (NPDES) permits are required for large (>1000 animal units) open feedlots which allow
discharge only in the event of  a 25-year, 24-hour storm. Totally roofed CAFOs are not allowed to
discharge into surface waters, and therefore do not require NPDES permits. This is in contrast to small
Iowa towns, all of  which are required to have NPDES permits and meet effluent discharge
requirements.

Occupational Health

The occupational health problems for those who work inside CAFOs have been well recognized since
1977. At least 25 percent of  workers in swine CAFOs have been reported to have current respiratory
health problems. Recommended maximum exposure levels designed to protect worker health have been
defined (See Chapter 6.3). It is apparent that current Occupational Safety and Health Administration
(OSHA) limits are not protective of  CAFO worker health because a number of  hazardous contaminants
are not regulated. Importantly, OSHA has not promulgated any Permissible Exposure Limits specifically
to protect the health of  livestock production workers.

There are several important regulatory problems that have interfered with the protection of  workers in
CAFOs. Most of  the large livestock and poultry producers have not been regulated by OSHA, even
though they may have more than 10 employees and are subject to OSHA regulations. The specialization
of  livestock production has led to increased cumulative exposure, as workers may spend as much as 70
hours per week in these buildings. There is a need to establish exposure standards that protect workers
for these extended work schedules. There is enough information to protect workers’ health if
recognized workplace management procedures are adopted. It is recommended that the livestock-
producing industries institute comprehensive worker health protection programs.

Antibiotic Resistance

Antibiotic resistance is a health threat of  great concern. Recent documents from the World Health
Organization (2000), the Centers for Disease Control, and other health agencies have placed a high
priority on the understanding and control of  antibiotic resistance (Interagency Task Force On
Antimicrobial Resistance, 2000; Tenover and Hughes, 1995). It is clear that certain antibiotic use
practices in human medicine have contributed to resistance. Agricultural antibiotic use practices have
also been targeted as contributing to this serious problem (Witte, 1998). In particular, the subtherapeutic
use of  antibiotics in food producing animals has been identified by public health officials as the key
factor in the development of  resistance among foodborne pathogens (Gorbach, 2001).

Antibiotic resistant organisms or the resistance genes responsible can be spread from agricultural
settings into human populations through a variety of  mechanisms. Ingestion of  contaminated food
products, especially animal-derived foods including meat and dairy products, has been linked to spread
of  antibiotic resistant organisms (Mead et al., 1999). Direct contact between colonized or infected
animals and farm workers has also been associated with the acquisition of  resistant organisms in
humans (Levy et al, 1976).
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Various studies have demonstrated that continued use of  antibiotics in feedstuffs provides conditions
favorable to the selection of  resistant strains of  bacteria in food animals and their environment (Chee-
Sanford et al., 2001; Zahn, Anhalt, & Boyd, 2001). Yet the threats for emergence of  resistant strains of
bacteria through subtherapeutic use of  antibiotics in livestock applies wherever these practices occur;
the threat is not restricted to CAFOs. Selection pressure may be enhanced by: (1) the long-term use of
antibiotics in animals having endemic subclinical infections; (2) poor environmental hygiene; and (3)
management practices that allow for the introduction of  naïve, susceptible animals or the movement of
carrier animals into a naïve herd. This latter practice allows for the continuous passage of  resistant
bacteria among susceptible animals. Over the past decade, increasing numbers of  organisms isolated
from food animals or meat products demonstrate resistance to antibiotics including penicillins,
tetracycline, sulfamethoxazole, streptomycin and other compounds (Aarestrup et al, 1998; Centers for
Disease Control and Prevention, 1999; Molbak et al, 1999; Smith et al., 1999; Threlfall et al., 1996;
White et al., 2001).

Antibiotics are critically important in human and veterinary medicine, and in the current context, food
animal production. Organisms resistant to all classes of  available antimicrobial agents have been
identified in human medicine and the incidence of  community acquired highly drug resistant organisms
is increasing (Neu, 1992). No new classes of  antimicrobial agents will be available in the foreseeable
future. It is critical that the appropriate state and federal agencies and the research community in the
United States take a leading role in defining the risks associated with different antibiotic use practices
and develop strategies to improve our antibiotic stewardship both in human and agricultural settings
(American Medical Association, 2001).

Greenhouse Gas Emissions

Regarding air pollution, air permits are not required for emissions from CAFOs, so there is not a good
method to quantify their inputs. However, emissions of  particulate matter, sulfur compounds, and
nitrogen oxides are believed to be a very minor portion of  Iowa’s total emissions. CAFO emissions of
these pollutants are small compared to emissions from stationary sources (power plants and industry)
and mobile sources (automobiles and truck diesel). Greenhouse gas emissions from CAFOs are
significant for methane. On a radiative basis (greenhouse gas impacts), methane is about 10-15% of  the
total greenhouse gas produced in Iowa, and methane from manure management is about 25% of  the
total (approximately 3% of  total greenhouse gas estimated in Ney et al., 1996). The Iowa Greenhouse
Gas Action Plan calls for capture of  methane at large feed lots (Ney et al., 1996). Nitrous oxide
emissions from manure management at CAFOs is a small contribution, and the emissions of  carbon
dioxide from CAFOs are a negligible portion of  the state’s CO

2
 emissions.

Community and Socioeconomic Impacts

A number of  important community and socioeconomic issues have developed with the emergence of
CAFOs, as described in Chapter 7. Research has explored some of  these issues, and posed and evaluated
alternatives, including some alternatives for livestock production. To a significant extent, these issues are
tied to overall changes in agriculture and rural life in America. Importantly, these issues are complex and
generally outside the purview of  the IDNR.

These issues include the concern about increased concentration of  control of  livestock supply chains,
lack of  public price discovery, and loss of  family farmers’ control of  production. Another concern is
decline in local economic activity and increases in purchases of  some animal production inputs from
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outside the local area, as CAFOs increase in size and number. This is a complex issue since we must
estimate what purchases would have been made had the structure remained the same. Of  equal
importance is the fact that decision-making on questions that matter at the local level are increasingly
more centralized with the growth of  corporate CAFOs.

Devaluation of  property near hog CAFOs and related legal challenges are documented. Studies in
Michigan, North Carolina, and Missouri found that the value of  real estate close to CAFOs tended to
fall. These and other data show that CAFOs are defined by present and potential neighbors as at least a
nuisance.

Studies showing a decline in neighborliness, or community social capital, have been conducted in Iowa,
North Carolina, Minnesota, and Missouri. This decline was measured by diminished opportunities to
socialize, lack of  trust, increased community conflict, and related variables in communities where
CAFOs are concentrated.

A more diverse livestock sector that was able to remain competitive and responded to increasingly
differentiated consumer preferences would likely result in greater environmental (Donham, 2000), social
(Wright, et al., 2001), and economic sustainability of  rural areas than one dominated by large-scale
CAFOs. Policies that encourage more diverse livestock/crop farms, particularly those using sustainable
production systems, could also reduce the regulatory burden of  the IDNR and other agencies.

The most clearly recognizable socioeconomic issue for CAFOs that impinges on the IDNR’s
responsibilities is what CAFOs may do to aquatic, wildlife, and aesthetic qualities of  living in Iowa, as
well as tourism in Iowa. If  air and water quality is compromised, the interest of  persons and businesses
considering relocation to Iowa will be lessened. A compromised environment could have an economic
impact on tourism by keeping Iowa a low priority destination for visitors as well as driving fishing and
hunting activity away from Iowa and toward less challenged environments.

Livestock Epidemic and Disposal Issues

The current state plan for Foot and Mouth Disease (FMD) in Iowa is multi-agency and is called the Foot
and Mouth Disease Response and Recovery Plan. As part of  its responsibilities in the state plan, the
IDNR has developed the FMD Carcass Disposal Plan. Burial and composting are given high priority
compared to burning, in order to reduce air pollution consequences. However, the potential impacts of
a FMD epidemic like that of  last year in the United Kingdom and Europe should be evaluated to assess
if  the current plans are sufficient for isolation of  pathogens and destruction of  carcasses. In addition,
these plans should be evaluated for other pathogens, including bioterrorist introduction of  anthrax and
other potential agents of  agricultural bioterrorism.

Formation of a Science Advisory Panel

collaboration and planning in a prospective manner. The partnership of  the IDNR and other
appropriate state agencies with a continuing advisory group of  specialists in the sciences germane to

To enhance the effectiveness of  responses to emerging issues, the study group recommends formation
of  a science advisory panel to contract with the IDNR on agricultural and environmental issues. The
University of  Iowa and Iowa State University participants have found the current review of  scientific
literature on CAFOs and the ensuing discussions to be very useful. University faculty could continue in a
more general role as a scientific advisory panel. This would provide the opportunity to develop closer
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Response to Question 5

Question 5: Finally, I am seeking your recommendations regarding available methods of reducing or minimizing
the emissions from CFOs and the impact of those emissions on the ambient air surrounding sites.

Emissions from CAFOs originate from three primary sources: (1) air emissions from housing units; (2)
air emissions from manure storage facilities, and (3) air emissions during and following land application
events. Documented emission reduction strategies exist for all three of  these sources. Some of  the
documented strategies are more effective than others and some are more economical than others,
however, economical strategies exist for dealing with emissions from all three sources.

Housing Unit Air Emissions
Housing unit air emissions ultimately are carried out with the ventilation air exhausted from buildings.
Emissions originate from the feeding floor itself, where deposited manure and urine decompose
anaerobically resulting in airborne gases and particulates from dried fecal material. In addition, emissions
originate from under-floor manure storage in slatted systems and from bedding pack in deep-bedded
systems. Studies have shown that, in slatted-floor housing systems, the emission contribution from the
feeding floor itself  can exceed 60 percent of  the total with the remaining contribution from the under-
floor storage compartment. Use of  smooth cleanable surfaces along with frequent and complete
scraping, and/or frequent flushing of  the feeding floor with minimal air exchange between the housing
air and the under-floor slurry, is a good strategy for reducing housing unit emissions.

If  housing unit emissions are post-processed, (i.e., exhaust ventilation air is treated), additional strategies
exist. Scrubbing the ventilation air with biofilters, where the exhausted air is passed through a bed of
gas-scrubbing microorganisms, has been shown to reduce ammonia and odor emissions by more than
90 percent. However, effective use of  biofilter technology requires simultaneous use of  power
ventilation. Biofilters are difficult to implement under high ventilation rate situations typical of  Iowa
summers and, of  course, are not useful in naturally ventilated housing systems.

Gases and odors adhere to dust particles. Natural biomass filters such as corn stalks and chopped-straw
have been used to capture a portion of  the larger dust particles emitted with ventilation air. The
evidence on this strategy is still being documented but research to date indicates that about 60 percent
of  the odor can be reduced using this technique.

Tree barriers are being evaluated for effectiveness in reducing odor and particulates and enhancing
mixing and dilution. However, the impact on a large scale relative to livestock or poultry production sites
is unknown. Tree barriers surrounding production sites have high aesthetic value.

agricultural, environmental, and public health issues would strengthen Iowa’s ability to plan for
prevention or remediation of  emerging problems in a thoughtful and positive manner with sufficient
lead-time to engage the needed resources and evaluation. A science advisory panel could suggest areas
for needed research to better resolve or control the factors related to emerging issues. The panel could
recommend consultants, establish standard operating procedures for resolving questions, and be
prepared with the necessary background, literature resources and ongoing discussion to support science-
based advice as needed by the IDNR or other agencies in Iowa.
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The best method for minimizing odors from anaerobic lagoons is to simply practice good management.
It is most important to use adequate dilution water and load at or below design capacity. There has been
much discussion recently about the use of  anaerobic digesters which can significantly reduce storage
odors and generate energy in the form of  methane gas.

Air Emissions from Land Applied Manure
Emissions during land application of  livestock and poultry manure can be intense if  the manure is
surface-applied. The majority of  total emissions, roughly 80 percent, occur during the first six hours
after land application. To significantly reduce emissions of  gases and odors during land application,
injection or immediate coverage (within 1 hour) is required. Odor reduction is, in turn, dependent upon
the degree of  soil coverage. Poorly injected manure slurry with little soil coverage is only marginal in
effectiveness in reducing gas and odor emissions. To take full benefit of  the natural odor absorption
capacity of  soils, the slurry must be completely covered. The evidence is clear that 85-90 percent
emission reduction is possible with complete soil coverage compared to surface application when
coverage is delayed for more than 3-6 hours.

Policy Strategies for Long-Term Viability of the Livestock Industry in Iowa

Emission of  gases and particulates from livestock and poultry systems is an inevitable outcome
requiring special attention. Strategies for emission reduction for all stages of  production have been
outlined, with most being economically feasible. The strategies outlined previously are documented
techniques that have gained fairly widespread acceptance with scientists and engineers working in this
area.

A few strategies have been discussed for years. They lack the scientific evidence to document their
specific benefits, but nevertheless deserve discussion. The study group is unanimous in the belief  that a
long-term strategy of  better facility siting, setbacks, and landscape considerations, in addition to the
implementation of  available odor and gas reducing technologies, will benefit both the producer and
residents in the community. The study group strongly urges that the following topics receive careful
consideration.

Statewide Spatial Planning
Facilities built today, under current siting and setback practices, have a lifetime of  roughly 15 years. In
the long-term, guidelines should be established based on siting and spatial planning considerations that
require siting of  new and replaced facilities in accordance with a statewide spatial plan. Some areas of
the state are currently over-populated with facilities. A statewide spatial plan, based for example on

Storage Unit Air Emissions
Outside manure storage systems can be a source of  additional gas emissions. Regardless of  whether the
storage system is formed concrete, steel-lined, or earthen basin, these open exposures to the atmosphere
can result in high emission rates. Emission rates are highly influenced by weather conditions. The most
effective and economically feasible strategy for reducing emissions from outside storage units (not
including anaerobic lagoons) is accomplished by covering the entire surface area of  the storage unit.
Research has been conducted on many covering materials, ranging from expensive impermeable covers,
to relatively inexpensive chopped-straw covers with a maintained minimum depth of  coverage.
Inexpensive, chopped-straw cover, with a maintained minimum depth is as effective in reducing
emissions as the more expensive covers. However, the key to success with this strategy is maintenance
of  a minimum depth of  straw.
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landscape changes such as strategically placed tree lines will positively impact producer/community
relationships. This is a researchable area and one that holds promise as a natural, aesthetically pleasing
strategy for producers to implement.

Conclusion to Executive Summary

The consensus responses summarized in this Executive Summary provide a science-based summary of
this inquiry from the Iowa Department of  Natural Resources. The study group recognizes the
importance of  livestock production and the vital role it plays in the livelihoods of  Iowa producers and
suppliers and the state’s economy. It is, therefore, critically important that science-based policies be
developed to sustain livestock production. It is equally vital that such policies protect the public’s health,
sustain and enhance the communities in which livestock production takes place, and protect and
enhance the environment and Iowa’s natural resources through sound production practices,
environmental controls and the development of  a long-range, sustainable, community health and
environmentally conscious spatial plan for CAFOS.

animal units per acre, would help guide and distribute animals in a manner that takes full advantage of
Iowa’s soil/nutrient capabilities and minimizes the impacts of  air emissions on the community.

Local Siting Guidelines
The study group feels strongly that current siting guidelines are outdated and not reflective of  the
changing demographics in rural Iowa. Current siting guidelines use a simple distance and size regulation
for new facilities. The study group feels that this method of  siting is not conducive to the long-term
viability of  the livestock and poultry industries in Iowa. A strategy that takes into account proposed
facility size and type, distance and orientation to surrounding neighbors, local weather patterns, odor
control measures, existing recreational and public-use facilities, and other existing production facilities in
a community would provide better placement guidance of  facilities and contribute positively to spatial
planning considerations. Siting models that utilize the above mentioned inputs have been developed, are
currently being calibrated, and should be used in community-wide applications.

Aesthetic Considerations for Livestock and Poultry Production Sites
Evidence exists in the literature that foliage (primarily trees) will enhance mixing and capture some of
the odor-producing gases and particulates emitted from livestock and poultry production facilities.
Currently, research projects are being planned, and some have already been conducted, to test the use of
strategically placed tree barriers around production sites. Although evidence documenting odor, gas, and
particulate-capture-percentages on a production-size scale is limited, the study group feels strongly that
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Abstract 
 

 
Animal production trends in the United States and Iowa are reviewed to illustrate the changes in the 
animal industry over the past 50 years.  Total production from the major industries are presented 
along with the changes in numbers of producers and average size of production  
units.  Rapid consolidation of the industry is evident in both poultry and swine production systems 
in Iowa.  Cattle numbers continue to decrease in the state. 
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2.0 Introduction 
 
The structural changes of the animal industry in Iowa and the related concentration trends are very 
similar to those seen in most industries in the United States.  Overall consumption of animal 
products has either increased or remained stable over the past 20 years while the number of farms 
producing these products has greatly diminished.  These trends are very similar to those seen in 
other industries such as construction, food processing, banking, general manufacturing, real estate, 
services and pharmacy.  This results in a large increase in the average size of the active farms in 
Iowa.  The number of active farms in Iowa has been reduced from over 200,000 in 1950 to fewer 
than 100,000 in the late 1990s as seen in Figure 1(6). 

Figure 1.  Number of Iowa farms. 
 
A farm in Figure 1 is defined as any operation that sold more than $1,000 in agricultural products.  
The number of farms owning and operating confined animal feeding operations (CAFOs) will be 
much less than the above table.  However, the trend in declining numbers of farms is obvious. 
The trend toward fewer farms in Iowa is accompanied by a reduction in the percentage of Iowa 
farms that have hogs or cattle as a component of their agricultural business.  Figure 2 shows that in 
the early 1960s over 80% of Iowa farms had cattle as part of their operation and 70% had hogs as 
part of their farming operation.  The percent of Iowa farms that included cattle in their farming 
operation has declined to less than 40% as of 2000, while the percent of Iowa farms that included 
hogs in their farming operation has declined to approximately 12%. 
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Figure 2. Percent of Iowa farms with hogs or cattle. 
 
 
2.1  Swine Industry Changes 
 
There are several very distinct trends that can be seen in the U.S. pork industry in the areas of 
production, processing, environment, vertical integration/coordination and the adoption of 
technology.  The trends being seen in production of pork are shown in the following Table 1. 
(Lawrence and Grimes, 2001). 
 
 
Table 1. Changes in USA Pork Production in Number of Farms and Percentage of U.S. Marketings 
 

    Number of Farms   % Marketings 
Herd Size 1997  2000 % Change 1997   2000 
--------------------------------------------------------------------------------------- 
1-50  69,460   54,513       -27%    3%      2% 
50-250  20,142  17,464       -15%  28%    17% 
250-500   1,978     2,627      +33%  10%    10% 
500-2500   1,318    2,501      +90%  16%    19% 
2500-25,000      127       136        +7%  16%    17% 
25,000+        18         20      +11%  27%    35% 
--------------------------------------------------------------------------------------- 

 
The production structure of the U.S. swine industry has changed dramatically in terms of size and 
location over the past few years.  The above table shows the change in numbers of pig-producing 
farms and marketing percentages over just the past three years.  We have recently seen a great 
reduction in the number of small hog farms (<250 sows) as producers have either gone out of pork 
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production or have increased their herd size to function under the new terms of commodity pork 
production.  The percentage of pigs marketed by this small producer type has decreased from 31% 
of all pigs marketed in 1997 to only 19% of pigs marketed in 2000.  This dropout from production 
of the smaller farms has been largely picked up by expansion within the corporate pig production 
segment (greater than 25,000 sows) as the percent of marketing accounted for by this segment has 
grown by 8%.  The mid-level swine production segment has picked up the rest of the fallout from 
the small producer.  Interestingly, the increase in farm numbers (at 250+ sows) coincides with the 
minimum farm size to implement a weekly farrowing schedule, one of the most basic management 
technologies.  And the herd size that has seen the greatest increase in size (500+ sows) coincides 
with the minimum herd size needed to market pigs in lot sizes that fit semi-trailer delivery, the most 
preferred method of delivery by packers (7). 
 
One reason for the increased herd sizes is the greater potential for profit.  The following table shows 
the profitability by herd size recently reported in the United States by Lawrence and Grimes (2001). 
 
 Table 2. Profitability by herd size (number of sows) in the U.S. (2000). 
 
Herd Size  Net Profit  Breakeven  Net Loss 
---------------------------------------------------------------------------------------------------- 
1-50        50%       30%       20% 
50-250       70%       20%       10% 
250-500      78%       13%         9% 
500-2500      77%       12%       11% 
2500-25,000      90%         5%         5% 
25,000+      95%         5%         0% 
---------------------------------------------------------------------------------------------------- 
 
This table shows the percentage of farms that reported a profit for the year 2000.  It is clear that a 
higher percentage of smaller farms were in the breakeven or net loss return categories when 
compared to larger farms.  The reasons for this are many, but do include those mentioned earlier.  
Very simply, larger farms are more consistently making a profit when compared to smaller farms. 
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Figure 3 shows the number of swine in Iowa has stayed fairly constant in the past 20 years.  
However, while the numbers of pigs in Iowa have been somewhat stable, the proportion of hogs 
that are breeding sows versus market swine has changed markedly, as shown in Figures 4 and 5. 
 

 
Figure 4.  Swine breeding herd in USA and Iowa. 
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Figure 5.  Market hog inventory for USA and Iowa. 
 
Over the past 30 years the breeding herd size in the United States has decreased from just under 10 
million sows to just over 6 million sows (Figure 4).  However, increases in productivity have allowed 
total swine production to remain fairly steady.  The size of the breeding herd in Iowa has declined 
from over 2 million sows in 1970 to 1.1 million in 2000.  However, the number of market hogs in 
Iowa has not seen the same decline (Figure 5). One of the primary trends that has potential 
environmental implications is the trend towards farms having more concentration of hogs.  As the 
number of farms with hogs has declined and the number of total hogs has been more stable, the 
inevitable result is that the average number of hogs per farm has increased, as shown in Figure 6.  As 
production units increase, there is the associated concentration of waste produced in fewer, larger 
units.  More workers are concentrated to work in the facilities, as well as larger volumes of feed and 
manure transport.  In addition to the increased potential for emissions from these operations 
compared to smaller units, there is increased traffic volume servicing the unit.  Increased traffic 
volume has the unintended affect of more dust and noise in and around the production unit.  
 

 
Figure 6.  Average swine farm size in USA and Iowa. 
 
The trend in unit size in Iowa mirrors that of the rest of the United States in that the number of 
hogs per farm has increased greatly over the past 30 years.   
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2.2 Beef and Dairy Cattle Industry Changes 
 
The total number of cattle on farms in the United States has been somewhat stable over the past 20 
years, but has declined over the past 40 years, as shown in Figure 7.  However, Iowa has seen a 
steady decrease in the number of cattle on farms since a peak in the late 1970s 
to early 1980s.  These cattle numbers can be broken down into three primary  
groups: dairy cattle, beef cows and cattle on feed.  The number of dairy cows compared to beef 
cows on Iowa farms is shown in Figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Total cattle on farms in USA and Iowa. 
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Figure 8.  Beef and dairy cow  numbers in Iowa. 
 
A slow and steady decline in the number of dairy cows in Iowa has occurred over the past 40 years.  
Beef cow numbers increased from 1955 until the late 1970s and then began to decline in numbers.  

 
 Figure 9.  Fed Cattle marketed and number of feedlots for 13 states and Iowa. 
 
 
The numbers of feedlots and fed cattle in Iowa and 13 states are shown in Figure 9.  Iowa has 
dropped from the number one state in fed cattle production in 1970 to number six in fed cattle 
marketings.  Fed cattle marketings have decreased from 4.7 million annually in 1968 to 1.7 million in 
1999.  This loss was experienced as fed cattle marketings increased in the Southwest. The number of 
Iowa feedlots has declined by almost one-half since 1970 while the number of cattle marketed has 
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declined a t a somewhat slower rate.  This suggests the average size of a beef feedlot in Iowa has 
increased over the past 30 years. 
 
Poultry Industry Changes 
 
The poultry industry in Iowa consists primarily of egg production and turkey production.  The 
greatest changes in Iowa have been seen in the layer industry as shown in Figure 10.  While  
 
 
 

 
Figure 10.  Egg production in USA and Iowa. 
 
Egg production in the US has slowly increased over the past 40 years, the egg production industry in 
Iowa dropped off dramatically in the 1950s and stayed very small until the 1990s. Since 1990, the 
egg production industry in Iowa has rapidly grown to the point that Iowa is now number one in the 
United States in layer numbers. 
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The trend in turkey production has also been stable, as shown in the Figure 11.  
 

 
Figure 11.  Turkey production in the US and Iowa 
 
 
2.3 Census of Agriculture Information 
 
Many of the trends shown before in this chapter are documented by Census of Agriculture data 
comparing changes from 1987 to 1997 presented in tabular form in Table 3. This information is 
somewhat dated since significant changes have occurred since the last Census of Agriculture in 1997.  
However, this information shows that major livestock sectors are being restructured in Iowa.  As 
Buttel and Jackson-Smith (1997) point out, this process involves a sharp decline in number of farms, 
increasing scale, concentration of market power, and increased vertical integration, generally 
involving greater subordination of the producer to stronger actors in the supply chain.  This process 
can be seen in certain—but not all—livestock sectors in Iowa.  During the decade from 1987 to 
1997 (date of the most recent U.S. Agricultural Census), hog and poultry production became much 
more concentrated on fewer farms. 
 
The impact of these changes is greatest in hog production:  the number of farms raising hogs halved 
while the number of hogs and pigs sold per farm more than doubled—and total production grew 
steadily (by 17% over 10 years).  (Recent reports indicate that number of swine farms in Iowa in 
2000 is now less than 11,000). The greatest percentage shifts occurred in broilers and laying hens.  
Numbers of layers grew 2.6 times over the period, but the number of layers/farm increased nearly 
seven-fold.  In 1997, Iowa ranked third in the nation in egg production, and has since moved to 
number one, surpassing Pennsylvania and Ohio.  The number of farms engaged in dairying fell by 
45 % and the number of dairy cows declined by nearly 25% in the decade, although milk production 
declined less. The dairies that remain are only modestly larger than before, indicating that the scale 
revolution in dairying has not greatly affected Iowa, apart from the shift of production to large dairy 
farms in the West.  Stock cattle production declined modestly and beef herd size grew only 
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modestly.  The decline in number of farms raising beef cattle (-15%) paralleled the decline in total 
numbers of farms of all kinds in Iowa (-13.7%).  Ruminants are efficient in converting roughage and 
thus resist complete industrialization.  It appears that cattle feedlots did not grow in size, partly 
because beef CAFOs in Iowa were limited by capital and environmental concerns, while fed cattle 
production continued the shift to the Great Plains.   
 
Table 3.  Changes in Livestock and Poultry Production, Iowa, 1987-1997 

 1987 1992 1997

Cattle: 
Livestock/farm 
numbers,1997   % Chg 87-97 

    Farms with cattle/calf sales 38,548   - 23.7% 
    Cattle & calf numbers sold  2,881,122   - 18.6% 
      Cattle and calves sold per farm  70.0 73.6 74.7 
    Farms with beef cows 27,452   - 15.0% 
    Beef cow numbers (inventory) 1,029,172   - 8.4% 
      Beef cows per farm  34.8 35.5 37.5 
    Farms with dairy cows 4,208   - 45.7% 
    Dairy cow numbers (inventory) 222,142   - 24.7% 
      Dairy cows per farm  38.1 44.1 52.8 
Hogs:     
     Farms with hog/pig sales 18,370   - 52.5% 
     Number of hogs/pigs sold 27,495,818   + 17.1% 
      Hogs and pigs sold per farm  608 787 1497 
Poultry:     
     Farms with laying hens* 1,892   - 61.4% 
     Inventory of laying hens* 24,876,834   + 160.0% 
       Layers and pullets* per farm  1956 4770 13,148 
     Farms selling broilers 519   - 51.0% 
     Broilers sold 6,852,810   + 928.9% 
       Broilers sold per farm  628 14,110 13,203 
* Includes pullets 13 weeks old and over. 
Source:  U.S. Census of Agriculture:  Iowa, 1987, 1992, 1997.    
http://ia.profiles.iastate.edu/data/census/county/agcensus.asp?sCounty=19000 Midwest PROfiles, Public Resources 
Online, Department of Economics, Iowa State University (accessed 12/17/01) 
  
 
 
2.4 Iowa DNR Permitted CAFOs 
 
The Iowa Department of Natural Resources has recently estimated current livestock numbers in the 
state and the numbers of operations large enough to have manure management plans or operation 
permits.  These values are given in table 4.   
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Figure 12.  IDNR permitted CAFOs. 
 
The Iowa Department of Natural Resources issues construction permits to confined animal feeding 
operations that are above a certain threshold of capacity based on live animal weight.  The 
distribution of these permitted CAFOs as of 2001 is shown in Figure 12. 
 

Figure 13.  IDNR permitted swine operations by size (weight). 
 
 
The most prevalent permitted CAFOs in Iowa at the present time are those occupied by hogs.   
These permitted hog CAFOs are somewhat variable in their size, as shown Figure 13. 
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Table 4.  IDNR animal number estimates. 
 

Livestock Production Numbers 
 

PORK  Animal Unit 
conversion 

 

12,900,000 head 

Pork produced in facilities large enough to require 
manure management plans  
(including permitted operations) = 3,500 operations 
(85% of IA hogs raised) 

5,160,000 au  

2,277,000 head 
Pork produced in facilities not required to submit 
manure management plans, nor required to be 
permitted. 

910,000 au  

15,177,000 head Total Production     

  

BEEF  Animal Unit 
conversion 

 

365,000 head Beef produced in facilities containing over 1,000 
head 365,000 au  

635,000 head Beef produced in facilities containing less than  
1,000 head 635,000 au  

1,000,000 head Total Production     

COW/CALF  Animal Unit 
conversion  

1,200,000 head Iowa Cattlemen’s Association estimation 1,200,000  

 

DAIRY  Animal Unit 
conversion 

 

32,400 head Dairy animals produced in facilities requiring a 
manure management plan 45,360 au  

183,600 head Dairy animals produced in facilities that are not 
required to have a manure management plan 257,040 au  

216,000 head Total Production     
 

TURKEY  Animal Unit 
conversion 

 

7,5000,000 head Estimate production from Iowa Turkey Federation 135,000 au  

7,5000,000 head Total Production     
 

POULTRY  Animal Unit 
conversion 

 

35,000,000 head Layers – estimated by Iowa Poultry Association 350,000 au  

5,000,000 head Broilers – estimated by Iowa Poultry Association 50,000 au  

40,000,000 head Total Production     

 

Source: Iowa Department of Natural Resources 
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Locational Trends in Iowa 
 
Figure 14 illustrates the location of CAFOs in Iowa where there are registered open feedlots or 
manure management plans have been required under current Iowa regulations.  There is a definite 
concentration of these units in north central, west central, and the extreme northwest corner of the 
state.  Manure management plans are required for all operations with animal weight capacity of over 
400,000 pounds of cattle or more than 200,000 pounds for all other species and the operation was 
constructed or expanded after May 31, 1985. 

 
Figure 14.  Location of larger animal feeding operations in Iowa(Source IDNR) 
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Figures 15 and 16 illustrate the changes in concentration of the swine industry in Iowa over the ten-
year period from 1987 to 1997.  In 1987, there is a relatively uniform distribution of animals across 
the state whereas in 1997, there are significant concentrations of swine in various parts of the state, 
especially in northwest and north central Iowa where significant new operations were developed 
during that time period.  The total number of animals has not changed significantly.   Therefore 
some areas have lost swine populations while others have gained significant numbers during the ten-
year period.  This trend for concentration has continued since 1997. 
 

 
 
Figure 15.  Map of swine numbers in Iowa per county, 1987(Miller, 2002) 
 
 

 
Figure 16.  Map of swine numbers in Iowa per county, 1997(Miller, 2002) 
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Conclusions 
It is obvious that animal agriculture in the United States and in Iowa has changed over the past years 
and will continue to change.  There is an increased awareness of environmental and other problems 
associated with current production systems.  This awareness is leading to a rethinking of our current 
approach to animal production. Changing consumer preferences and lifestyles offer new options and 
alternatives for animal production.  Policies are needed to protect both producer and consumer 
from being adversely affected.   
 
Many forces impact the livestock industry.  The bottom line is that profitability and sustainability are 
needed.  Over time the industry had fewer and larger farms with a higher level of specialization.  
Access to information is becoming more vital for effective management decisions such as 
technology adoption.  These decisions can be odor management  
or a host of other production/management issues.  Collaborative efforts are increasing.  These 
efforts involve all industry stakeholders, input suppliers, producers, processors, retailers, and policy 
makers.  Information access is increasingly important and cuts across all stakeholders.  Among other 
issues it aids in establishing workable and effective policy decisions. 
 
Animal production is an important part of the Iowa economy but this production needs to be 
conducted in environmentally sound and sustainable systems to provide the best quality product to 
consumers while protecting the environment.  Iowa can and should remain a leader in production of 
high quality, environmentally sound animal products. 
 
Odors and emissions from CAFOs have been of concern in Iowa for many years.  However, the 
concentration of animals into larger, more concentrated units has increased the visibility of the 
potential problems resulting from these major structural changes.  The remainder of this report 
addresses the potential community health impacts of CAFOs. 
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Chapter 3.0 Air Quality Issues 
 

Peter S. Thorne, Ph.D. 
Professor, Department of Occupational and Environmental Health 

The University of Iowa 
 
This chapter will describe the agents that emanate from livestock facilities, waste storages and 
manure application sites associated with livestock production. This will include those agents of 
concern within barns and air contaminants beyond the barn. These may be on the farm in the 
vicinity of CAFOs or off the farm at locations or in communities adjacent to CAFOs. This chapter 
will also briefly describe the measurement approaches and the sources of data for these compounds. 
The toxic properties of these agents, their emission rates and the concentrations at which they 
appear are presented in subsequent chapters. 
 
3.1 Sources of data 
 
Air quality data for CAFOs are quite limited. There are relatively few monitoring programs for large-
scale livestock production compared to other industries that are regulated. This is further 
complicated by the fact that the air emissions from CAFOs include a wide array of toxicants 
including gases, vapors, odoriferous compounds, particulates, and bioaerosols. There are no 
federally mandated monitoring programs in the United States and only a small number of states have 
instituted their own monitoring (see Chapter 9). Efforts to institute local controls have generally 
focused on siting, set backs and zoning rather than compliance with standards for hazardous air 
pollutants. In Europe, the situation is different. For instance, the Netherlands has established 
programs based on manure handling practices and for control of emissions from CAFOs. Initially 
these covered only intensive livestock producers, but now these regulations will extend to all farms. 
The European Union has issued a number of directives designed to limit emissions of ammonia, 
methane and odors. 
 
The majority of the monitoring and exposure data available has come from academic researchers 
interested in characterizing the emissions either for studies of occupational and community health or 
for studies to address emission rates and efficacy of control approaches. Recently, citizens and 
citizen groups have begun setting up their own hydrogen sulfide monitoring as a means to provide 
exposure data to the debate over CAFOs. The swine industry has not engaged in monitoring of air 
emissions in the United States except when required by court settlements or regulatory action.  
 
3.2 Particulate Matter 
 
Particulate matter associated with CAFOs is composed of fecal matter, feed materials, skin cells, and 
the products of microbial action on feces and feed (Table 3-1). Components of feed include plant 
proteins, starches and carbohydrates; feed additives such as vitamins, minerals, amino acids and 
other supplements; and antibiotics. The most common approaches to measurement of particulate 
matter emissions are gravimetric sampling, nephelometry, or particle counting. •Gravimetric 
sampling is performed by pre-weighing specialized air sampling filters using a precision 
microbalance, sampling in the test environment by pulling a measured amount of air through the 
filter, and then post-weighing the filters and correcting the weight gain for the change in the blanks. 
This corrected weight change is then divided by the volume of air that was pulled through the filter 
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to determine the airborne dust concentration in mg per cubic meter of air.  Different fractions of 
dust can be selectively sampled by changing the design of the air sampling device and the airflow 
rate through the device.  
 
When dust is inhaled by humans or animals, a higher proportion of small particles than large 
particles will travel deep into the lung and be deposited. Thus, environmental health professionals 
often choose to collect fractions of the total suspended particulates (TSP) to gain more insight into 
the potential for toxic effects on the lung. Two such categories of smaller fractions are the inhalable 
dust fraction (50% of particulate mass less than 100 micron [µm]) and the respirable dust fraction 
(50% of particulate mass less than 3.5 µm). These terms are widely applied in the occupational 
health literature. Environmental health specialists who study community ambient air pollution more 
commonly measure two other fractions of particulate matter. These are called PM10 and PM2.5. PM10 
refers to particulate matter less than 10 µm in diameter and PM2.5 is less than 2.5 µm in diameter. In 
general, finer particulate fractions contain a higher proportion of anthropogenic dust and lower 
levels of wind blown soil and plant pollens. Since lung problems associated with CAFOs include 
airway disease, it is important to consider inhalable particulate fraction and PM10. While gravimetric 
sampling methods contribute the lion’s share of the data on particulate matter concentrations, light 
scattering and particle counting devices are important as well. These latter methods provide real-time 
monitoring data and size-specific particle counting necessary for understanding pulmonary 
deposition and lung burdens. 
 
Bioaerosols are a major component of the particulate matter from CAFOs. Bioaerosols are simply 
particles of biological origin that are suspended in air. These include bacteria, fungi, fungal and 
bacterial spores, viruses, mammalian cell debris, products of microorganisms, pollens, and 
aeroallergens (Table 3-1). Bacterial and fungal bioaerosols may be of infectious or non-infectious 
species. Bacterial products or components exist as bioaerosols and include endotoxins, exotoxins, 
peptidoglycans, lipoteichoic acids, and bacterial DNA bearing CpG motifs. Fungal products or 
components of note include conidia and microconidia, hyphal fragments, mycotoxins and glucans. 
Settings with very high bioaerosol concentrations include swine, poultry, and dairy confinement 
buildings; grain and feed mills, grain loading terminals, mushroom production facilities, composting 
facilities, and sawmills. Typical aerosol sizes for these bioaerosols in indicated in Table 3-2.  
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Table 3-1 Components of CAFO Particulate Matter  
 
Feed dust 

plant materials 
proteins 
starches 
carbohydrates 

feed additives 
vitamins 
minerals 
amino acids 
antibiotics 

 
Mammalian cell debris 
 
Aeroallergens 
 plant pollens 
 mite fecal allergens 
 arthropod debris 
 
 
 

Bioaerosols 
Microorganisms 

bacteria 
bacterial spores 
fungi 
fungal spores 
viruses 
 

Products of bacteria 
endotoxins 
exotoxins 
peptidoglycans 
lipoteichoic acids 
bacterial DNA bearing CpG motifs 

Products of fungi 
conidia and microconidia 
hyphal fragments 
mycotoxins 
glucans 

 
Sources: Heedeerik, Thorne, and Douwes, 2002; Douwes et al, 2002 
 
 
 
Table 3-2 Typical Sizes of Bioaerosols  
 

Bioaerosols Typical Sizes,  µm 
Tree/grass pollens 30 - 50 
Fungi 20 - 100 
Bacteria 2 - 20 
Fungal conidia 5 - 15 
Bacterial spores 0.5 - 3.0 
Viruses 0.01 - 0.05 
Droplet nuclei 5 - 10 

 
Source: Thorne and Heederik, 1999b 
 
 
 
Genera of bacteria found in air samples from swine barns include the Gram-negative organisms 
Enterobacter, Acinetobacter, Enterococcus, Moraxella, Pseudomonas, and Escherichia coli, and the Gram-
positive organisms  Enterococcus, Staphylococcus, Streptococcus, Bacillus, Aerococcus, and Micrococcus 
(Kiekhaefer et al 1995, Cormier et al. 1990). Gram-positive microorganisms (especially Enterococci) 
represent the majority of bacteria and gram-negative organisms are generally less than 25% of the 
viable bacteria (Clark et al 1983, Heederik et al 1991). The most commonly found fungi are the mold 
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genera Aspergillus, Scopulariopsis, Penicillium, Geotrichum, Mucor, and Fusarium. Yeasts found in swine 
environments include Candida, Cryptococcus, Toruopsis, Trichosporon, Rhodotorula, and Hansenula. 
However, variations in housing conditions and feed ingredients can impact the gastric flora of the 
animals. The concentrations of non-culturable aerobic and anaerobic organisms in the particulate 
matter in swine barns is known to be 10 to 100-fold higher than the culturable organisms (Lange et 
al 1997b, Heederik et al 2002). However, the bacterial genera represented in these bioaerosols have 
not been adequately studied. 
 
Much research has been conducted on methodology for assessment of bioaerosol concentrations in 
the agricultural environment. This body of work has been recently reviewed (Heederik et al 2002). 
Methods for assessment of culturable organisms rely on collecting bioaerosols using jet-to-agar 
samplers or using liquid impingers with dilution plating onto agar (Thorne and Heederik 1999a). 
Cultures are then allowed to grow in incubators and are enumerated to determine airborne 
concentrations. Individual colonies may be sub-cultured and identified. Impinger collection fluids 
may be cultured on a variety of media to quantify mesophilic bacteria, thermophilic bacteria, fungi 
and selective microbial groups (Thorne et al 1992, Kiekhaefer et al 1995, Cormier et al 1990, Lange 
et al 1997a, Kullman et al 1998). Since many of the airborne organisms are not culturable, it is 
necessary to employ non-culture based methods. These include use of direct count methods with 
DNA staining and epifluorescence microscopy, fluorescent in situ hybridization, and PCR 
techniques (Thorne et al 1992, Lange et al 1997b, Kullman et al 1998). Significant advances have 
arisen in the past few years in PCR-based techniques and these will advance the science of 
bioaerosol sampling in and around swine barns (Heederik et al 2002). 
 
Endotoxin is a lipopolysaccharide (LPS) component of the outer cell wall of Gram-negative bacteria. 
Since Gm- organisms are ubiquitous in the environment, so is endotoxin. Endotoxin is a potent 
inflammatory agent that produces systemic effects and lung obstruction, even at low levels of 
exposure. Livestock confinement units present some of the highest concentrations seen anywhere. 
The concentration of endotoxin is best determined from liquid impingers or air sampling filters 
(Duchaine et al 2001) and analyzed using the Limulus amebocyte lysate (LAL) assay (Thorne et al 
1997, Douwes et al 1995). The LAL bioassay is based on the exquisite sensitivity of an enzymatic 
clotting cascade in amebocytes taken from the hemolymph of horseshoe crabs (Limulus polyphemus) 
and related species (Thorne 2000). Samples are typically extracted in sterile, pyrogen-free water with 
0.05% Tween-20 with continuous shaking. Extracts are centrifuged and supernatants are analyzed 
using the kinetic chromogenic LAL assay. To provide the highest quality analysis, a twelve-point 
calibration curve of standard endotoxin from E. coli 0111:B4 and four-point endotoxin 
determination for samples is performed (Thorne 2000). Assay reagent blank wells serve as reference 
and control. Quality assurance spiking assays are performed to assess matrix interference or 
enhancement. A number of studies have demonstrated refinements for use of this assay for 
agricultural environments (Thorne et al 1997, Douwes et al 1995, Gordon et al 1992, Hollander et al 
1993, Duchaine et al 2001). Four studies have reported comparisons of endotoxin assay between 
laboratories (Thorne et al 1997, Reynolds et al 2001, Chun et al 2000, Chun et al 2001).  
 
? (1-3)-glucans are cell wall components of fungi that have been associated with lung inflammation, 
although at exposure levels well above the levels of endotoxin required for comparable effects (Roy 
et al 1999). Studies of the past five years have provided evidence that glucans may also be important 
immunomodulators (Rylander et al 1999, Fogelmark et al 1997). ß(1? 3)-glucans are glucose 
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polymers with variable molecular weight and degree of branching that may appear in triple helix, single 
helix or random coil structures (Williams 1994). ß(1? 3)-glucans originate from a variety of sources, 
including fungi, bacteria, and plants (Stone and Clarke 1992). They are water insoluble structural cell 
wall components of these organisms, but may also be found in extracellular secretions of microbial 
origin. Glucans may account for up to 60% of the dry weight of the cell wall of fungi, of which the 
major part is ß(1? 3)-glucan (Klis 1994). 
 
There are currently three principal methods in use for the assay of ? (1-3)-glucans (Heederik et al 
2001). Two are based upon the bioactivity of this molecule in the factor G-mediated Limulus 
coagulation pathway. These methods are extremely expensive and not feasible for large field studies. 
A polyclonal antibody-based immunoassay for ? (1-3)-glucans that is totally independent of the 
horseshoe crab hemolymph has also been developed (Douwes et al 1996). One laboratory in the 
Unites States has recently produced several monoclonal antibodies for glucans directed specifically 
against branched ? (1-3, 1-6)-glucans and ? (1-3)-glucans. This should facilitate future toxicology and 
exposure assessment studies for glucans. 
 
3.3 Gases and Vapors 
 
Hazardous gases and vapors are emitted from swine barns, lagoons, manure storage piles and from 
sites of manure land application. These compounds arise from the urine and feces, but especially 
from microbial degradation of liquid manure in storage or as manure compost. Table 3-3 lists 
volatile organic compounds; vapors and gases; and odoriferous volatile fatty acids, phenolic 
compounds and nitrogen-containing compounds.  Many of these agents are sensory and respiratory 
irritants. In combination, they are associated with nasal, sinus, and eye irritation; coughing; 
wheezing; dyspnea and feelings of malaise (Schenker et al 1998). 
 
While there a re real time monitors available for some (e.g. Jerome meters for hydrogen sulfide) most 
compounds are determined using GC-MS or HPLC-MS methods on air samples collected in 
impermeable bags or by extraction or purging from collection media. Some vapors, such as 
ammonia, exist at significant concentrations in both the vapor phase as well as adsorbed to 
particulate matter. For quantification of these compounds, it is necessary to assay for both the solid 
and vapor phase. This can be accomplished with annular or honeycomb denuders that collect the 
vapor phase by reaction with citric acid and the particulate phase by analysis of material deposited 
on air sampling filters. Of the multitude of compounds in this mixture, those most commonly 
measured are ammonia, hydrogen sulfide and methane. 
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Table 3-3. Gases and Vapors Emanated from CAFOs 
 
Volatile Organic Compounds 

acetaldehyde 
acetone 
acetophenon 
acrolein 
benzaldehyde 
benzene 
bis (2-ethylhexyl) phthalate 
2-butanone 
carbon disulfide 
carbonyl sulfide 
chloroform 
crotonaldehyde 
ethyl acetate 
formaldehyde 
formic acid 
hexane 
isobutyl alcohol 
methanol 
2-methoxyethanol 
naphthalene 
phenol 
pyridine 
tetrachloroethylene 
toluene 
triethylamine 
xylene 

 
 
 
 
 
 

Vapors and gases 
ammonia 
hydrogen sulfide 
dimethyl sulfide 
hydrazine 
sulfur dioxide 
carbon dioxide 
carbon monoxide 

 
Odoriferous microbial compounds 
     volatile fatty acids including:  

butyric and isobutyric acid 
 caproic and isocaproic acid 
 valeric and isovaleric acid 

propionic and  phenylpropionic acid 
 lauric acid 
 acetic and phenylacetic acid 
 
Phenolic compounds 
 phenol 

ethyl phenol 
 cresols 
 
Nitrogen-containing compounds 

ammonia 
amines 
pyridines 
indole 
skatole 
trimethylamine 
trimethyl pyrazine 
tetramethyl pyrazine 

 
 
Sources: Banwart and Bremmer 1975, Cole et al 2000, Donham and Popendorf 1985, Hammond 
and Smith 1981, Hammond et al 1979, Hammond et al 1981, Hammond et al 1989, Hartung 1985, 
Hartung 1988, Heederik et al 1990, Merkel et al 1979, Minnesota Environmental Quality Board 
2001, O’Neill and Phillips 1992, Ritter 1989, Schaefer 1977, Schenker et al 1998, Spoelstra 1980. 
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3.4 Odors 
 
Odors are one of the most significant community concerns associated with CAFOs. The chemicals 
that evoke these odors can be an extreme nuisance and can induce adverse health effects with 
sufficient exposure. The breakdown of feed in the gut of the animals and of the manure after 
excretion produces odoriferous organic compounds. Bacteria attack organic matter in order to gain 
energy for life and growth. Bacteria will act on molecules in manure by dehydrogenating these 
compounds producing reduced oxygen species (Cheremisinoff and Young 1975). Sulfur in proteins 
is broken down to SO4 ions. These and organic matter react under the influence of sulfate-reducing 
bacteria (e.g. Vibrio desulfuricans) to produce hydrogen sulfide: 
 

SO4
-2 + organic matter → S-2 +H2O + CO2 

S-2 + 2H+ → H2S 

In a similar fashion, when oxidized organic compounds are reduced to organic acids, mercaptans, 
skatoles or indoles they become orders of magnitude more odoriferous. 
 
Some of the most objectionable compounds produced are the organic acids including acetic acid, 
butyric acids, valeric acids, caproic acids, and propanoic acid; sulfur containing compounds such as 
hydrogen sulfide and dimethyl sulfide; and nitrogen-containing compounds including ammonia, 
methyl amines, methyl pyrazines, skatole and indoles. Table 3-4 lists some smells associated with 
example compounds. 
 
 
Table 3-4 Examples of Odor Qualities 
 

Chemical Name Smell 
Hydrogen sulfide rotten eggs  
Dimethyl sulfi de rotting vegetables 
Butyric, isobutyric acid rancid butter 
Valeric acid putrid, fecal smell   
Isovaleric acid stinky feet 
Skatole fecal, nauseating 
Indole intense fecal 

 
Source: Cheremisinoff and Young 1975 
  
 
Methods are well established for characterization of the odor threshold of an air sample. (ASTM 
Standard Practice E679-91 Determination of Odor and Taste Thresholds by a Forced-Choice 
Ascending Concentration Series of Limits). Odor thresholds are quantified using an olfactometer 
and a panel of smellers. These panelists are non-smoking adults that are carefully selected and 
trained according to ASTM Special Technical Publication 758 Guidelines for Selection and Training 
of Sensory Panel Members. Eight panelists sniff a two-fold serially-diluted odor sample as it is 
discharged from one of three ports. The other two ports deliver clean air. The panelist must select 
which of the randomly assigned ports is the sample and declares whether the selection is based upon 
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recognition, detection, or a guess. The panel then samples the odor at a two-fold higher 
concentration. Analysis of results from the panel utilizes the triangular forced-choice method in an 
ascending concentration series.  
 
 
3.5 Environmental Pollution: Acidifying Emissions and Greenhouse Gases 
 
It is recognized that ammonia emissions from the livestock sector contribute significantly to 
eutrophication and acidification of the environment. Acidification can put stress on species diversity 
in the natural environment. Reduction of ammonia emissions requires injection of liquid manure 
into soil and elimination of surface application. Covering of manure storages and livestock housing 
that controls emissions are also beneficial. CAFOs are known sources of greenhouse gases such as 
methane and nitrous oxide. These gases may contribute to global climate change and are the subject 
of national and international air pollution control strategies. Methane is produced during the 
digestive process by ruminants while nitrous oxide arises primarily from the microbial degradation 
of manure. 
 
 
3.6 Summary 
 
Potentially hazardous air pollutants arise from CAFOs and their associated manure storages and 
land application sites. These air emissions include coarse and fine particulates, bioaerosols, 
endotoxins, hydrogen sulfide, ammonia, volatile organic compounds, odoriferous microbial organic 
compounds, and greenhouse gases. While methods are established for monitoring concentrations of 
all these compounds, little monitoring has been done in the vicinity of CAFOs. However, 
occupational health studies have characterized exposures within animal houses.  Quantifying odors 
has relied on olfactometry which uses panels of human subjects to determine odor thresholds. In 
addition to direct effects on humans, greenhouse gas emissions and volatilization and environmental 
deposition of ammonia are air quality concerns from CAFOs.  
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Abstract 
 
This chapter is a review of research and peer-reviewed literature on the emission rates and emission 
models for dispersion of gases from CAFOs.   Emissions originate from the housing ventilation air, 
manure storage units, and during land application of manure.  Refereed publications were sought 
that identified ammonia, methane, hydrogen sulfide, particulate, bioaerosol, and volatile organic 
compound (VOCs, including “odor”) emission from swine, dairy/cattle, and poultry production 
systems.  The vast majority of published data is related to ammonia emission, and where available, 
the remaining components were cited and reported.  A lack of data exists that reports downwind 
concentration of gases and particulates from CAFOs as a function of facility type and emission rate. 
 
Dispersion models predict the relationship between concentrations at a receptor and emissions from 
a source.  Appropriate dispersion models for use in predicting concentrations of compounds are 
reviewed, with reference to current and peer-reviewed literature reports.  Dispersion models are 
generally found to poorly predict absolute concentrations, but are adequate for predicting trends and 
the expected relationship between reduced emissions and reduced downwind concentrations. 
 
A series of tables is provided at the end of this chapter summarizing the reported emission rates of 
the above-mentioned components for swine, dairy/cattle, and poultry production systems.   An 
overall summary of reported emission ranges for ammonia, from refereed publications, for 
ventilation air and manure storages is given below: 
 

Species  Source  Ammonia Units  
Swine  VA  5-311  g/AU-day   

    ST  0.3-144  g/m2-day   
Dairy/Cattle VA  6-43  g/AU-day   

    ST  0.3-18  g/m2-day 
Poultry  VA  14-300  g/AU-day 

    ST (litter) 3-5  g/m2-day 
VA=ventilation air, ST=storage, AU=animal unit (500 kg) 
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4.0. Introduction 
 
This chapter summarizes published and refereed research data on gas and particulate emissions from 
swine, beef cattle, dairy cow, and poultry production systems.  Emission refers to the rate at which 
gases or particulates are being emitted from either the housing unit, manure storage unit, or during 
land application events.  This is in contrast to concentration-only measurements.  Emission rates are 
determined by multiplying the concentration of a component by the volumetric rate at which a 
component at a given concentration is being emitted.  This chapter reports published data, using 
units reported from each publication.  At the end of this chapter, published emission rates are 
summarized into a table using common units.  Research findings are organized by species, individual 
gases/particulates, and by the particular source, whether building, storage, or land application unit.  
Each species section is concluded with a summary of research results on published source emission 
levels versus downwind concentration.  At the conclusion of all species-specific discussion, a section 
describing gas and particulate dispersion models is present.  Concluding this chapter is a discussion 
on how different states address odor emissions and complaints.  The terminology used in this 
chapter is defined below: 
 
Animal Unit:  Many emission quantities published are based on a per animal unit (AU) basis.  Unless 

otherwise noted, one AU is equivalent to 500 kg body weight (1,100 lbs). 
Bioaerosol:  Includes the sub-class of viable particulates that has an associated biological 

component. 
Housing Unit:  Any facility used to house livestock or poultry incorporating either a mechanical or 

natural ventilation system for providing fresh-air exchange.  
Inhalable:  The class of particulates or bioaerosols having a mean aerodynamic diameter at or below 

100 um (micrometers). 
Land Application Unit: The process of applying animal manure to the soil. 
Manure Storage Unit:  Any structure used to store manure, including long-term storage inside the 

housing unit.  Includes above- and below-ground structures. 
mg, ug, ng:  Respectively, milligrams (10-3), micrograms (10-6), and nanograms (10-9). 
Particulate:  Includes the class of both inert and viable aerosols.  Includes total, inhalable, and 

respirable fractions. 
ppm, ppb: Respectively, parts per million and parts per billion. 
Respirable:  The class of particulates or bioaerosols having a mean aerodynamic diameter at or 

below 5 um. 
 
Published emission data is presented in this chapter using original units reported from each citation.  
Where possible, emission rates from housing unit ventilation air were converted to grams of 
component per animal unit per day (g/AU-day) and presented in parenthesis after the cited levels.  
For reported manure storage emission rates, the published levels, where possible, were converted to 
grams of component per square meter of storage area per day (g/m2-day) 

.
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4.1. Swine System Emissions 
 
4.1.1. Housing Unit Emissions 
 
Ammonia 
Aarnink et al. (1995) studied the ammonia emission patterns of nursery and finishing pigs raised on 
partially slatted flooring.  They found that for nursery pigs, an average increase of 16 mg NH3/pig-
day was measured and this increased to 85 mg NH3/pig-day for finishing pigs.  The overall average 
ammonia emission measured was between 0.70 and 1.20 g NH3/pig-day for nursery pigs (19-33 g 
NH3/AU-day) and between 5.7 and 5.9 g NH3/pig-day for finishing pigs (42-43 g NH3/AU-day).  
They found an increase in ammonia emission during the summer months for nursery pigs due to 
higher ventilation rates but this same trend was not found for finishing pigs.  They also found that 
removing the under-floor stored slurry reduced the ammonia emission by about 20 percent for a 
period of 10 hours, after which time the ammonia emission regained the pre-removal emission level. 
 
Demmers et al. (1999) investigated the exhausted concentrations and emission rates of ammonia 
from mechanically ventilated swine buildings.  They reported ammonia concentrations in a swine 
finishing house between 12 and 30 mg NH3/m3 with an average ammonia emission rate of 46.9 kg 
NH3/AU-yr (160 g NH3/AU-day).  
 
Burton and Beauchamp (1986) studied the relationship between outside temperature, ventilation 
system response, in-house ammonia concentration, and the resulting emission of ammonia from the 
housing unit.  They showed very clearly the inverse relationship of in-house ammonia concentration 
with outside temperature and the direct relationship of ammonia emission from the housing unit 
with outside temperature.  This trend was attributed to the increased ventilation rates required 
during the summer to control inside climate temperatures for the housed animals.  They 
summarized results over a one-year period and reported the monthly averages.  February had the 
highest in-house concentration at 15 mg NH3-N/liter corresponding to the lowest emission rate at 
0.9 kg NH3-N/day.  August had the lowest in-house concentration of 4 mg NH3-N/liter and, 
correspondingly, the highest emission rate of 3.2 kg NH3-N/day, on average. 
 
Ni et al. (2000) investigated the exhausted concentrations and emission rates of ammonia in and 
from a deep-pit swine finishing building with and without the presence of animals and with pits that 
were roughly half full (130 cm depth, 240 cm depth capacity).  They investigated the gas release rates 
with and without the effect of heating the building through unit space heaters.  Without the 
presence of animals, they measured ammonia concentrations between 6 and 15 ppm with emission 
rates between 40 and 58 mg NH3/m2-h (5-8 g NH3/AU-day).  When the buildings were re-stocked 
with pigs, exhaust air concentrations of ammonia were on average 15.2 ppm with corresponding 
emission rates of 233 mg NH3/m2-h (40-50 g NH3/AU-day). 
 
Groot Koerkamp et al. (1998) conducted an extensive study of ammonia emissions from swine 
housing facilities.  They investigated both indoor ammonia levels and with simultaneous 
measurements of building ventilation rates, reported the resulting emission rate.  In general, 
ammonia concentrations varied between 5 and 18 ppm, with average emission rates between 649 
and 3751 mg NH3/AU-h (16-90 g NH3/AU-day).  A more complete listing of the ammonia 
emission rates recorded as a function of maturity level and flooring is given below: 
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Table 4.1.  Swine house ammonia emissions (Groot Koerkamp et al, 1998) 
Species Flooring Low Average High Average 
 Type mg/AU-h (g NH3/AU-day) mg/AU-h (g NH3/AU-day) 

Sows Litter 744 (18) 3248 (78) 
Sows Slats 1049 (25) 1701 (41) 
Nursery Pigs Slats 649 (16) 1526 (37) 
Finishing Pigs Litter 1429 (34) 3751 (90) 
Finishing Pigs Slats 2076 (50) 2592 (62) 

 
Hinz and Linke (1998) investigated the indoor concentrations and emissions of ammonia from a 
mechanically ventilated swine finishing facility during a grow-out period where pigs ranged between 
25 and 100 kg.  Interior ammonia concentrations during the grow-out varied from 10 to 35 ppm and 
these were inversely proportional to outside temperature.  Emission rate of ammonia varied from 70 
g NH3/hr (38 kg average pig weight) to 210 g NH3/hr (83 kg average pig weight) resulting in an 
average ammonia emission rate of 66 g NH3/AU-day.  
 
Zahn et al. (2001b) studied the ammonia emission rate from both deep-pit and pull-plug swine 
finishing facilities during summer periods.   He found that the ammonia emission rates were very 
similar for these two facility types and grouped the emission data into an overall average of 66 ng 
NH3/cm2-s (311 g NH3/AU-day).  
 
Zhu et al. (2000) studied the daily variations in ammonia emissions from various mechanically and 
naturally ventilated swine housing systems.  For a mechanically ventilated swine gestation facility, 
they measured internal ammonia concentrations between 9 and 15 ppm, with emission rates 
consistent at about 5 ug NH3/m2-s (2.2 g NH3/AU-day).  For a mechanically ventilated farrowing 
facility, they measured internal ammonia concentrations between 3 and 5 ppm, with emission rates 
ranging between 20 and 55 ug NH3/m2-s (15-42 g NH3/AU-day).  For a mechanically ventilated 
nursery facility, they measured internal ammonia concentrations between 2 and 5 ppm, with 
emission rates ranging between 20 and 140 ug NH3/m2-s (23-160 g NH3/AU-day).  For a 
mechanically ventilated finishing facility, they measured internal ammonia concentrations between 4 
and 8 ppm, with emission rates ranging between 20 and 55 ug NH3/m2-s (10-26 g NH3/AU-day).  
For a naturally ventilated finishing facility with pit exhaust fans, they measured internal ammonia 
concentrations between 7 and 15 ppm, with emission rates ranging between 60 and 170 ug 
NH3/m2-s (28-80 g NH3/AU-day). 
 
Osada et al. (1998) investigated ammonia emission from a swine finisher over an eight week period 
comparing under-floor stored manure (reference) and under-floor manure removed weekly 
(treatment).  They reported only slight differences in ammonia emission rates with the reference at 
11.8 kg NH3/AU-yr (32 g NH3/AU-day) and the treatment at 11.0 kg NH3/AU-yr (30 g 
NH3/AU-day).  
 
Hartung et al. (2001) investigated the effect of a mature and new biofilter on the ammonia emission 
rate from a swine finisher’s ventilation air.  They found that with an ammonia load from the 
ventilation air averaging 4475 mg NH3/m3-h, a reduction in ammonia emission of 15 to 36 percent 
was measured.  This level of ammonia emission reduction was found to be highly dependent on 
airflow rate and therefore the retention time within the biofilter medium.  For the biofilter tested, an 
airflow rate of 4000 m3/h through the filter bed resulted in a 60 percent ammonia emission 
reduction and this dropped to zero percent at an airflow rate of about 9000 m3/h.  
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Methane 
Zahn et al. (2001b) studied the methane emission rate from both deep-pit and pull-plug swine 
finishing facilities during summer periods.   He found that the methane emission rates were very 
similar for these two facility types and grouped the emission data into an overall average of 34 ng 
CH4/cm2-s (160 g CH4/AU-day).  
 
Osada et al. (1998) investigated methane emission from a swine finisher over an eight week period 
comparing under-floor stored manure (reference) and under-floor manure removed weekly 
(treatment).  They reported only slight differences in methane emission rates with the reference at 
19.7 kg CH4/AU-yr (54 g CH4/AU-day) and the treatment at 17.5 kg CH4/AU-yr (48 g CH4/AU-
day).  
 
Hydrogen Sulfide 
Ni et al. (2000) investigated the exhausted concentrations and emission rates of hydrogen sulfide in a 
deep-pit swine finishing building with and without the presence of animals and with pits that were 
roughly half full (130 cm depth, 240 cm depth capacity).  They investigated the gas release rates with 
and without the effect of heating the building through unit space heaters.  They measured hydrogen 
sulfide concentrations ranging from 221 to 1492 ppb (parts per billion) with corresponding emission 
rates between 1.6 and 3.8 mg H2S/m2-h (0.22-0.49 g H2S/AU-day).  When the buildings were re-
stocked with pigs, exhaust air concentration of hydrogen sulfide averaged 423 ppb with a 
corresponding emission rate of 9.4 mg H2S /m2-h (1.25 g H2S/AU-day). 
 
Zahn et al. (2001b) studied the hydrogen sulfide emission rate from both deep-pit and pull-plug 
swine finishing facilities during summer periods.   He found that the hydrogen sulfide emission rates 
were very similar for these two facility types and grouped the emission data into an overall average 
of 0.37 ng H2S/cm2-s (1.7 g H2S/AU-day).  
 
Zhu et al. (2000) studied the daily variations in hydrogen sulfide emissions from various mechanically 
and naturally ventilated swine housing systems.  For a mechanically ventilated swine gestation 
facility, they measured internal hydrogen sulfide concentrations between 500 and 1200 ppb, with 
emission rates consistent at about 2 ug H2S/m2-s (1 g H2S/AU-day).  For a mechanically ventilated 
farrowing facility, they measured internal hydrogen sulfide concentrations between 200 and 500 ppb, 
with emission rates consistent at about 5 ug H2S/m2-s (4 g H2S/AU-day).  For a mechanically 
ventilated nursery facility, they measured internal hydrogen sulfide concentrations between 700 and 
3400 ppb, with emission rates ranging between 20 and 140 ug H2S/m2-s (23-160 g H2S/AU-day).  
For a mechanically ventilated finishing facility, they measured internal hydrogen sulfide 
concentrations between 300 and 600 ppb, with emission rates consistent at about 10 ug H2S/m2-s 
(5 g H2S/AU-day).  For a naturally ventilated finishing facility with pit exhaust fans, they measured 
internal hydrogen sulfide concentrations between 200 and 400 ppb, with emission rates ranging 
between 5 and 15 ug H2S/m2-s (2-7 g H2S/AU-day). 
 
Trace Gases 
Hartung and Phillips (1994) summarized average measured and reported concentrations of trace 
gases found in swine housing ventilation air.  They did not provide corresponding ventilation rates 
from which to determine the emission rates of these trace gases.  Zahn et al. (2001c) measured VOC 
concentrations in swine finishing facilities incorporating either deep-pit or pull-plug manure 
handling systems.  The trace gases reported from Hartung and Phillips (1994) and those reported 
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from Zahn et al. (2001c) are included in the table below.  These VOCs are included as an 
identification of trace gases that might be expected in swine house air (Zahn et al., 2001c list not 
complete). 
 
Table 4.2.  VOC components from swine house ventilation air 
Measured In-House Average Measured Average Measured 
Trace Gas Concentration in Air Concentration in Air 
 mg/m3 (Hartung and Phillips, 1994) mg/m3 (Zahn et al., 2001c)** 
Fatty Acids   
Acetic acid 0.189 0.281 
Propionic acid 0.156 0.126 
n-butyric acid 0.318 0.142 
I-butyric acid 0.040 0.023 
n-valeric acid 0.035 0.043 
I-valeric acid 0.049 0.073 
n-hexanoic acid 0.010  
I-hexanoic acid 0.004  
Heptanoic acid 0.003 Nd 
Octoanoic acid 0.005  
Pelargonic acid 0.004  
Phenols and Indoles    
Phenol 0.023 0.009 
p-cresol 0.039 0.085 
Indole 0.0011 Nd 
Skatole 0.0011 0.0005 
Methylamines    
Dimethylamine 2  
Trimethylamine 2.2  
Other Gases   
Acetone 0.33  
Ammonia 8.5 9.6 
Hydrogen sulphide 2 0.054 
Methane 0.004 5.0 
Total (nonmethane 
VOCs) 

1.22 0.81 

** list not complete from Zahn et al., 2001c. Total reported nonmethane VOCs from both studies are based on complete 
listing. 
 
Zahn et al. (2001c) did provide simultaneous ventilation rate measurements and therefore was able to 
assess VOC emissions.  For the complete listing of identified VOCs, they reported a VOC emission 
rate of 89.9 g VOC/system-h.  
 
Zhu et al. (2000) studied the daily variations in odor emissions from various mechanically and 
naturally ventilated swine housing systems.  For each housing system studied, a deep-pit manure 
storage system was used, and each was pit-ventilated.  They investigated odor strength from both 
the pit-fan exhaust-air and the air emitted from inside the building itself.  From the pit-fan exhaust, 
odor strength was highest from the nursery facility ranging between 500 and 2400 OU (dilutions to 
threshold).  The odor strength was lowest from the naturally ventilated finishing facility averaging 
between 200 and 400 OU.  Odor strengths measured from inside the house were significantly lower 
than those measured from the pit-exhaust fans, with the highest measured levels from the nursery 
averaging between 250 and 900 OU.  The lowest internal odor strength measurements were reported 
from the gestation facility averaging between 200 and 300 OU.  For all five swine facilities 
monitored, with the exception of the nursery facility, the emission rate of odors ranged from about 5 
to 20 OU m3/m2-s.  For the nursery facility studied, the odor emission rate was significantly higher 
than the gestation, farrowing, or finishing facilities, averaging between 8 and 50 OU m3/m2-s 
(emitted OU strength multiplied by ventilation rate and divided by the floor area of the facility). 
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Hartung et al. (2001) investigated the effect of a mature and new biofilter on the odor emission rate 
from a swine finisher’s ventilation air.  They found that with an odor load from the ventilation air 
averaging 326 OU/m3-h, a reduction in odor emission of 78 to 81 percent was measured.  This level 
of odor emission reduction was not found to be highly dependent on airflow rate.  The biofilter 
experiments conducted resulted in an average air retention time through the filter medium of six 
seconds. 
 
Particulates 
Takai et al. (1998) conducted an extensive study of dust emissions from swine housing units.  They 
investigated both indoor concentration levels of dust and the corresponding emission rates.  They 
found significant differences in concentrations and emissions by housing type.  The overall average 
indoor concentrations measured were 2.19 and 0.23 mg/m3 for inhalable and respirable dust 
concentrations, respectively.  The average emission rate from the housing systems monitored were 
762 and 85 mg/AU-h for the inhalable and respirable fractions, respectively (18 and 2 g 
particulates/AU-day).  Seasonal effects were found to be significant for the inhalable dust emission 
rates from the pig houses monitored where, emissions were higher in summer periods, with indoor 
concentrations higher in winter than summer.  There was no similar correlation found for the 
respirable fraction.  A more complete table of results is presented below: 
 
Table 4.3.  Swine house particulate matter emissions (Takai et al, 1998) 
  Inhalable Dust* Respirable Dust 
Species Flooring Low Average High Average Low Average High Average 
 Type Mg/AU-h mg/AU-h mg/AU-h mg/AU-h 

Sows Litter 144 (3.5) 753 (18) 46 (1.1) 49 (1.2) 
Sows Slats 121 (2.9) 949 (22.8) 13 (0.3) 141 (3.4) 
Nursery Pigs Slats 687 (16.5) 1364 (32.7) 51 (1.2) 122 (2.9) 
Finishing Pigs Litter 561 (13.5) 890 (21.4) 69 (1.7) 73 (1.8) 
Finishing Pigs Slats 418 (10) 895 (21.5) 34 (0.8) 133 (3.2) 

* levels in () are g particulates/AU-day. 
 
Bioaerosols 
Seedorf et al. (1998) conducted a comprehensive study of the emissions of endotoxin and 
mircroorganisms in the air fraction from pig housing facilities.  They found average emission rates of 
inhalable and respirable endotoxin averaged 51 and 6 ug/AU-h, respectively (1.2 and 0.14 mg/AU-
day).  The table below gives a more complete listing of the average measured endotoxin emissions 
from various facilities: 

 
Table 4.4.  Swine house endotoxin emissions (Seedorf et al, 1998) 
  Average Average Maximum Maximum 
Species N Inhalable EE Respirable EE Inhalable EE Respirable EE 
Sows 43 37.4 (0.9) 3.7 (0.1) 961.6 (23) 68.7 (1.6) 
Nursery Pigs 25 66.6 (1.6) 8.9 (0.2) 347.8 (8.3) 39.8 (1.0) 
Finishing Pigs 39 49.8 (1.2) 5.2 (0.1) 299.7 (7.2) 56.1 (1.3) 

N=number of buildings sampled, EE=endotoxin emission in ug/AU-h, values in () are mg/AU-day. 
  
Microorganism emissions from these same facilities were categorized into total bacteria, 
enterobacteriaceae, and fungi.  The results from this analysis are given in the table below, with 
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results presented as the Log of the number of colony forming units (cfu) emitted per hour and per 
AU. 

  
 
Table 4.5.  Swine house microorganism emissions (Seedorf et al, 1998) 
  Total Enterobacteriacae  Fungi 
Species N  Log cfu /AU-h  

Sows 43 7.7 6.0 6.5 
Nursery Pigs 25 7.1 6.9 5.8 
Finishing Pigs 39 7.6 6.9 6.1 

 
Endotoxin is a hazardous component of airborne particulates in CAFOs.  It arises from the 
degradation of the cell wall of bacteria and is ubiquitous in the agricultural environment.  Endotoxin 
is a potent inflammatory agent that produces systemic effects and lung obstruction, even at very low 
levels of exposure. It is consistently measured in high concentrations in CAFOs.  Nine studies have 
reported endotoxin exposures in livestock confinement barns using rigorous quantitative 
methodology as summarized in the table below.  
 
Table 4.6.  Swine house interior endotoxin concentrations 
Environment Sites Range, EU/m3 Mean, EU/m3 Reference 

Swine Units 31 -- 2400 Donham et al,1989 
 21 2030 – 11300 4380 Duchaine et al, 2001 
 350 56 – 15030 920 Preller et al,1995 
 6 2190 – 24100 8080 Thorne et al,1997 
 18 210 – 4200 900 Clark et al, 1983 
Poultry Houses 6 200 – 4500 1360 Thorne et al, 1997 
 7 1200 – 5000 3600 Clark et al, 1983 
 25 1300 – 10900 -- Thelin et al, 1984 
Dairy Barns 85 42 – 34800 742 Kullman et al, 1997 

 

There have been few studies that have evaluated offsite transmission of endotoxin from CAFOs.  
One recent Iowa study (published only as an abstract) investigated in-barn and downwind endotoxin 
concentrations on 9 occasions over the course of 15 months (Thorne et al., 2001).  The study was 
conducted at one site with three hoop barns housing a mean total of 570 pigs and a conventional 
confinement site 15 miles away housing 1500 pigs.  Grand mean in-barn endotoxin concentrations 
were 7230 EU/m3 for the hoop barns and 9950 EU/m3 for the conventional confinement facilities 
compared to upwind mean values of 17 EU/m3 at both sites.  Despite these high in-barn levels, 
there was a sharp diminution of airborne levels downwind of the barns.  Endotoxin values 500 feet 
downwind had reached the 50 EU/m3 level that is considered a no effect threshold (Dutch Expert 
Committee on Occupational Standards, 1998).  However, it should be recognized that these facilities 
were small and a larger operation would be expected to produce higher levels of endotoxin. The 
endotoxin data from this study are summarized in table 4.7. 
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Table 4.7.  Downwind concentrations of endotoxin (Thorne et al, 2001) 
 Hoops Conventional confinement 
 100 ft downwind 500 ft downwind 100 ft downwind 500 ft downwind 

Mean, EU/m3  837 51 155 44 
Range, EU/m3 22 – 3904 20 – 142 18 - 408 -143 
 
 
4.1.2. Swine Manure Storage Unit Emissions 
Ammonia 
Aneja et al. (2001) studied the ammonia-nitrogen flux from lagoons in North Carolina and found 
that the emission rates were correlated with lagoon water temperature and aqueous ammonia 
concentration.  They developed a correlation for ammonia nitrogen flux (NH3-N) as ln(NH3-
N)=1.0788+0.0406*T+0.0015(NHx) where NH3-N is in ug N/m2-min, T is the lagoon surface 
temperature in Celsius, and NHx is the total ammonia-nitrogen concentration in mg N/liter. 
 
Aneja et al. (2000) studied the seasonal variations in ammonia-nitrogen flux from an anaerobic 
lagoon in North Carolina and found maximum ammonia emissions during the summer (4017 ug 
N/m2-min) with minimum levels in the winter (305 ug N/m2-min).  Mild weather emissions ranged 
from 844 (fall) to 1706 (spring) ug N/m2-min.  These emission rates were correlated with lagoon 
surface temperature (measured 15 cm below the lagoon surface) as Log10(NH3-N)=2.1+0.048*T 
where NH3-N is in ug N/m2-min and T is the lagoon surface temperature in Celsius. 
 
Zahn et al. (2001a) studied the efficiency of a polymer-based biocover on the reduction of gas 
emissions from a single-stage lagoon using micrometeorological techniques.  Ammonia flux 
averaged 18 ng NH3/cm2-s (16 g NH3/m2-day) between summer and fall conditions. 
 
Zahn et al. (2001b) studied the ammonia emission rates from 29 swine manure storage systems in 
Iowa (n=24), Oklahoma (n=2), and North Carolina (n=3).  They found that the 29 manure storage 
systems could be grouped into four main “types”, categorized by the total phosphorous and sulfur 
in the slurry and were able to show distinctions between these 29 storage systems into these four 
general manure storage “types”.  These four general types all exhibited similar gas and VOC 
emission characteristics, allowing grouping of emission results to be made.  The four general types 
were, (1) housing units with long and short term under-floor manure storage configured as deep-pit 
or pull-plug systems, (2) earthen basin, concrete lined, or above-ground steel tanks, (3) lagoons 
without photosynthetic blooms, and (4) lagoons with photosynthetic blooms.  A summary of the 
ammonia emission rates from these four types, based on averages within type, are given below: 

 
Type Description   Ammonia Flux Rate, ng NH3/cm2-s* 
I deep-pit, pull-plug    66 (57) 
II earthen, concrete-lined, steel tanks  167 (144) 
III lagoons without photosynthetic blooms  109 (94) 
IV lagoons with photosynthetic blooms  89 (77) 
 * values in () are g NH3/m2-day. 
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Hobbs et al. (1999) investigated the emission of odors and gases from stored swine manure with 
storage times between 0 and 112 days.  They reported average daily emissions of ammonia at 4.35 g 
NH3/m2-day.  
 
Sommer et al. (1993) conducted a series of controlled experiments to determine the ammonia 
emission from stored swine slurry.  If the slurry was left uncovered, without allowing a crust to 
form, the ammonia emission rate was on average 4.3 g NH3-N/m2-day (5.2 g NH3/m2-day).  If a 
crust was allowed to form (between 16-30 cm thick), the ammonia emission reduced to between 0.5 
and 1.5 g NH3-N/m2-day (0.6-1.8 g NH3/m2-day).  If this slurry was covered with chopped wheat 
straw at a thickness ranging from 15-23 cm, the ammonia emission was reduced to between 0.2 and 
1 g NH3-N/m2-day (0.3-1.2 g NH3/m2-day).  If this same slurry was capped with a lid, the 
ammonia emission reduced to between 0 and 0.3 g NH3-N/m2-day (0-0.4 g NH3/m2-day).  
 
Methane 
Zahn et al. (2001a) studied the efficiency of a polymer-based biocover on the reduction of gas 
emissions from a single-stage lagoon using micrometeorological techniques.  Methane flux ranged 
from 134 ng CH4/cm2-s (116 g CH4/m2-day) in summer to 80 ng CH4/cm2-s (69 g CH4/m2-day) 
in fall. 
 
Hobbs et al. (1999) investigated the emission of methane from stored swine manure with time 
between 0 and 112 days of storage.  They reported average daily emissions of methane at 21.4 g 
CH4/m2-day respectively. 
 
Zahn et al. (2001b) studied the methane emission rates from 29 swine manure storage systems, as 
described previously.  A summary of the methane emission rates from the four type classifications, 
based on averages within type, are given below: 

 
Type Description   Methane Flux Rate, ng CH4/cm2-s* 
I deep-pit, pull-plug    34 (29) 
II earthen, concrete-lined, steel tanks  178 (154) 
III lagoons without photosynthetic blooms 218 (188) 
IV lagoons with photosynthetic blooms  200 (173) 

 * values in () are g CH4/m2-day 
 
Hydrogen Sulfide 
Zahn et al. (2001a) studied the efficiency of a polymer-based biocover on the reduction of gas 
emissions from a single-stage lagoon using micrometeorological techniques.  Hydrogen sulfide flux 
ranged between 0.73 ng H2S/cm2-s (0.63 g H2S/m2-day) for the summer and 2.11 ng H2S/cm2-s 
(1.8 g H2S/m2-day) in fall.  
 
Hobbs et al. (1999) investigated the emission of odors and gases from stored swine manure with 
time between 0 and 112 days of storage.  They reported average daily hydrogen sulfide emissions of 
66.6 g H2S/m2-day. 
 
Zahn et al. (2001b) studied the hydrogen sulfide emission rates from 29 swine manure storage 
systems, as described previously.  A summary of the emission rates from the four type 
classifications, based on averages within type, are given below: 
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Type Description   Hydrogen Sulfide Flux Rate, ng H2S/cm2-s* 
I deep-pit, pull-plug    0.37 (0.32) 
II earthen, concrete-lined, steel tanks  1.1 (0.95) 
III lagoons without photosynthetic blooms  0.32 (0.28) 
IV lagoons with photosynthetic blooms  0.24 (0.21) 

 * values in () are g H2S/m2-day 
 

Arogo et al. (2000) investigated the influence of water supply sulfate concentration on the emission 
of hydrogen sulfide from under-floor stored swine manure.  They found a positive correlation 
between these two parameters in a controlled laboratory condition. 
 
Trace Gases 
Hobbs et al. (1999) investigated the emission of odors and gases from stored swine manure with 
storage times between 0 and 112 days.  They measured and recorded several volatile organic 
compounds.  Of these measured VOC’s, acetic acid had the highest average emission at 1.49 g/m2-
day.  Phenols on average were emitted at 0.018 g/m2-day with indoles emitted at less than 0.001 
g/m2-day.  The cumulative odor emission rate was also reported at 802,483 OU/m2-min (odor 
threshold, OU, multiplied by release rate, m3/min, divided by surface area, m2). 
 
Zahn et al. (2001b) studied the total VOC emission rates from 29 swine manure storage systems, as 
described previously, and summarized the VOC emission rate from the four type classifications, 
based on averages within type, as: 

 
Type Description   Total VOC Emission Rate (g VOC/system-h) 
I deep-pit, pull-plug    89.9 
II earthen, concrete-lined, steel tanks  394 
III lagoons without photosynthetic blooms 113.1 
IV lagoons with photosynthetic blooms  14.5 
 
 

4.1.3. Swine System Emission Rates versus Downwind Concentrations 
 
Seedorf et al. (1998) summarized downwind concentrations of endotoxin from swine facilities from 
work conducted by others: 

 
Downwind Distance (m) Endotoxin Concentration (ng/m3) 

50    60 
115    15 
 
Seedorf et al. (1998) also summarized research of others on the simultaneous source emission 

and downwind concentration of microorganisms from swine facilities for both cold and mild 
weather ventilation conditions: 
 
Downwind Distance (m) Bacteria Concentration (log cfu/m3) 

    Winter  Spring 
0 (source emission)  6.04  5.76 
100 3.23  2.97 
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 Zhu et al. (2000) studied the downwind concentrations of odor from five dairy/cattle 
facilities, 18 swine facilities, and five poultry facilities.  These facilities ranged widely between 
manure handling and ventilation methods.  Although individual building versus downwind odor 
strength data was not presented, insight into the downwind odor strength can be gained from this 
study.  At 100 m from any of the sources investigated, the maximum odor strength measured was 
270 OU (dilutions to threshold).  At 200 m from any of the sources, the maximum odor strength 
measured was 70 OU, and this reduced to 50 OU at 300 m, and further reduced to 13 OU at 400-
500 m downwind.  All recordings were taken during daytime hours and the odor strength, reported 
as OU, was evaluated by personnel trained using a scale developed with n-butanol.   
 

 
Cattle and Dairy System Emissions 

 
4.1.4. Cattle and Dairy Housing Unit Emissions 
 
Ammonia 
Braam et al. (1997) investigated the influence of manure handling on the emission of ammonia from 
dairy cow housing.  They investigated two new under-floor manure handling systems incorporating 
urine gutters with traditional slatted floor systems and found that ammonia emissions from dairy 
cow housing using slatted floor arrangements could be reduced by as much as 65 percent with 
special under-floor manure handling.  If the under-floor slurry was designed as a sloping floor with a 
special gutter used to quickly remove urine from the slurry, ammonia emissions were reduced by as 
much as 50 percent.  If in addition to this manure handling system, water was added 12 times per 
day at a rate of 6 liters/day-cow, the ammonia emission reduction was 65 percent, again relative to a 
under-floor pit with traditional slats.  
 
Groot Koerkamp et al. (1998) conducted an extensive study of ammonia emissions from cattle 
housing facilities.  They investigated both indoor ammonia levels and with simultaneous 
measurements of building ventilation rates, reported the emission rate.  In general, ammonia levels 
inside the cattle buildings monitored were low, averaging 8 ppm, with average ammonia emission 
rates ranging between 315 and 1797 mg NH3/AU-h (7.6 and 43 g NH3/AU-day).  A more 
complete listing of the ammonia emissions measured for various species and flooring type are given 
in the table below: 

 
Table 4.8.  Cattle house ventilation air ammonia emission (Groot Koerkamp et al, 1998) 
Species Flooring Low Average High Average 
 Type mg/AU-h (g NH3/AU-day) mg/AU-h (g NH3/AU-day) 
Dairy Cows Litter 260 (6.2) 890 (21.4) 
Dairy Cows Cubicles 843 (20) 1769 (42.5) 
Beef Cattle Litter 431 (10.3) 478 (11.5) 
Beef Cattle Slats 371 (9) 900 (21.6) 
Calves Litter 315 (7.6) 1037 (25) 
Calves Slats 1148 (28) 1797 (43) 

 
Jeppsson (1999) studied the influence of bedding material on the ammonia emission rate from cattle 
housing.  Bedding consisting of chopped straw, long straw (ie unchopped), and chopped straw with 
a peat mixture (2:3 ratio) were tested.  Bedding was added to each pen at a rate of 2.7 kg/animal-day 
over a six month period.  They found that pens with chopped straw added to a peat mixture in a 2:3 
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ratio reduced the ammonia emission by nearly 60 percent relative to pens bedded with long straw.  
In total, the chopped straw/peat bedding resulted in an average ammonia emission rate of 319 
mg/m2-h (8 g NH3/m2-day), while the pens with long straw resulted in an average ammonia 
emission rate of 747 mg/m2-h (18 g NH3/m2-day).  They attributed this reduction to the ability of 
peat to absorb ammonia, lower the pH level, it’s high carbon-to-nitrogen ratio, and it’s ability to 
absorb water.  Chopped straw alone, without the addition of peat, reduced the average ammonia 
emission rate to 547 mg/m2-h (13 g NH3/m2-day).  For this study, cattle had access to an 
unbedded walkway with the reported ammonia emission from this area of the barn averaging 297 
mg/m2-h (7.1 g NH3/m2-day). 
 
Kroodsma et al. (1993) investigated the contributions of the slurry pit, feeding floor, and the 
influence of flushing on ammonia emission rates from free-stall dairy facilities.  Overall, they 
reported that from all in-house contributions of ammonia emission, on average results were 1.0 to 
1.5 kg NH3/cow-month produced, which equates to between 1344 and 2016 mg NH3/cow-h.  
They also studied the contributions of ammonia emission from different aspects of the dairy house, 
as summarized in the table below: 
 
Table 4.9.  Cattle house floor and slurry ammonia emission (Kroodsma et al, 1993) 
Emission Source Measured Ammonia Emission Rate 
  
 mg NH3/m2-h (g NH3/m2-day) 
Dirty Slatted Floor 400 (9.6) 
Scraped Slatted Floor 380 (9.1) 
Unstirred Slurry Below Slats 320 (7.7) 
Stirred Slurry Below Slats 290 (7.0) 
Dirty Solid Floor 670 (16) 
Scraped Solid Floor 620 (15) 
Flushed Solid Floor 210 (5) 

     
These results point out the relative equal contributions from the flooring system itself and the stored 
slurry below the floor.  Also, flushing manured floor surfaces can drastically reduce ammonia 
emissions, as shown.  They tested many flushing regimes and found that flushing the floors at 60kPa 
nozzle pressure, for two seconds every two hours (50 liters water/cow-day), resulted in the best 
ammonia reduction levels, as reported above for the flushed solid floor.  
 
Swierstra et al. (2001) studied the effectiveness of a specially grooved slatted flooring system for free-
stall dairy housing with under-floor slurry storage.  The flooring system tested had grooved channels 
with periodic perforations to quickly channel urine from the feeding floor and this was combined 
with frequent scraping (every two hours) of the slatted flooring to an opening that delivered manure 
to the under-floor pit area.  This opening (to the under-floor pit) was closed during non-scraping 
events.  This method of manure handling was compared with a conventional slatted flooring system 
based on ammonia emission rates.  They consistently found that the ammonia emission rate was 
reduced by 46 percent compared with the conventional slatted floor system (11.7 g NH3/h vs 21.6 g 
NH3/h).  On a per cow-day basis, these levels correspond to 28.1 g NH3/cow-day and 51.8 g 
NH3/cow-day.  A follow-up field study confirmed this level of ammonia reduction. 
 
Zhu et al. (2000) studied the daily variations in ammonia emission from a naturally ventilated dairy 
housing unit.  During one day of monitoring, they measured a consistent 1 ppm of ammonia 
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concentration inside the housing unit with a resulting emission rate averaging 4 ug NH3/m2-s (0.35 
g NH3/m2-day). 
 
Elzing and Monteny (1997) studied, in a controlled laboratory setting, the ammonia emission rate 
from manure and urine fouled slats and from the under-floor storage tank from dairy-cow manure.  
They found that peak ammonia emissions, from soiled slats covered with fresh manure and urine 
deposits, had a peak ammonia emission level at about two hours after deposition.  The peak 
ammonia emission rate from the slats was positively correlated with both slat surface temperature 
and airspeed levels above the slats.  They found that the combined slat and under-floor storage unit 
resulted in 10 g NH3 being emitted after 10 hours of fresh manure deposition on the slats and 12 g 
NH3 after 20 hours of fresh manure deposition on the slats.  During these same periods of 10 and 
20 hours, they reported that the contribution of this total ammonia emission from the under-floor 
storage unit was constant at 3.3 g NH3. 
 
Methane 
Kaharabata and Schuepp (2000) investigated emission of methane from dairy cows using a tracer-
ratio method.  They studied emissions from dairy cow housing and reported measured levels of 542 
L CH4/day-cow. 
 
Hydrogen Sulfide 
Zhu et al. (2000) studied the daily variations in hydrogen sulfide emission from a naturally ventilated 
dairy housing unit.  During one day of monitoring, they measured variations in internal 
concentrations between 4 and 26 ppb with resulting emission rates averaging roughly 3 ug H2S/m2-
s (0.26 g H2S/m2-day). 
 
Trace Gases 
Zhu et al. (2000) studied the daily variations in odor emissions from a naturally ventilated dairy 
housing unit.  During one day of monitoring, they measured a consistent internal odor strength of 
50 OU (dilutions to threshold).  The resulting odor emission rate was on average 2 OU m3/m2-s 
(odor strength, OU, multiplied by the estimated ventilation rate, m3/s, divided by the floor area of 
the housing unit, m2). 
 
Particulates 
Takai et al. (1998) conducted an extensive study of dust emissions from cattle housing.  They 
investigated both indoor concentration levels of dust and the emission rates.  They found significant 
differences in concentrations and emissions by housing type.  The overall average indoor 
concentrations measured were 0.38 and 0.07 mg/m3 for inhalable and respirable dust 
concentrations, respectively.  The average emission rate from the cattle housing systems monitored 
was 145 and 24 mg/AU-h (3.5 and 0.6 g/AU-day) for the inhalable and respirable fractions, 
respectively. Seasonal differences in concentration and emission of dust for cattle buildings for both 
inhalable and respirable fractions were not significant.  A more complete table of results is presented 
below: 
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Table 4.10.  Cattle house ventilation air particulate emission (Takai et al, 1998) 
  Inhalable Dust* Respirable Dust 
Species Flooring Low Average High Average Low Average High Average 
 Type mg/AU-h mg/AU-h mg/AU-h mg/AU-h 

Dairy Cows Litter 60 (1.4) 142 (3.4) 6 (0.1) 84 ((2.0) 
Dairy Cows Cubicles 21 (0.5) 338 (8.1) 13 (0.3) 54 (1.3) 
Beef Cattle Litter 36 (0.9) 135 (3.2) 6 (0.1) 26 (0.6) 
Beef Cattle Slats 78 (1.9) 144 (3.5) 5 (0.1) 29 (0.7) 
Calves Litter 64 (1.5) 190 (4.6) 14 (0.3) 40 (1.0) 
Calves Slats 63 (1.5) 192 (4.6) 14 (0.3) 22 (0.5) 

* values in () are g/AU-day. 
  
Bioaerosols 
Seedorf et (1998) conducted a comprehensive study of the emissions of endotoxin and 
mircroorganisms from cattle housing facilities.  They found average emission rates of inhalable and 
respirable endotoxin in cattle buildings of 9 and 1 ug/AU-h, respectively.  The table below gives a 
more complete listing of the average measured endotoxin emissions from various facilities: 
 
Table 4.11.  Cattle house ventilation air endotoxin emission (Seedorf et al, 1998) 
  Average Average Maximum Maximum 
Species N Inhalable EE*  Respirable EE Inhalable EE Respirable EE 

Cows 31 2.9 (0.07) 0.3 (0.007) 11.4 (0.28) 1.9 (0.05) 

Beef 18 3.7 (0.09) 0.6 (0.01) 22.8 (0.55) 9.3 (0.22) 

Calves 17 21.4 (0.50) 2.7 (0.06) 90.1 (2.18) 44.8 (1.08) 

* EE=endotoxin emission in ug/AU-h.  Values in () are mg/AU-day. 
 

Microorganism emissions from the facilities studied in Seedorf et al. (1998) were summarized in 
terms of total bacteria, enterobacteriaceae, and fungi.  The results from this analysis are given in the 
table below, with results presented as the Log of the number of colony forming units (cfu) emitted 
per hour and per AU.  

 
Table 4.12.  Cattle house ventilation air microorganism emission (Seedorf et al, 1998) 
  Total Enterobacteriacae  Fungi 
Species N  Log cfu /AU-h  
Cows 31 6.8 6.2 6.0 
Beef 18 6.7 6.2 5.9 
Calves 17 7.3 6.1 6.5 

 
 
4.1.5. Cattle and Dairy Manure Storage Unit Emissions 

 
Ammonia 
Kellems et al. (1979) conducted experiments to investigate ammonia emission from cattle slurry as 
the proportions of feces, urine, and water changed.  They found clear trends in ammonia emission 
rates with various proportions.  From the urine fraction only, the ammonia emission rate was 426 ug 
NH3/h, representing the worst-case scenario.  From the feces fraction only, 3.2 ug NH3/h was 
emitted.  With a 1:1 ratio of feces and urine, the emission rate of ammonia was 120 ug NH3/h. 
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Dewes (1999) studied ammonia emission characteristics of liquid and solid cattle manure over the 
initial 16 days of storage time.  Over this short initial time period, solid manure with 15 kg of straw 
added per animal per day had the highest emission rate of ammonia at 6300 ug NH3-N/h-kg of 
manure with liquid manure having the lowest emission rate of ammonia at 663 ug NH3-N/h-kg of 
manure.  Projections were made for longer storage periods and conclusions were made that after a 
storage period of 28 days, the ammonia emission rate would be greatest with manure stored as a 
liquid.  However, it was also concluded that solid manure systems that use heaped piles can result in 
higher ammonia emission rates versus liquid manure systems since the emitting area for a stored pile 
is large. 
 
Sommer et al. (1993) conducted a series of controlled experiments to determine the ammonia 
emission from stored cattle slurry.  If the slurry was left uncovered, without allowing a crust to form, 
the ammonia emission rate was on average 4.5 g NH3-N/m2-day (5.5 g NH3/m2-day).  If a crust 
was allowed to form, at 7 cm thickness, the ammonia emission reduced to 1.3 g NH3-N/m2-day 
(1.6 g NH3/m2-day).  If this same slurry was capped with a lid, the ammonia emission reduced to 
between 0.2 and 0.4 g NH3-N/m2-day (0.25-0.5 g NH3/m2-day).  
 
Methane 
Kaharabata and Schuepp (2000) investigated emission of methane from dairy cows using a tracer-
ratio method.  They studied emissions from the feedlot  and reported average emissions of 631 L 
CH4/day-cow. 

 
 

Poultry System Emissions 
 

4.1.6. Poultry Housing Unit Emissions 
 
Ammonia 
Demmers et al. (1999) investigated the exhausted concentrations and emission rates of ammonia 
from a mechanically ventilated poultry building.  They reported ammonia concentrations between 1 
and 37 mg/m3.  Emission rates of ammonia averaged 18.6 kg NH3/AU-yr (51 g NH3/AU-day).   
 
Wathes et al. (1997) studied extensively the emission of ammonia from broiler and layer facilities.  
They reported average emissions of ammonia at 9.2 g NH3/AU-h (221 g NH3/AU-day).  This 
ammonia emission rate was consistent across both layer and broiler facilities.  A complete table of 
their findings is presented below: 

 
Table 4.13.  Poultry house ventilation air ammonia emission (Wathes et al, 1997) 
  Average Ammonia Emission 
Poultry   
Type Season g NH3 /AU-h (g NH3/AU-day) 

Caged Layers Winter 8 (192) 
Broilers Winter 9 (216) 
Caged Layers Summer 12.5 (300) 
Broilers Summer 9 (216) 

 
Groot Koerkamp et al. (1998) conducted an extensive study of ammonia emissions from poultry 
housing facilities.  They investigated both indoor ammonia levels and with simultaneous 
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measurements of building ventilation rates, reported the emissions.  In general, ammonia levels 
inside the buildings ranged between 5 and 30 ppm with the average emission rate of ammonia 
between 602 and 10892 mg NH3/AU-h (14 and 261 g NH3/AU-day).  A more complete listing of 
the ammonia emissions measured for various species and flooring types is given in the table below: 

 
Table 4.14.  Poultry house ventilation air ammonia emission (Groot Koerkamp et al, 1998) 
Species Flooring Low Average High Average 
 Type mg/AU-h (g/AU-day) Mg/AU-h (g/AU-day) 

Laying Hens Litter 7392 (177) 10892 (261) 
Laying Hens Cages 602 (14) 9316 (224) 
Broilers Litter 2208 (53) 8294 (199) 

 
Zhu et al. (2000) studied the daily variations in ammonia emission from a mechanically ventilated 
broiler house using litter bedding.  During one day of monitoring, they measured internal 
concentrations of ammonia between 9 and 13 ppm with a resulting ammonia emission rate 
averaging between 4 and 20 ug NH3/m2-s (7-33 g NH3/AU-day). 
 
Methane 
Wathes et al. (1997) studied the emission rate of methane from broiler and layer facilities.  They 
reported average methane emissions of 0.85 g CH4/AU-h (19 g CH4/AU-day) for caged layers and 
0.25 g CH4/AU-h (0.6 g CH4/AU-day) for broilers.  A summary table of reported methane 
emissions is given below: 
 

 
Table 4.15.  Poultry house ventilation air methane emission (Wathes et al, 1997) 
  Average Methane Emission 
Poultry   
Type Season g CH4 /AU-h (g CH4/ AU-day) 

Caged Layers Winter 0.80 (19) 
Broilers Winter 0.25 (6) 
Caged Layers Summer 0.90 (22) 
Broilers Summer 0.25 (6) 

 
 
Hydrogen Sulfide 
Zhu et al. (2000) studied the daily variations in hydrogen sulfide emission from a mechanically 
ventilated broiler house using litter bedding.  During one day of monitoring, they measured internal 
concentrations of hydrogen sulfide between 40 and 150 ppb with a resulting hydrogen sulfide 
emission rate averaging less than 2 ug H2S/m2 -s (3.3 g H2S/AU-day). 
 
 
Trace Gases 
Misselbrook et al. (1993) studied the relationship between odor emission and intensity for broiler 
house air.  They determined a relationship using a 0-6 point intensity scale versus the concentration 
of odors emitted from broiler houses.  The intensity scale used is given below: 
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Intensity (I) Description 
0  No odor 
1  Very faint odor 
2  Faint odor 
3  Distinct odor 
4     Strong odor 
5    Very strong odor 
6  Extremely strong odor 
    
They found a relationship that described 84 percent of the variability in their data where I=2.35 
(Log10 C) + 0.30 where C is the dilution to threshold concentration of odor.  They further 
summarized their data to give indications of the odor intensity with the dilution threshold 
concentration as given below: 
 
Intensity Broiler House Air Odor Concentration (OU/m3) 
0   0-1.2 
1   1.2-3.3 
2   3.3-8.8 
3   8.8-23.4 
4   23.4-62.6 
5   62.6-167 
6   > 167 
 
From this study, and from cited work of others, they concluded that an odor intensity at or below an 
intensity of 2 (faint odor) may be considered acceptable, which further implies that for broiler house 
ventilation air the odor concentration should be below about 3.3 OU/m3. 
 
Zhu et al. (2000) studied the daily variations in odor emissions from a mechanically ventilated broiler 
house with litter bedding.  During one day of monitoring, they measured a consistent internal odor 
strength of about 100 OU (dilutions to threshold).  The resulting odor emission rate was less than 2 
OU m3/m2-s (determined by multiplying the odor threshold, OU, by the ventilation rate, m3/s, and 
dividing through by the floor surface area of the housing unit, m2). 
 
Particulates 
Wathes et al. (1997) studied the emission of dust from broiler and layer facilities.  They reported 
average inhalable and respirable dust emissions of 1.0 g/AU-h and 0.17 g/AU-h (24 and 4 g/AU-
day) for caged layers and 6.7 g/AU-h and 0.79 g/AU-h (161 and 19 g/AU-day) for broilers, 
respectively. A summary table of emissions is given below: 

 
Table 4.16.  Poultry house ventilation air particulate emission (Wathes et al, 1997) 
    
Poultry  Inhalable Dust Respirable Dust 
Type Season g/AU-h (g/AU -day) g/AU-h (g/AU -day) 

Caged Layers Winter 0.9 (22) 0.24 (5.8) 
Broilers Winter 5.2 (125) 0.60 (14.4) 
Caged Layers Summer 1.1 (26) 0.09 (2.2) 
Broilers Summer 8.2 (197) 0.88 (21.1) 
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Takai et al. (1998) conducted an extensive study of dust emissions from poultry housing facilities.  
They investigated both indoor concentration levels of dust and the emission rates to the 
atmosphere.  They found significant differences in concentrations and emissions by housing type.  
The overall average indoor concentration was 3.60 and 0.45 mg/m3 for inhalable and respirable dust 
concentrations, respectively.  The average emission rate from the various poultry housing systems 
was 3165 and 504 mg/AU-h (76 and 12 g/AU-day) for the inhalable and respirable fractions, 
respectively.  Seasonal effects were found to be significant for the inhalable dust emission rates with 
emissions higher in summer periods, and indoor concentrations higher in winter than summer.  
There was no similar correlation found for the respirable fraction.  A more complete table of results 
is presented below: 

 
Table 4.17.  Poultry house ventilation air particulate emission (Takai et al, 1998) 
  Inhalable Dust* Respirable Dust 
Species Flooring Low Average High Average Low Average High Average 
 Type mg/AU-h mg/AU-h mg/AU-h mg/AU-h 

Laying Hens Cages 398 (9.6) 872 (21) 24 (0.6) 161 (3.9) 
Broilers Litter 1856 (45) 6218 (149) 245 (5.9) 725 (17.4) 

* values in () are g/AU-day. 
 
Bioaerosols 
Wathes et al. (1997) studied the emission of endotoxin from broiler and layer facilities.  They 
reported average emissions of endotoxin between 1 and 45 ug/AU-h (0.024 and 1.1 mg/AU-day) 
with very strong seasonal effects, with summer emissions 3 to 45 times higher for caged layers and 
broilers, respectively.  A summary table of endotoxin emissions is given below: 

 
Table 4.18.  Poultry house ventilation air endotoxin emission (Wathes et al, 1997) 
  Average Endotoxin Emission 
Poultry   
Type Season g/AU-h (g/AU -day) 

Caged Layers Winter 10 (240) 
Broilers Winter < 1 (<24) 
Caged Layers Summer 30 (720) 
Broilers Summer 45 (1080) 

 
Hinz and Linke (1998) investigated the indoor concentration and emission of endotoxin from a 
naturally ventilated broiler house.  Endotoxin was measured in the broiler with reported levels 
ranging between 0.05 and 0.45 ug/m3 with no apparent seasonal trends, unlike the trends observed 
for inhalable dust. 
 
Seedorf et al. (1998) conducted a comprehensive study of the endotoxin emissions from poultry 
housing facilities.  They found average emission rates of inhalable and respirable endotoxin in 
poultry facilities, averaging 678 and 43 ug/AU-h (16 and 1 mg/AU-day), respectively.  The table 
below gives a more complete listing of the average measured endotoxin emissions from various 
facilities: 
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Table 4.19.  Poultry house ventilation air endotoxin emission (Seedorf et al, 1998) 
  Average Average Maximum Maximum 
Species N Inhalable EE Respirable EE Inhalable EE Respirable EE 

Layers 43 538.3 (13) 38.7 (0.9) 5247.1 (127) 342.5 (8.3) 
Broilers 19 817.4 (20) 46.7 (1.1) 6836.3 (165) 294.6 (7.1) 

EE=endotoxin emission in ug/AU-h. Values in () are mg/AU-day. 
 

Microorganism emissions from the facilities studied were summarized in terms of total bacteria, 
enterobacteriaceae, and fungi.  The results from this analysis are given in the table below, with 
results presented as the Log of the number of colony forming units (cfu) emitted per hour and per 
AU.  

 
Table 4.20.  Poultry house ventilation air microorganism emission (Seedorf et al, 1998) 
  Total Enterobacteriacae  Fungi 
Species N  Log cfu /AU-h  

Layers 43 7.1 7.1 6.0 
Broilers 19 9.5 6.1 7.8 

 
 
4.1.7. Poultry Manure Storage Unit Emissions 
Ammonia 
Brewer and Costello (1999) investigated the emission of ammonia from broiler house litter, 
comparing new bedding consisting of either rice hulls or rice hulls mixed with pine shavings and re-
used bedding of the same.  On average, new bedding resulted in an average ammonia emission of 
149 mg NH3-N/m2-h (4.3 g NH3/m2-day) with a maximum emission of 314 mg NH3-N/m2-h 
(9.1 g NH3/m2-day).  When the bedding was re-used for subsequent grow-out periods, the average 
ammonia emission increased to 208 mg NH3-N/m2-h (6.0 g NH3/m2-day) with a maximum 
emission of 271 mg NH3-N/m2-h (7.9 g NH3/m2-day). 
 
 
4.2. Emissions During Land Application of Livestock Manure 
Ammonia 
Svensson (1994) investigated the factors that affect ammonia volatilization and thus emission from 
land applying swine and cattle manure.  He pointed out that the major factors influencing ammonia 
emission were (1) meterorological, (2) soil/manure characteristics, and (3) the application technique.  
For meteorological factors, wind speed, air temperature, and thermal stratification near the soil 
surface were most important.  Regarding soil/manure characteristics, soil temperature, soil pH, soil 
porosity, and soil water content were most important.  Finally, the application technique was noted 
as having a large impact on ammonia emission rates.  Svensson (1994) conducted a series of 
controlled experiments to quantify the influence of these factors, mainly by recording the 
equilibrium ammonia concentration above the soil after a land application event.  This equilibrium 
ammonia concentration was then used to determine the relative potential of ammonia emission rates 
from land application of both cattle and pig slurry.  Soil temperature was found to be a critical 
factor.  At soil temperatures of 24 C, the equilibrium ammonia concentration was over three times 
that for soil temperatures at 14 C (18 versus 5 ppm ammonia).  Manure solids content was also 
found to be an important contributor to ammonia emission.  A pig slurry of 5.4 percent solids had 
an equilibrium ammonia concentration of about 4 ppm, and this increased to 23 ppm ammonia for 
pig slurry at 14.4 percent solids.  Application technique had the largest effect on the equilibrium 
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ammonia concentration above the soil surface after spreading.  If the slurry was injected, the average 
equilibrium ammonia concentration one hour after land applying was less than 1 ppm.  If this same 
slurry was surface applied with no follow-up coverage, the equilibrium ammonia concentration one 
hour after land applying rose to 39 ppm.  Svensson (1994) further investigated the influence of land 
application technique using pig urine only.  If this “slurry” was broadcast spread with no follow-up 
cover, ammonia was emitted at about 700 g NH3/hectare-h during the first four hours.  If this same 
slurry was broadcast spread with immediate covering via harrowing, the ammonia emission reduced 
to about 120 g NH3/hectare-h over the same time period, representing an 83 percent reduction.  
Clearly, injecting or immediate covering of slurry has a substantial reducing effect on ammonia 
emission.  
 
Trace Gases 
Misselbrook et al. (1993) studied the relationship between odor emission and intensity for land 
applied swine manure.  They determined a relationship between a 0-6 point intensity scale and the 
concentration of odors emitted from land applied slurry.  Their intensity scale used is given below: 
 
Intensity (I) Description 
0  No odor 
1  Very faint odor 
2  Faint odor 
3  Distinct odor 
4    Strong odor 
5    Very strong odor 
6    Extremely strong odor 
    
They found a relationship that described 68 percent of the variability in their data with I=1.61(Log10 
C) + 0.45 where C is the dilution to threshold concentration of odor.  They further summarized 
their data to give indications of the odor intensity with the dilution threshold concentration as given 
below: 
 
Intensity Pig Slurry Odor Concentration (OU/m3) 
0   0-1.1 
1   1.1-4.5 
2   4.5-18.8 
3   18.8-78.9 
4   78.9-331 
5   331-1390 
6 > 1390 
 
From this study, and from cited work of others, they concluded that an odor intensity at or below an 
intensity of 2 (faint odor) may be considered acceptable, which further implies that for pig slurry the 
odor concentration should be on average below about 4.5 OU/m3.  For a barely perceptible odor, 
indicated by an Intensity level of 1, the odor concentration should be on average below about 1.1 
OU/m3.  
 
Pain et al. (1991) investigated the concentrations and emissions of odors from land applied pig and 
cattle slurry.  They investigated the emission rates of odors as a function of the land application 
method, and found odor emission rates (OU/s-m3 of slurry applied) of 8600 if the slurry was 
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immediately plowed under versus 53700 for surface applied slurry, representing an 84 percent 
reduction in odor emission rates.  For all experiments conducted, peak emissions occurred within 
one hour after spreading, and exponentially decayed rapidly to a level of about 10 percent the initial 
emission rate six hours after spreading.  They stated that waiting 3-6 hours after surface applying 
before incorporating the slurry gave no benefit to the odor load experienced. 
 
 
4.3. Dispersion Models 
Predicting downwind concentrations of air pollutants released from concentrated animal feeding 
operations (CAFOs) is difficult because the emissions vary over time and they tend to be emitted 
from a variety of source types within a small area. This section provides a brief overview of the state 
of the science of the issue with focus on 1) classic methods for predicting pollutant concentrations 
downwind of a source and 2) recent reports in the peer-reviewed literature. 
 
The Gaussian Plume model is the classic method of predicting downwind concentrations of air 
pollutants released from a single source.  The model is based on a statistical model of diffusion from 
an origin.  Its most important assumption is that of steady state conditions from a single source.  
The model assumes a constant state of meteorological conditions and emission rates.  Given this 
assumption, however, the model can be used to examine how factors such as turbulent dispersion in 
the vertical and horizontal directions, wind speed, atmospheric stability, and emission rates will 
affect concentrations of the pollutant downwind. See figure below. 

 

 

 
 

 
Figure 4.1.  Coordinates of the Gaussian Plume model.  The top figure describes a ground-level 
emission and the bottom figure describes a stack point-source emission. 
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where C is the concentration (mass/volume); x is the distance downwind of the source; y is the 
horizontal distance perpendicular to the x direction; z is altitude; Q is the emission rate (mass/time); 
σy and σz are the dispersion coefficients in the horizontal and vertical directions, respectively; and H 
is the effective stack height of the plume. 
 
The Gaussian plume model is a reasonable screening level approach for estimating the concentration 
of pollutants released from a source.  It can be modified to incorporate reflection or absorption of 
the pollutants by the ground and reactions in the atmosphere.  This model is useful in examining the 
effect of atmospheric stability and in estimating the point of maximum downwind concentrations.  
Use of the Gaussian plume model can be useful in addressing questions about downwind 
concentrations of air pollutants from CAFOs such as: 
 

•  What level of improvement in air concentrations is predicted with a reduction in the 
emission rate? 

•  What wind directions and atmospheric stabilities will result in higher concentrations? 
•  What affect would installation of a stack exhaust have on downwind concentrations? 
•  How do meteorological conditions affect the diurnal and seasonal variability of air 

concentrations? 
•  What is the relationship between decreasing concentrations and distance from the source? 

 
4.3.1 EPA Dispersion Models 
There are a number of U.S. EPA approved computer models that are based on the Gaussian plume 
approach, with specific adaptations for local terrain, non-constant emissions, ground level and small 
area sources, and atmospheric deposition.  As noted above, the Gaussian Plume models are 
especially useful as screening tools, designed to quickly address basic hypotheses about the 
relationship between sources and downwind concentrations.   
 
Several dispersion models approved by the EPA have been evaluated for their use in association 
with confinement operations.  The Industrial Source Complex Short Term (ISCST3) model is 
commonly used to model the dispersion from industrial point-sources.  This model and two others: 
the AMS/EPA Regulatory Model (AERMOD), and the non-steady state CALPUFF model were 
evaluated for their effectiveness in modeling emissions from feedlot facilities (Earth Tech, 2001).  
The sophistication of the AERMOD and CALPUFF models give them certain advantages such as: 
flexibility for defining the area source geometry (AERMOD); and a realistic simulation of multi-
facility impact assessment (CALPUFF).  However, the ISCST3 model was chosen as the best model 
for evaluation of a single facility primarily because of its ease of use and familiarity.  This model has 
been used in the past for modeling emissions from agricultural sources because, in addition to 
modeling plumes from tall stacks, it can also account for ground-level sources as would be the case 
for gases emitted from a manure pit (Gassman, 1992).  Modifications to this model have also been 
made to increase the accuracy of its use for hydrogen sulfide and ammonia by the application of 
specific dispersion coefficients for these gases (Rege and Tock, 1996). 
 
4.3.2. Livestock System Based Dispersion Models 
 
Dispersion models have been used to predict downwind concentrations of ammonia from CAFO 
facilities.  Quinn et al. (2001) tested several atmospheric dispersion models.  They predicted air 
concentrations close (<100 m) to the CAFO source with some success.  They tested a 



69 

computational fluid dynamics (CFD) model linked to a modified diffusion model. The latter 
approach best reasonably fit the data although it underestimated concentrations for the majority of 
the points.  The modeling was most successful in predicting the decrease in concentration with 
distance for near (<100m) sites.  It should be noted that the success of this study is due, in part, to 
the design of the study.  In this study, ammonia gas was released in known quantity, so the modeling 
effort benefited from use of a quantitative emission source. 
 
Dispersion of odorous compounds has been considered using a modified Gaussian plume model.  
In one of the earlier papers on this subject, Carney and Dodd (1989) compared a modified Gaussian 
plume model used for odor dispersion with actual data from a number of sources, including a 450-
sow swine facility, and determined that modeling adequately predicted actual plume dispersion. 
However, Li et al. (1994) found that the Gaussian model was inadequate for odor prediction from a 
200-sow facility.  The model’s predicted plumes were too wide compared to those in the field and 
the model’s emission rates were unreasonably high.  Furthermore, Heinemann and Wahanik (1998) 
studied the application of this model to the dispersion of odors from a composting facility and 
found that instantaneous measurements taken during field samples may differ considerably from 
model predictions because of the large averaging time used by the model.  Gassman (1992) reviewed 
odor modeling using the Gaussian-plume method and stated that the method was adequate when 
used on a relative basis for comparing differences between different scenarios, but did not 
recommend this method for finding absolute odor concentrations.    
 
One of the ultimate utilities of odor-dispersion modeling is its use for estimating odor 
concentrations for the purpose of establishing setback distances and dilution ratios (Jacobson et al., 
2001; Zhu et al., 2000b).  However, researchers recognize that the use of dispersion models for this 
purpose will involve considerable field validation, which includes an understanding of the effects of 
various weather conditions on model accuracy and odor intensity.  Previous field validation studies 
have demonstrated that the INPUFF-2 dispersion model simulated odor intensity in agreement with 
field odor measurements and may be the best model for the purpose of establishing odor setback 
distances (Zhu et al., 2000b; Jacobson et al., 2000).   

 
4.3.3 Uncertainties and Recommended Uses of Models for CAFO Emissions 
 
The Gaussian plume model and its modifications assume an emission source that is singular or made 
up of specific single sources: a point source, line source, or homogeneous area sources.  Emissions 
from CAFOs are none of these. Animal operations in Iowa are increasingly compacted, and some 
facilities include an integration of the animal life-cycle from farrow to finish as well as outside 
manure storages (See Figure 4.2).  There are a variety of potential gas and particulate emission 
sources.  Possible sources may include farrowing/nursery barns, finishing barns, outside storages 
and fields where manure is applied.  When barns are ventilated with single fans, the sources may be 
modeled as point sources, but outside storage units are clearly more like area sources.  Barns with a 
series of ventilation fans behave as something in between area and point sources.  Modeling 
emission sources from such a variety of source types makes achievement of an accurate prediction 
difficult.  In addition, the emission rates often vary throughout the day, with local climate, and as the 
need for ventilation changes.  For these reasons, Gaussian plume models will not excel at predicting 
actual pollutant concentrations downwind from a source or sources.  
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Figure 4.2 .  Integrated industrial swine production facility. From Childers et al., 2001, Atmos. 
Environ. (35) 1923-1936. 
 
Atmospheric dispersion models have limited utility for predicting absolute concentrations of 
atmospheric particles and gaseous compounds released from concentrated animal facilities.  This 
limitation is primarily because the magnitude and variability in the emission sources that are difficult 
to quantify. Therefore, models cannot be used in lieu of direct measurements. 
 
Noting the difficulties above, models still have essential uses in controlling and interpreting 
downwind concentrations of air pollutants released from CAFOs.  First of all they successfully 
address how changes in the emission source, meteorology, and time of day or year affect 
concentrations (see bulleted questions above). Use of models for these purposes is a valuable and 
well-accepted mechanism for abatement of air pollutants.  Models can be successfully used to 
predict the effect of emission reductions on ambient air concentrations.  For example, models are a 
routine component of state implementation plans (SIPs) for reduction of criteria pollutants  
(U.S.EPA, 2002).  State environmental agencies use models to estimate the relationship between 
local emission sources and measured concentrations of air pollutants.  Using these findings, state 
agencies issue permits to emitters limiting emissions or requiring specific air pollution control 
devices or procedures.  It is reasonable that states would also use this strategy to issue permits for 
CAFO emissions. 
 
Dispersion models are useful as screening methods for predicting trends and percent changes in 
concentrations of atmospheric compounds released from CAFOs.  Factors that may aggravate 
downwind conditions and that can be addressed with dispersion models include: trends caused by 
meteorological conditions, relative changes in source strengths, and dilution factors with distance 
away from the source. If direct measurements of emissions or concentrations very close to the 
facility are made, then dispersion models can be used to estimate dilution of the atmospheric 
compounds as a function of distance from the facility. Use of dispersion models to predict relative 
decreases in air concentrations as a result of decreases in emission rates is one of the most powerful 
uses of the models.  
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4.4. Evaluating Community Exposures to Odor 
 
One method for evaluating the influence of CAFOs on surrounding residences is to review odor 
complaint records and the methods used for evaluating these complaints.  Several states have 
procedures in place for documenting and evaluating odor complaints, as discussed in this section.   
 
There is not a consistent method used in addressing odor complaints from animal feeding 
operations in the United States.  Not all states have odor standards to address odor complaints.  
Some states use an arbitrary odor scale. Some states use dilution-to-threshold for odor evaluation.  
Others states use hydrogen sulfide as a surrogate method to measure odors. In Iowa, one of the 
most frequent complaints from livestock operations is odor.  Since Iowa has no regulations 
pertaining to odors, some field offices do not record odor complaints. 
 
Between July 1994 to October 2001, Iowa had 306 odor complaints. North Carolina Department of 
Air Quality (DAQ) started keeping a database for odors in February 1999.  North Carolina has 
reported 415 separate complaints with a follow-up inspection of all complaints.  As of December 
2001, DAQ in North Carolina confirmed the presence of "objectionable odors" at 6 complainant 
locations involving 11 farms. Most of the complaints reported in Iowa and North Carolina were 
from swine facilities.  Missouri has a state odor standard for industrial emission which will also be 
applied to the Class 1A CAFO's beginning January 2002. 
 
4.4.1. Methods of evaluation of complaints 
 
Some states do have odor standards or regulations governing odor emissions from industry, 
livestock or both.  The methods on how complaints are addressed ranges from lay observers, to 
trained observers going to the site from a regulatory agency to simply registering the complaints 
from an individual.  Several states and municipalities have odor standards. 
 
The methods used to evaluate odor complaints range from a person to a group of people going to 
the location of the complaint and observing the source, strength of odor at the location, or 
measuring a surrogate odorous gas concentrations.  There is limited data available on odor 
complaints from livestock. 
 
Methods of evaluation complaint evaluation by states   
Methods of odor evaluation are not consistent among states.  The methods range from no protocol 
to arbitrary methods, to odor threshold measurement, to using hydrogen sulfide as a surrogate 
method of measurement.  The length of time for evaluation and protocol for evaluation also differs.   
 
No protocol 
Some states do not regulate odors and therefore do not have an approved procedure for evaluating 
odor complaints.  Iowa currently does not have an odor standard; therefore, does not have an 
adopted protocol for measuring odors.  The livestock odor complaints in Iowa basically go 
unverified, since there are no standards.  Within Iowa some municipalities have standards which use 
the scentometer to evaluate odors. 
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Arbitrary protocol 
Some states use an arbitrary odor scale to evaluate odor strength with 0 being no odor and a higher 
number being a very strong odor.  North Carolina uses an arbitrary scale of 0 to 5 with 0 being no 
odor and 5 being very odorous.  This method often uses a team approach of more than one person 
taken to the site for investigation.  Average values from the panel are used to evaluate odor strength.  
 
Odor Threshold 
The scentometer made by Barnebey and Sutcliffe is the primary method used when the protocol 
uses dilution-to threshold techniques for evaluating odors. Table 1 shows (Sweeten, 1990) a list of 
states that uses this method as a standard.  The accepted standard level of odor threshold varies 
from state to state as shown in the table.   Also the location of measurement differs between 
standards used, i.e., on site, property line, or neighbor’s residence.    
 
Hydrogen sulfide 
Hydrogen sulfide concentrations are sometimes used as a substitute for odor evaluation.  This 
standard is used in both Minnesota and Nebraska.  Minnesota has a state hydrogen sulfide standard 
at 30 ppb not to be exceeded more than twice per 5 days in a 30-minute time period at the property 
line.  Minnesota allows for a time period of 21 days during the year when this standard of 30 ppb is 
exempt.  Nebraska has a similar standard of 100 ppb that cannot be exceeded more than 30 minutes.  
Both of these states give the counties jurisdiction for siting livestock facilities and the allowable odor 
level is left up to the county.   
 
4.4.2.  Odor Complaint Evaluation Discussion by State 
 
Iowa 
The Iowa Department of Natural Resources (DNR) Compliance and Enforcement Bureau consists 
of six field offices that are located throughout the state.  Each field office is responsible for 
conducting routine inspections of agricultural facilities and handling complaints from the public in 
their designated counties. Animal feeding operations, or AFOs, are the source of many types of 
complaints, including well contamination, waste runoff, improper disposal of dead animals, and 
many others.  Although the field offices receive a variety of complaints, one of the most frequent 
causes of complaints is odor.  Animal feeding operations generate odors from several sources, such 
as the buildings where animals are housed, waste treatment systems such as lagoons or earthen 
basins, and the spreading of manure.  More specifically, odors can occur from:  
 
•    stockpiling manure, 
•    untimely disposal of dead animals,  
•    improper compost pile management,  
•    spilling manure on roads or highways, 
•    spreading manure on snow, and 
•    spreading manure without injection. 

 
Citizens that have complaints are encouraged to call the field office in their area. Odor complaints 
taken at field offices are not referred to the Air Quality Bureau or central offices.  Although similar 
in nature, the complaint forms vary for each field office.  Each contains the following information: 

 
•    the date the complaint was received,  
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•    basic information on the complainant, 
•    basic information on who the complaint is against, 
•    program area (such as wastewater, air, solid waste, etc.), 
•    a statement of the complaint, and 
•    action/resolution.   
 
The program area section lists different areas in which to classify the compliant, but varies in 
content and detail for each form.  Some forms list the DNR employee to whom the complaint was 
referred, and others assign each complaint a complaint number.  After a complaint form is filled out, 
each complaint gets logged in a spreadsheet.  Again, although similar in nature, the categories listed 
in the spreadsheet vary for each field office.  Several issues arose while completing this study: 
 
•    Most odor complaints go unrecorded at the field offices.  There is no written protocol 

established for receiving and recording incoming odor complaints because the DNR does not 
regulate odor.  

•    Many odor complaints are never called in.  Once citizens learn that there are no odor 
regulations, they realize the DNR may not be able help them, so they don’t place the call.    

•    Citizens may call about odor and an additional problem, and the complaint gets logged under the 
additional problem. 

 
Odor complaint records involving confined animal feeding operations in the state of Iowa were 
evaluated from 7/1/94 to the present (10/15/01).  There were 306 total complaints, which fell into 
the following livestock categories: 86.9% swine, 5.6% cattle, 3.9% poultry, 3.6% horse, and <1% 
ostrich.  
 
Several field office staff made the statement that most complaints occur during spring and fall due 
to manure application.  This may also be attributed to the amount of time people spend outdoors. 
 
There is a lack of consistency in recording, processing, and responding to odor complaints in Iowa.  
Since Iowa has no regulations pertaining to odor, some field offices do not record complaints when 
odor is the primary concern.  There is no written protocol established for receiving and recording 
incoming odor complaints.  The complaint form should be standardized for each field office as well 
as the central offices, and the database system where complaint records finally end up should also be 
standardized.  A well organized complaint system for the state of Iowa would allow simple queries 
that could quickly determine how many times a facility has been referred, or how many times a 
certain individual has called in a complaint.   
 
Missouri 
The state of Missouri has an odor standard for industrial emissions using the scentometer.  
Missouri's odor standard states that no person may cause, permit, or allow the emission of odorous 
matter in concentrations and frequencies or for durations that odor can be perceived when one (1) 
volume of odorous air is diluted with seven (7) volumes of odor-free air for two (2) separate trials 
not less than fifteen (15) minutes apart within the period of one (1) hour.  One exception of this 
standard was livestock production units.  Class 1A CAFOs; however, was added to the list of 
regulated odors. A Class 1A livestock operation has a population of greater than 4,900 head of dairy 
cows; 17,500 head of finishing hogs; or 210,000 layer hens.  Missouri has 20 Class 1A CAFOs.  All 
1A CAFOs operating on or after January 1, 1999, shall prepare and implement an odor control plan.  
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These plans must be submitted no later than July 1, 2000.   After January 1, 2002, no Class 1A 
Concentrated Animal Feeding Operation (CAFOs) may cause, permit or allow the emission of 
odorous matter in concentrations and frequencies or for durations that the odor can be perceived 
when one (1) volume of odorous air is diluted with five and four-tenths (5.4) volumes of odor-free 
air for two separate trials not less than fifteen minutes apart within the period of one hour.  This 
odor evaluation shall be taken at a site not at the installation and will be used as a screening 
evaluation.  A positive screening evaluation for odor shall require an odor sample to be taken and 
evaluated by olfactometry.  There were no odor complaint charts found for the state of Missouri. 
  
North Carolina 
North Carolina uses an arbitrary scale of 0 to 5 for panel members to evaluate odor complaints on 
site.  Zero is no odor detected.  A 5 is considered a very strong odor.  Normally, two or more 
observers go to the complainant site to determine if an odor problem exists.  This sometimes 
requires evaluation during night-time conditions. 
 
The Department of Air Quality (DAQ) in North Carolina is maintaining a database of complainants 
and complaint locations.  The DAQ database was begun February 23, 1999.  The following 
information was gathered from the database: 
 
•     There have been 255 individual complainants/complaint locations listed in their database.  

There was a DAQ staff follow-up site visit in each case. 
•     There were 415 separate complaints listed in the database from the above complainants. 
•     As of (December, 2001), DAQ regional inspectors have confirmed the presence of 

"objectionable odors" at 6 complainant locations involving 11 farms. 
•     The Director has required the submission of 6 BMPs per regulations for 5 of the 6 complainant 

locations. 
•     For those sites where the presence of objectionable odors was confirmed, it took between 7 and 

14 visits by DAQ staff to confirm the presence of the objectionable odor in response to a 
complaint.  Each odor determination investigation typically requires 2 or more DAQ staff and 
most objectionable odor conditions occur outside of normal business hours. 

•     The odor complaints were greatest in 1999, lesser in 2000 and 2001 (Saunders, 2001). 
•     Most complaints are from smaller units that fall below the required size for odor management 

plans (Saunders, 2001). 
 
Odor Management Plans are required under DAQ, 2D.1802(d), for swine operations based upon 
steady state live weight (SSLW).  The regulations have the following schedule for submittal. 
 
•     January 15, 2001, number of farms with SSLW of more than 4 million pounds required to 

submit odor management plan response to DAQ;7 farms. 
 •     July 15, 2001, number of farms with SSLW of more than 2 million pounds but less than 4 

million pounds required to submit odor management plan response to DAQ;78 farms. 
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Table 4.21.  Summary of Odor Standards in the United States (Sweeten,1990) 
 
State or Political Division   Regulatory Limit 
     Residential  Commercial        Industrial        Other 
 
Scentometer (D/T):  
Colorado   7  7  15  127 
Illinois    8  8  15  16 
Kentucky   7  7  24  16 
Missouri   7  7  7 
North Dakota   2  2  2  2 
Nevada   8  8  8  
Oregon         2 
Wyoming   7  7  7 
District of Columbia  1  1  1 
Dallas,Texas   2  1  1 
Southwest WA State, 
AGMA    1-2  1-2  8-32  8-32 
Polk County, Iowa   7  7  7  7 
Cedar Rapids, IA  4  8  20  8 
Omaha, Nebraska  4  8  20  8 
Chattanooga, Tennessee 0  4  4  4 
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5.1  Introduction 
 
A schematic of the fate and transport of air emissions from Confined Animal Feeding Operations 
(CAFOs) is given by Figure 1. Many sources contribute to the overall fugitive emissions from such 
operations:  the animals themselves, their manure, manure applied to farm fields nearby, and waste 
lagoons. Emissions can be as particles or gases, and they may serve as reactants for aerosol 
formations (micron and submicron size solid and liquid suspensions). 
 
Particles emitted from CAFOs that may cause problems include odorants, dusts, animal dander and 
other allergens. Generally, these are dispersed rapidly in the atmosphere by mixing processes and are 
deposited to the land surface. 
 
Gases are also of concern. These may include odorants, hydrogen sulfide (H2S), ammonia (NH3), 
methane (CH4) and other trace gas constituents. Some of these persist in the atmosphere for hours 
or days, and they may be transported hundreds of kilometers (Table 1). Ammonia and sulfur 
compounds from CAFOs participate in reactions that can form secondary particles and aerosols in 
the atmosphere. These may limit visibility, cause health effects to sensitive individuals, and be 
precursors of acid rain at a regional scale. Secondary particles include ammonium sulfate (NH4)2 
SO4, ammonium bisulfate (NH4)HSO4, and ammonium nitrate NH4NO3. 
 
Large amounts of manure at feedlots can undergo partial anaerobic degradation by bacteria to form 
gases such as methane (CH4) and nitrous oxide (N2O). These are potent greenhouse gases at a global 
scale, and they contribute a significant fraction of Iowa’s greenhouse gas emissions to the global 
atmosphere. 
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Figure 1. Fate and Transport of Air Emissions Associated with Confined Animal Feeding 

Operations 
 
Table 1. Transport of Air Emissions Associated with Confined Animal Feeding Operations 
    
  Local Scale  Regional to Global Scale 
         
 Short Range  Fate Medium-to-Long  Fate 
 Transport  Processes Range Transport  Processes 
 (<10 km)   (10-1000 km)    
Particles Odor (particles) Dispersion Secondary Particle Dispersion 
   Formation 
 Dust (animal Dry  Dry 
 Dander) Deposition  Deposition 
 Allergens  (e.g., (HN4)2SO4, Washout 
   NH4NO3, (NH4)HSO4, Rainout 
   Aerosols)   
Gases Odor (gases) Dispersion Hydrogen Sulfide (H2S) Dispersion 
 Dimethyl sulfide Rapid Rxn. Carbon Disulfide Rxn. with 
 (DMS)  (CS2) hydroxyl 
    radicals 
 Mercaptans  Ammonia (NH4) Washout 
   Sulfur oxides (SOx) Dry 
   Methane (CH4) Deposition 
   Nitrous Oxide (N2O) 
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A simplified stoichiometric equation for the anaerobic digestion of manure is: 
 
 C5H 7O2 NS0.5 +  3.025 H2O anaerobes →     2.5125 CO2(g)

 +  2.4875 CH4(g)
 

 “manure” +  NH3(g)
 +  0.05 H2S(g)  

 
Four primary gases are formed including carbon dioxide, methane, ammonia, and hydrogen sulfide. 
These are the major constituents emanating from CAFOs, but they are not necessarily the most 
problematic. Hydrogen sulfide and ammonia are toxic to humans. However, odorants, dust, and 
allergens may cause greater nuisance problems for nearby citizens and communities. 
 
The above chemical reaction may occur wherever manure is handled in large quantities. Piles of 
manure below CAFO gratings and in penned areas, manure that is improperly knifed (mixed) into 
soil on agricultural fields, and anaerobic waste lagoons can all produce these gases. 
 
5.2  Sulfur Compounds 
 
Confined animal feeding operations (CAFOs) produce significant amounts of reduced sulfur 
compounds (H2S, mercaptans, carbon disulfide, dimethyl sulfide DMS, and others) from anaerobic 
microbial action on fecal matter on a local scale. Reduced forms of sulfur in the atmosphere are 
oxidized by hydroxyl radicals. For H2S and DMS the reaction is reasonably fast with lifetimes in the 
troposphere (lower atmosphere) of 4.4 days and 0.6 days, respectively (Warnek, 1988). Thus, they 
can be transported tens or even hundreds of kilometers from the animal feeding operation prior to 
oxidation. A series of free radical reactions occurs for H2S in the presence of hydroxyl radicals, 
formaldehyde, or ozone in the atmosphere. 
 
  ⋅OH + H2S → H2O + HS⋅ 
  HS⋅ + HCHO → H2S + HCO⋅ 
 or HS⋅ + O3 → HSO + O2 
 
The HS� radical does not build-up in the atmosphere, and it is thought that formaldehyde and 
ozone react with HS�. Likewise, dimethyl sulfide (DMS) undergoes a series of free radical reactions 
beginning with the ubiquitous hydroxyl radical ⋅OH. 
 
  ⋅OH + CH3SCH3 → CH3S(OH)CH3 
  CH3S(OH)CH3 + O2 → (O2 - DMS - OH) complex 

  complex →  


CH
3
(SO

3
)H

MSA
  

+ CH
3
⋅ 

 
Methane sulfonic acid (MSA) is a major product of the reaction between hydroxyl radicals and 
DMS. It is a condensable product that helps to form aerosol particles in the atmosphere (cloud 
condensation nuclei). But these reactions would occur far from the confined animal feeding 
operation at a regional or global scale. 
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Carbon disulfide (CS2) also reacts rapidly with hydroxyl radicals in the atmosphere and has a lifetime 
of ~12 days which transports it hundreds of kilometers from the source (Warnek, 1988). Of course, 
the concentration dissipates quickly due to mixing (dispersion), dry deposition, and washout by 
precipitation. 
 
  ⋅OH + CS2 → SCSOH 
  SCSOH + O2 → COS + SO2 + H 
 
Carbonyl sulfide (COS) is slow to be oxidized. Its lifetime in the atmosphere is on the order of 44 
years (Warnek, 1988). Carbonyl sulfide is transported and mixed at trace concentrations on a global 
scale. 
 
  ⋅OH + COS → CO2 + H2S 
 
Sulfur oxides can also be emitted from CAFOs , and/or they may form as an oxidation product of 
reduced sulfur emissions from CAFOs. Both gas and aqueous phase reactions are important in the 
oxidation of sulfur dioxide in the atmosphere. Oxygen and hydroxyl radicals can oxidize SO2 to 
SO

2-
4   in the gas phase, and humidity in the air (H2O) can convert SO3 to acidic aerosol particles. 

 
  SO2 + ⋅OH → HOSO2 →2O SO3 + HO2(superoxide) 
  SO3 + H2O → H2SO4 (aerosol) 
 
Aqueous phase reactions for SO2 include reaction with ozone O3 and hydrogen peroxide H2O2; 
both can be important depending on the concentrations of ozone and hydrogen peroxide in clouds. 
 
  SO2 + H2O → SO2-

3   + 2H+ 

  SO2-
3   + O3(aq) → SO2-

4   + O2 

  SO2-
3   + H2O2(aq) → SO2-

4   + H2O 
 
Lifetimes for the above reactions in clouds are on the order of 1-50 days. Clouds process a 
tremendous amount of air and water vapor. They serve as a concentrating vortex for particles and 
gases that react with SO2. These are all long-range transport processes that take place far from the 
original CAFO operation. 
 
Most CAFO sulfur emissions are in the form of reduced sulfur species and SO2. Sulfur falls back to 
earth (continents and oceans) in the form of SO2(g) (dry deposition), sulfate aerosols (H2SO4, 
(NH4)2SO4 NH4NO3, MgSO4, CaSO4 in dry deposition), and sulfate ions (H2SO4 and CaSO4 in wet 
deposition). Sulfate aerosols and cloud condensation nuclei play an important role as a negative 
feedback effect to global warming by increasing the earth’s albedo on a global scale. SO2(g) results in 
H2SO4 (sulfuric acid) and acid deposition. However, emissions from CAFOs are very small 
compared to coal-fired power plants, smelters, industrial emissions, and even volcanoes. In Figure 2, 
CAFOs contribute negligible amounts of hydrogen sulfide H2S, DMS, COS, and CS2 to the global 
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atmosphere; these gases are in turn oxidized to SO2(g) and eventually to sulfate, both of which are 
deposited to land and oceans. 
 
Ammonia NH3(g) is a weak base that reacts with water to form ammonium and hydroxide ions in 
CAFO air. This increases the pH of water vapor in CAFO settings and helps to neutralize sulfuric 
acid from SO2 emissions (Figure 3). When water is evaporated from the atmosphere, one of the 
principal salts that form as aerosols and causes decreased visibility is ammonium sulfate (NH4)2SO4. 

 
 

Figure 2. Global Reactions and Transport of Sulfur Species in the Atmosphere 
 
The atmosphere is a small reservoir for sulfur species, only 4.6 x 1012 g-S resides in the atmosphere 
resulting in a mean residence time of only 4.9 days. SO2 travels 500-2000 km by long range 
transport, but it does not accumulate in the atmosphere.  
 

CS2

DMS

H2S

COS

MSA

SO
2-
4

Biogenic 
Emissions 
(ocean + wetlands)

SO2

Wet + Dry 
Deposition

Dry 
Deposition

Anthropogenic 
Emissions 
+ Volcanoes

S(-II) S(+IV) S(+VI)



91 

Table 2. Global Sulfur Budgeta to and from the Atmosphere (from Schnoor, 1996) 
    
 Sources and Sinks Tg-S yr-1 
    

Sulfur Sources to Atmosphereb 
 
 Volcanoes (SO2 + H2S) 20 
 Dust (CaSO4) 20 
 Emissions (SO2) 93 
 Soil and wetlands (H2S + COS) 22 
 Sea salt (Na2SO4) 144 
 Ocean flux (DMS)    43 
 
 TOTAL 342 
 

Sulfur Sinks from the Atmosphere 
 
 Wet and dry deposition (terrestrial) 84 
 Deposition (oceanic)    258 
 
 TOTAL 342 
       
a1012 g S yr-1 = 1 million metric tonnes = Tg-S yr-1 
bCAFO sources are negligible on a global scale 
 
5.3  Methane and Nitrous Oxide, Greenhouse Gas Emissions 
 
Trace gases in the atmosphere include methane (CH4), and nitrous oxide (N2O), a small amount 
which emanates from CAFO sources. Methane and nitrous oxide are potent greenhouse gases with 
radiative effects 25 and 200 times greater than carbon dioxide, respectively. The global budget for 
N2O is the least well known, especially regarding its sinks. Sources include industrial emissions and 
incomplete combustion of fossil fuels, 1 Tg-N2O/yr, and biomass burning ~1 Tg-N2O/yr. Natural 
ecosystems emit 3-9 Tg-N2O/yr as an intermediate oxidation state (leakage) from the nitrogen cycle. 
Fertilized fields are thought to emit up to ten times more N2O/m2 than nature. Thus, emissions of 
N2O from farm fields receiving large amounts of manure application could be a significant source of 
N2O emissions on a global basis. Deforestation and the opening of the soil nitrogen cycle after clear-
cutting may account for another large source and, in addition, surface ocean waters could be 
emitting N2O because they are ~4% supersaturated with N2O. Since N2O is increasing in the 
atmosphere at only 0.2%/yr, it is thought that there must be a large sink in the soil (oxidation-
reduction reactions to N2(g) or NOx(g)). Atmospheric sinks for N2O include a slow oxidation with 
singlet oxygen to form NO. 
 
Methane is another trace greenhouse gas that occupies 1.7 ppm by volume of the atmosphere. 
Anthropogenic sources of methane rival natural sources with flooded rice agriculture and ruminant 
animals as the largest sources (Table 2). Wetlands, including CAFOs and waste lagoons, emit large 
amounts of methane due to methanogenic conditions in anaerobic sediments and soils (Paterson, 
1993). Methane reacts with hydroxyl radicals in the atmosphere as the principal sink. Eventually 
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methane oxidizes to form CO2, but the reactions are slow. Table 3 is a compilation of some trace 
gas reactions for carbon species in the atmosphere including methane assuming pseudo-steady state 
approximations. Methane reacts with ⋅OH to form formaldehyde, HCHO; and formaldehyde 
undergoes photolytic oxidation to form carbon monoxide, which eventually yields carbon dioxide. 
Methane has a long residence time in the atmosphere (5-10 years). Natural emissions of non-
methane hydrocarbons (NMHC) are also important sources of formaldehyde and carbon monoxide 
to the atmosphere. They enter the photolytic cycle and participate in the formation of ozone and 
smog. NMHCs are primarily C10 and higher alkenes that are emitted by vegetation, such as terpene 
and isoprene. They are responsible for the haze found in the Smokey Mountains of Appalachia. 
 
Table 3. Methane Balance for the Global Atmosphere (Schnoor, 1996) 
    
 Sources and Sinks Tg-CH4/yr 
    

Sources 
 Anthropogenic 
  Biomass Burning 44 
  Coal Extraction 37 
  Waste Systems 52 
  Natural Gas Losses 51 
  Rice Production 99 
  Ruminant Animalsa  82  
  Subtotal  365 
 
 Natural 
  Biomass Burning  10 
  Freshwater  5 
  Hydrates-Clathrates  5 
  Oceans  10 
  Termites  21 
  Wetlands  109  
  Subtotal  160  
  TOTAL  525 
 

Sinks 
 
 Oxidation with Hydroxyl Radical  436 
 Oxidation with Chlorine in Stratosphere  26 
 Accumulation in Atmosphere  26 
 Oxidation by Soil Microorganisms  37  
 
 TOTAL  525 
       
aCAFO sources are a moderate and increasing portion of methane emissions on a global scale. 
 
Greenhouse gas emissions from agriculture compose about 21% of emissions from all sources in 
Iowa (Table 4). Capturing methane by anaerobic digestion of manure at large feedlots (CAFOs with 
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more than 5000 animals) could reduce methane emissions by 700,000 tons CO2 equivalents per year 
in Iowa, about 1% of total greenhouse gas emissions (Ney et al., 1996). Most of this reduction would 
be possible at large hog lots where 102,000 tons CH4 per year (~250,000 tons CO2 equivalents per 
year) are emitted due to the management of pig manure (Table 5). 
 
 
Table 4. Greenhouse Gas Emissions from Iowa Agriculture and Total Emissions, Base Year 1990. 
     
   Emissions (tons CO2 equivalent/yr) 
Iowa Source of Greenhouse Gas Gas 1990 
     
 
Fossil Fuel Combustion On-farm CO2 2,540,000 
Fertilizer use N2O 4,480,000 
Manure Management CH4 2,590,000 
Livestock (domesticated animals) CH4 8,360,000 
       
Subtotal Agriculture  17,970,000 
     
TOTAL ALL EMISSIONS  86,700,000 
     
Source:  Ney et al., (1996) 
 
 
 
Table 5. Iowa Greenhouse Gas Emissions from Animal Agriculture, Base Year 1990 
     
   Iowa Emissions of Methane 
   Tons Methane per Year 
      
  Manure Direct Emissions 
  Management from Livestock 
     
 
 Cattle 14,900 352,000 
 Pigs 102,000 22,400 
 Poultry 1,770 NA 
 Sheep 208 4,312 
 Horses/Mules        170        983 
 Sub-total 119,000 380,000 
     
Source:  Ney et al., (1996) 
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Figure 3. Air Emissions (Inputs) and Formation of Gas Composition in Vicinity of CAFOs. 
 
Rain clouds process a considerable volume of air over relatively long distances and thus are able to 
absorb gases and aerosols from a large region. Because fog is formed in lower air masses, fog 
droplets are efficient collectors of pollutants close to the earth's surface. The influence of local 
emissions (such as NH3 and H2S from CAFOs) is reflected in the local fog composition. Fog waters 
typically contain total ionic concentrations of 0.5-15 meq/ . Remarkably different pH values can be 
observed in fog. In addition to neutral fogs (pH 5-7) – some of which have very high anion 
concentrations – other fogs contain acidity (Sigg and Stumm, 1989). Ammonia emissions from 
feedlots may cause alkaline fog waters. As the fog evaporates, it can decrease visibility (haze) by 
formation of aerosols, especially ammonium nitrate and ammonium sulfate aerosols. 
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5.4  Wet and Dry Deposition 
 
Wet deposition occurs when pollutants fall to the ground or water surface by rainfall, snowfall, or 
hail/sleet. Dry deposition is when gases, particles, and aerosols are intercepted by the earth's surface in 
the absence of precipitation. Wet deposition to the surface of the earth is directly proportional to the 
concentration of pollutant in the rain, snow, or ice phase. 
 
Wet deposition flux is defined by equation (1) below 
 
  Fwet = ICw (1) 
 
where Fwet is the areal wet deposition flux in µg/cm2-s, I is the precipitation rate in cm/s (as liquid 
H2O), and Cw is the concentration of the pollutant associated with the precipitation in µg/cm3. Wet 
deposition is measured with a bucket collector and a rain gauge. The rain gauge is placed at the 
receptor site and provides an accurate measure of precipitation rate, I. The wet bucket collector is 
open only during the precipitation event, and its contents are analyzed for pollutant concentration, 
Cw. 
 
The concentration of pollutants in wet deposition is due to two important effects with quite 
different physical mechanisms: 
 
 •  aerosol particle scavenging 
 •  gas scavenging 
 
Aerosols begin their life cycle after nucleation and formation of a submicron hygroscopic particle, 
e.g., (NH4)2 SO4, which hydrates and grows very quickly due to condensation of water around the 
particle. At this stage, it is neither solid nor liquid, but merely a stable aerosol with a density between 
1.0-1.1 g/cm3. Mass quantities of air are processed by clouds, creating updrafts which cleanse the air 
of pollutants. Cloud droplets are very small, on the order of 10 µm in diameter. Typically one million 
cloud droplets are needed to comprise a 1 mm diameter raindrop. Assuming an average spacing of 1 
mm between cloud droplets, condensation of 106 cloud droplets into a 1 mm raindrop would 
scavenge enough air for a washout ratio of 106. 
 

  W = 
Cw
Cae

  (2) 

where Cw is the concentration of the pollutant in precipitation water in µg/cm3, Cae is the 
concentration of the pollutant associated with aerosol droplets in air in µg/cm3, and W is the 
washout ratio for aerosols, dimensionless (cm3 air/cm3 precipitation). 
 
Details of the physics of the scavenging process are beyond the scope of this report, but reference 
texts include Schwartz and Slinn (1992), and Pruppacher et al. (1983), and Eisenreich (1981). Because 
clouds process such large quantities of air and pull-up polluted air from the surface, washout is 
caused predominantly by in-cloud processes. Washout ratios for particles are typically on the order 
of 105-106. In other words, they are removed rapidly by cloud processes and/or rained-out 
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efficiently. Rainout sometimes refers to below-cloud processes, whereby pollutants are scavenged as 
raindrops fall through polluted air.  
 
Washout for gas scavenging operates by a different mechanism than aerosol particle scavenging. 
Here, Henry's law is applicable because chemical equilibrium for absorption processes in the 
atmosphere is on the time scale of one second. Gas scavenging, therefore, is reversible, while aerosol 
scavenging is an irreversible process. Ammonia is quite efficiently scavenged by washout processes 
and absorbed into the aqueous phase of water vapor or precipitation where it forms ammonium 
ions, NH4

+. Hydrogen sulfide is less efficiently scavenged. 
 
If we express Henry's constant KH in units of M atm-1, the following equations apply for Henry's 
law and the washout ratio. 
 
  Cw = KH patm (3) 

  W = 
Cw
Cg

  = KHRT (4) 

 
where Cw is the concentration in the water phase (M), patm is the atmospheric partial pressure (atm), 
W is the washout ratio (dimensionless, i.e.,   H2O/  gas), Cg is the concentration in the gas 
(mol/  gas) and RT is the universal gas law constant times temperature (24.46 atm/M at 25C). 
 
Some estimates for washout ratios of ammonia gas and selected pesticides are presented in Table 6. 
Henry's constants are provided in Schwarzenbach et al. (1993). In general, washout ratios are large 
for soluble and polar compounds, intermediate for semi-volatiles (such as DDT, dieldrin, dioxin, 
and PCBs), and low for volatile organic chemicals. Semi-volatile pollutants are an interesting case 
because these gases can be transported long distances and recycled many times before being 
deposited in polar regions by a "cold-trap" effect. Although washout ratios of gases by snow are 
smaller than by rain, there can be appreciable liquid water contained in snow that absorbs gases. 
Adsorption of gases to snowflake surfaces can also be significant. 
 
The washout ratio does not give enough information to calculate the mass of pollutant in a column 
of air that is actually "washed-out" by rain, but such information is provided in reference texts such 
as Schnoor (1996). 
 
Dry deposition takes place (in the absence of rain) by two pathways. 
 
 •  aerosol and particle deposition 
 •  gas deposition 
 
There are three resistances to aerosol and gas deposition:  1) aerodynamic resistance, 2) boundary 
layer resistance, and 3) surface resistance. Aerodynamic resistance involves turbulent mixing and 
transport from the atmosphere (~ 1 km elevation) to the laminar boundary layer in the quiescent 
zone above the earth's surface. Boundary resistance refers to the difficulty of pollutant transport 
through the laminar boundary layer, and surface resistance involves the physical and chemical 
reactions that may occur at the surface of the receptor (sea surface, vegetation, snow surface, etc.). 
Dry deposition velocity encompasses the electrical analog of these three resistances in series 
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  Vd = 
1

ra + rb + rs
  (5) 

 
where Vd is defined as the dry deposition velocity (cm/s), ra is the aerodynamic resistance, rb is the 
boundary layer resistance, and rs is the resistance at the surface. 
 
Table 6. Estimates of Washout Ratios for Selected Gases, 25C (Schnoor, 1996) 
    
   Henry's Constant Washout Ratio 
  Chemical KH, M-atm-1 W = KHRT* 
      
  ammonia 63 1,500 
  aldrin 100 2,450 
  benzene 0.18 4.4 
  benzo(a)pyrene 830 20,300 
  CCl4 0.042 1.0 
  dioxin 20 490 
  DDT 105 2,570 
  dieldrin 89 2,200 
  di-n-butyl phthalate 780 19,000 
  methane 0.0015 0.037 
  naphthalene 2.3 56 
  parathion 2,630 64,000 
  trichloroethene 0.093 2.3 
  toluene 0.15 3.7 
  2,2',5,5'-PCB 3.5 86 
       
* RT = 24.46 atm/M at 25C 
 
The deposition velocity is affected by a number of factors including relative humidity, type of 
aerosol or gas, aerosol particle size, wind velocity profile, type of surface receptor, roughness factor, 
atmospheric stability, and temperature. Vd increases with wind speed because sheer stress at the 
surface causes increased vertical turbulence and eddies. A summary of dry deposition measurements 
and a comparison of collector surfaces are given by Davidson and Wu (1990). 
 
For aerosol particles, the deposition velocity is dependent on particle diameter. A minimum 
deposition velocity (~10-2 cm/s) exists for fine aerosol particles in the size range from 0.1-1.0 µm. 
Larger particles are deposited much more rapidly. 
 
In reality, aerosols change constantly due to changes in relative humidity; they evaporate or 
condense into water continually. The mass median diameter (MMD) is a measure of the particle size 
distribution. Milford and Davidson (1985) showed a general power-law correlation for the 
dependence of Vd on particle size 
 
  Vd = 0.388 MMD0.76 (6) 
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where Vd is the deposition velocity in cm/s and MMD is the mass median diameter of the particle in 
µm. Table 5 is a compilation of dry deposition velocities for chemicals of interest from Davidson 
and Wu (1990). 
 
In general, gases that react at the surface (e.g., H2S, SO2, HNO3, HCl, and O3) tend to have slightly 
higher deposition velocities, on the order of 1.0 cm/s. HNO3 vapor has a very large deposition 
velocity because there is no surface resistance -- it is immediately absorbed and neutralized by 
vegetation and/or water. Some gases such as NOx display higher Vd values in daylight because 
vegetation transpires at that time, and gas exchange through the stomata serves to increase the 
concentration gradient and the flux at the leaf surface. 
 
The receptor surface is critical. Deposition velocities in Table 7 are mostly to natural earth surfaces. 
Surrogate surfaces tend to underestimate the actual dry deposition because of differences in 
reactivity at the surface, differences in surface area, and aerodynamic differences around the 
collector. Natural vegetation and trees are relatively efficient interceptors of gases and particles 
based on specific surface areas. SO2 dry deposition velocity for a coniferous forest may be several 
times higher than for an open field or a snow field. Buffer strips of trees around CAFOs could 
intercept and remove some of the gases and particles by dry deposition. 
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Table 7. Dry Deposition Velocities for a Number of Aerosol Particles and Gases 
    
  Vd, cm/s-1 Vd, cm/s-1 

 Pollutant Typical Range Typical Median Conditions 
      
 SO2(g) 0.3-1.6 0.95 to natural vegetation 
  0.04-0.22 0.13 to snow field 

 SO
2-
4   0.01-1.2 0.55 submicron aerosols in 

    field (micrometeorological) 
  0.01-0.5 0.26 to surrogate surfaces 

 NO
-
3  0.1-2.0 0.7 aerosol particle deposition 

 NH
+
4   0.05-2.0 0.8 aerosol particle deposition 

 HNO3(g) 1-3 1.4 gas, no surface resistance 
 NOx(g) 0.01-0.5 0.05 night, closed stomata 
  0.1-1.7 0.6 day, open stomata 
 Cl- 1-5 2 particles, MMD = 1-4 µm 
 HCl(g)  0.6-0.8 0.7 sorption by dew 
 O3(g) 0.01-1.5 0.4 by measured gradients 
 Pb 0.1-1.0 0.26 aerosol particle deposition 
    from autos MMD < 1 µm 
 Crustal metals 
 (Ca, Mg, K, Fe, Mn) 0.3-3.0 1.5 associated w/coarse particles 
    MMD = 1-4 µm 
 Enriched (anthropogenic 
 metals-Ag, As, Cd, Cu, 0.1-1.0 0.3 assoc. w/fine particles, 
 Zn, Pb, Ni)   enriched MMD < 1 µm 
 Fine Particles 0.1-1.2 0.4 submicron particles 
      
Source: from Davidson and Wu (1990) 
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6.1   Abstract  - Toxicology 
Valid evaluation of the health effects of airborne substances released from animal production units 
should be based on the important and well-established toxicological principles of dosage and 
response.  Dosage is the most important factor that determines response to poisons.  Toxicity is the 
quantitative amount of toxicant required to produce a defined effect, but the hazard or risk of 
toxicosis depends not only on the inherent toxicity of the agent, but on the probability of exposure 
to the toxicant under conditions of use.   Acute, subacute, and chronic toxicity are different 
chronological quantitations of chemical toxicity and are determined by relative dosage and time of 
exposure.  Many factors can alter animal or human response to toxicants, including those inherent in 
the toxicant, the organism, the environment and the combinations of these major factors.  
Toxicological evaluation depends heavily on determination of exposure and evidence for the 
contribution of interacting factors that can alter toxicity.  Quantitative expressions of toxicity and 
exposure are essential for thorough toxicological evaluation and prognosis. 
 
Response to exposure by airborne toxicants is likely to involve the respiratory system because it is a 
portal of entry.  Study of CAFO issues suggests consideration of the mechanisms of injury by 
volatile agents and particulates, as well as understanding the potential effects of both acute and 
chronic exposure.   Respiratory system effects are manifest in relatively limited ways 
(bronchoconstriction, pulmonary edema, asthma, carcinogenesis), and careful attention must be 
given to evidence for cause and effect from among a wide range of insults and levels of exposure.  
Similar considerations are important for systemic effects that are manifested in other parts of the 
body. 
 
Laboratory animals are often as experimental models of human disease to help establish the 
mechanism of action and the correlation between exposure levels of airborne toxicants and clinical 
response.  Clinical response to these pollutants depends not only on the concentration of the 
specific compound, but also the frequency and duration of exposure. 
 
Studies of aerial ammonia in laboratory animals have demonstrated dose-effect and duration-effect 
patterns for damage to the respiratory tract similar to that observed in humans.  Acute exposures to 
moderate concentrations of ammonia irritate the upper respiratory tract. Prolonged or repeated 
exposures to lower levels of ammonia produce inflammation and lesions of the respiratory tract.  
Exposures to high concentrations of ammonia result in severe damage to the upper and lower 
respiratory tract and alveolar capillaries.  
 
Controlled studies with hydrogen sulfide in laboratory animals have shown that levels of 500 ppm or 
greater are likely to be lethal, similar to the response observed in humans.  Exposure to sub-lethal 
levels of hydrogen sulfide have produced progressive effects ranging from increased respiratory rate, 
to pulmonary edema, to histopathological changes in the nasal cavity and lung tissue. 
 
Endotoxins, glucans, and microorganisms maybe important components of bioaerosols associated 
with animal production units.  Inhalation of these compounds have been shown to produce 
respiratory system effects including airway constriction and obstructive breathing pattern, 
inflammatory tissue responses, and overt infection of lung tissue. 
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6.1   Toxicology  
 
6.10   Overview of Toxicology 
Toxicology is the study of poisons, and their effects on living organisms.  This includes an 
understanding of sources of poisons, circumstances of exposure, their effects, diagnosis and 
treatment and the application of management or educational strategies to prevent poisoning. More 
than many of the specialties in veterinary medicine, toxicology is based on the important principle of 
dose and response.  Response is dependent not only on presence of a potential toxicant but on the 
amount of exposure as well.(Osweiler, 1996)   With emphasis in this report on accountability of 
Concentrated Animal Feeding Operations (CAFOs) for substances released from animal production 
units, there is increasing need to be aware of and apply the dosage and response principle to best 
estimate the need for regulation or remediation.   
 
Determinants of exposure that affect dosage may be more than simply the gross amount of material 
with access to animals or man.  Rather, the effective dosage at a susceptible receptor site determines 
the ultimate response.  Thus, environmental factors that influence exposure, species differences in 
organisms within an exposure area, vehicle differences that affect absorption, specific drug or 
chemical interactions that potentiate response, and organ dysfunction that limits elimination may all 
be factors which influence the ultimate dosage and the outcome of exposure. (Osweiler, 1996) 
 
Toxicological Principles Of Evaluation For Cafo Issues 
A poison or toxicant is any natural or synthetic solid, liquid or gas that when introduced into or 
applied to the body can interfere with homeostasis of the organism or life processes of cells of the 
organism by its own inherent qualities, without acting mechanically and irrespective of temperature.  
For CAFOs, toxicants considered are natural products that would normally be handled by ecological 
assimilation, but may be locally in unnatural or excessive concentration.  Knowledge of the chemical 
nature and specific effects of toxicants and their combinations is the only certain way to assess 
hazard from such exposure.  Suggestions about potential adverse effects of natural products from 
livestock waste may be gained from comparative experimental studies, from know effects of 
substances at high concentrations within CAFOs, and from well-controlled and properly interpreted 
epidemiological studies.  This chapter will review the known biological effects of compounds 
identified in CAFOs, and will also present evidence gained from epidemiological studies. 
 
Toxicological conventions should be followed in assessment of risk to different populations. 
Toxicity is the quantitative amount or dosage of a poison that will produce a defined effect.  For 
example, the acute lethal dosage of hydrogen sulfide to swine could be described as a concentration 
in air, e. g.  1,000 parts-per-million or as the equivalent amount on a body weight basis.  Toxicity 
values do not describe the biological effects, but only the quantitative amount (dosage) required to 
produce a defined effect (e.g. death, respiratory distress, immune suppression,  etc).  Dosage is the 
correct terminology for toxicity expressed as amount of toxicant per unit of body weight. 
Commonly accepted dosage units are mg/kg body weight or moles or micromoles of agent/per kg 
body weight.  In comparative toxicology, relative effects in large and small animals relate dosage to 
the body surface area, which is approximately equal to (body weight) 2/3.   This relationship, and 
others relevant to interspecies comparisons, should always be considered when comparing 
laboratory or farm animal toxicity data against risk for humans.  Generally, as animals increase in 
weight, the body surface area increases proportionally less, and this may affect the rate of 
metabolism, excretion and receptor interaction with toxicants.  For many toxicants, larger animals 
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will be poisoned by relatively lower body weight dosages than are smaller mammals. (Eaton and 
Klaassen, 2001; Osweiler, 1996)  
 
From a public health and diagnostic toxicology perspective it is essential to know what exposure 
level will not cause any adverse health effect.  This level is usually referred to as the "no observed 
adverse effect level” (NOAEL). (Eaton and Klaassen, 2001) Usually a NOAEL in laboratory animals 
is based on chronic exposures ranging from ninety days to two or more years depending on the 
species.  The inhalation toxicity for gases or aerosols, including particulates, is often expressed as the 
concentration of material (i.e. the weight of compound per volume or weight of air).  The no-effect 
level is the largest dosage or concentration that does not result in detrimental effects.  In industrial 
hygiene, the concept of protecting human health from exposure is quantified to an assumed normal 
work day exposure and given a value called the Threshold Limit Value (TLV), which includes a 
safety factor between exposure allowed and concentrations where adverse effects may be expected. 
 
Response to Toxicants 
Toxicant evaluation is usually classified according to chronological scale that accounts for both 
dosage and response.  Acute toxicity refers to effects of a single dose or multiple doses measured 
during a twenty-four-hour period.  Toxic effects apparent over a period of several days or weeks are 
classified as subacute.  Subchronic toxicity refers to toxic effects that occur between 30 days and 
ninety days exposure.  Chronic effects are those produced by prolonged exposures of three months 
to a lifetime.  Chronic effects are affected by the cumulative tendencies of the toxicant.  The ratio of 
the acute to chronic LD50 dosage is called the chronicity index. (Eaton and Klaassen, 2001)  
Compounds with strong cumulative properties have larger chronicity index.  The potential for 
individual products from CAFOs to cause cumulative effects should include evaluation of their 
cumulative potential or chronicity index.   Conversely, organisms may develop tolerance for a 
compound such that repeated exposure increases the size of the dose required to produce lethality.  
For example, the single dose LD50 of potassium cyanide in rats is 10 mg/kg, while rats given 
potassium cyanide for ninety days are able to tolerate a dosage of 250 mg/kg without lethality.  
 
Toxicity and Risk 
The concept of risk or hazard is important to toxicology.  While toxicity defines the amount of a 
toxicant that produces specific effects at a known dosage, hazard or risk is the probability of 
poisoning under the conditions of expected exposure or usage.  Compounds of high toxicity may 
still present low hazard or risk if exposure to the toxicant is limited.  CAFO risk evaluation should 
include estimation of dosage at remote or off site locations, and measurement or estimation of 
exposure at such locations is essential.  Factors discussed in previous chapters relating to dispersion 
and dilution in the environment are essential in estimating the risk for a compound, even if it is of 
high inherent toxicity.  Moreover, binding of toxicant gases to particulates may either reduce or 
increase their toxic properties so that risk is a function of all factors and interactions. 
 
Factors That Affect Response To Toxicants 
Many factors inherent in the toxicant, the animal or the environment can alter a toxicity value 
determined under defined experimental conditions.  The toxicity of a compound may vary with the 
route of exposure. Usual routes of exposure to environmental agents are oral, dermal and inhalation.  
Gases are absorbed directly through pulmonary membranes, but aerosols including dusts may be 
deposited in lower airways or lungs if they are in a range between 0.1 and 5.0 um.  Systemic 
retention occurs when macrophages laden with particles gain access to the pulmonary lymphatic 
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drainage.  Retention of inhaled particles in the gastrointestinal tract can occur when large particles 
trapped by cilia and mucus in the nasopharynx and trachea are swallowed. (Eaton and Klaassen,  
2001) 
 
Many environmental and physiological factors can influence the toxicity of compounds, and such 
factors, or others possibly unknown, can substantially influence response to toxicants. 
Accurate evaluation of CAFO risk to both on-site and off-site persons must consider multiple 
factors and their interactions to properly support regulatory and remedial activity. 
Some examples of factors that alter response to toxicants are presented in Table 1 

 

TABLE 1.  SELECTED FACTORS THAT MAY ALTER RESPONSE TO TOXICANTS 
       Alteration or Change                                       Mechanism or Example 
Changes in chemical composition or salts of 
inorganic agents 

Toxicity of metals may be altered by valence 
state. Sodium salts are more water soluble 
than parent compounds, promoting 
absorption. 

Instability or decomposition of chemical Volatile compounds can decompose or 
change to more toxic form upon exposure to 
sunlight, as with nitrogen and nitrogen 
oxides.  

Ionization Generally, compounds that are highly ionized 
are poorly absorbed and thus less toxic.  The 
pH of the source of pit gases may influence 
ionization of some products. 

Vehicle effects Non-polar and lipid soluble vehicles usually 
increase toxicity of toxicants by promoting 
absorption and membrane penetration. 

Protein binding Binding to serum albumin is common for 
many drugs and toxicants, limiting the 
bioavailability of the agent and reducing 
toxicity. 

Chemical or drug interactions Chemicals may directly bind, inactivate or 
potentiate another.  One chemical may also 
induce microsomal enzymes to influence the 
metabolism of another.  

Biotransformation Prior exposure to the same or similar 
chemical may induce increased metabolic 
activity of microsomal mixed function 
oxidases (MFOs). Foreign compounds 
activated by MFOs can then be conjugated by 
Phase II metabolism and excreted.  If 
toxicants are activated by MFO activity, then 
toxicity may be increased.  Liver disease, very 
young or very old animals, and specific breeds 
or strains of animal can alter ability of MFO 
to begin metabolism followed by Phase II 
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detoxification of foreign compounds. 
Liver disease Reduced synthesis of conjugating or binding  

agents (glutathione, metallothionein), essential 
proteins and coagulation factors may alter 
response to absorbed chemicals. 

Nutrition and diet Vitamin C and vitamin E can aid in 
scavenging of free radicals and repair of 
cellular protective mechanisms. 

 
Respiratory System Response to Injury   
Response of airways and lung to injury is dose dependent and expressed in chronological terms as 
acute, subacute or chronic.  Response of the respiratory tract to toxicants is manifest in relatively 
few ways in response to many different chemicals, and a few specific  mechanisms of injury are 
known. (Haschek and Rousseaux, 1998; Witschi, 2001) 
 
Mechanisms of Respiratory System Injury 
Respiratory damage depends on relatively few recognized molecular and cellular mechanisms that 
account for a wide variety of toxicant exposures.  Many recognized effects are related to the 
oxidative burden imposed on the respiratory tract. (Witschi, 1997)  This includes generation of 
unstable and reactive free radicals that lead to oxidative chain reactions and subsequent cellular 
damage or destruction.  Cellular injury then results in release of microsomes and flavoproteins, 
neutrophils, moncytes and macrophages that can sustain the conversion of molecular oxygen to 
reactive oxygen metabolites.  Many of these effects are an excessive response to what is a normal 
respiratory defense mechanism against microorganisms and low- or high-molecular-weight antigenic 
materials.  Immunologic consequences are triggered when foreign materials in the respiratory tract 
sensitize the lung or airways to further exposure of the same material. (Witshci, 2001).  Further 
consequences of oxidative damage or covalent binding in the pulmonary systems can result from 
damage and cross linking of  DNA with potential subsequent development of carcinogenesis.  The 
consequences of these mechanisms can be acute or chronic respiratory damage and the physiological 
dysfunction that accompanies each. 
 
Acute Respiratory Injury 
Acute airway damage in the transport passages (nasopharynx, trachea, bronchi, bronchioles) is 
reflected as bronchoconstriction and/or excess or reduced mucus and ciliary function. (Haschek and 
Rousseaux, 1998; Witschi, 2001).  Response to irritants in nasal passages can cause acute or chronic 
rhinitis or, at higher concentrations, pause in respiration which develops as a reflex protective 
mechanism.  Autonomic nervous system response to irritants is associated with acute reflex 
contraction of trachea and bronchi, resulting in decreased airway diameter and increased resistance 
to air flow.  This results in wheezing, coughing, dyspnea and reduced exercise tolerance.  This 
response is most likely triggered by irritant gases with moderate water solubility.  Effects of short-
term exposure resolve quickly when the irritant gas is no longer present and if no permanent cellular 
damage has occurred; long-term exposure may lead to chronic effects. 
 
Acute lung damage can result in two major effects on lung tissue.  Toxic pulmonary edema, which is 
characterized by alveolar or interstitial fluid accumulation and a thickened alveolar-capillary interface 
results in reduced oxygen and carbon dioxide exchange. Highly water-soluble irritant gases, including 
ammonia and hydrogen sulfide, which reach the lung parenchyma can damage cellular membranes 
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and allow fluid leakage leading to pulmonary edema. Inflammatory response and cellular 
accumulation may accompany the edema and, if severe, result in prolonged changes including 
fibrogenesis.  Acute alveolar endothelial damage and necrosis stimulates Alveolar Type II cell 
proliferation.  These cells are physically thicker than Type I cells, and as immature replacements of 
Type I cells (alveolar endothelium) markedly reduce oxygen and carbon dioxide exchange (Witschi, 
2001). 
 
Chronic Respiratory Injury 
Chronic response to injury may come from excessive and prolonged acute injury or from low-level 
or subclinical damage.  In either event, manifestation is commonly as fibrosis or other chronic 
inflammatory change, emphysema, asthma or carcinogenesis. 
 
Fibrosis is the result of excessive production of collagen in lung parenchyma and can occur at the 
alveolar, alveolar duct and bronchiolar levels. Type I and III collagen constitute approximately 90 
percent of lung collagen.  Increases in collagen, especially Type I, increase stiffness of the lung and 
reduce compliance, with severe fibrosis resulting in reduced vital capacity and reduced exercise 
tolerance. 
 
Emphysema is characterized by “abnormal enlargement of the airspaces distal to the terminal 
bronchiole, accompanied by destruction of the walls, without obvious fibrosis”. (Snider et al, 1985) 
Emphysema arises from interference with or lack of alpha1-antiprotease, leading to loss of 
pulmonary elastin and subsequent alveolar wall breakdown.  This leads to reduced alveolar surface 
and hyperinflation of alveoli and lungs with excessive compliance. 
 
Asthma is characterized by increased airway activity with excessive contraction of large airways in 
response to irritants.  Effects may be initiated by exposure to antigens or by chemicals that serve as 
haptens, with contributing influences by inflammatory cells and cytokines (Barnes et al 1998).  
Effects are mild to severe dyspnea, which can be acute, recurring and influenced by inhalation of a 
variety of pollutants (Witschi, 2001). 
 
Respiratory carcinogenesis, especially lung cancer in humans is common and associated with 
environmental, industrial and personal exposures to a variety of chemicals.  For most lung cancers, 
there is likely a dose-response relationship but clinical disease is often manifested later in life after 
long-term exposure.  Animal studies are helpful in definition of mechanisms and in selected dose-
response considerations.  However, animal studies are important to intepret carefully in the context 
of significant differences in laboratory animal susceptibility and for the dosages used in experimental 
studies compared to ambient exposures of human populations (Hahn, 1997; Malkinson, 1998). 
 
Systemic Effects of Airborne Toxicants 
Airborne toxicants can affect systems other than or in addition to the respiratory tract.  Lung is an 
efficient absorption organ and readily transports volatile compounds to the systemic circulation.  
Neurological and immune system consequences may occur secondary to inhalation exposure.   A 
limited amount of xenobiotic metabolism is possible in lung, so that some bioactivation of toxicants 
can occur upon first pass pulmonary absorption.  Effects of absorbed volatile agents will depend on 
the eventual target organs and susceptible receptors.  These specific effects in target tissues and 
organs will be discussed in detail in subsequent sections of this chapter.  
 



108 

6.1.1  Toxicology of ammonia 
Experimental studies indicate that the concentration of aerial ammonia which is acutely lethal to 
laboratory animals is dependent on the duration of the exposure.  The lethal concentration of 
ammonia in rats and mice increases 5-10 times as the duration of exposure decreases from 16 hours 
to several minutes (Hilado et al. 1977; Kapeghian et al. 1982; Weedon et al. 1940).  Exposure 
frequency also appears to be an important factor in determining lethality.  Continuous exposure to 
653 ppm of ammonia for 25 days resulted in nearly 64% lethality in rats, whereas intermittent 
exposure to nearly twice this concentration was tolerated for 42 days (Coon et al. 1970).  It also 
appears that male rats are more sensitive than female rats to the lethal effects of aerial ammonia 
(Appelman et al. 1982).   
 
Studies in laboratory animals have demonstrated dose-effect and duration-effect patterns for damage 
to the respiratory tract similar to that observed in humans.  Acute exposures to moderate 
concentrations of ammonia (<1000 ppm) irritate the upper respiratory tract, whereas exposures to 
high concentrations (>4000 ppm) result in severe damage to the upper and lower respiratory tract 
and alveolar capillaries (Coon et al. 1970; Kapeghian et al. 1982; Mayan and Merilan 1972; Richard et 
al. 1978a,b; Schaerdel et al. 1983).  Prolonged or repeated exposures to lower levels of ammonia 
(>150 ppm) produce inflammation and lesions of the respiratory tract (Broderson et al. 1976; Coon 
et al. 1970). 
 
No overt symptoms of neurological disorders were reported in guinea pigs or monkeys that were 
exposed to up to 1105 ppm ammonia for 6 weeks (Coon et al. 1970).  However, acute exposure to 
low levels of ammonia (100 ppm) has been shown to depress free-access wheel running behavior in 
rodents (Tepper et al. 1985).  This may represent avoidance of sensory or upper airway irritation, but 
these same effects can be seen after injection of ammonium salts. 
 
6.1.2 Toxicology of hydrogen sulfide 
Controlled studies using dogs, rats, mice, and rabbits exposed acutely to high concentrations of 
hydrogen sulfide gas for various periods of time have shown that levels of 500 ppm or greater are 
likely to be lethal, similar to the response observed in humans exposed to high levels (Beck, 1979; 
Elovaara, 1978; Higuchi and Fukamachi, 1977; Haggard, 1922; Lopez,1987,1988a,1988b,1989; Kage, 
1992; Khan, 1990; Prior, 1988, 1990; Savolainen, 1980; Smith and Gosselin, 1964; Tansy,1981). 
 
In addition to an increase in respiration rate that was noted in rats exposed to 100-200 ppm 
hydrogen sulfide for 1 hour (Higachi and Fukamachi, 1977), a number of histological and 
biochemical changes were noted in the respiratory tissues and fluids of rats acutely exposed to 
200, 300 or 400 ppm hydrogen sulfide for 4 hours (Lopez, 1987; Green,1991).  Histopathological 
changes were reported in the nasal cavity of rats exposed to greater than 200 ppm hydrogen 
sulfide for 4 hours (Lopez, 1988b). Moderate-to-massive pulmonary edema was evident in rats 
exposed to 375 ppm hydrogen sulfide for 4 hours (Prior, 1990), and slight pulmonary congestion 
was found in rats exposed to 75 ppm hydrogen sulfide for 1 hour (Kohno, 1991). Significant 
decreases in numbers of viable pulmonary alveolar macrophages were noted in the lung lavage 
fluid of rats exposed for 4 hours to 400 ppm hydrogen sulfide (Khan, 1991).  
 
The effects of intermediate-duration exposures to hydrogen sulfide have been examined in rats, 
mice, and pigs.  Respiratory effects were not observed in two strains of rats exposed to hydrogen 
sulfide at concentrations up to 80 ppm 6 hours/day, 5 days/week, for 90 days (CIIT 1983b, CIIT 
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1983c). In contrast to rats, inflammation of the nasal mucosa described as minimal to mild was 
observed in mice exposed to hydrogen sulfide at 80 ppm (CIIT 1983a).  Respiratory effects were not 
observed at 30.5 ppm. No mortality was noted during 90-day studies in which rats and mice were 
exposed for 6 hours/day, 5 days/week, to up to 80 ppm hydrogen sulfide (CIIT 1983b, 1983c). 
(CIIT 1983a). 
 
Guinea pigs exposed daily to 20 ppm of hydrogen sulfide for 11 days developed fatigue, 
somnolence, and dizziness (Haider, 1980).  Neurochemical analyses revealed decreased cerebral 
hemisphere and brain stem total lipids and phospholipids.  Lethargy was observed in rats following 
exposure to 400 ppm of hydrogen sulfide for 4 hours (Lopez, 1988b). 
 
Rats were exposed to average concentrations of 100-200, 200-300, 300-400, or 400-500 ppm 
hydrogen sulfide; at 200-300 ppm, a decreased response rate in a discriminated avoidance task was 
observed (Higuchi and Fukamachi, 1977).  Except at the highest concentrations tested, the response 
rates and percent avoidances recovered rapidly when ventilation with clean air was provided, 
although even at 400-500 ppm, they were almost normal the following day.  When these same 
animals were tested for Sidman-type conditioned avoidance response at response-shock intervals of 
10 or 30 seconds, an inverse relationship between hydrogen sulfide concentration and response rate 
was noted; this effect dissipated when exposure stopped (Higuchi and Fukamachi 1977). 
Excitement was observed when mice were exposed to 100 ppm of hydrogen sulfide for 2 hours at 4-
day intervals (Savolainen, 1980).  Exposure also resulted in decreased cerebral ribonucleic acid 
(RNA), decreased orotic acid incorporation into the RNA fraction, and inhibition of cytochrome 
oxidase.  An increase in the glial enzyme marker, 2',3'-cyclic nucleotide-3'-phosphohydrolase, was 
seen.  Neurochemical effects have been reported in other studies.  Decreased leucine uptake and 
acid proteinase activity in the brain were observed in mice exposed to 100 ppm hydrogen sulfide for 
2 hours (Elovaara, 1978). Inhibition of brain cytochrome oxidase and a decrease in orotic acid 
uptake were observed in mice exposed to 100 ppm hydrogen sulfide for up to 4 days (Savolainen, 
1980). 
 
The intermediate-duration effects of hydrogen sulfide on neurological function were examined by 
the measurement of motor and sensory nerve conduction velocities of the tail nerve or morphology 
of the sciatic nerve but, no neurotoxic effects were observed in rats exposed to 50 ppm hydrogen 
sulfide for 5 days a week, for 25 weeks (Gagnaire, 1986).  
 
Neurologic function and neuropathology were evaluated in rats exposed to 0,10.1, 30.5, or 80.0 ppm 
hydrogen sulfide for 6 hours/day, 5 days/week, for 90 days (CIIT, 1983c). Although absolute brain 
weights were decreased (5%) in rats exposed to 80 ppm hydrogen sulfide in this study, there were no 
treatment-related effects on neurological function or neuropathology. In addition, no signs of 
neurotoxicity were noted in a similar study in which mice and rats were exposed to 0, 10.1, 30.5, or 
80.0 ppm hydrogen sulfide for 90 days (CIIT, 1983a, CIIT, 1983b). 
 
6.1.3  Toxicology of bioaerosols 
 
Endotoxin 
The bioaerosol constituent present in swine barns that has been most studied is endotoxin. 
Endotoxin is a lipopolysaccharide (LPS) component of the outer cell wall of Gram negative (Gm-) 
bacteria. Endotoxin has been shown in both humans (Schwartz et al 1995, Jagielo et al 1996, Deetz 



110 

et al 1997) and animals (Schwartz et al 1994, Jagielo et al 1996, Thorne et al 1998, Thorne 2000) to 
be a potent pro-inflammatory agent through its ability to activate the innate immune system.  
Endotoxin is an amphipathic molecule consisting of a phospholipid fraction, called lipid A, bound 
to a polysaccharide.  The polysaccharide has two components: the O -antigen and the core 
polysaccharide (Rietschel et al 1996). In swine CAFOs, endotoxin most likely includes pieces of 
other membrane materials in association with LPS. The biological activity of endotoxin rests largely 
with the lipid A fraction.  Once inhaled, endotoxin will interact with macrophages or soluble CD14 
inducing signal transduction via the TLR-4 receptor (Medzhitov et al 1997, Faure et al 2000, Gao et 
al 1998).  Through multiple transcription factors (Gao et al 1998), the initiation of transcription of 
several genes coding for inflammatory mediators can trigger the production of pro-inflammatory 
cytokines.  The cytokines most associated with inhalation of endotoxin are Interleukin (IL)-1, tumor 
necrosis factor (TNF)a, IL-6, IL-8 (humans), and MIP-2 (mice) (Thorne et al 1998, Deetz et al 
1997).  Recent evidence suggests a regulatory role for IL-10, IL-12 (Shnyra et al 1998), and 
interferon ? (IFN?) (Kline et al 1998). An aggressive response to endotoxin exposure results in a 
cascade of events producing airway narrowing and an obstructive breathing pattern (Pauwels et al 
1990).  Chronic inhalation exposure in mice has been shown to induce airway remodeling and 
collagen formation (George et al 2001). 
 
Glucans 
Studies of the past five years have provided evidence that glucans may also be important 
immunomodulators (Rylander 1999, Fogelmark et al 1997). ß(1? 3)-glucans are glucose polymers 
with variable molecular weight and degree of branching that may appear in triple helix, single helix or 
random coil structures (Williams 1994). ß(1? 3)-glucans originate from a variety of sources, including 
fungi, bacteria, and plants (Stone and Clarke 1992).  They are water insoluble structural cell wall 
components of these organisms, but may also be found in extracellular secretions of microbial origin.  
Glucans may account for up to 60% of the dry weight of the cell wall of fungi, of which the major part 
is ß(1? 3)-glucan (Klis 1994).  Recently it has been suggested that ß(1? 3)-glucans play a role in 
bioaerosol induced inflammatory responses and resulting respiratory symptoms (Williams 1994, 
Rylander et al 1992, Fogelmark et al 1994).  
 
Microorganisms 
Infectious microorganisms may present an occupational hazard when inhaled (Thorne 2001, 
Douwes et al 2002). Fortunately, airborne transmission of zoonotic pathogens at sufficient doses to 
cause disease appears to be uncommon in CAFOs.  The most notable infectious bioaerosol in 
agricultural occupational environments is Mycobacterium tuberculosis (Schenker et al. 1998).  However, 
this arises from transmission from person-to-person.  Tuberculosis occurs with high prevalence 
among immigrant farm laborers.  More germane to CAFOs in Iowa is concern over the emergence 
of antibiotic resistant pathogenic organisms that may arise under the influence of antibiotics added 
to feed. 
 
Non-infectious microorganisms are a more significant problem in CAFOs by virtue of the 
enormously high concentrations at which they occur.  There has been limited study of the effects of 
inhaled bacteria and fungi in laboratory animal models of human disease.  Most of the studies in the 
literature have used a lung infection model to study host defense against lung pathogens or to assess 
the efficacy of antimicrobial therapies. However, a few studies are informative. McCray et al (1999) 
demonstrated severe inflammation with neutrophilic infiltration to the lungs of mice following 4 hr 
inhalation exposure to Pseudomonas aeruginosa at a concentration of 3.3 x 108 CFU/m3. This study 
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used bacterial lung burdens that resemble those attainable in CAFOs.  The bacteria were cleared 
from the lungs within 24 hours and the inflammation resolved by 72 hours after exposure.  Thorne 
and Gassman studied the relative potency of inhaled Gram-negative organisms and Gram-positive 
organisms for lung inflammation in mice (Gassman et al 2000).  This study demonstrated that the 
Gram-negative bacteria: Enterobacter agglomerans and Pseudomonas aeruginosa were orders of magnitude 
more potent that the Gram-positive organisms: Bacillus magaterium and Micrococcus luteus at initiating 
inflammation.  In this study, markers of inflammation included influx of neutrophils to the lung and 
increased concentration of interleukin-6 (IL-6) and tumor necrosis factor (TNFa). It was concluded 
that the endotoxin derived from the Gram-negative organisms was the cell component primarily 
responsible for the inflammation.  
 
Fungi and fungal conidia are also found airborne in CAFOs.  Fungi have been studied primarily as 
allergens and as sources of mycotoxins.  There is no reported evidence of animal or human health 
problems due to mycotoxin delivery arising from inhalation of fungal spores for the common fungi 
found in CAFOs.  Studies of allergen potency for fungi found in CAFOs have focused on human 
studies rather than on animal models.  
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Chapter 6.2.  Animal Health Effects 
The preponderance of scientific studies on the effects of air contaminants and emissions on 
animal health has been conducted in and around swine facilities.  Air contaminants can be 
divided into gases, particulates, bioaerosols, and toxic microbial by-products.  Excess 
ammonia has been associated with lowered average number of pigs weaned, arthritis, porcine 
stress syndrome, muscle lesions, abscesses, and liver ascarid scars.  Particulates (dust) have 
been related to reduced growth in growing pigs and turbinate pathology.  Bioaerosols have 
been associated with lowered feed efficiency, decreased growth, and increased morbidity and 
mortality due to respiratory disease and abscesses.  There are few scientific studies regarding 
the health effects and productivity problems of air contaminants on cattle and other 
livestock.  Ammonia and hydrogen sulfide are the two most important inorganic gases 
affecting the respiratory system of cattle raised in confinement facilities.  These gases affect 
the mucociliary transport and alveolar macrophage functions of the respiratory system 
lessening its protective responses.   
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6.2.1 Ammonia - Livestock Health Effects 
At concentrations usually found in livestock facilities (<100 ppm), the primary impact of 
aerial ammonia is as an irritant of the eye and respiratory membranes; and as a chronic 
stressor that can affect the course of infectious disease as well as directly influence the 
growth of healthy young animals (Lillie, 1972; Curtis, 1983).  
 
A series of experiments at the University of Illinois measured the effects of various levels of 
aerial ammonia on young pigs.  The rate of gain of young pigs was reduced by 12% during 
exposure to aerial ammonia at 50 ppm, but no lesions were observed in the respiratory 
system.  At both 100 and 150 ppm aerial ammonia, rate of gain was reduced by 30% and 
tracheal epithelium and nasal turbinates showed lesions consitent with a tissue irritant 
(Drummond et al., 1980).  Aerial ammonia at 50 and 75 ppm reduced the ability of healthy 
young pigs to clear bacteria from their lungs (Drummond et al., 1978). At 50 and 100 ppm, 
aerial ammonia exacerbated nasal turbinate lesions in young pigs infected with Bordetella 
bronchiseptica, but did not add to the infection-induced reduction in the pig’s growth rate 
(Drummond et al., 1981a).  In another study, 100 ppm aerial ammonia reduced the rate of 
gain by 32%; while effects of 100 ppm ammonia and concurrent ascarid infection were 
additive to where the rate of gain was reduced by 61% (Drummond, et al., 1981b). In a study 
of 28 swine farms in Sweden, a higher incidence of arthritis, porcine stress syndrome lesions, 
and abscesses had a positive correlation with levels of aerial ammonia in the facilities 
(Donham, 1991) 
 
It has recently been recommended that the maximum long-term ammonia exposure limit for 
swine should be less than 20 ppm as both pathological data (Hamilton, 1996) and 
immunological data (Urbain, 1994) suggest that exposure to ammonia concentrations of 10 
to 15 ppm reduce resistance to infection (Jones, 1997).  British workers utilized operant 
conditioning techniques giving pigs the choice between ambient ammonia levels of 0, 10, 20, 
and 40 ppm to demonstrate that pigs have an aversion to atmospheres containing even 
relatively low levels of ammonia  (Jones, 1997). 
 
Ammonia has been considered as the most significant air pollutant in cattle barns as its 
irritating effect on the respiratory epithelium appears to directly reduce the number of 
ciliated cells and thus decrease the efficiency of mucociliary transport (Marschang, 1973).  
Ammonia concentrations within cattle facilities varied greatly from 80 to 2001 mg/h per 
animal depending on the type of housing (concrete floors vs slatted flooring, ventilated vs 
closed), bedding, age of animals, environmental conditions, waste storage system employed, 
frequency of cleaning, and ration (Koerkamp et al, 1998; Wathes et al, 1998; Pitcairn et al, 
1998; Gurk et al, 1997).  At concentrations less than 100 ppm and in a poorly ventilated 
facility, ammonia appears to affect pulmonary function in cattle.  Five mechanisms protect 
the lungs from invasion of foreign materials: cellular and humoral immunity, mucociliary 
transport, macrophage function, cough reflex, and nasopharyngeal filtration.  Of these 
defensive mechanisms, mucociliary transport and alveolar macrophage functions are most 
severely affected by ammonia and possibly hydrogen sulfide (Lillie and Thompson, 1972).      
 
In poultry, ammonia is considered the most harmful gas in broiler chicken housing (Carlile, 
1984).  Ambient ammonia levels of 50 ppm for prolonged periods irritate respiratory airways 
and predispose chickens to respiratory infections with the added risk of secondary 
infections; and development of lesions of keratoconjunctivitis of the eye is associated with 
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ambient ammonia levels of 60 ppm (Hauser, 1988).  A reduced rate of bacterial clearance 
from the lungs was measured in turkeys exposed to 40 ppm aerial ammonia (Nagaraja, 1984).  
Excessive mucous production, matted cilia, and  deterioration of normal mucociliary 
apparatus was found in turkeys exposed to ammonia concentrations as low as 10 ppm for 7 
weeks (Nagaraja, 1983). 
 
6.2.2 Hydrogen Sulfide - Livestock Health Effects  
Hydrogen sulfide is a potentially lethal gas produced by anaerobic bacterial decomposition of 
protein and other sulfur containing organic matter.  This colorless gas with the distinctive 
odor of rotten eggs is heavier than air and may accumulate in manure pits, holding tanks, 
and other low areas in a facility.  The sources of hydrogen sulfide presenting the greatest 
hazard in an agricultural setting are liquid manure holding pits which are commonly under 
slatted floors of livestock facilities.  Although most of the continuously produced hydrogen 
sulfide is retained within the liquid of the pit, the gas is rapidly released into the ambient air 
when the waste slurry is agitated to suspend solids prior to being pumped out.   While the 
concentration of hydrogen sulfide usually found in closed animal facilities (<10 ppm) is not 
harmful, the release of this gas from manure slurry agitation may produce concentrations up 
to 1000 ppm or higher (Lillie, 1972; Carson, 1998; Donham, 2000). 
 
Hydrogen sulfide is an irritant gas producing local inflammation of the moist membranes of 
the eye and respiratory tract.   The irritant action of hydrogen sulfide is fairly uniform 
throughout the respiratory tract, although the deeper pulmonary structures suffer the 
greatest damage often producing pulmonary edema (Curtis, 1983). 
 
Differences between mammalian species susceptibility to toxic concentrations of hydrogen 
sulfide are small, as demonstrated by the following reported acutely toxic levels of hydrogen 
sulfide: goat – 900 ppm; guinea pig – 750 ppm; dog – 600 ppm; rat – 500 ppm (Sayer, 1923).  
However, chickens were found to be less sensitive to hydrogen sulfide than mammals, with 
exposures of 4,000 ppm not resulting in immediate death (Klentz, 1978). 
 
Early experiments examining various levels of acute hydrogen sulfide gas exposure in pigs 
reported the following associated clinical effects; 50 to 100 ppm - nothing significant; 250 
ppm – distress; 500 to 700 ppm – semicomatose; 1000 ppm – intermittent spasms, cyanosis, 
unconsciousness, convulsions, death (O’Donoghue, 1961).  At low levels of hydrogen sulfide 
exposure, no effect was measured on rate of body weight gain or respiratory tract structure 
in young pigs breathing air containing 8.5 ppm hydrogen sulfide for 17 days (Curtis, 1975) 
 
6.3.3 Particulates 
Particulates are derived from two primary sources: pigs and feed.   The primary particulate 
component from the pigs is dried fecal material.  After drying fecal material becomes 
aerosolized by movement of the pigs and air currents.  This dust is very fine, and up to 40% 
is inhalable (Donham, 2000).  Dried fecal material is heavily contaminated with microbes and 
microbial by-products.  Animals and workers in nursery and farrowing facilities would be 
exposed to greater concentrations of fecal dust than would those in finishing facilities where 
feed dust would predominate (Donham, 2000). 
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6.3.4 Bioaerosols and Endotoxins  
Air quality, as defined in ventilation parameters, influences the aerosol spread of potential 
viral and bacterial pathogens that colonize the respiratory epithelium.  However, rarely does 
one find pathogens in the air.  They generally are less viable and found in fewer numbers 
relative to the nonpathogens and saprophytes (Donham, 2000).  Bacteria, fungi, and yeast 
heavily contaminated the atmosphere of swine confinement facilities.  Total microbial 
concentration (cfu per cubic meter) range from 100,000 – 10,000,000 (Donham, 2000).  
Maximum concentration for swine health is approximately 430,000 (Donham, 2000).   
 
Of recent importance is the concentration of endotoxin detected in the atmosphere of 
confinement facilities.  Endotoxin is a phospholipid-polysaccharide macromolecule that 
comprises the cell wall of Gram-negative bacteria.  It is released when the integrity of the cell 
wall is disturbed.  A typical range for endotoxin in the atmosphere of a confined building is 
150 -1000 units (Donham, 2000).  Maximum concentration for swine health has been 
approximated at 150 units.  Endotoxin is a highly inflammatory substance and is believed to 
play a major role in respiratory disease of workers (Donham, 2000). 
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6.3 Human Health Effects 
While other public health impacts, which include human exposures to polluted water or antibiotic 
resistant microorganisms that may arise from CAFOs, are not being addressed in this chapter, 
occupational exposures to CAFO environments will be reviewed and discussed because of their 
relevance to human response to CAFO air emissions. 
 
The lung contains the largest epithelial surface in the body, consisting of more than 100 square 
meters of surface area in the average adult male (compared with approximately 2 square meters of 
skin). The average adult male inhales up to 15 kg of air daily, and children inhale proportionately 
more for their size. Because of this high surface area and high volume of air exchanged, the lung is 
capable of absorbing vast quantities of inhaled substances. Defense mechanisms of the lung, 
including the cough reflex, mucociliary transport, and the innate immune system are efficient at 
combating inhaled particulate matter and microorganisms. Gases, vapors, and aerosols (of 
“respirable” size, approximately 1-10 microns in diameter) are readily inhaled and absorbed. 
 
Health effects associated with inhalation of toxins and bioaerosols are manifold. Medical problems 
commonly associated with inhaled agents include respiratory diseases (asthma, hypersensitivity 
pneumonitis, industrial bronchitis), cardiovascular events (sudden death associated with particulate 
air pollution), and neuropsychiatric conditions (due to odor as well as delayed effects of toxic 
inhalations). 
 
Most studies of human exposures to airborne agricultural hazards have focused on occupational 
exposures in agricultural settings. With the rise of large, industrial CAFOs as the preeminent form of 
livestock production and their associated higher production of gases, vapors, and fumes, these 
exposures now have the potential to affect larger numbers of individuals, including members of the 
neighboring community not involved in agriculture or related industrial livestock production. Few 
studies have directly examined the health effects of proximity or exposure to CAFOs in the 
community, thus extrapolations must be considered from well-documented effects of these toxins in 
laboratory settings and occupational exposure studies. Donham and colleagues (1977) first reported 
that workers in swine confinement facilities described significantly more respiratory symptoms than 
non-exposed workers; subsequent studies have confirmed this symptomatology and have also 
documented increased risks of respiratory infections, progressive declines in pulmonary function, 
and poisoning from hydrogen sulfide in this occupational group. 
 
For many reasons, standards for community exposures to the toxic agents released from CAFOs 
must be stricter than that for occupational exposures. First of all, community members may include 
subgroups of especially susceptible individuals, for example the elderly, children, and those with pre-
existing impairments. Secondly, community members may be exposed continuously to released 
substances rather than for a workshift or less; this is especially true for those who do not work 
outside the home, and for pre-school children. Moreover, exposed community members may not 
have chosen to live in proximity to a CAFO, whereas occupationally exposed individuals have some 
choice in their employment. Thus, ambient exposure levels arising from CAFOs, including ammonia 
and hydrogen sulfide, must be significantly lower than occupational levels; notwithstanding, many 
components of the CAFO environment, e.g. bioaerosols including endotoxins and glucans, have no 
current recommended or mandated occupational exposure limits. 
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6.3.1 Studies of Adverse Health Effects from Specific Exposures found in CAFO Emissions 
It is important to examine the literature regarding adverse health effects arising from individual 
chemicals and mixtures of chemical compounds, often referred to as odorants, exposures known to 
be components of emissions from CAFOs. The following is a summary of available, published 
findings from clinical, experimental and epidemiological observations for several categories of these 
exposures. The concentration of exposure is not always known or measured, but there have been 
several studies of individual chemical exposures that have documented both concentrations and 
durations of exposure, some at very low levels. The vast majority of these observations come from 
occupational, experimental, and non-CAFO community exposures, many of which were made 
among selected populations of workers or healthy volunteer subjects. Regulatory agencies have used 
many of these findings, taking into account uncertainty and susceptibility factors, in making their 
recommendations regarding exposure limits for exposed communities (See Chapter 8.0). 
 
6.3.1.1. Ammonia 
Ammonia is both a component of animal waste and released in waste treatment processes. Well 
recognized as a human toxin, the current OSHA PEL for ammonia is a TWA of 50 ppm (also its 
odor threshold), although ACGIH and NIOSH recommend a lower TWA of 25 ppm. 
Concentrations of greater than 100 ppm have been regularly reported in poultry confinement 
operations (Mulhausen et al, 1987). The EPA has found that animal agricultural operations are 
responsible for almost three fourths of ammonia air pollution in the United States (Harris et al, 
2001), although numerous other industries are associated with inhalation exposure to ammonia. 
EPA has recommended as reference concentration for chronic inhalation of ammonia of 1.4 ppm. 
ATSDR has recommended a long-term MRL of 300 ppb for community exposures (See Chapter 8.0 
for detailed discussion). 
 
Water-soluble, ammonia is rapidly absorbed in the upper airways, with the result of damaging upper 
airway epithelia. Moderate concentrations (50-150 ppm) can lead to severe cough and mucous 
production; higher concentrations (>150 ppm) may cause scarring of the upper and lower airways 
(Close et al, 1980; Leduc et al, 1992). A consequence of these inflammatory responses, in some 
cases, is reactive airways dysfunction syndrome (RADS) and associated persistent airway 
hyperresponsiveness (Bernstein and Bernstein, 1989; Flury et al, 1983). At higher concentrations, 
sufficient ammonia may bypass the upper airways to cause lower lung inflammation and pulmonary 
edema (Close et al, 1980; Sobonya, 1977). Massive exposure to ammonia can be fatal, including in 
the agricultural sector, a consequence to disruption of tanks of anhydrous ammonia (Sobonya, 
1977). These fatalities, as well as the chronic lung disease seen following as little as two minutes of 
exposure to high concentrations of ammonia gas may result in the development of bronchiolitis 
obliterans (de la Hoz et al, 1996; Kass et al, 1972; Sobonya, 1977; Walton, 1973), restrictive lung 
disease (de la Hoz et al, 1996), and bronchiectasis (Leduc et al, 1992). 
 
In addition to pulmonary disease, exposure to ammonia also leads to irritation of the eyes, sinuses, 
and skin. Exposure to 100 ppm ammonia for short (30 second) duration leads to nasal irritation and 
increases in nasal airway resistance (McLean et al, 1979). When increasing concentrations of 
ammonia are delivered by spontaneous respiration, severe nasal irritation develops at 134 ppm after 
5 minutes; some individuals report symptoms as low as 32 ppm (Keplinger et al, 1973). Clinical 
sinusitis has been reported following accidental exposure to ammonia as well (Brautbar, 1998). 
Chemical burns to the skin and eyes are also commonly seen following high-concentration ammonia 
exposures (Latenser and Loucktong, 2000). 
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Although the most serious adverse effects of ammonia inhalation are usually seen with 
concentrations of ammonia that have been associated with fatal exposures (in the range of 500 
ppm), evidence exists that lower concentrations of ammonia can reach the alveoli and may be 
adsorbed to respirable particulates, as may be seen in complex bioaerosols such as those found in 
the agricultural setting resulting in a research-recommended occupational exposure limit of 7 ppm 
(See Section 6.3.2.2). Similar occupational exposures to ammonia (9 ppm) have been studied among 
soda ash workers (Holness et al, 1989) who reported increased symptoms of coughing, wheezing, 
nasal complaints, eye irritation, throat irritation, and skin complaints; however, no changes in lung 
function were observed when measured over a working shift. It was noted that this was a cross-
sectional study of a small population and that selection bias may have therefore occurred. 
 
6.3.1.2. Hydrogen Sulfide 
Hydrogen sulfide is one of the most important of the gases arising from the storage, handling, and 
decomposition of animal wastes. Smelling like rotten eggs, this gas that is recognized as both an 
irritant and an asphyxiant, is a prominent component of odorants released from CAFOs. Current 
OSHA PEL for H2S are 10 ppm (with STEL of 15 ppm), while NIOSH has recommended a time 
weighted average occupational exposure limit of 10 ppm. For community exposures, EPA has 
recommended a reference concentration for long-term exposure of 7 ppb (See Chapter 8.0 for full 
discussion). 
 
Levels as high as 1,000 ppm have been reported (Donham and Gustafson, 1982) following the 
perturbation of manure lagoons, and levels greater than 100 ppm are considered immediately 
hazardous to life and health. Exposure to these elevated levels of H2S can cause rapid loss of 
consciousness, and H2S has been implicated in a number of deaths when encountered in confined 
environments in agricultural settings. The primary mode of absorption of H2S is through inhalation 
(Bhambhani et al, 1996a). 
 
One particular hazard is that, although the odor threshold is quite low (less than 1 ppm), at levels 
over 6 ppm the intensity of the smell only modestly increases; above 150 ppm, exposure to 
hydrogen sulfide may actually reduce the sense of smell, hindering the olfactory detection of high 
concentrations of the gas and making H2S monitoring equipment mandatory in occupational settings 
(van Aalst et al, 2000). The toxic effects of hydrogen sulfide are based on its property as a chemical 
asphyxiant; it binds to the mitochondrial enzyme cytochrome oxidase, blocking oxidative 
phosphorylation and ATP production. This leads to anerobic metabolism and the development of 
lactic acidosis (Nichols and Kim, 1982). 
 
Experimental exposure studies have been carried out examining the effects of inhalation of low 
levels of H2S on healthy volunteers (Bhambhani et al 1996a, 1996b, 1997). Inhalation of 5 ppm of 
H2S by exercising men leads to a significant decrease in the concentration of citrate synthase, a 
marker of aerobic metabolism, in muscle biopsy tissue, although no increases in lactic acidosis were 
noted (Bhambani et al, 1996b). Levels of 10 ppm cause no change in physiologic measures of 
pulmonary function (Bhambani et al, 1996a), but do cause a significant decline in maximal oxygen 
update (VO2max) and an associated increase in blood lactate in exercising men and women 
(Bhambani et al, 1997). Jappinen and colleagues (1990) exposed a group of asthmatics (severe 
asthmatics were eliminated from the study) to 2 ppm of hydrogen sulfide for 30 minutes. Three 
complained of headache and two were found to have increased airway resistance, but there was no 



125 

change in other lung function values or associated symptoms. Members of a Mobile Monoriting 
Team of the Texas Natural Resource Conservation Commission (TNRCC) evaluated hydrogen 
sulfide concentrations downwind from an oil refinery and reported 0.09 ppm 30-minute averages 
over a period of five hours (Texas Natural Resources Conservation Commission, 1998). Six staff 
members reported eye and throat irritation, headache, and nausea. These experimental studies 
indicate consistent patterns of adverse health effects after short, low concentrations of exposure to 
hydrogen sulfide. 
 
Epidemiological studies of workers exposed to hydrogen sulfide exposure include pulp mill workers 
who reported increased respiratory symptoms (irritation and cough), as well as increased headache 
and migraine; it was noted that these workers were also exposed to other sulfur compounds 
including sulfur dioxide and mercaptans (Partti-Pellinen et al, 1996). Jappinen and colleagues (1990) 
studied pulp mill workers thought to be exposed to hydrogen sulfide levels usually below a 
maximum permitted concentration of 10 ppm and reported no significant changes in lung function 
and airway hyperresponsiveness at the end of the workday, compared with control values. Hessel 
and colleagues (1997) studied oil and gas workers at undefined, but probably moderately high, 
exposures to hydrogen sulfide (as some of the workers lost consciousness); nearly third of the 
workers reported symptoms. 
 
Several additional epidemiological studies of community residents exposed to low levels of hydrogen 
sulfide have been reported. A U.S. Public Health Service study of a general population exposed to 
levels in excess of 0.3 ppm reported adverse health effects including shortness of breath, eye 
irritation, nausea, and loss of sleep (United States Public Health Service, 1964). Jaakkola and 
colleagues (1991) studied chronic community exposure to hydrogen sulfide and TRS (total reduced 
sulfur) compounds (hydrogen sulfide annual means of 0.006 ppm and daily means of 0.07 ppm) and 
found that both asthma and chronic bronchitis were slightly more prevalent, that eye and nasal 
symptoms were found significantly more often, and that these symptoms were dose-related. They 
concluded that the WHO standard of 0.1 ppm (24 hour average) did not protect against these 
adverse health effects. Jaakkola and colleagues (1991) also studied the respiratory infection rate 
among infants exposed to ambient hydrogen sulfide levels of 0.001 ppm, and at half-hour maximal 
exposures of 0.125 ppm, and reported that exposed infants had higher rates of respiratory infection, 
but that combined effects of other air pollutants may have been contributing factors. Haahtela and 
colleagues (1992) studied community residents exposed to peak exposures of hydrogen sulfide of 
0.095 ppm (four hour average) and 0.025 and 0.030 ppm over two days of exposure, compared to 
control days, with four hour exposures ranging between 0.00007 and 0.002 ppm. Cough, throat 
irritation, and eye symptoms were observed significantly more often during the peak exposure 
period. The author concluded that the WHO guideline of 0.10 ppm for a 24 hour average did not 
provide adequate protection from adverse health effects. Rossi and colleagues (1993) studied the 
occurrence of asthma attacks in relation to air pollution events (hydrogen sulfide levels ranged from 
the highest 1 hour mean of 0.011 ppm and daily 24 hour means of 0.002 ppm), and reported 
significant associations between the frequency of asthma attacks at an emergency room and nitrogen 
sulfides, sulfur dixoxide, total suspended particulates, and hydrogen sulfide. Partti-Pellinin and 
colleagues (1996) studied a general population exposed to TRS levels of up to 0.1 ppm over a 24-
hour period. Based on a self-administered questionnaire, the authors concluded that the exposed 
community reported more cough, respiratory infections, and headaches than the reference 
community, and also that headaches, depression, tiredness, and nausea were more often reported on 
days when the 1 hour or daily mean TRS levels exceeded 0.028 ppm (both communities were 
exposed to similar levels of sulfur dioxide). These community studies of hydrogen sulfide and TRS 
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exposures are especially useful because they report measured low levels of exposure and associated 
adverse health effects. However, as is the case with community exposures to CAFOs, these are 
invariably mixed exposures to hydrogen sulfide and other chemicals, some of which may contribute 
to the adverse health effects described in these studies. Campagna and colleagues (2001) studied the 
effects of ambient hydrogen sulfide and TRS levels on hospital visits for respiratory diseases among 
children and adults in Dakota City and South Sioux City, Nebraska. While peak levels of hydrogen 
sulfide were as high as 1,375 mean levels over an entire day were much lower. An increase in asthma 
hospital visits was seen a day following peak TRS exposures among children and an increase in 
hospital visits for all respiratory disease was seen following peak exposures for both TRS and 
hydrogen sulfide. 
 
Finally, Xu and colleagues (1998) has reported a retrospective epidemiological study of spontaneous 
abortion among a large cohort of female workers in a petrochemical plant in Beijing, China. Among 
women exposed only to hydrogen sulfide (concentrations were not reported because of the 
retrospective nature of the study), a rate of spontaneous abortion of 12.3% was observed and a 
significant association with hydrogen sulfide exposure was reported (OR, 2.3, CI 1.2-4.4). 
 
Chronic low-level exposure is associated with anosmia, the loss of ability to detect odors. At higher 
levels, hydrogen sulfide exposure causes loss of consciousness, shock, pulmonary edema, coma and 
death. Survivors of hydrogen sulfide poisoning are reported to commonly have neuropsychiatric 
defects which may be permanent; a recent study by Kilburn of University of Southern California has 
demonstrated that even exposure to low concentrations of hydrogen sulfide leads to significant 
neuropsychologic abnormalities, including impaired balance, visual field performance, color 
discrimination, hearing, memory, mood, and intellectual function (Kilburn, 1997).  These effects 
may be due to anoxic encephalopathy. 
 
6.3.1.3. Particulates 
The air in CAFOs is contaminated with high concentrations of particulates, approximately one 
quarter of which is protein; about one third of suspended dust is considered respirable (< 10 
microns in diameter, PM10). Occupational and environmental studies have demonstrated an average 
of 2-6 mg/m3 dust concentrations, and levels up to 20 mg/m3 may be encountered. National 
ambient air standards for PM10 are an annual average of 50 mcg/m3 with a 24-hour average of 150 
mcg/m3. Of these, particles between 4 and 10 microns are deposited in the airways and smaller 
particles (< 2.5 microns) progress into and may be absorbed by the terminal bronchiols and alveoli. 
Particles which settle in the upper airways are associated with asthma and bronchitis; smaller 
particles may be absorbed and have systemic effects including, in studies of urban air pollution, 
increased rates of cardiac death. In addition to direct inflammatory response to inhaled allergens, 
dust can also convey inflammatory and/or irritating gases or chemicals (such as ammonia, hydrogen 
sulfide, or endotoxin) deeper into the lung, thereby enhancing their toxic effects. 
 
Although certain mineral particulates, such as silica dioxide, lead to characteristic pulmonary 
inflammatory and scarring conditions known as pneumoconioses, even inhalation of seemingly inert 
dust particles appear to have adverse long-term consequences. In a number of occupational settings, 
cumulative exposure to dust particles in the respiratory range is one of the most important causes of 
persistent respiratory symptoms and progressive declines in lung function (Healy et al, 2001; 
Ulvestad et al, 2001); and this has also been reported in non-occupational settings (Dockery and 
Pope, 1994; Dockery et al, 1993; Pope et al, 1995, Lippmann et al, 2000). 
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6.3.1.4. Bioaerosols 
An important component of the environment released from CAFOs is microbiologic in origin. 
Swine manure contains up to 108 coliform bacteria/gram, and CAFOs contain these organisms in 
airborne and respirable particles; total organism load may exceed 1010 cfu/m3 at times. Some of the 
microorganisms that are present in the CAFO environment are human pathogens, creating a 
potential risk of infection for those exposed to these agents. Dust in CAFOs and other agricultural 
settings, contains far more than merely viable organisms. Microbial products of medical importance 
include antigens, glucans, and endotoxins. 
 
Exposure to protein antigens derived from plants, animals, and microbes are known to cause a 
variety of medical problems. Inhalation of thermophilic bacteria, commonly found in moldy hay and 
other damp locations, leads to a condition known as hypersensitivity pneumonitis, a respira tory 
condition characterized by granulomatous inflammation of the lung, restrictive physiology, and 
progressive dyspnea. Associated with detection of antibodies to these organisms in the blood, 
hypersensitivity pneumonitis (also known as “farmer’s lung” in agricultural settings), is found among 
agricultural workers and others occupationally exposed to these agents (Skorska et al, 2000). 
 
Asthma may also be caused or exacerbated by exposure to conditions common in CAFOs. Atopic 
asthma is caused, in susceptible individuals, by sensitization to and subsequent inhalation of 
allergens, agents that can lead to asthma in previously non-sensitized individuals. Those with a 
previous diagnosis of asthma may have their asthma triggered in a non-specific way by exposure to 
the dust and irritant-inducing agents arising from the CAFO environment. CAFOs contain, among 
other compounds, high concentrations of grain dust, dust mites, animal dander, pollen grains, molds 
and fungal spores, and dried fecal particles, each of which may induce or exacerbate asthma. 
Proximity to CAFOs, and periodic/seasonal agricultural activities (e.g., agriculture chemical and 
manure applications), are frequently cited by rural asthma patients as exposures resulting in asthma 
exacerbation making asthma control more difficult. 
 
Endotoxins are lipopolysaccharide complexes that are products of gram-negative bacterial cell walls. 
Ubiquitous in the environment, they are present in high concentrations in agricultural settings such 
as grain elevators, feed barns, and CAFOs. Endotoxins are important components of exposures 
responsible for the adverse health effects following inhalation of organic agricultural dust. Acute 
effects of endotoxin inhalation include symptoms of cough, chest tightness, and dyspnea and 
alterations in pulmonary function characterized most typically by a decline in FEV1; over a working 
shift and overtime; systemic effects include fever, rigors, myalgia, arthralgia, and other “flu-like” 
symptoms. Although no occupational standards currently exist for endotoxin in the United States, 
Dutch Expert Committee on Occupational Standards of the National Health Council has proposed 
a limit of 50 EU/m3 (4.5 ng/m3) over an 8-hour exposure period (Heederik and Douwes, 1997). 
 
Kline and colleagues (1999) evaluated the responses of 72 normal, non-smoking, non-atopic, non-
asthmatic volunteers who were exposed to graded doses of endotoxin by inhalation in a clinical 
exposure facility. Each subject first inhaled 0.5 mcg of endotoxin then underwent spirometry prior 
to inhaling a greater concentration of endotoxin. Cumulative levels of endotoxin inhalation 
consisted of 0.5, 1.5, 3.5, 6.5, 11.5, 21.5, 41.5 mcg. The protocol was terminated for decline in FEV1 
to < 90% of baseline or a total of 41.5 mcg. Among study participants, a wide range of sensitivity to 
the bronchospastic effects of inhaled endotoxin was found; some individuals demonstrated a 20% 
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decline in FEV1 following inhalation of as little as 1.5 mcg whereas others were resistant to these 
effects and did not even decline by 10% following inhalation of over 41.5 mcg. In a separate study, 
asthmatic individuals were found to have an enhanced degree of symptoms and bronchospasm 
following inhalation challenges compared with normal control subjects (Kline et al, 2000). Other 
studies have also found that inhalation exposure to endotoxin and endotoxin-containing grain dust 
leads to the development of bronchospasm and airway inflammatory responses (Blaski et al, 1996; 
Jagielo et al, 1996; Michel et al, 1989; Michel et al, 1996; Michel et al, 1997; Schwartz et al, 1995a). 
 
Most of the reports of community, occupational, and ambient effects due to endotoxin exposure are 
related to inhaled endotoxin; this is clearly different than the case of patients suffering from gram-
negative infections, who are typically exposed to endotoxin via the blood stream. The greatest effect 
of inhaled endotoxin is on airway inflammation and the induction of bronchial hyperresponsiveness, 
both characteristic of asthma. Interestingly, some recent studies have demonstrated a protective 
effect of endotoxin exposure relative to the development of allergic disease. Von Mutius and 
colleagues (2000) recently reported that environmental endotoxin exposure of farmers’ children 
protects them from the development of atopy; Gereda and colleagues (2000), in a study of urban 
homes, found that home levels of endotoxin inversely correlated with likelihood of allergen 
sensitization in infants. In a similar vein, Gehring and colleagues (2001) found that environmental 
exposure to endotoxin protected infants from the development of atopic eczema. These effects of 
endotoxin on early-life development of allergic responsiveness may be due to the deviation away 
from a Th2-type response to allergens and towards a Th1-type response, however alternate 
explanations are possible. 
 
Exposure of adults, however, (and infants and children in some studies) appears to be clearly 
detrimental with regards to airway function and asthma. In contrast to the studies showing 
protective effects of endotoxin on the development of disease among infants, Park and colleagues 
(2001) reported that infants with at least one asthmatic/allergic parent were placed at increased risk 
of developing wheezing when their home environment contained higher levels of ambient 
endotoxin. Douwes and colleagues (2000), in a community study of household dust, found that 
endotoxin content of dust was associated with increased peak flow variability among asthmatic 
children. Michel and colleagues (1991) reported that asthmatic patients with higher levels of home 
endotoxin exposure develop more symptoms and require more intensive treatment than those from 
homes with lower levels of endotoxin. In a separate study, the same group confirmed that asthma 
severity correlates with endotoxin exposure (Michel et al, 1992). In a study conducted in Brazil, 
Rizzo and colleagues (Rizzo et al, 1997) found that endotoxin (but not dust mite) content of dust 
significantly correlated with symptom scores in asthmatic children. 
 
Controlled laboratory studies of endotoxin exposure confirm that inhalation induces airway 
inflammation and bronchial hyperreactivity. Blaski and colleagues (1996) reported that both normal 
control subjects and atopic individuals developed airway neutrophilia and reduced airflow following 
inhalation of 0.4 mcg/kg of endotoxin. Jagielo and colleagues (1996) found that the endotoxin 
content of grain dust was responsible for its ability to induce inflammation and obstructive airway 
physiology in normal volunteers. Michel and colleagues (1989) found that endotoxin inhalation by 
asthmatics resulted in significantly more airflow reduction than in normals. Among asthmatics, the 
reduction in airflow (Michel et al, 1992) and development of symptoms of chest tightness and 
dyspnea (Kline et al, 2000) are greater than the difference in development of airway inflammation. 
Even among non-asthmatics, a significant variability in responsiveness to the effects of inhaled 
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endotoxin can be seen (Kline et al, 1999); this appears to be explained, at least in part, by genetic 
factors (Arbour et al, 2000). 
 
Mycotoxins, beta-glucans, and other components of fungal pathogens appear to have a similar range 
of toxicity to endotoxins, including both inflammatory and immunostimulatory effects. These 
compounds, however, have been less well studied in human exposures, and their concentration in 
CAFOS is unknown (American Thoracic Society, 1998). 
 
6.3.1.5. Volatile Organic Compounds 
Of the thousands of gases, vapors, particles, and aerosols present in CAFOs, over 24 odorous 
chemicals, often referred to as odorants, have been identified (Cole et al, 2000). Volatile acids, 
mercaptans, and amines are particularly odorous even in miniscule concentrations. Ammonia and 
hydrogen sulfide, as noted above, are also pungently aromatic. 
 
Although long recognized as a neighborhood nuisance, recent studies have suggested that odiferous 
exposures emitted from CAFOs may well have adverse health effects (Schiffman et al, 2000). Odor 
appears to play a significant role in the recognition of and concern over symptoms in neighbors of 
hazardous waste sites (Shusterman, 1992; Shusterman et al, 1999). Schiffman and colleagues (1995) 
from Duke University have reported that indicators of altered mood, assessed using validated scales, 
are significantly worse in subjects who live in the vicinity of intensive swine operations compared 
with control subjects.  
 
Chen and colleagues (1999) have demonstrated, using odor threshold dilution analysis, that odor 
intensity in swine buildings is reproducible and measurable. Zahn and colleagues (2001) have 
analyzed malodorous volatile organic compound components of swine production facility air 
samples, and have demonstrated, using an artificial swine odor solution, that alterations in the 
concentrations of these components can be detected by study subjects. No odor studies were found 
that related the quantitative measurement of odor intensity in the downwind air stream from 
livestock facilities with adverse health effects among community residents. However, there is an 
extensive literature relating non-CAFO odors and adverse health effects that are relevant to 
community exposures to CAFO exposures. 
 
Of the hundreds of gases, vapors, particles, and aerosols present in CAFOs, 331 volatile organic 
compounds (VOCs) and fixed gases were recently characterized by Schiffman and colleagues (2001). 
These compounds, assessed at the point of emission, included many acids, alcohols, aldehydes, 
amides, amines, aromatics, esters, ethers, fixed gases, halogenated hydrocarbons, hydrocarbons, 
ketones, nitriles, other nitrogen-containing compounds, phenols, sulfur-containing compounds, 
steroids, and other compounds. The authors (Schiffman et al, 2001) further observed that the vast 
majority of these compounds were found at concentrations below their published irritant or odor 
thresholds, yet human assessments of the combined odors and their irritant effects were described as 
“strong” at a distance of 1000 feet. 
 
While CAFO odors have long been recognized as a neighborhood nuisance, recent studies have 
suggested that odiferous exposures emitted from CAFOs may well have adverse health effects 
(Schiffman, 1997; Schiffman et al, 1995; Thu et al, 1997; Wing and Wolf, 2000). Direct measurement 
of odorous or other noxious substances were not made in these studies, therefore, a direct linkage to 
level of exposure could not be reported. A Duke University workshop summarized by experts in 
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assessing the potential health effects of odor from animal operations (Schiffman, Walker, Dalton, 
Lorig, Raymer, Shusterman and Williams) addressed this issue (Schiffman et al, 2001). They 
observed that health symptoms have been reported with increasing frequency from low level 
exposures from manures and biosolids; “the most frequently reported health complaints include eye, 
nose, and throat irritation, headache, nausea, diarrhea, hoarseness, sore throat, cough, chest 
tightness, nasal congestion, palpitations, shortness of breath, stress, drowsiness, and alteration in 
mood”. They further observed that these symptoms usually occurred briefly at the time of exposure, 
but that hypersensitive individuals, such as asthmatics, could have their condition exacerbated with 
persisting symptoms. 
 
Exactly how odors from CAFOs may result in these symptoms is not well understood. The Duke 
workshop discussed freeways, or paradigms, by which ambient odors may produce health symptoms 
(Schiffman et al, 2000). In the first paradigm, the symptoms may occur at levels of exposure that 
would also be expected to cause irritant effects from combinations of irritants that may be additive 
or synergistic in their effect. In this paradigm, the adverse health effect typically occurs at a higher 
level than the concentration at which the odor would first be detected. 
 
In the second paradigm, symptoms may occur at odor concentrations below that expected from 
irritants. The mechanism by which these odorants may cause their adverse effects is not known 
(Schiffman et al, 2000). Schiffman and colleagues (1995) reported that CAFO odors perceived as 
unpleasant can impair mood. Shusterman and colleagues (1991) observed increased symptom 
prevalence and an “odor worry” interaction associated with odor from hazardous waste sites. 
Schiffman and colleagues (2000) summarized evidence that negative mood, stress, and 
environmental worry may lead to biochemical and physiological effects with subsequent health 
outcomes. Other studies suggest that bias concerning odors can alter the response relating to health 
effects (Dalton et al, 1997). These results provide evidence that both the perceived odor and 
cognitive expectations about a chemical can significantly affect individual response. Other studies 
have also demonstrated that ones current cognitive state can bias ancillary characteristics of an odor 
such as preference or acceptability (Knasko, 1993). Some studies have shown that persons can 
report experiencing strong odors as an outcome by showing that cognitive factors can lead to 
reports of odors when none are present (Knasko, 1992; O’Mahoney, 1978). Knasko and colleagues 
(1990) have also observed that an odorant stimulus is greatly influenced by the environment 
surrounding the exposure, which can include the social context or the perceiver’s mental state. It is 
also recognized that those working in an odorous environment may adapt to the odor following 
long term exposure. Dalton and Wysocki (1996) have advocated for the development of laboratory 
procedures that combine long-term odor exposure in a naturalistic setting with psychological tests. 
 
A third way for paradigm, is when the odorant is a part of a mixture that contains bioactive 
pollutants such as bioaerosols containing organic dust, endotoxin, glucans, allergens, 
microorganisms, or other toxins (Schiffman et al, 2000). In this paradigm, the individual is exposed 
to odors, but the adverse health effect is likely to arise from a non-odorant toxin. Relevant to this 
paradigm is the study of Reynolds and colleagues (1997) who sampled at 60 meters for hydrogen 
sulfide, ammonia, endotoxin, and total dust. A reason to sample for dust and ammonia together is 
that it is now recognized that some ammonia absorbs to respirable dust particles thereby providing a 
vehicle to transport ammonia and dust-latent toxins, like endotoxin, deep into the lung. 
 
To date there has been relatively little research quantifying odorants. Zahn and colleagues (2001) 
completed a multi-component analysis of malodorous DOCs found in air samples from 29 swine 
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production facilities using a 19-component artificial swine odor solution. The results of this study 
concluded that this approach can be applied toward estimating perceived odor intensity. Schiffman 
and colleagues (2001) studied six swine operations in North Carolina. In addition to quantifying the 
DOCs and fixed gases from these facilities, they used six methods for trained human panel members 
to assess the intensity of odor at varying distances from swine facilities. Scentometer measurements 
were made at 12 feet, 750 feet, and 1250 feet from the swine facilities and range from a high of 170 
D/T (dilutions to threshold) to a low of 2 D/T. 
 
It is recognized that there is great variability between odors arising from CAFOs, and that odorous 
gases may be transformed through interactions with other gases and particulates between the source 
and the receptor (Peters and Blackwood, 1977). It is also recognized that there is variability in odor 
persistence, “persistence factor” defined as the relative time that odorous gases will remain 
perceptible (Summer, 1971). There is a need to combine quantitative assessments of odors with 
environmental measurements in well-designed, controlled studies of symptoms and other health 
outcomes at the community level. 
 
6.3.1.6. Experimental Occupational Exposures among Naïve Subjects 
Workers in CAFOS are exposed, on a daily basis, to a wide array of gases, vapors, dusts, and other 
compounds. Thus, it is challenging to identify, in this occupational setting, which specific 
components of their exposure is responsible for health outcomes. Experimental occupational 
exposures among normal volunteers have addressed this issue. 
 
Two clinical epidemiological studies of normal volunteers in swine CAFOs have been reported, both 
from Canada. Cormier and colleagues (1997) exposed 7 previously non-exposed, normal subjects to 
a swine building and found significant respiratory symptoms, declines in lung function, and clear 
evidence of a marked inflammatory response via analysis of bronchoalveolar lavage (BAL) fluid post 
exposure. Total dust, endotoxins, and ammonia were measured but no individual exposures, rather a 
mixed exposure, appeared to be responsible for these adverse health effects. Senthilselvan and 
colleagues (1997) made similar observations among 20 naive subjects, while also showing that 
treatment of the swine facility with canola oil significantly reduced symptoms, declines in lung 
function, airway hyperresponsiveness, and mean dust and endotoxin concentrations. 
 
6.3.2. Occupational Health Effects 
The first description of health hazards to people working in these CAFO’s was in 1977 (Donham et 
al, 1977). This early study revealed that over 60 percent of veterinarians working in these facilities 
experienced one or more respiratory health symptoms. This report led to many subsequent studies 
in the US, Canada, and Europe (Donham, 1993). In addition to respiratory illnesses, other 
occupational health problems associated with CAFOs have been documented, including traumatic 
injuries, noise-induced hearing loss, needle sticks, hydrogen sulfide and carbon monoxide 
poisonings, and infectious diseases (Donham et al, 1982a; Donham et al, 1982b; Donham, 1985). 
 
Workers in confined poultry and dairy operations are also at risk, but most beef operations are in 
open lots, thus reducing worker respiratory exposures. The increasing industrialization of livestock 
production will continue to result in more independent producers leaving the industry, or becoming 
quasi-employees of large-scale producers as contract growers. Furthermore, many minority workers 
are becoming employees of larger producers, raising potential legal issues of undocumented workers 
and further need of OSHA regulation of these large operations. In the past, OSHA has been 
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restricted in agriculture because of a federal law that restricts enforcement on farms with ten or 
fewer employees. Many of the large industrial CAFOs now employ hundreds of workers and these 
workers will work full shifts in animal confinement buildings in contrast to smaller, independently 
owned CAFOs where periods of exposure are typically much shorter. This increase in large, 
industrial CAFOs will, therefore, likely lead to increased cumulative exposure and thus greater risk 
to adverse health effects. To date, OSHA has not addressed the CAFO issue, in spite of strong 
evidence of worker health risks. 
 
The worker health component of this review is assembled to characterize the range of occupational 
health hazards associated with large-scale livestock production, but concentrates on health effects 
from air toxics and a brief discussion on measures needed to decrease health risks among workers. 
 
Table 2 lists major categories of hazards and then further classifies diseases or health outcomes 
within those categories. The order does not necessarily relate to incidence, prevalence, or severity—
these are common health risks among all intensive livestock production operations. The vast 
majority of the research in this area has been with swine production. Therefore, this report will deal 
largely with swine operations. However, similar exposures and adverse health effect observations 
have been made among those working in concentrated poultry production (Bar-Sela et al, 1984; 
Lenhart et al, 1990; Morris et al, 1991). 
 
The principal health risks for CAFO workers result from respiratory exposures to a wide range of 
toxic, irritant, and inflammatory substances emitted into the air. Ammonia, hydrogen sulfide, carbon 
monoxide, particulate matter, endotoxin, and other bioaerosols have received the majority of 
research attention. However, infectious diseases, noise, trauma, fires, explosions, electrocutions, 
thermal stress, poisonings, and drowning are all also important causes of morbidity and mortality 
(Randolph and Rhodes, 1993). Often overlooked are emotional stress and chronic musculoskeletal 
pain that can lead to significant impairment and to disability in this workforce. This report will be 
limited to air toxics and resultant respiratory diseases. 
 
6.3.2.1. Respiratory Diseases 
Respiratory exposures lead to the most common health hazard among swine farmers and CAFO 
workers. There are both acute illnesses and chronic respiratory diseases among CAFO workers. The 
most serious acute hazard is hydrogen sulfide poisoning, which results from sudden exposure to 
high levels (> 500 ppm) of this gas. This is a confined space entry hazard (areas that are not vented 
and may trap toxic gases) in CAFOs, with hydrogen sulfide the principle hazard (Donham et al, 
1982a; Osbern and Crapo, 1981). Acute respiratory distress syndrome (ARDS), or pulmonary 
edema, can result in CAFO workers from acute or chronic exposure to hydrogen sulfide (H2S). 
There have been at least 19 acute deaths in workers resulting from sudden H2S exposure of above 
500 ppm secondary to liquid manure agitation. These people may collapse and stop breathing 
following only a few breaths at this high exposure (hydrogen sulfide is an asphyxiant). Severe 
pulmonary edema from the irritant properties of hydrogen sulfide and death may result. Longer-
term lower exposure may also lead to ARDS during or following an accumulative or multiple period 
exposure (Donham et al, 1982a). 
 
Other respiratory illnesses result from less acutely toxic exposures and lead to non-fatal acute lung 
insults as well as chronic declines in lung function (Bongers et al, 1987; Choudat et al, 1994; Cormier 
et al, 1997; Crook et al, 1991; Donham et al, 1984). Respiratory problems associated with this 
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environment are listed in Table 3 by upper respiratory tract, airway, interstitial, and mixed airway and 
interstitial lung diseases. The pathogenesis of these respiratory diseases is primarily acute and 
chronic airway inflammation. Classical immunologically mediated asthma and hypersensitivity 
pneumonitis appear to be uncommon among CAFOs workers (Matson et al, 1983). 
 
Acute bronchitis is the most common complaint among CAFOs workers, affecting as many as 70 
percent of those exposed. This is an irritant-induced inflammatory condition of the airways.  The 
symptoms of bronchitis are cough and sputum production. Chronic bronchitis is noted by chronic 
phlegm for two or more years. This condition affects about 25 percent of CAFO workers. Acute 
and chronic bronchitis may be accompanied by an asthma-like condition, with symptoms of chest 
tightness, wheezing, difficulty breathing, and shortness of breath (the symptoms most typically 
reported). 
 
Frequent upper respiratory tract conditions include sinusitis and rhinitis. Some studies have referred 
to these collectively as mucus membrane irritation (MMI) (Rylander, 1994; Rylander et al, 1989). 
MMI may be attributable to the combination of bioaerosol, endotoxin and ammonia and other 
irritant exposures (Donham, 1986; Donham et al, 1986a). 
 
Sinusitis is often chronic among CAFO workers who may complain of a continual or frequent cold 
“they just cannot shake,” of a stuffy head, difficulty in breathing through the nose, headache, and/or 
“popping ears.” These symptoms are a result of a noninfectious, toxic inflammation and swelling of 
the mucus membranes of the sinus cavities and the Eustachian tubes leading to the middle ear. This 
is often accompanied by a chronic irritant rhinitis and pharyngitis. 
 
Allergic rhinitis (also called hay fever) has rarely been attributed to confinement exposures. Such 
persons may have a specific allergy to some component of the swine environment. These symptoms 
are similar to irritant rhinitis, except it usually develops after only brief exposure to the environment 
and may be accompanied by itchy, watery eyes and possibly acute chest tightness (allergic asthma). 
Workers with pre-existing allergic rhinitis often self-select themselves out of CAFO work which 
contributes to a selected, or survivor, population of CAFO workers. 
 
An asthma-like syndrome, similar to byssinosis (a condition of workers exposed to cotton and other 
vegetable textile dusts), has been described among CAFO workers. This condition is characterized 
by chest tightness, wheezing, and/or cough on return to work after two or more days of work 
absence, and mild acquired airway hyperresponsiveness. It may occur early in exposure to the CAFO 
environment and is not an immunologically mediated condition. It was documented in 11 percent of 
a population-based study of Iowa swine confinement workers (Donham et al, 1990). 
 
Occupational asthma includes periodic airway obstruction, chest tightness, wheezing, and dyspnea, 
does not occur on first exposure, but may develop after weeks to months of CAFO exposure. 
CAFO workers with pre-existent asthma typically experience severe asthma upon first exposure to 
animal confinement facilities and select themselves out of these jobs. Occupational asthma may 
result from repeated exposure to the work environment. It has two basic mechanisms: 1) 
immunologically mediated or allergic, or 2) chronic irritation. Rarely have there been documented 
allergic (IgE) mediated causes for CAFO workers’ illnesses. These “susceptible” workers almost 
always leave the work force early because of severe asthma, and the condition is very difficult to 
manage among workers who continue to work in the CAFO environment. Non-allergic 
occupational asthma, asthma-like syndrome, and/or reactive airways disease, has been found to be 
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common (up to 20 percent) of current CAFO workers. This condition may lead to progressive 
declines in lung function and chronic obstructive pulmonary disease, which is a chronic irreversible 
condition (Schwartz et al, 1992; Schwartz et al, 1995b). CAFO exposures, dust concentration, 
endotoxin concentration, and cross-shift decline in lung function (FEV1) have been found to be 
significant determinants of progressive decline in lung function over time (Reynolds et al, 1996; 
Schwartz et al, 1995a; Schwartz et al, 1995b; Vogelzang et al, 1998; Vogelzang et al, 2000). 
 
Occupational asthma is distinct from organic dust toxic syndrome (ODTS). ODTS results in a flu-
like spectrum of symptoms including headache, joint and muscle pain, fever, fatigue and weakness, 
cough, shortness of breath, and irritation of the airways and the cells lining the small sacs of the 
lung. ODTS may be clinically mistaken for farmer’s lung, as they have similar acute symptoms, e.g., 
the delayed onset of severe influenza-like symptoms, following exposure. However, farmer’s lung 
(hypersensitivity pneumonitis) is seen (now rarely) in mainly dairy farming operations, but has not 
been documented in swine workers (Rylander, 1994). However, 33 percent (Donham et al, 1990) of 
swine producers have reported episodes of ODTS, which is an influenza-like illness followed by 
exposure to a higher than usual dust load, e.g., moving and sorting hogs. A chronic or sub acute 
condition (a possible variant of ODTS) has been described among swine workers and is 
characterized by chronic fatigue and possibly persistent mild pulmonary infiltrates (Auger, 1992). 
However, there are only anecdotal cases observed and no human studies that have been conducted 
(Donham, 1993); there is some evidence for a persistent pulmonary infiltrate condition from one 
animal study (Donham and Leininger, 1984). 
 
It is recognized that several of these respiratory conditions may occur in an individual CAFO 
worker, and they may occur at the same time. It is possible, for instance, for an individual CAFO 
worker to have signs and symptoms of an asthma-like condition, bronchitis, and episodes of ODTS. 
This produces an interrelated group of conditions (a syndrome) of illness caused by exposure to the 
swine building environment (Table 1). 
 
6.3.2.2. Control of the Occupational Environment 
CAFO worker health risks can be significantly reduced through a comprehensive program of 
environmental monitoring and control through the use of management practices, engineering 
controls, judicial use of personal protective equipment, and health surveillance. However, such 
programs are exceedingly rare in today's CAFO industry. There is little to no exposure monitoring 
except for research purposes, and routine health surveillance in this worker population is rare. 
Engineering controls are generally implemented if they will benefit hog production, but rarely with 
worker health as the principal motivation. There is some evidence to suggest that healthy swine 
confinement workers can usually tolerate exposures to total dust (2.5 mg/m3), respirable dust (0.23 
mg/m3), ammonia (7 ppm), endotoxin (100 EU/m3), and micro-organisms/m3.(105) without 
experiencing significant acute respiratory symptoms (Donham et al, 1986a; Donham et al, 1986b; 
Donham et al, 1990; Reynolds et al, 1996). However, further studies are needed to confirm these 
findings and to assess the combined effects of common CAFO exposures, including ammonia, 
endotoxin, and the use of disinfectants, which together appear to influence respiratory disease 
outcomes (Preller et al, 1995). 
 
It is important to recognize that CAFO workers are a survivor population, meaning that the most 
severely affected workers have already left the workplace. In addition, there is evidence that workers 
exposed to inhaled endotoxin develop a tolerance (at least to acute symptoms) to this toxicant. 
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However, long-term exposure may lead to chronic airway obstruction, even in the absence of acute 
symptoms. Some previously unexposed individuals in the general community population would be 
expected to react acutely to lower concentrations of CAFO exposures. 
 
Management practices and engineering controls can significantly reduce exposures to inhaled 
toxicants (Senthilselvan et al, 1997). These include frequent facility cleaning (frequent power 
washing from floor to ceiling, at least every three weeks); addition of extra fat and a urease inhibitor, 
e.g., microaid, to the feed; self-cleaning flooring; and improved lagoon operation (Mutel et al, 1992). 
The ventilation system, by itself, cannot necessarily assure a healthful environment. Health 
surveillance and the management procedures, mentioned above, must also be implemented. Also, 
the ventilation system must be properly engineered and maintained; very often, higher cool weather 
exchange ventilation rates are needed; and lower animal density (swine mass per unit of barn 
volume) may be required. 
 
Personal protective equipment should not be considered an effective alternative to good 
management practices and engineering controls. Without a properly supervised respirator program, 
it is very difficult to assure that exposed personnel will wear the right respirator and that it fits 
properly, functions properly, and is worn at the appropriate time. Respirators are not well tolerated, 
especially for strenuous work in a hot, humid environment. The Occupational Safety and Health 
Administration (OSHA) requires that if respirators are worn to protect workers, they must be worn 
at all times, and be fit, maintained, and stored properly through an appropriately supervised 
respirator program. Respirators are an adjunct to management practices, engineering controls, and 
health surveillance, especially for specific tasks that result in higher-than-normal exposures or for 
workers in need of increased protection.  
 
Special attention should be given to pregnant women who work in swine confinement facilities. The 
unborn fetus is susceptible to carbon monoxide and hormonal drugs used in swine production (e.g., 
oxytocin and prostaglandins). Pregnant women may be at increased risk for spontaneous abortion if 
they work in swine barns (Donham and Gustafson, 1982). 
 
6.3.2.3. Relationships Between Indoor and External Air Environments 
One cannot directly extrapolate occupational health risks observed inside CAFOs to community 
health risks outside swine production. Although there is discharge of airborne particulates and 
gases/vapors from the swine barns to the exterior environment, the aerosols differ considerably in 
composition and in the concentration of specific agents. As aerosols and gases/vapors emanate 
from a point source travel downwind, the aerosols disperse, become less concentrated and adsorbed 
gases/vapors may be stripped from particles. There may also be photochemical reactions and 
ground deposition. Volatile organics present in the outdoor air in the vicinity of a swine production 
facility may arise from outdoor manure storage facilities and manure application, in addition to 
particulate and gases in air discharged from the confinement facilities. 
 
Although there is theoretically a definable dose-response relationship for respiratory diseases by 
individual compounds, the exposures inside CAFOs are always a complex, mixed exposures and 
differ in many ways from those outside. Perhaps equally important is the fact that the CAFO and 
community populations are quite different in terms of susceptibility factors. Some members of the 
general population, including susceptible children, the elderly, asthmatics, and other susceptible 
individuals, would be expected to develop responses at much lower doses than healthy workers. 
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Furthermore, individuals living in the vicinity of CAFOs and who may have their quality of life and 
social and economic conditions affected and feel stress because they have no control over their 
living conditions. 
 
6.3.2.4. Conclusion 
The scientific literature is quite clear that workers in swine or poultry CAFOs are at risk to acute and 
chronic respiratory diseases from concentrated emissions inside CAFOs. There is, however, 
adequate information to protect workers, if the industry and regulators take steps to do so--including 
monitoring engineering, administrative, and personal protective equipment. The swine and poultry 
industry needs to develop and manage exposures to their workers, and OSHA should take action to 
protect the health and safety of workers under their jurisdiction. 
 
6.3.3. Community-Based Studies 
Community exposures to environmental contamination, most of which has a risen from industrial 
and agricultural technology over the last 100 years, are now well-recognized public health problems. 
Exposures include a vast array of chemicals, noise, and ionizing radiation. Other sources of 
environmental contamination have arisen from the products of armed conflicts, including the some 
250,000 American veterans and their families who were exposed to ionizing radiation during the 
above ground atomic bomb testing program from 1945 to 1962 (Ellis et al, 1992), those exposed to 
a variety of environmental agents, in addition to a hostile environment, in the Persian Gulf War 
(Schwartz et al, 1997) and community residents living in proximity to industrial sites in California 
(Shusterman et al, 1991). These examples, like community exposures to CAFOs, involve 
environmental exposures under circumstances in which there is little or no environmental control by 
the affected community. 
 
Ellis has defined community environmental contamination “as a stress that is unique in terms of: 1) 
its physical characteristics and resultant adaptational dilemmas, 2) the agent or cause of the injury, 
and 3) the institutional responses to the contamination” (Ellis et al, 1992). Asked by the Centers of 
Disease Control to assess any adverse health effects of Iowans who served in the Persian Gulf War, 
The University of Iowa Persian Gulf War Study Group assessed a number of specific and non-
specific health outcomes and a number of environmental exposures as well as global exposure to the 
Persian Gulf War theater among a sample (n=3695) of active and reserve military personnel who 
served in the war theater and elsewhere during the study period (Schwartz et al, 1997). Significantly 
higher prevalence of symptoms of depression, posttraumatic stress disorder, chronic fatigue, 
cognitive dysfunction, bronchitis, asthma, fibromyalgia, alcohol abuse, anxiety, and sexual 
discomfort were observed. Assessment of health-related quality of life demonstrated diminished 
mental and physical differences among the PGW as compared with non-PGW military personnel. 
While significant associations were observed with a number of self-reported environmental 
exposures during this time period, the exposures and constellation of symptoms did not fit well into 
an established category of disease or syndrome, but were similar to previous reports of veterans 
from previous wars thought to arise from the stresses of war. The specific environmental causes of 
the increased adverse health effects could not ascertained (nor could they be ruled out) from this 
study and recall bias, to which any such survey is subject, could also not be ruled out as a 
contributing factor to these associations. Shusterman and colleagues (1991) studied both 
“environmental worry” and self-perceived environmental odors (especially petrochemical) among 
2000 Californians living in proximity to three industrial sites, as well as control sites. Observations 
found that both “environmental worry” and perceptions regarding odor were associated both 
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independently and interactively with symptom reporting. Recall bias was recognized as a potential 
confounder for some of these findings. These methodological approaches are relevant to studies of 
other community environmental exposures, such as those that arise from CAFOs that include both 
specific environmental agent exposures and more global (odors/mixed exposures) community 
exposures, arising from a given source(s) of environmental exposures. 
 
6.3.3.1. Community Studies of Concentrated Livestock Exposures 
Schiffman and colleagues (1995) studied North Carolina residents who lived in the vicinity of 
intensive swine operations (n=44), and compared with matched control subjects who did not live 
near such operations (n=44). Using a validated Profile of Mood States (Schiffman et al, 1995) they 
found more negative mood states among those living in proximity to swine operations. The factors 
affected included tension, depression, anger, reduced vigor, fatigue, and confusion. Greater total 
mood disturbance was also reported by those living near swine operations. These authors suggested 
that a variety of factors may have affected the mood of those exposed to odors and living in 
proximity to swine facilities. 
 
Thu and colleagues (1997) found no difference in the clinical levels of depression or anxiety between 
Iowans (n=18) living within two miles of a 4,000 sow CAFO and a random sample of 
demographically similar rural residents (n=18) living near minimal livestock production. However, 
higher rates of four clusters of symptoms common among CAFO workers and associated with toxic 
air exposures were observed: (Cluster 1: sputum, cough, shortness of breath, chest tightness, 
wheezing, p=.02; Cluster 2: nausea, dizziness, weakness, fainting, p=.04; Cluster 3: headaches, 
plugged ears, p=.06; Cluster 4: runny nose, scra tchy throat, burning eyes, p=.12), whereas other 
symptoms including muscle aches, hearing problems, skin rash, and fever did not differ between the 
two groups. The authors drew attention to the similarities between the pattern of symptoms among 
these community residents and CAFO workers and suggested that a larger population-based study 
was needed. 
 
Wing and Wolf (2000) conducted a population-based study of three rural North Carolina 
communities, one of which was in the vicinity of a 6,000-head hog operation, one in the vicinity of 
two intensive cattle operations, and a third area without “liquid waste” livestock operations. A 
standardized questionnaire was administered by trained interviewers to ascertain health symptoms 
and indicators of quality of life during the previous 6 months. 155 interviews were completed with a 
participation rate of 86%. Those living in proximity to the swine operation reported increased rates 
of headaches, runny nose, sore throat, excessive coughing, diarrhea, and burning eyes compared to 
rural residents with no livestock operation. Quality of life measures among those living in the 
vicinity of the swine operation were greatly reduced. The authors were aware of potential recall bias 
and, therefore, presented the study as a “rural health” study which did not include any questions 
about hogs, livestock, or odors. They also pointed out that eight symptoms in the miscellaneous 
category did not differ between the hog and control communities, thereby minimizing the likelihood 
of significant recall bias. 
 
Hodne and her University of Iowa colleagues are currently testing the relative power of aspects of 
medical models and bio-psychosocial models to assess the mental health consequences of CAFO 
community exposures. For example, they report greater traumatic cognitions associated with post-
traumatic stress disorder among residents of rural areas with many CAFOs and areas with traditional 
livestock production than among rural residents in areas with very little livestock (Hodne, 2001). 
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They are a lso exploring the types of stress responses in CAFO neighbors that may mediate the 
relationship between air emissions and odors and physical and mental health outcomes. 
 
The three published, peer reviewed studies of community residents exposed to CAFO emissions are 
limited and should be interpreted with caution because of the relatively small numbers of 
participants, because they did not report environmental exposure data and likely contain some recall 
bias. However, they are notable because they were all well designed, controlled studies and because 
the two of the three that examined respiratory and other symptoms common among CAFO workers 
found similar symptom patterns (while not as prevalent or severe) as those observed among CAFO 
workers. Two of the three studies also reported indicators associated with diminished a quality of life 
among those living in proximity to livestock facilities as compare to community controls. 
 
6.3.4. Conclusion 
Numerous occupational studies have documented significant increases in respiratory disease and 
other respiratory adverse health effects, including CAFO-related deaths, acute and chronic 
respiratory diseases and associated symptoms and acute losses in exposure-related lung function and 
progressive respiratory impairment, a mong those who work in CAFOs. However, it is recognized 
that the CAFO workforce is generally healthy, while those in the general community, including 
children, the elderly, those with chronic impairments such as pre-existing asthma or chronic 
obstructive pulmonary disease, are expected to be much more susceptible to CAFO exposures. 
There is experimental and epidemiological evidence that very low levels of exposures to ammonia, 
hydrogen sulfide, known to be ambient air toxic gases arising from CAFOs, may result in adverse 
health effects among healthy volunteers and community residents. While limited in number and 
scope, the currently published, peer reviewed, community-based studies of adverse health affects 
associated with CAFO exposures find an increased prevalence of similar symptom patterns, 
especially respiratory symptoms, and similar indicators of reduced quality of life. Taken together 
with other experimental and epidemiological observations of adverse health effects observed with 
low levels of exposures to chemical components (ammonia, hydrogen sulfide) of CAFO emissions, 
these findings support a conclusion that CAFO air emissions constitute a public health hazard, 
deserving of public health precautions as well as larger, well controlled, population-based studies to 
more fully ascertain adverse health outcomes and their impact on community health services.  
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TABLE 1 
Volatile Compounds Associated with Pig Wastes 

Methanol Methanal 

Ethanol Ethanal Ammonia 
1-Propanol Propanal Methylamine 
2-Propanol Butanal Ethylamine 
1-Butanol Pentanal Trimethylamine 
2-Butanol Hexanal Triethylamine 
2-Methyl-1-propanol Heptanal Carbonsulphide 
3-Methyl-1-butanol Octanal Hydrogen sulphide 
2-Ethoxy-1-propanol Decanal Methanethiol 
2-Methyl-2-pentanol 2-Methyl-1-propanal Dimethylsulphide 
2,3-Butanediol Ethylacetate Dimethyldisulphide 
 Methanaoic acid Dimethyltrisulphide 
 Ethanaoic acid Diethyldisulphide 
3-Hydroxy-2-butanone Propanoic acid Propanethiol 
Propanone Butanoic acid Butanethiol 
2-Butanone 2-Methylpropanoic acid Dipropldisulphide 
3-Pentanone Pentanoic acid 2-Methylthiophene 
Cyclopentane 3-Methylbutanoic acid Propylprop-1-enyldisulphide 
1-Octanone Hexanoic acid 2,4-Dimethylthiophene 
2,3-Butanidione 4-Methylpentanoic acid 2-Methylfuran 
 Heptanoic acid  
 Octanoic acid  
Phenol Nonanoic acid  
4-Methylphenol Phenylacetic acid  
4-Ethylphenol 2-Phenylpropanoic acid  
Toluene 
Xylene 
Indone 
Benzaldehyde 
Benzanoic acid 
Methylphthalene 
Indole 
Skatole 
Acetphenone 
o-Aminoacetophenone 
Aneline 
 
_____________________________________________________________________________________________ 

Source: 1995. Proceedings, “Understanding the Impacts of Large-Scale Swine Production,” June 29-30, Des Moines, IA. 
The University of Iowa Printing Service, Iowa City, IA, pg 51. 
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TABLE 2 
Major Hazard Categories in Swine Production. 

Hazards Subcategories Examples 
Chemical Hazards Asphyxiation Carbon monoxide 
 lung injury Nitrogen oxides, ammonia 
 contact dermatitis Allergic, irritant 
 Poisonings Pesticides, fuels, cleaning agents 
 Intoxication Solvents, silo gas, substance abuse 
 Immunomodulation Adjuvants: biocides, phytotoxins 
  Immunosuppressants: pesticides 
Biological Hazards Microorganisms Pathogenic 
  Non-pathogenic 
 organic dust Bacterial toxins: endotoxins, exotoxins, enterotoxins 
  Fungal toxins: mycotoxins, glucans 
  Phytotoxins 
  Inflammatory agents 
 Aeroallergens Arachnid detritus 
  Animal proteins 
  Allergenic fungi 
Infectious Hazards Zoonotic Systemic 
 non-zoonotic Lung 
 antibiotic resistance Skin 
 emerging pathogens Ocular conjunctivitis 
Biomechanical Stress Trauma Animal bites 
  Falls 
  Needle sticks 
  Punctures, lacerations, abrasions, burns 
  Crushing injuries 
  Repetitive trauma 
 Noise Noise-induced hearing loss 
  Reduced safety from impaired hearing 
Thermal Stress heat stress  
 cold stress  
Emotional Stress Occupational Suicide 
 Marital Depression 
 Financial Anxiety 
Drowning  Lagoons 
  Pits 
  Farm ponds 
Fires/explosions Chemical Methane in pits 
 Electrical Ignited building materials or feed 
 Welding Ignited building materials or feed 
 organic material Grain, grain dust, compost, hay 
Electrocution  Faulty wiring 
  Water associated 
Chronic pain Biomechanical stress Arthralgia 
 Arthritis Myalgia 
Fatigue sleep deprivation Planting, harvesting 
 chronic fatigue syndrome Chronic endotoxin exposure 
 
Source: 1995. Proceedings, “Understanding the Impacts of Large-Scale Swine Production,” June 29-30, Des Moines, IA. 
The University of Iowa Printing Service, Iowa City, IA, pg 156. 
 



145 

TABLE 3: Respiratory Diseases Associated with Swine Production 
Upper Airway Disease 
 Sinusitis 
 Irritant Rhinitis 
 Allergic Rhinitis 
 Pharyngitis 
 
Lower Airway Disease 
 Organic Dust Toxic Syndrome (ODTS) 
 Occupational Asthma 
Nonallergic asthma, hyperresponsive airways disease, or reactive airways 
disease syndrome (RADS) 
Allergic asthma (IgE mediated) 
 Acute or Subacute Bronchitis 
 Chronic Bronchitis 
 Chronic Obstructive Pulmonary Disease (COPD) 
 
Interstitial Disease 
 Alveolitis 
 Chronic Interstitial Infiltrate 
 Pulmonary Edema 

 
Source: 1995. Proceedings, “Understanding the Impacts of Large-Scale Swine Production,” June 29-30, Des Moines, IA. 
The University of Iowa Printing Service, Iowa City, IA, pg 158 
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Introduction  
The impacts of Concentrated Animal Feeding Operations (CAFOs) should be judged in 
terms of their socioeconomic impacts on rural Iowa and its communities as well as their 
impacts on human and animal health. Regulations and management practices should support 
socially and economically desirable community outcomes, as well as protect human and 
animal health. It is the role of government to select from among the regulatory options that 
contribute to economically viable, socially equitable, and environmentally sound 
communities (President’s Council on Sustainable Development, 1996).     
 
7.1 Quality of Life and Community Social Capital 
Quality of life factors are emphasized in recent literature addressing the community impacts 
of CAFOs. The state of Minnesota recently brought together the scientific and public policy 
communities to advise state government on how to address several CAFO issues, resulting 
in a Generic Environmental Impact Statement (GEIS) for animal agriculture. It suggests, 
“Quality of life is related to perceptions of 1) having alternatives in what one does on a daily 
or life cycle basis, and 2) being respected by family and communities of interest and place.” 
(Flora et al., 1999:A24).  
 
An important aspect of community quality of life is social capital, which includes mutual 
trust, reciprocity, and shared norms and identity. In general, communities with greater social 
capital provide greater quality of life (Flora, 1998; Flora, Sharp, Flora, Newlon, 1997; Sharp, 
Agnitsch, Ryan, Flora, 2001). Also, social capital emerges as an internal resource in instances 
of controversies.  
 
7.1.1 Agricultural Structure, Quality of Life, and Economic Vitality 
Quality of life issues related to the structure and scale of agriculture were examined as early 
as the 1940's. More than half a century ago, Goldschmidt (1978; originally published in 1946) 
compared two rural California communities where the structure and size of farms were 
different, but where total value of farm production was almost identical. In the town where 
farms were larger and industrialized (with a higher proportion of absentee ownership and 
employing a higher proportion of farm workers per unit of output) there was greater 
separation of social classes, i.e. greater social inequality. More decisions about local affairs 
were made outside the community. This contrasted with the other community where farms 
were smaller, more likely to be owner operated, and utilized the labor of the operating family 
with some hired labor. This community had a richer civic and social fabric: residents of all 
social classes were more involved in community affairs, more community organizations 
served people of both middle and working class background, and there were more local 
businesses and more retail activity because more agricultural and consumer purchases were 
made locally and more income was in the hands of the classes with a greater propensity to 
spend.  MacCannell, in a macro study that included family-farm and industrial-agricultural 
communities in 98 industrial-farm counties in California, Arizona, Texas, and Florida, found 
that mean farm size (in acres), gross farm sales, as well as high levels of mechanization 
“significantly predict declining community conditions not merely at the local agricultural 
community level, but in the entire county.” (1988, p. 63.)   
 
Recent studies, including those in the Midwest, reveal tendencies of economic decline in 
communities with greater concentration of CAFOs, similar to Goldschmidt’s thesis of 
greater rural community decline with greater industrialization of agriculture. The 
econometric analysis conducted by Gomez and Zhang (2000) over a decade revealed the 
negative impact of swine CAFOs on economic growth in rural Illinois counties, as indicated 
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by sales tax receipts. They found that purchases from small businesses declined as 
concentration of CAFOs intensified. In a Michigan study, Abeles-Allison and Connor (1990) 
found that local purchases of supplies for swine production decrease as CAFO 
concentration increases. Local expenditures per hog were calculated at $67 for the small 
farms and $46 for the large farms. The difference is largely due to bulk feed purchases from 
outside the community by the larger farms, but is also related to somewhat greater total 
expenditures per hog on the smaller farms. Durrenberger and Thu’s (1996) finding that 
increased food stamp utilization is associated with industrialized hog production in Iowa 
suggests either that industrial agriculture generates inequalities or that industrial agriculture 
thrives in counties with greater inequalities 
 
Foltz, Jackson-Smith and Chen (2000) examined local purchasing patterns of large and small 
dairy farms in Wisconsin. They found that the percent of dairy feed purchased locally 
declined as herd size increased. Stronger indicators of local feed purchasing were the physical 
nearness to and social attachment to the community. In Minnesota, Chism and Levins 
(1994) found that local spending was not related to gross sales volume on crop farms. 
However, local farm-related expenditures fell sharply when the scale of livestock operations 
increased.   
 
Otto, Swenson, and Lawrence (cited in Kliebenstein, 1998) found that local property tax 
revenues and state revenues in Iowa, calculated on a per sow basis, were as follows: 
 

Table 7.1.  Net Benefits And Net Revenues To Local And State Governments From Farrow To 
Finish Operations, Iowa 

Size of operation 150 sows 300 sows 1,200 sows 3,400 sows 
Net Local Government 
Benefit per sow 

$8.84 $9.35 $10.43 $8.23 

Net revenues to State 
Government per Sow 

$16.01 $17.19 $14.59 $12.86 

Sum of local and state 
revenues  

$24.85 26.54 $25.02 $21.09 

 
Overall, more moderate-sized farrow-to-finish operations generated more local and state 
revenues per sow than did small or very large ones. 
 
Quality of life issues that relate to agricultural structures are evident in Eastern North 
Carolina. This region experienced a tremendous growth in the hog industry beginning in the 
1980's that includes both contract and corporate production facilities and meatpacking 
plants. Many citizens there perceive that this ha s left them with a power structure in which 
the interests of large pork producers dominate those of local residents at all levels of 
government (McMillan and Schulman, 2001; Thu and Durrenberger, 1994).   
 
In North Carolina, Wing, Cole, and Grant (2000) have found patterns of disproportionate 
siting of corporate CAFOs in rural lower-income and African-American communities. This 
places residents of these communities at disproportionate risk for health and socioeconomic 
problems. 
 
7.1.2 Quality of Life, Community Social Capital and Community Conflict  
Wing and Wolf’s (2000) study of 50-55 individuals from each of three North Carolina rural 
communities showed that quality of life was greatly diminished among who residents near a 
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6,000-head swine confinement operation, compared to residents near two intensive cattle 
operations or near an agricultural area without livestock operations that required liquid waste 
management. Quality of life was indicated by the number of times that neighbors could not 
open their windows or go outside even during nice weather due to CAFO odors.1 Thirty 
percent of respondents from around the hog CAFO as compared to a maximum of three 
percent from the other two communities indicated that each of these problems had occurred 
12 or more times during the past six months.  Many rural residents comment that it is 
difficult to plan social activities in their homes because of the uncertainty of whether the air 
will be tolerable for guests (see Donham & Thu, 1996; Wright et al., 2001, pp. 28-30, for 
similar health and social responses near Minnesota CAFOs). Such limitations on social 
relations with one’s neighbors indicate a decline in community social capital (Ryan, Terry, & 
Besser, 1995).   
 
Lasley’s Iowa Farm and Rural Life Poll (1998) shows substantial concern among Iowa 
farmers about hog odors. In the 1992 and 1998 polls, respondents were asked “how many 
days per year they would be willing to tolerate odors from a neighbor’s livestock operation 
before they would consider it a major nuisance.” Fourteen percent were unwilling to tolerate 
more than two days; 34% were willing to tolerate only a week or less, and fully 50% would 
view odors as a major nuisance if they affected them as many as ten days out of the year. 
The latter figure rose from 44% in 1992 (Lasley, 1995).  Three-fourths of Iowa farmers live 
within half a mile of a neighbor. In addition the proportion of respondents agreeing with the 
statement, “Increasingly, manure management is a major issue in the livestock industry,” 
rose from 61% to 85% of Iowa farm respondents between 1992 and 1998.  
 
Characteristics of the nearest CAFO and of the affected neighbor influence the latter’s level 
of annoyance with CAFO odors. Van Kleek and Bulley (1985), in a study conducted in the 
early 1980s in British Columbia, chose 14 swine farms, 14 beef feed lots, 11 laying hen firms, 
and 10 broiler farms located at least 800 meters (somewhat less than ½ mile) from any other 
livestock farm. A least 12 residences (non-producers of livestock) were within 800 meters of 
each livestock farm. Those residents rated their perception of the livestock farm “as it relates 
to your living here” on a five-point scale from “no nuisance/very compatible” to “severe 
nuisance/incompatible.”    
 
The authors found that nuisance potential decreased with distance, but it decreased the least 
for hog farms.  Larger farms were a greater nuisance than smaller ones, but the difference 
disappeared for residences that were at very close ranges from the livestock farm. Hog farms 
were considered the greatest nuisance, followed by cattle feedlots and then by poultry 
CAFOs. Odor represented 75% of the total nuisance, but the proportion differed according 
to the type of farm; for hog farms, 95% of the nuisance responses related to odor; for 
broilers, ¾; for layers, 2/3; and for feedlots, only about half. People with rural backgrounds 
were less tolerant of livestock farms than were those who had come from urban areas; those 
with farm backgrounds did not differ from those without farm backgrounds. Lohr (1996) 
found that among neighbors of a swine farm, tenure of residence, previous contact with the 

                                                                 
1 Miedema and Ham (1988) used an independent dispersion olfactometric testing method in a study designed 
to determine if specific complaints and symptoms from odors were indeed correlated with independent 
measurement of the presence of agricultural and industrial odors.  Individuals living near a pig sty, a rapeseed 
oil extraction plant, and an electric wire insulation factory, were surveyed. Level of annoyance with the odor 
and reported frequency of having to shut windows because of the odor were linearly related to the frequency of 
detection of odor using the olfactometric test. Interestingly, the pattern of relation was not specific to the type 
of odor being measured.   
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farmer, and economic dependence on farming all negatively correlated with the degree of 
odor annoyance.  
 
Debate continues, in popular and academic circles, on whether CAFO odors are best 
characterized as primarily nuisances of varying degrees or whether these odors are also 
linked to negative health outcomes (Thu, 1998). Donham (2000) describes possible non-
toxic mechanisms for CAFO odors to generate physical symptoms through complex 
interactions of the brain and somatic systems. Shusterman (1992) describes some of these 
mechanisms in his review of the health impacts of environmental odor pollution.   
The well-researched linkage of physical symptoms to the uncontrollability of various 
stressors including environmental stressors (e.g., noise) may be applicable to CAFO odors as 
noted in Chapter 6.3. In addition, the variety of family, neighborhood, and community 
stressors sometimes associated with CAFOs may also generate stress-induced symptoms and 
illness. However, these possible linkages have not yet been reported. 
 
All sides of CAFO controversies tend to frame their issues and identities in terms of rights 
and entitlements, as described in McMillan and Schulman’s (2001) research on the hog 
industry in North Carolina. For example, producers defend their property rights and a right 
to earn a living from their land, while neighbors defend their right to enjoy their own 
property. De Lind (1995) documents that in response to local opposition to a corporate 
CAFO or “hog hotel” in Parma township in Michigan, the Farm Bureau, the Pork Producers 
Council, and other agricultural interests defended the right of “hog hotels” to exist without 
regulation by appealing to the right to farm.  
 
Constance and Bonanno (1999) document actions of anti-CAFO groups in the Texas 
Panhandle. They focus on episodes of resistance carried out by local residents and 
environmental groups who were mainly motivated by human health and property value 
concerns. Corporate responses to community resistance primarily involved reconstruction of 
their corporate image as environmentally friendly.   
 
A decline in social capital is associated with swine CAFOs, according to rural residents of 
Iowa, North Carolina, Minnesota, Michigan,  and Missouri who describe violations of core 
rural values of honesty, respect, and reciprocity, as reported in an interdisciplinary workshop 
held in Iowa on swine CAFOs (Thu et al., 1995, p. 76). For example, CAFO neighbors often 
consider it a violation of respect when their concerns are labeled as emotional, perceptual, 
and subjective or are dismissed as invalid or unscientific. 
 
Recent findings are presented by Kleiner, Rikoon and Seipel (2000), who found that in two 
northern Missouri counties where large-scale corporately owned swine CAFOs are 
dominant, citizens expressed more negative attitudes regarding trust, neighborliness, 
community division, networks of acquaintanceship, democratic values, and community 
involvement.  The county that was dominated by independently owned swine operations had 
the most positive attitudes regarding trust, neighborliness, community division and networks 
of acquaintanceship. 
 
The siting of a swine confinement facility in Parma, Michigan in the mid-80s (DeLind 1995, 
1998) generated conflict when the firm established a five-unit CAFO with manure lagoons. 
Neighbors believed the three open-air 42 million gallon lagoons compromised their health 
and quality of life. Local resistance culminated in the emergence of two grassroots 
organizations and a four-year litigation process. Consequences of this conflict were anger on 
the part of residents who believed that their environment and their integrity had been 
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violated, resentment towards public officials, polarization within the community, vandalism, 
alienation, and verbal threats and physical aggression by both sides. Although the opponents 
of the CAFO won the battle on the local level (the CAFO went bankrupt), when they were 
interviewed a few years later, they felt the personal acrimony and divisions in the community 
resulting from conflict over the smell from the lagoons were too high a price to pay.  
 
Wright et al. (2001) reported results from a six-county study in southern Minnesota 
regarding changes in animal agriculture. Over one hundred producers, community leaders, 
and others were interviewed, either in roundtable discussions or individually. Three patterns 
reflect the decline of social capital that resulted from the siting of CAFOs in all six rural 
communities: 1) widening gaps between farmers who produce livestock within CAFOs and 
their neighbors, including non-CAFO livestock producers; 2) harassment of vocal 
opponents of CAFOs; and 3) perceptions by both CAFO supporters and opponents of 
hostility, neglect or inattention by public institutions that resulted in perpetuation of an 
adversarial and inequitable community climate.  
 
The North Central Regional Center for Rural Development (1999) examined recent, 
dramatic increases in corporate hog production and meatpacking in a rural Oklahoma 
county. Social capital indicators measured mutual trust, reciprocity, and shared norms and 
identity. Individual security was measured in terms of crime, and community conflict was 
measured in terms of civil court cases. The overall crime rate increased drama tically between 
1990 and 1997. Violent crimes increased 378 percent compared to the average 29 percent 
decrease in violent crimes over the same period in comparison farming-dependent counties 
with no dramatic changes in animal agriculture. Theft-related crimes also increased in the 
case county by 64 percent, compared to a decrease of 11 percent in comparison counties. 
Civil court cases, indicating community conflict, increased in the county by 7 percent, while 
they decreased 11 percent in comparison counties. This study dramatically reveals the costs 
to social capital in counties experiencing rapid and dramatic change in the structure of 
animal agriculture. 
 
7.2 Agricultural Restructuring and Population Trends 
The primary purpose of this section is to provide background for partially answering 
Director Vonk’s question 4: “What do you think should be done to address any other 
emerging issues with respect to industrial CAFOs in Iowa?” It is useful to begin with a 
discussion of rural population patterns in Iowa since the beginning of WWII. That is 
followed by an examination of recent changes in the structure of animal agriculture (and 
crop agriculture insofar as it interacts with animal agriculture) and how public policy relates 
to those changes. The general trends in livestock and poultry production are presented in 
Chapter 2. 
 
7.2.1 Rural Population Dynamics since WWII  
Agricultural restructuring since the initiation of WWII transformed the landscape of rural 
Iowa. As a result, Iowa’s rural population generally has decreased across the decades. Using a 
definition of rural as an incorporated place with fewer than 2,500 residents plus those who 
live on farms or in the open country, Iowa had about 1,454,000 rural residents in 1940 and 
1,094,000 in 1990. Although final figures are not available from the 2000 census, it appears 
that a slight increase occurred in Iowa’s rural population in the 1990s. Major differences 
have emerged among three sectors—residents of farms, small towns, and the country. The 
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first of these dropped substantially2, the second remained much the same3, and the third 
grew substantially4 across the decades.   
  
Small towns tend to have the oldest age structure of the three types; that is, that have 
proportionately greater numbers of older and fewer numbers of younger residents than do 
the farm or country categories. This is because many older residents do not move in later life 
(or if they do change residences, they move from the countryside to nearby towns) and many 
high school graduates seek urban-based educational and occupational opportunities. This 
loss of youth is later magnified as they form families elsewhere. The farm population 
approaches a pyramidal shape, in part because many older residents move from the farm in 
later life; some others stay on the farmstead but no longer operate the farm (which may be 
absorbed into a neighbor’s farm operation). Of the three groups of rural residents, the 
country population most closely approaches the classical pyramidal age structure. It includes 
younger residents with children. Country residents often are newcomers to the area; they 
may have perspectives that differ from those held by long-term residents. It is not easy to 
categorize country residents because of their more diverse origins and backgrounds. 
 
7.2.2 Restructuring of Livestock Production in the Past Decade 
Until the past decade or so, the industrialization of farm production had largely bypassed 
Iowa, with the exception of the fat cattle industry, which had its heydey in Iowa in the 1950s 
and 1960s (see Table 2.9 in this report). In the 1990s, Iowa hog and poultry (particularly egg) 
production were transformed (see Chapter 2, Table 3 of this volume).  Furthermore, 
different types of animal production systems may generate different socioeconomic impacts 
at the level of the farm and community. Farmers, rural residents, and others express concern 
that increasing CAFO production is having negative impacts on the traditional family farm 
structure (e.g., Halverson, 2000). Buttel and Jackson-Smith (1997) surveyed 1,100 randomly 
selected Wisconsin farmers in 1995 and repeated the survey with 1400 farmers in 1999 
(Jackson-Smith, et al., 2000) regarding their views toward large-scale livestock production. 
Only 17 percent of the respondents perceived expansion in the livestock industry as a good 
initiative, while 45 percent perceived it to be negative. Only 15 percent indicated that non-
farm investors should invest in dairying in the local community (Buttel and Jackson-Smith, 
1997). Results were similar in 1999.   
 
Wisconsin farmers’ views towards livestock expansion were not shaped primarily by 
concerns about the environment but instead by concerns about farm structure in their state.  
Farmers’ responses indicated strong support for family-scale operations as opposed to large-
scale farms using hired labor-type and to investor-owned dairy operations.5  The authors 

                                                                 
2 Number of persons resident on farms has declined across many censuses. Since 1940, when 917,000 lived on 
farms, Iowa lost at least 120,000 farm people each decade to 1990, when  257,000 were counted, the most 
recent data available (the 2000 farm population will be released later in 2002). The number of farms in Iowa 
decreased from about 213,000 farms in 1940 to 91,000 in 1997. 
3 Small towns (fewer than 2,500 inhabitants) contained about the same number of residents in 1990 (460,000) 
as they held in 1940 (471,000). From 1990 to 2000, 464 of the 829 towns with fewer than 2,500 residents in 
1990 increased in size. Only among the smallest-sized category—places with fewer than 100 residents in 
1990—did a majority of towns decline in population.   
4 About 66,000 country residents were counted in 1940 and 377,000 in 1990. In 1990, for the first time, country 
residents outnumbered farm residents in Iowa. Strong increases among country residents have occurred in each 
decade for which data are available. Gains among country residents tended to occur across counties regardless 
of the trends among farm or small-town residents. 
 
5 The Iowa Farm and Rural Life Poll (Lasley 1999) has not asked questions that get as directly to views of the 
structure of agriculture, but they appear to hold similar views.  In the 1999 poll, over half of farmers 
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concluded that the bulk of the farmers who oppose livestock expansion do so because of a 
strong concern that it would erode the status of family farming in the state.  
 
The increasing production of hogs through contract relationships, following that of poultry 
(Morrison, 1998), is becoming central to socioeconomic, health, and environmental concerns 
regarding CAFOs. One reason that agribusiness firms contract with producers, or contract 
with intermediary firms who subsequently contract with producers is to gain greater control 
over the production process (Welsh 1997), moving decision-making from the farm level to 
higher levels in the vertical system. Rarely do poultry growers own the birds they raise, and 
the pork industry appears to be moving in that direction (Morrison, 1998). Among major 
livestock production systems, cow-calf operations remain the most staunchly controlled at 
the farm-level.  
 
In Kentucky the fulcrum of recent agricultural policy debate has been a proposed joint 
liability provision within state regulations. This provision would make corporations that 
retain ownership of animals (integrators) and the growers who raise animals jointly liable for 
resultant environmental damages or production facility closings. Burmeister (2000) suggests 
this joint liability provision reflects a societal attempt to control the social risk of changes in 
animal agriculture.   
 
Research on the social/community impacts of different forms of contracting versus spot 
markets is scarce. For example, there has been no systematic research on animal producers 
who lose production contracts. Certain contract livestock producers are organizing to gain 
more regulatory and contractual protection (Hamilton, 1995; Roth, 1995). Whether such 
protection will generate substantial socioeconomic and environmental benefits to these 
producers and their communities may be measurable in the future. 
 
Contract farming, while seen by some livestock growers as their best available option for 
remaining in farming, is problematic for others. In 1999, 70 percent of Iowa farmers favored 
greater regulation of contracts in farming (Lasley, 1999). Other alternatives should be 
encouraged—particularly ones that are compatible with changes in consumer demands and 
with environmental quality. A growing proportion of consumers are concerned about sub-
therapeutic use of hormones (as discussed in the Executive Summary), humane treatment of 
animals6, and the health and well being of producers.  The socioeconomic, health, and 
ecological benefits of sustainable methods of agricultural production, including pork 
production as described by Ikerd (1998), are gaining recognition. For example, Lyson and 
Barham’s (1998) found evidence of greater sustainability of middle-size, family farm 
operations over large-scale, corporate farms. They used measures of profitability, decreased 

                                                                                                                                                                                                 
responding strongly agreed with the statement, “There is too much economic power concentrated in a flew 
large agribusiness firms, and when the “agreed” category, the proportion agreeing rises to nine in ten farmers.  
The percentage agreeing with the statement, “If things continue as they are now, in a few years farmers will be 
treated like employees on their own farms,” was only modestly lower (46% and 85%, respectively). 
6 In an unpublished survey conducted by the Animal Industry Foundation in 1989 nearly 80 percent of those 
polled supported current practices of farm animal treatment (cited in Ohlendorf, Jenkins and Tomazic, 
forthcoming). But in the same survey two-thirds of those polled were in favor of increased regulation of 
production practices. Following up on this data, Ohlendorf et al. asked more than 2,700 consumers whether 
they agreed or disagreed with the statement “I would be willing to pay more for meat if it meant more humane 
treatment of farm animals.”  While 23 percent of those surveyed were undecided, one-half of all respondents 
agreed with the statement. There is no significant variation in agreement with this more pro-animal attitude 
across economic classes. This is at odds with the prevalent notion that consumer concern is much more 
different socioeconomic groups would be willing to pay.  
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resource use, and stable or increasing farm numbers in a community (See also Lasley, 
Hoiberg, & Bultena, 1993). 
 
Thus, it is not necessary that CAFOs be the only, or necessarily even the dominant, way in 
which livestock will be fattened or milk or eggs will be produced in the future. Perhaps, it 
would be more correct to say that public policy—the collective will—could lead animal 
production either toward a continued growth of CAFOs at the expense of all others, or 
toward more pluralistic production regimes—which would undoubtedly include CAFOs 
without their necessarily being the dominant form of production.   
 
7.2.3  Market Restructuring  
While the structure of livestock production is changing rapidly, so is the marketing structure. 
The most important shift in livestock marketing is the expansion of vertical integration and 
the potential of an alternative form, vertical coordination (see Tweeten & Flora, 2001, for a 
thorough treatment of this topic). Vertical integration occurs through a supply chain, while 
vertical coordination operates through a value chain. Table 7.2 indicates important differences 
between the two.  
 
Supply chains are oriented by myriad decisions of many producers—usually in an atomized 
market or perhaps nudged by government supply-limitation (until 1996) or supply-
encouraging (after 1996) incentives. Value chains respond to the demands of consumers. 
Increasingly supply chains have come to be vertically integrated, reducing the freedom of the 
farmer to make on-farm and marketing decisions. The poultry grower neither owns the 
birds, nor makes decisions about how they will be produced. S/he is required to market 
 
Table 7.2  Comparison of Features of Supply Chains and Value Chains 

SUPPLY CHAIN VALUE CHAIN 
Producer oriented Consumer oriented 
Supply driven Demand driven 
Emphasis on reducing costs Emphasis on creating value 
Focus on volume Focus on quality 
Undifferentiated commodity Differentiated products 
Source (of commodity) is anonymous  Product may be traced to specific producer 

(identity preservation) 
Many independent decisions 
(particularly at producer level) 

Few cascading decisions 

Open entry of new producers Entry of new producers is limited 
Susceptible to vertical integration Requires at least some vertical coordination 
Table adapted from C. Flora, et al. (1999), who adapted it from Cook (1997) and Hughes 
(1998). 
 
to the integrator, and cannot be certain of the price s/he will receive for growing the birds. 
This lack of market discovery is also becoming more common in hog and cattle marketing, 
as processors, who increasingly buy directly from the farmer, are not required to publicly 
disclose the prices they pay.  In the poultry business, contracts are from year to year. If they 
are terminated, there may be little likelihood of finding another integrator to sell to, since 
generally only one or two poultry integrators is active in a particular locale (Bjerklie, 1995; 
Griffith 1993; Heffernan & Jenkins, 1983). 
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The processor has typically controlled vertical integration, but increasingly retailers7 are 
gaining the balance of power in the food supply chain. Vertical coordination has the 
potential to be more collaborative and decentralized. Value chains are more amenable to a 
team approach, since flexibility in production is essential if production is to respond to 
changing consumer preferences. Farmers have little power under vertical integration, while 
they may band together to control or share control through vertical coordination.  Vertical 
coordination does not ensure farmer power, but it is certainly amenable to farmers 
collectively exercising that power—if they are willing to key their production on diverse 
consumer desires and to devise ways to shorten the supply chain (Tweeten & Flora, 2001). 
Of course, state and local governments and institutions of higher learning can be helpful 
with information and linkages, particularly if they address previous constraints to promoting 
sustainable agricultural practices (Lacy, 1993). 
 
At present, hog production—though much more concentrated than it was a decade ago--is 
much less concentrated than is pork processing.8 Heffernan, Hendrickson, and Gronski, 
(1999) estimated that in 1998, the fifty largest producers controlled about one half of all 
marketed hogs, and only one of the top five producers had substantial presence in Iowa.  
Most states where corporate hog production predominates are states where large numbers of 
hogs were not produced previously or where farms are smaller and less prosperous. One 
author argues convincingly that broiler integrators chose to focus on the South precisely 
because small farmers often were underemployed and desperately needed additional income 
(Bjerklie, 1995). The degree to which integrated hog contracts in Iowa and other parts of the 
Midwest are favorable or unfavorable to farmers will depend on the overall vitality of the 
rural parts of those states.  When growers have or perceive they have few other options, they 
are more likely to sign unfavorable contracts.   
 
7.2.4 Impetus for Alternatives in Production, Processing, and Marketing  
One means of preserving identity is through shortening the value chain—bringing producer 
and consumer closer together. Shortening the value chain is important for the development 
of alternative production systems. Reducing the steps between producer and consumer 
contributes to quality control. Trust can be substituted for costly inspection systems, and 
immediate and direct feedback will occur when quality is inadequate. In addition, quality may 
be redefined in unconventional ways. For instance, the consumer may be willing to forego 
cuts of meat in uniform and predictable sizes if s/he has assurance that sub-therapeutic 
hormones are not used, or that animals are treated humanely.   
 
If this sounds like each farm family would do its own direct marketing (which often falls to 
the female partner in a producer family), it does not have to be. A critical piece is socializing 
the transaction costs involved in identity preservation and quality assurance. This can be 
accomplished through devising novel collaborative means of marketing and identity 
preservation that are satisfying to the consumer, but which do not require each producer 
family to make its own marketing links or to individually organize its own system of quality 
assurance. Different kinds of producer-controlled or -influenced value chains, such as 
marketing cooperatives, joint ventures between corporate entities and producer associations, 
producer-consumer coalitions such as Community Supported Agriculture (CSA) groups 
                                                                 
7 Between 1997 and 2000, the market share of the top five food retailers operating in the U.S. rose from 24% 
to 42%. Hendrickson, et al. (2001) argue that increasingly, market power is shifting from processors to food 
retail chains. 
8 In 1998, the top four pork processors marketed 57% of all hogs in the country. The following year, according 
to the New York Times, the top six firms processed 75% of all market hogs. In 2001, the largest processor, 
Smithfield, bought IBP, which had ranked second in 1998 (Heffernan et al., 1999; 16) 
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(Cone & Myhre, 2000), or local marketing cooperatives (Ziegenhorn, 1998) can lift the 
marketing burden from the shoulders of individual producers. 
 
Only with involvement of market (private for-profit firms, including family firms and farms), 
state (governments at different levels), and civil society (not-for-profit organizations, such as 
producer organizations, certification entities, etc.) can vertically coordinated value chains 
compete with vertical integration and supply chains. We often forget just how large a role 
various levels of government play in subsidizing commodity supply chains and vertically 
integrated firms within our food system (see North Central Regional Center for Rural 
Development, 1999: 6-20, for a detailed discussion of the “incentives” used to encourage 
Seaboard Corporation to build a pork packing plant in Guyman, OK).   
 
Which of these factors may influence the future of the livestock industry in Iowa and how 
might they relate to odor regulation? Clearly, Iowa’s competitive advantage in grain and 
livestock production is an important element. Some argue that Iowa may regain market share 
in cattle and hog feeding that has recently been lost to the Great Plains (cattle) and to North 
Carolina (hogs), given Iowa’s competitive advantage in cheap grains. The 1996 Freedom to 
Farm Act, by dismantling price supports and the supply management system, encouraged 
production of corn and soybeans (Harl, 2001). Currently, low grain prices do not encourage 
farmers to shift to higher value crops, since loan deficiency payments increase as market 
prices decline. This has encouraged CAFO production in the Midwest where grain is cheap. 
It has also favored CAFO production over diversified family farming. CAFOs can purchase 
feed grains at market prices lower than costs to family farmers of feeding their own grain, 
since market prices have recently been below cost of production for family farmers. 
 
Another important factor is the differential contribution of environmental protection to the 
cost of production by region. All other things equal, the more dense the human population, 
the greater the cost of environmental protection to the producer—if there are mechanisms 
for internalizing those costs, rather than their being paid by the society at large. The initial 
moratorium on building new hog CAFOs in North Carolina and its recent extension suggest 
that hog odors and water contamination can provide the political impetus for internalizing 
these costs in heavily populated areas. Should the Environmental Protection Agency increase 
the amount of land that is required for disposal of manure because of concern about excess 
phosphorus application, production in Iowa would be favored over North Carolina, 
although Iowa might be disadvantaged vis-a-vis the Great Plains. 
 
Policy makers’ consideration of alternative means of regulating odors must take into account 
which farmers are disadvantaged by the regulations and what those regulations may mean in 
terms of encouraging certain desired futures for rural Iowa—and Iowa in general.  
 
In this section we have provided evidence that industrialized commodity production and 
corporate controlled supply chains are not the only alternative. Regulation of odors and 
other airborne products should take into account various options, and encourage those that 
are more socially desirable.
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7.3 Changes in Property Values 
In the next section we consider changes in animal agriculture as they relate to the final form 
of community capital - financial capital. Several studies examine effects of nearness to a 
CAFO on real estate values. Abeles-Allison and Conner (1990) chose eight Michigan hog 
CAFOs and then examined residential sales within a five-mile square block centered on each 
CAFO. They analyzed data on 288 sales between 1986 and 1989. For every thousand hogs 
added in the five-mile area, they found an average drop in sale price of $430 per property. 
The depression of sale price was much greater when the residential property was less than 
1.6 miles away from the respective hog farm. Using state-wide data, they found, for the first 
half of 1989, that odor complaints were 50 times more likely to be lodged against any 
particular hog CAFO of over 500 head than against smaller hog operations. 
 
Palmquist, Roka, and Vukina (1997) studied residential property values close to hog CAFOs 
in North Carolina.  Controlling for other characteristics of the property, they examined 
patterns of non-farm home sales prices (n=237) over an 18-month period in 1992 and 1993. 
They found that nearness to large hog CAFOs and the amount of nearby manure jointly 
acted as a significant depressor of sales prices of up to nine percent, depending on the 
number of hogs and their distance from the house. Phillips et al. (1999), suggest that odors 
cannot be separated from other local effects from CAFOs that could also depress sales 
prices. These could be noise, dust from trucks, or a general decline in the natural beauty of 
the area.   
 
Hamed, Johnson, and Miller (1999) found that an average vacant parcel within three miles of 
a CAFO in Missouri lost about 6.6% in value, but if a parcel with a house on it was within 
1/10 mile of the CAFO, it lost 88% of its value! 
 
Finally, Taff, et al., (1996) examined housing sale prices in two counties of southwestern 
Minnesota. The measures used to indicate feedlot proximity included distance, total animal 
units within a defined distance, and whether the home was downwind from any feedlots. 
Feedlot proximity was associated with higher sales prices. The authors suggest that perhaps 
workers desired to live close to their work.  
 
7.4 Impact on Social and Health Services  
While not examined here, studies of broader changes taking place in agriculture link housing, 
public services, natural resources and land use, and historical and cultural resources to the 
changing structure of animal agriculture. These changes are also reflected in the examples 
related specifically to animal agriculture. 
 
NCRCRD research in Oklahoma (1999) found that housing rental rates increased nearly 85 
percent over seven years in the county where production and meatpacking expansion 
occurred, compared to a 61 percent increase in comparison counties. At the same time, the 
influx of new workers resulted in a 47 percent decrease in housing availability. The 
combined result is overcrowding and shared housing situations, or a commute to 
neighboring counties with available and more affordable housing. These commuting costs 
add to the household costs of workers. Of course, the housing industry, among others, 
benefits from such growth. 
 
The same research notes important implications for local educational systems. While total 
school enrollment increased 12 percent, resulting in construction of a new elementary 
school, there was a 125 percent increase in the number of bilingual or limited English 
speaking students. Despite an 81 percent increase in the county school budget between 1990 
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and 1997, both dropout rates and student/teacher ratios increased.  Community costs due to 
increased demand on services, such as court costs from increased criminal and civil cases; 
law enforcement costs, and applications for public assistance and food stamps were also 
noted. 
 
Other research points to additional costs of large-scale animal production to community 
resources: impacts on tourism and recreation due to livestock odors (McMillan & Schulman 
2001); deterioration of bridges and hard surface roads (Constance 2000); and significant 
changes in rural landscapes and the number and condition of farm sites (Bowen 2000).   
 
In 1990, the minority population accounted for about 4 of every 100 Iowans (4.1%); by 
2000, that figure had increased to more than 7 of every 100 (7.4%). The minority population 
grew by 103,000 while the (white non-Hispanic) majority increased by 47,000 during the 
1990s. For the first time, a significant portion of that growth in minority population 
occurred outside Iowa’s metropolitan areas. These new Iowans were mainly attracted by jobs 
in meatpacking, and secondarily, in plant nurseries, construction, and certain low-wage 
service jobs. 
 
While we were unable to find data on the extent of employment of immigrants and other 
minority groups in CAFOs in Iowa, it is clearer that industrial agriculture (packing plants in 
particular) employs a growing number of new residents who are culturally different from the 
long-term residents of rural Iowa (see Grey, 1997, 1998). Turnover in packing plant 
employment and hence in population (rather than presence of minority groups, per se) 
contributes to a number of social problems and a need for more local services, but it also 
brings in young, hard working, entrepreneurial (especially immigrant) families, shoring up the 
base of population pyramids and offering a larger working age population for years to come 
in certain communities that before the 1990s were aging steadily.  Whether long-term 
residents and leadership in these communities will see these new residents as a gift or as a 
threat is still to be seen. 
 
7.5 Concluding Remarks  
Generally, Iowa’s rural areas have had more difficulty holding their populations than have 
urban sections of the state. With more deaths than births9 and greater out- than in-migration, 
some of these counties have had problems sustaining their populations. The encouraging 
news is that the only decade in the 20th century during which Iowa had more people enter 
than leave was the 1990s; net in-migration totaled about 50,000. Even in that case, however, 
43 of Iowa’s 99 counties had more residents leaving than entering in the 1990s. Although 
there were some major exceptions, rural counties were more frequently listed among those 
43 with net out-migration than were urban counties.   
 
If this migration turnaround is to be sustained, additional attention needs to be given to 
issues of quality of life. That means that the physical environment, the quality and diversity 
of services (particularly health and educational services), and employment opportunities will 
need attention. If jobs are not available, it is unlikely that others will move to the area unless 
                                                                 
9 In 2000, 48 counties had more deaths than births (called net natural decrease) and most were rural; only a few 
had an incorporated place with at least 10,000 residents. Due to the out-migration of younger people from 
many rural counties and the tendency of older residents to age in place, a declining proportion of the 
population is in the reproductive age groups. Hence, in recent decades, the number of counties experiencing 
net natural decrease has gradually grown.  In Iowa as a whole,  however, about 100,000 more births than deaths 
occurred throughout the 1990s.   
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natural and social amenities provide the premium that would attract them. Some Iowa 
counties have physical environments (e.g., rivers, lakes, open space) that attract residents. At 
present, many of the people moving to such locales already live in the state. And natural 
amenities are likely to be magnets only for the somewhat more affluent. On the other hand, 
urban areas are much more likely to benefit from employment-related moves. But then the 
characteristics of jobs also are related to the residents that they attract; that is, the types of 
employment that become available dictate at least in part the characteristics of those who 
will move to an area. To attract residents to a rural area, then, requires the perception tha t 
such a move may raise the quality of life through improved employment opportunities, and 
increasingly, access to amenities—both natural and social.   
 
Demographic changes have a number of implications for CAFOs and vice versa. While in 
the 50 years between 1940 and 1990, the farm population dropped at about twice the rate 
that the (non-farm) country population increased, many residences remain close to livestock 
operations (Lasley, 1998). Since it appears that for the past decade the gap between farm 
population decline and the country population may be closing, hog, and perhaps poultry, 
CAFO odors will be a  growing issue among rural dwellers. 
 
A related issue that is suggested by the demographic patterns is the potential conflict that 
CAFOs and industrial agriculture generate between employment and amenities.  Those 
communities where odors and health problems from CAFOs remain or become an issue 
may have a more difficult time attracting or holding population that would otherwise come 
because of rural communities being “a good place to live and raise a family.” The amenity 
scale may go down not simply because of these problems themselves, but because the odor 
and health issues generates conflict, reducing social capital and the ability of the community 
to act collectively to enhance local social and natural amenities. Resolving these questions 
through alternative livestock production methods may make it easier for communities to 
encourage employment and to increase amenities. For example, a 2001 informal survey of 13 
Iowa State University Extension livestock specialists (Honeyman et al., 2001) documented 
the existence of at least 2100 hoop structures in Iowa, which, with appropriate management 
practices, can be more environmentally friendly than CAFOs. In conjunction with 
appropriate marketing structures, other ecological production regimes, such as use of A-
frames and rotational pasturing may be feasible.   
 
A final set of demographic issues surrounds the health risks and desires for justice expressed 
by elderly rural residents residing near CAFOs. They often express concern about being at 
risk for respiratory problems, as well as concern that antibiotic treatments may fail them 
when needed. The siting of CAFOs near the rural elderly, who are less likely to move in the 
later years, seems inequitable to some, as does the decline in quality of life for those who 
have worked productively for many years, including in support of others in their 
communities. 
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Abstract 
This chapter reviews the literature with regards to health hazard substances emitted from CAFOs. 
Furthermore, we reviewed the risk assessment process of pertinent federal agencies in regards to 
hazardous emissions from CAFOs. Occupational health hazards, for those working in CAFOs, have 
been long recognized. Research documents that current recommended or legal occupational 
exposure levels are not sufficient to protect workers. Although the research on occupational 
exposures of CAFO workers documents the hazardous nature of CAFO emissions at concentrations 
found inside buildings, the concentration of these hazardous substances are much lower in the 
ambient air of the community surrounding CAFOs. As occupational exposure limit 
recommendations are not highly relevant to the community, specific exposure standards are needed 
to help protect community residents as well as workers. 
 
Regarding community standards, the risk assessment processes of the Environmental Protection 
Agency (EPA), and the Agency for Toxic Substances and Disease Registry (ATSDR) are the most 
relevant agencies in making recommendations for limits to community exposures. The EPA 
estimates levels safe for a lifetime exposure and ATSDR list levels for acute, intermediate or chronic 
levels. For ammonia, the EPA list 144 ppb for lifetime exposures and the ATSDR list 500 ppb for 
acute and 300 ppb for chronic exposure. For hydrogen sulfide, the EPA lists 0.7 ppb for lifetime 
exposure, and ATSDR lists 70 ppb for acute and 30 ppb for intermediate exposures.  Considering 
these recommendations made by EPA and ATSDR, concentration recommendations, 
recommendations made in surrounding states, and consideration of the possible additive or 
synergistic effect of mixed exposures, hydrogen sulfide, ammonia, and odors should be regulated. 
The levels that should be considered are as follows: hydrogen sulfide, one hour time-weighted 
average of no more than 15 ppb at the residence or 70 ppb at the property line; ammonia, one hour 
time-weighted average of no more than 150 ppb at the residence and no more than 70 ppb at the 
property line; odors should be no more than a 1:7 dilution at the residence and no more than 1:15 at 
the property line. 
 
 
8.1 Introduction 
 
This chapter will review the scientific literature on exposure limits for occupational and ambient 
conditions, relative to CAFOs. Also, the relevance of existing standards for the health protection of 
workers and community residents will be discussed. Furthermore, the circumstances of mixed 
exposures will be reviewed. Finally, a risk assessment and recommendations for appropriate 
standards will be discussed.  
 
8.2 Existing Occupational Health Exposure Limits or Recommendations 
 
In the US, there are four sources of recommendations in regards to occupational exposure limits. 
These include the American Conference of Governmental Industrial Hygienists (ACGIH, 2001 
TLV’s for Chemical Substances and Physical Agents & Biological Exposures Indices), the American 
Industrial Hygiene Association (AIHA, AIHA Press, Fairfax VA, 2001), The National Institute for 
Occupational Safety and Health (NIOSH, Pocket Guide to Chemical Hazards, 1997) and the 
Occupational Safety and Health Administration (OSHA, Code of Federal Regulations, Chapter 29). 
The first two organizations (AIHC and ACGIH) are private professional organizations. The third, 
(NIOSH) is a governmental educational and research organization. OSHA is the only regulatory and 
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enforcement agency of these four. AIHC, ACGIH, and NIOSH, only recommend worker-exposure 
standards, but develop science-based recommendations, and not subject to the stakeholder pressures 
from the administration, industry, and labor, and other constituents groups, as is OSHA. The 
terminology for exposure limits is different for each of these organizations. AIHC, ACGIH, and 
NIOSH issue, respectively, Emergency Response Planning Guidelines/Workplace Environmental 
Exposure Level Guides (ERPPGs/WEELs), Threshold Limit Values (TLV) and Time Weighted 
Average Exposure Limits (TWA). OSHA issues Permissible Exposure Limits (PEL’s).  
 
The primary exposures of occupational concern in CAFOs include ammonia (NH3), hydrogen 
sulfide (H2S), carbon monoxide (CO), carbon dioxide (CO2), particulate matter (PM), bioaerosols, 
and endotoxin. However, none of the bodies mentioned above have specified limits for bioaerosols 
or endotoxin. Table 1 lists the indoor concentration levels for each of these bodies for the agents 
specified.  
 

Table 1. Maximum Concentration Levels Listed for Occupational Health 

  
NH3 

 
H2S 

 
CO 

 
CO2 

 
Total 
Particulate 
Matter 

 
Respirable 
Dust 

 
Bioaerosols 

 
Endotoxin 

AIHA 25 
ppm 

0.1 
ppm 

200 
ppm 

Not 
listed 

Not listed Not 
Listed 

Not listed Not listed 

ACGIH 25 
ppm 

10 
ppm 

25 
ppm 

5000 
ppm 

4 mg/m3 
(Grain 
dust) 
10 mg/m3 
(Nuisance 
dust) 

3 mg/m3 

(Grain dust) 

 

Not listed Not listed 

NIOSH 25 
ppm 

10 
ppm 

35 
ppm 

5000 
ppm 

4 mg/m3 
(Grain 
dust) 

Not 
Listed 

Not Listed Not Listed 

OSHA 50 
ppm 

20 
ppm 

50 
ppm 

5000 
ppm 

10 mg/m3 
(Grain 
dust) 
15 mg/m3 
(Nuisance 
dust) 

5 mg/m3 Not Listed Not Listed 

 

8.2.1 Occupational Dose Response Data For Humans 
 
Exposure-response studies in workers have included an assessment of the response to the amount 
of time exposed, for particulate matter (PM), endotoxin, NH3, and H2S. Endotoxin and PM 
concentrations have had the strongest and most consistent relationships to respiratory symptoms 
and decrements in pulmonary function tests (PFT) (Donham et al., 1989; Donham et al., 1995; 
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Reynolds et al., 1996). A significant relationship was seen between microbial concentration and 
bronchitic symptoms (cough and phlegm) (Donham et al., 1989). A weaker relationship of 
bioaerosol concentrations to tightness of chest and febrile syndromes (flu-like illness with fever) was 
found (Donham et al., 1989). There was no relationship of bioaerosol to pulmonary function 
changes. Ammonia did show some relationship to decreased baseline pulmonary function in four 
different studies (Donham et al., 1989; Donham et al., 1995; Reynolds et al., 1996; Cumro et al., 
2001, in press). In one of the studies, the levels of microbes showed a significant dose response 
relationship to symptoms of hyper-reactive airways (Donham et al., 1989). 
 
A study in The Netherlands (Heederik et al., 1991) suggested that both endotoxin and Gram-
negative bacteria were related to reductions in pulmonary function, as measured by forced expiratory 
volume in one second, (FEV1) and forced vital capacity (FVC). Also, significant relationships were 
shown between symptoms of bronchitis, or Organic Dust Toxic Syndrome (ODTS) to endotoxin or 
Gram-negative bacteria exposure. 
 
8.2.2 Occupational Exposure Limit Studies 
 
 There is little scientific doubt that disease symptoms and work-shift declines in pulmonary function 
are related to several components of the mixture of particulate matter, bioaerosols and gases found 
inside CAFOs. These components include dust, endotoxin, hydrogen sulfide, and ammonia. 
However, the most important question in this regard is how much exposure creates a health hazard? 
Knowledge of the appropriate exposure limits is extremely important for controlling the work 
environment. 
 
Data, which suggest the exposure limits in relation to adverse pulmonary function and symptoms, 
are found in four dose-response studies (Donham et al., 1989; Donham et al., 1995; Reynolds et al., 
1996; and Cumro et al., 2001, in press). The first is a study of workers on 54 pig farms in Sweden 
(Donham et al., 1989). Several significant correlations were found between respiratory symptoms 
and PFT and PM, endotoxin, ammonia, and carbon dioxide. Significant relationships were seen 
between health measures and environmental measures taken at stationary locations in the buildings. 
More recent data analyses from US studies have corroborated the previous exposure limit study 
(Donham et al., 1995; Reynolds et al., 1996). A longitudinal study of 208 swine farmers (randomly 
selected from a stratified sample of all pig producers in Iowa) resulted in consistent evidence of a 
dose-response relationship of exposure to the dust and gases found in pig buildings and respiratory 
symptoms, and decreased pulmonary function. Furthermore, multiple regression analyses of the 
data, provided results consistent with the exposure limits previously mentioned in the Swedish study. 
 
The fourth dose-response study mentioned previously was conducted in the poultry industry with 
149 poultry production workers (Donham, Leistikow et al., 1989). This study analyzed respiratory 
symptoms and PFT associated with exposures to PM, endotoxin, and ammonia. Regression analysis 
was used to determine maximum exposure levels that predicted more than 5% pulmonary function 
decline with adverse health responses (Donham et al., 2000).  
 
These four studies reviewed above are in close agreement in regard to concentration levels of 
contaminants that represent hazardous exposures to workers in either swine or poultry CAFOs. 
Table 2, lists the recommended maximum levels from the scientific literature of environmental 
exposures based on the four studies reviewed above. Recommended maximum exposures for swine 
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health are also listed for comparisons sake. The worker health and swine health levels are reasonably 
close, indicating that protecting the health of workers also can provide benefits for health and 
production of swine. 
 
Table 2. Human and pig exposure thresholds for various bioaerosol components found in swine buildings. 
Exposure to concentrations of contaminants in excess of values given are associated with a higher 
proportion of ill-health in workers, and with disease, or lower production parameters in pigs. Taken 
from' Donham et al., (1989);1 Donham et al., (1995);1 Donham (1991);2 Reynolds et al., (1996);2 
Donham et al., (2000).1 

 
Bioaerosol component Human health1 Swine health2 
Total dust mg/m3 2.4 3.7 
Respirable dust mg/m3 0.23 0.23 
Endotoxin EU/m3 100 150 
Carbon dioxide (ppm) 1,540 1,540 
Ammonia (ppm) 7.0 11.0 
Total microbes cfu/m3 4.3x105 4.3x105 
 
 
8.3 Ambient Exposure Limits 
 
The EPA currently has national ambient standards for particulate matter (PM), sulfur dioxide, oxides 
of nitrogen, ozone, lead, and carbon monoxide. Generally, speaking, these emissions are not relevant 
to CAFOs, except PM. However, tracing the source of PM is difficult at this time, (although there 
are at least two possible methods for use, LIDAR and chemical analysis of signature molecules 
attached to particulates.) The U.S. EPA has promulgated standards in response to the 
Comprehensive Environmental Response, Compensation and Liability Act (CERCLA: 40 C.F.R. 
Part 302). Under this act, regulated hazardous substances (CERCLA 40 CFR Parts 355 and 370) 
emitted from a point source may not exceed 100 lb/day for ammonia, hydrogen sulfide and a 
number of other pollutants. Ammonia emissions from four CAFOs studied swine production 
systems in Iowa (Zahn et al., 2001a; Zahn et al., 2001b) were recently reported to violate release, 
reporting requirements for NH3 under the U.S. EPA Comprehensive Environmental Response, 
Compensation, and Liability Act (CERCLA, U.S. EPA, 2002). The range for ammonia emissions 
from these swine production sites ranged from 224 lbs NH3/day to 813.9 lbs. NH3 day-1 (nder 
warm weather conditions). The observed aggregate emission rates for swine production facilities 
evaluated in this latter study were reported to exceed CERCLA reporting requirements for NH3 by 
55% to 88%. There is an additional federal act that may be relevant to CAFOs. The Emergency 
Planning and Community Right-to-Know Act (EPCRA) section 329(4), defines a facility to include 
stationary structures on a single site, or on contiguous or adjacent sites owned or operated by the 
same person. Under this definition, the aggregated emission rate of registered hazardous substances 
from all swine production facility point sources is subject to release reporting requirements. As part 
of the release reporting requirements, the polluting facility must develop an EPA-approved emission 
abatement plan to curb emissions from the emitting point sources.  
 
Generally, there has been little published information available indicating that CAFO emissions 
exceed present federal Clean Air Act regulations. The EPA’s 1998-draft strategy for addressing 
CAFO issues has not included health or air quality provisions. However, the pending revision of the 
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Clean Air Act will likely address these issues.  There has been a USDA Air Quality Task Force 
working on the issues.  This Task Force issued a report dated July 19, 2000, titled, “Air Quality 
Research and Technology Transfer White Paper and Recommendations for Concentrated Animal 
Feeding Operations” (http://www.nhq.nrcs.usda.gov/faca/Archives/2000/Policy/CAFO.htm )  
Currently, EPA has commissioned the National Academy of Science to conduct a study evaluating 
the human health impacts of emissions from CAFOs. This 14-month study has just begun. 
Generally, this issue has been left up to the individual states. The states of Colorado, and Missouri 
have odor regulations, based on the sentometry at 7:1, and 5.4:1 dilutions respectively at the 
property boundary (Colorado Department of Public Health and Environment Air Pollution Control 
Divisions Odor Concentration Measurement, Scentometry Test Policy for Housed Commercial 
Swine Feeding Operations, Colorado Department of Public Health and Environment, Denver, 
Colorado, January 25, 2001, www.Cdphe.state.co.us/ap/hog_policies:html, and Missouri. Pollution 
Control Agency, Feedlot Air Quality Summary: Data Collection, Enforcement, and Program 
Development, March 1999). Minnesota and California have state H2S regulations, which are 50 ppb, 
for not more than one-half hour, and not more than two occurrences per year, and 30 ppb for not 
more than one-half hour for not more than two occurrences in a 5-day period (property line of the 
emitter). There is also a provisional 60 ppb human risk value (HRV) limit for not more than one 
hour (at the receptor) (MN Pollution Control Agency). Current regulations and recommendations in 
regards to federal and state agencies are reviewed in more detail in chapter 9.0. 
 
8.3.1 EPA Risk Assessments  
 
Risk assessment has been defined as "the characterization of the potential adverse health effects of 
human exposures to environmental hazards" (NRC, 1983). In a risk assessment, the extent to which 
a group of people has been or may be exposed to a certain chemical is determined, and the extent of 
exposure is then considered in relation to the kind and degree of hazard posed by the chemical, 
thereby permitting an estimate to be made of the present or potential health risk to the population 
exposed. Regarding the primary inhalation exposures in CAFOs, the U.S. EPA has completed risk 
assessment evaluations for ammonia and hydrogen sulfide. Both are limited to chronic (24 hour/day 
lifetime exposure) health hazard assessments for noncarcinogenic effects. The completed risk 
assessments represent a consensus opinion of EPA health scientists representing various Program 
Offices and the Office of Research and Development.  
 
The consensus process includes interpreting the available scientific literature applicable to health 
effects of a risk agent, and using established methodologies to develop values for inhalation 
reference concentration. With regard to multiple exposure routes, the U.S. EPA’s position is that the 
potential for health effects manifested via one route of exposure (i.e. dermal or respiratory) is 
relevant to considerations of any other route of exposure, unless convincing evidence exists to the 
contrary. In other words, if there is convincing data of a health hazard to a specific substance from 
respiratory exposure, then the EPA assumes dermal exposures are also hazardous, unless there is 
convincing evidence to the contrary. As more epidemiological, animal studies, and new scientific 
information becomes available for CAFO-related exposures, EPA intends to review it, as 
appropriate, and develop more complete risk assessments. 
 
Chronic Health Hazard Assessments for Noncarcinogenic Effects 
The inhalation reference concentrations (RfC) and chronic health hazard summaries for NH3 and 
H2S are listed in Tables 3 and 4, respectively. The No-Observed-Adverse-Effect Level (NOAEL) is 
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the highest exposure level at which there are no statistically or biologically significant increases in the 
frequency or severity of adverse effect between the exposed population and its appropriate control. 
Although some effects may be produced at this level, they are not considered adverse, nor 
precursors to adverse effects. The Lowest-Observed-Adverse-Effect Level (LOAEL) is the lowest 
exposure level at which there are statistically or biologically significant increases in frequency or 
severity of adverse effects between the exposed population and its appropriate control group. The 
Reference Concentration (RfC) is an estimate (with uncertainty spanning perhaps an order of 
magnitude) of a continuous inhalation exposure to the human population (including sensitive 
subgroups) that is likely to be without an appreciable risk of deleterious effects during a lifetime. The 
RfC is derived from a NOAEL, LOAEL, or benchmark concentration, with uncertainty factors 
(UF) generally applied to reflect limitations of the data used. The RfC is generally used in EPA’s 
noncancer health risk assessments. 
 
For ammonia, an uncertainty factor of 10 is used to allow for the protection of sensitive individuals. 
Additionally, a factor of 3 is used to account for several database deficiencies including the lack of 
chronic data and the lack of reproductive and developmental toxicology studies. Based on these 
factors, EPA sets the limit for lifetime exposures to ammonia at 144 ppb.  For hydrogen sulfide, the 
uncertainty factor of 1000 reflects a factor of 10 to protect sensitive individuals, a factor of 10 to 
adjust from sub-chronic studies to a chronic study, and a factor of 10 for both interspecies 
conversion and data base deficiencies.  Based on these factors, EPA sets the limit for lifetime 
exposures to ammonia hydrogen sulfide at 0.7 ppb. 
 
 
 

Table 3. Environmental Protection Agency Reference Concentrations for Chronic Inhalation Exposure to 
Ammonia 

Critical Effect 
 

Exposures* UF RfC 

Lack of evidence of deceased 
pulmonary function or changes in 
subjective syptomatology 
{Occupational Study} 
 

NOAEL (HEC): 2.3 mg/cu.m 30 0.1 mg/cu.m 
(144 ppb) 

 
*The NOAEL is based on an 8-hour TWA occupational exposure. 
(HEC) is the adjusted human equivalent dose. 
1USEPA, last revised 1991. 
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Table 4. Environmental Protection Agency Reference Concentrations for Chronic Inhalation Exposure to 

Hydrogen Sulfide1 

Critical Effect 
 

Exposures UF RfC 

Inflammation of the nasal mucosa 
{Mouse Sub-chronic Inhalation 
Study} 
 

NOAEL (HEC)2: 1.01 mg/cu.m 
(0.73 ppm) 

1000 0.001 
mg/cu.m 
(0.7 ppb) 

 

1USEPA, last revised 1995. 
2 NOEL (HEC) = No Effect Exposure Level, Human equivalent dose. 
*See appendix A for references for these hazard assessment recommendations. 

 
8.3.2 ATSDR Recommended Limits  
 
Ambient exposure guidelines are also provided in the reviews produced by the Agency for Toxic 
Substances and Disease Registry, the federal agency charged with evaluating possible health risks 
from chemicals released at waste sites where the general public may be exposed. In their 
Toxicological Profiles, this Agency has reviewed the extensive literature concerning health effects of 
ammonia (ATSDR, 1990, reviewing more than 350 articles to assess possible human health effects 
of this compound) and hydrogen sulfide (ATSDR, 1999, reviewing about 470 articles), probably the 
two major contaminants of concern from animal operations as far as is currently known. While the 
ATSDR guidelines are not generally applicable and enforceable ambient standards, their focus is on 
protection of the public, including sensitive individuals, and thus they are relevant to the situation 
under consideration here. 
 
The product of ATSDR reviews are generally information and guidelines related to public exposures 
near waste sites. They state:  
 

During the development of toxicological profiles, Minimal Risk Levels (MRLs) are 
derived when reliable and sufficient data exist to identify the target organ(s) of effect or 
the most sensitive health effect(s) for a specific duration for a given route of exposure. 
An MRL is an estimate of the daily human exposure to a hazardous substance that is 
likely to be without appreciable risk of adverse noncancer health effects over a specified 
duration of exposure. MRLs are based on noncancer health effects only and are not 
based on a consideration of cancer effects. These substance-specific estimates, which are 
intended to serve as screening levels, are used by ATSDR health assessors to identify 
contaminants and potential health effects that may be of concern at hazardous waste 
sites. It is important to note that MRLs are not intended to define clean up or action 
levels. MRLs are derived for hazardous substances using the no-observed-adverse-effect 
level/uncertainty factor approach. They are below levels that might cause adverse health 
effects in the people most sensitive to such chemical-induced effects. MRLs are derived 
for acute (1-14 days), intermediate (15-364 days), and chronic (365 days and longer) 
duration and for the oral and inhalation routes of exposure (ATSDR, 1999, page A-1).  
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Thus the MRLs are designed to protect sensitive populations. However, as the MRLs are derived for 
individual contaminants; mixtures of chemicals such as CAFO emissions are potentially more 
hazardous, but difficult to assess from a health effect standpoint. The situation of mixed exposures 
is discussed in section 8.3.2. 
 
The ATSDR report on ammonia (ATSDR, 1990) establishes a short-term (less than or equal to 14 
days) MRL of 500 ppb for inhalation. A long-term (defined as greater than 365 days in this earlier 
Toxicological Profile) MRL of 300 ppb at the receptor is established. It appears that the 300ppb 
MRL would be the appropriate comparison value for public exposures beyond the property limits of 
a CAFO (table 6). Using the occupational 8-hour time-weighted-average recommendation for 
workplace exposure (nearly 100 times this value), while appropriate for the healthy adult working 
population, would be inappropriate for continuous exposure of the general public which includes 
sensitive populations, including infants, the elderly, and those with pre-existing conditions. 
Observed or estimated CAFO concentrations of 250 ppb are at times uncomfortably close to the 
long-term ammonia MRL (Subramanian, et al., 1996; Reynolds et al., 1997). 
 
Hydrogen sulfide is another major contaminant of concern near confinements. The July 1999 
ATSDR "Toxicological Profile for Hydrogen Sulfide" (ATSDR, 1999) derives "an acute inhalation 
MRL of 70 ppb" and "an intermediate MRL of 30 ppb" (p. 139); these would correspond to the 1-
14 day and 15-364 day durations of exposure, respectively, and would be appropriate for those living 
adjacent to CAFOs (table 6). These MRLs are public health exposure guidelines, much lower than 
the occupational limit of 10,000 ppb. 
 
Generally, there is limited peer-reviewed published literature on community assessments of 
hydrogen sulfide in the vicinity of CAFOs. There is a non-peer reviewed article by Jacobsen, (1997), 
for both ammonia and hydrogen sulfide.  There have been several studies by the USEPA of 
continuous monitoring around CAFOs.  One of these is a 1999 study in Northern Missouri is 
available from the EPA (Secrest, C.D., “Field Measurements of Air Pollutants Near Swine 
Confinement Animal Feeding Operations Using UV DOAS and FTIR,” Office of Regulatory 
Enforcement, Air Enforcement Division USEPA, MS 2242A, 1200 Pennsylvania Avenue, NW, 
Washington, DC, 20460). Furthermore, the Minnesota Pollution Control Agency has conducted 
monitoring of numerous CAFOs.  Their report on “Feedlot Air Quality Summary Data Collection, 
Enforcement, and Program Development (March 1999),” can be seen at 
http://www.pca.state.mn.us/hot/feedlots.html. These reports indicate that observed off-site 
concentrations near CAFOs at times may approach or exceed these ATSDR recommended limits. 
 
There is a very important point to note, that there is variation in concentrations that can be 
measured, depending on atmospheric conditions.  Stable atmospheres, particularly in the evening are 
condusive to build up of contaminants in the vicinity of CAFOs. Therefore, it is important that 
measurement periods take these predicable variations into account. In other words, just measuring 
during the evening as well as the day is important to obtaining an accurate assessment of actual 
exposure at the receptor. 
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Table 6.  Agency for Toxic Substances and Disease Registry Minimum Risk Levels (MRL) for Ammonia and 
Hydrogen Sulfide1 

 

Substance 
 

Acute Exposure 
(1-14 days) 

Intermediate Exposure  
(15-364 days) 
 

Chronic Exposure 
(365 days and longer) 

Ammonia 
 

500 ppb (None listed) 300 ppb 

Hydrogen Sulfide 70 ppb 30 ppb (None listed) 
 

 

8.4 Relevance of legal or other recommended limits to occupational and ambient air quality associated with 
CAFOs. 
 
Regarding OSHA occupational health exposure regulations, the PEL’s listed for the hazardous 
substances found in CAFOs is not highly relevant. The reasons are as follows: 
 

1. The scientific literature document s that endotoxin is one of the most hazardous substances 
to CAFO workers (Rylander, Jacobs, Organic Dusts, Exposure, Effects, and Prevention. 
CRC Press, 1994). However OSHA has no PEL standard for endotoxin  

2. The OSHA PEL for PM is based on a non-biologically active (nuisance) dust. However, the 
PM inside CAFOs is highly biologically active, (high concentrations of microbes, endotoxins, 
and glucan) and is hazardous at much lower levels than in the 10 mg/m3 published PEL 
(Donham and Scallon, 1986, and Donham and Reynolds 1996). 

3. The PEL’s are written assuming exposures to one toxic substance. CAFOs result in complex 
mixed exposures, which lowers the allowable exposure to each individual component of the 
mixture (Donham and Scallon, 1986, and Donham and Reynolds, 1996). Therefore, the 
OSHA or other recommended limits are not highly relevant. Although NIOSH, ACGIH, 
and AIHA are more stringent than OSHA, they are still much higher than research findings 
indicate they should be to offer, adequate worker protection in mixed exposure situations 
like CAFOs.  
 

8.4.1 Mixed Exposures – Occupational  
OSHA has established a Permissible Exposure Limit (PEL) for nuisance dust of 15 mg/m3. The 
OSHA TWA's for respirable particles and ammonia are, respectively, 5 mg/m3 and 50 ppm. 
Threshold limit values (TLV’s) established by the American Conference of Governmental Industrial 
Hygienists (ACGIH) include 10 mg/m3 for nuisance dusts, 4 mg/m3 for grain dusts, 3 mg/m3 for 
respirable dusts, and 25 ppm for ammonia (Table 1, NIOSH, 1994; ACGIH, 1994). However, 
several published research manuscripts (Donham KJ, et al., 1995, Reynolds S, 1996, Donham KJ et 
al., 2000) document that these limits are too high for CAFOs where a mixture of biologically active 
agents can combine to produce respiratory and systemic effects at much lower levels (Cumro et al., 
in press). 
 
Multiple agents, multiple etiologies, and the potential for multiple interactions make thorough 
evaluation of health effects from CAFO emitants a very difficult task. The assignment of 
unquestionable causality to a single agent for a single adverse health effect or dysfunction in 
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confinement workers is unlikely at best. The 2001ACGIH publication for threshold limit values for 
chemical substances and physical agents states that when mixed exposures are present, and unless 
other data indicate differently, the effects should be considered additive. For example where C1, C2, 
and Cn are measured concentrations of hazardous substances, and T1, T2, and Tn, are their 
respective TLV’s, then the relationship to determine if the level is under legal TLV’s, the relationship 
is defined mathematically as follows:C1/T1 + C2 /T2 + Cn/Tn = < 1.  
 
There may be instances when the effects of two substances are greater than additive, defined as a 
synergistic interaction. If synergy is present then mixed exposures are even more hazardous than if 
the effects were merely additive. Such a relationship between NH3 and PM in CAFOs, has been 
defined by Cumro and Donham, (in press). Data were analyzed from an exposure- response study of 
149 poultry CAFO worker. Analysis of this data-set revealed prominent dose-response relationships 
between increasing PM, NH3, and endotoxin concentrations with corresponding cross-shift declines 
in worker lung function. Specific threshold concentrations were defined including total dust, 2.4 
mg/m3; respirable dust, 0.16 mg/m3; total endotoxin, 100 EU/m3; respirable endotoxin, 0.35 
EU/m3; and NH3, 12 ppm (Donham and Cumro, et al., 2000). As health effects to poultry workers 
from exposure to both dust and ammonia were less than half the published ACGIH TLV’s, 
investigations were undertaken to study possible interactions between these substances. The results 
demonstrated that when workers are exposed to both PM and NH3, the adverse effect on 
pulmonary function is up to 156% greater than the individual effects of these gases (Cumro, et al.,  
in press). Assuming a typical swine CAFO winter concentration of 10 ppm of NH3 and PM of 3.5 
mg/m3, and the TLV for grain dust of 4 mg/m3, the correct relationship to determine if exposure 
limits are exceeded in this situation would be as follows: ([NH3]/TLV of NH3 + [PM]/TLV of PM) 
x 1.56. An example for a typical swine building would be as follows: (10 ppm / 25 ppm + 3.5 
mg/m3 / 4 mg/m3) x 1.56 = 2.0. In other words, a typical building might exceed our recommended 
limit by two times. Synergy of simultaneous dust and ammonia exposures in a working environment 
raises the question of redefining exposure limits for organic dust and ammonia when workers are 
exposed simultaneously to these substances. 
 
8.4.2 Mixed Exposures – The Community Setting  
 
The EPA, in fact, treats mixed exposures in the community as additive (as ACGIH treats 
occupational exposures) unless there is information to indicate otherwise (USEPA 600890066F 
Methods for Derivation Inhalation Reference Concentrations and Application of Inhalation 
Dosimetry http://www.epa.gov/cgi-bin/claritgw).   Existing data are clear that the community 
exposure concentrations are much less than in the occupational setting.  The logical public health 
question is do mixed exposures in the community setting also have additive or synergistic health 
effects?  Fundamental toxicologic principles would predict there would be additive or synergistic 
health effects of mixed exposures in the community, (as there would be in the occupational setting) 
if the hazardous substances effect the same body tissues or organ(s). 
 
In the case of CAFOs, ammonia and hydrogen sulfide both have direct effects on the respiratory 
system, although ATSDR also warns that hydrogen sulfide is also a broad-spectrum poison. 
Whether exposure indices for these two respiratory irritants with similar short or intermediate term 
MRLs can or should be added is not immediately clear but certainly possible. A potential method to 
establish limits in mixed exposures would be to ratio the concentrations to the appropriate MRLs, 
with a sum below 1 suggesting no respiratory threat (similar to ACGIH for occupational exposures 
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ACGIH TLV’s for Chemical Substances and physical agents and biological exposures indices). Note 
that a sum above 1 would not necessarily imply overexposure unless known toxic limits were 
reached, but would be an "indeterminate human health hazard" under the ATSDR classification 
scheme. 
 
ATSDR notes hydrogen sulfide is considered a broad-spectrum poison. This means that it can 
poison several different systems in the body. Thus, in addition to possibly additive or synergistic 
effects on the respiratory system in the presence of ammonia, there may also be additive effects with 
other components of CAFO emissions. These materials occur together, not only with each other, 
but also potentially with a variety of other contaminants in hog manure. For example, there are 
endotoxins and other bioaerosols along with various other substances that contribute to the 
observed effect. Unfortunately, available research does not allow quantitive assessment of the health 
effects of all the mixtures of all substances in CAFO emissions. 
 
8.5 Summary of Occupational Exposure Limits as Recommended from the Scientific Literature 
There can be no questions that exposure to emissions while working in CAFOs can be a health 
hazard. There are over 50 publications documenting the risks. There are now 4 dose – response 
studies that agree quite closely, regarding the lowest observed health effect levels are. As the 
concentration of the livestock industry continues, and becomes more specialized, we have greater 
worker exposure because more are working full-time inside the buildings, rather than spending time 
in other farming activities as in previous diversified farms. OSHA has left the industry alone for the 
most part, but with many more large operations (with more than 10 employees), this segment of the 
industry clearly falls under OSHA’s mandate. However, as previously discussed, the current OSHA 
limits are not highly relevant to protection of CAFO workers. The following concentration, listed in 
table 7, are scientifically supportable guidelines for occupational exposures, and are listed adjacent to 
current OSHA standards. (Donham et al., 1989; Donham et al., 1995; Reynolds et al., 1996; and 
Donham et al., 2000. 
 

Table 7. Summary of Scientific Recommendations of Maximum Exposure Concentrations for Occupational 
Health Considerations of Swine and Poultry CAFO Workers.  

 
 Human Health1 Current OSHA 
Total dust mg/m3 2.5 15 
Respirable dust mg/m3 0.23 5 
Endotoxin EU/m3 100 NA 
Carbon dioxide (ppm) 1,540 5000 
Ammonia (ppm) 7.0 50 
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8.6 Summary of Ambiant Exposure Limits as Recommended from Federal Agencies and Regional State 
Regulations 
 
There has been no published literature on dose – response relationships of CAFO emissions and life 
quality or chronic health effects among community residents. However, several states have adopted 
emission standards based on the weight of evidence regarding individual chemical exposures (see 
chapter 9.0)  Furthermore, ATSDR and the EPA have made recommendations based on hazard 
assessment evaluations. Also, consideration for mixed exposures should lower levels set for 
individual exposures. The following concentrations could be supported for CAFOs, based on the 
relevant information reviewed above. 
 
H2S:  
15 ppb at the residence for a one-hour average measure and 70 ppb at the property line.  No more 
that seven exceedences would be allowed, per calendar year (with notice to the residents and DNR). 
NH3: 
150 ppb at the residence and 500 ppb at the property line for a one-hour average measure.  There 
should be no more than 7 exceedences (with notice to residence and DNR), per calendar year.  
Odor:  
Odor would not exceed 1:7 dilutions at the receptor, or public use area, No more than 14 
exceedences (with notice), per calendar year.  An additional consideration could be given to a 1:15 
dilution at the property line.  Monitoring would be conducted via scentometry.  
 
 
8.7 Justification for Recommendations of Exposure Limits 
 
The concentrations listed in section 8.6 above, are based on a combination of data gained from 
relevant regulations in other states, and recommendations from made by several public health 
related agencies, including the World Health Organization, the US Environmental Protection 
Agency (EPA), and the US Agency for Toxic Substances and Disease Registry (ATSDR). The basis 
for the regulations promulgated in other states are reported in Chapter 9. The justification for levels 
recommenced by the EPA and ATSDR are described below. 
 
The ATSDR minimal risk levels (MRL’s) were developed in response to the mandate for the agency 
to list hazardous substances commonly found at listed facilities, the toxicologic profiles of these 
substances and to ascertain significant human exposures. That mandate is specified in The 
Comprehensive Environmental Response, Compensations and Liability Act (CERCLA) [42 U.S.C. 
9604 et seq.], as amended by the Superfund Amendments and Reauthorization Act (SARA) [Pub. 
L.99-499]. The ATSDR has adopted a method similar to the EPA to determine the MRL’s for 
respiratory exposures, or Reference concentrations RfC’s. These levels are estimates of the daily 
human exposure to a hazardous substance that is not likely to cause adverse (non-cancerous) health 
effects, over a specified exposure period (acute – 1-14 days, intermediate – 15-364 days, and chronic, 
greater than 365 days). MRL’s are derived when the ATSDR determines there is sufficient data to 
determine specific and sensitive health effects for a specific duration. Consistent with principles of 
public health, the MRL’s are set to protect sensitive individuals, and that there is a safety factor built 
in as they are set below levels that might cause adverse health effects. The public health protection 
principle is also used by utilizing uncertainty factors (UF) when less than complete data are available. 
The MRL’s undergo a rigorous review process, both internal, and external to the agency, are peer 
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reviewed, and are submitted for public comment. As of June 1, 2001, 286 MRLs had been 
determined, including hydrogen sulfide, and ammonia. The MRL’s can be found on the ATSDR 
website at www.atsdr.cdc.gov/mrls.html. The ATSDR also publishes, “Toxicologic Profiles,” which 
reviews the literature on the toxicology and public health significance, and justifications for MRL’s 
determined for each of the substances for which an MRL is determined 
(www.atsdr.cdc.gov/toxpro2.html). 
 
As mentioned previously, the more detailed methods ATSDR uses for determination of MRL’s are 
very similar to the EPA methods for setting their risk levels, which are called reference dose 
concentration guidelines, (RfD’s, for oral exposures, or RfC’s for respiratory exposures).  The EPA 
method is described in detail here to help explain how EPA and the ATSDR develop their exposure 
guidelines. The EPA Risk Assessment Method, are described in detail in the 416 page document 
600890066F, entitled “Methods for Derivation Inhalation Reference Concentrations and 
Application Dosimetry” (www.epa.gov/cgi-bin/claritgw). The EPA has a long history of evaluating 
scientific information and in developing benchmark values for regulatory action to protect the public 
from adverse health effects. The National Academy of Sciences (NAS) has been charged with the 
evaluation of risk assessment processes performed by federal agencies to assure that regulations are 
based on best judgment and analysis of available scientific knowledge (Risk Assessment in the 
Federal Government: Managing the Process, NAS, 1983, and NAS Report on Sciences and 
Judgment in Risk Assessment, National Research Council, 1994). The NAS recommends that risk 
assessment should be separate from policy aspects of risk management to help assure 
recommendations for protection on the publics’ health are not compromised by the political 
process. Furthermore, NAS defines risk assessment as “characterization of the potential adverse 
human health effects of exposures to environmental hazards and consists of the following steps: 
 

1. Hazard identification: to determine the cause-health effect linkages of suspected hazardous 
substances; 

2. Dose-response assessment: the estimation of the relation between the magnitude of 
exposures and the occurrence of the health effects in question; 

3. Exposure assessment: determination of the extent of human exposure;  
4. Risk characterization: determination of the nature and magnitude of human exposure, along 

with attendant uncertainty. 
 

The EPA adopted its reference dose concentration guidelines (RfD’s) and analogous guidelines for 
respiratory exposures (RfC’s) based on the NAS guidelines, but the method is more rigorously 
defined and includes guidance for uncertainty factors (UF’s) to help guide extrapolation in instances 
such as applying animal data to human exposures, and incomplete data (Barnes and Dourson, 1988). 
The process is a quantitative approach to interpretation of toxicology and epidemiologic data to 
determine a dose-response estimate, followed by a comparison to exposure estimate to analyze risk 
characterization. The RfC is defined as: An estimate (with uncertainty spanning perhaps an order of 
magnitude) of a continuous inhalation exposure to the human population (including sensitive 
subgroups) that is likely to be without appreciable health risks during a lifetime (24 hours per day for 
70 years).  
 
The steps to calculating an RfC are as follows: 
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1. Determination of a no-observed-adverse-effect-level (NOAEL), which is the highest dose 
where no health effects are seen, or threshold level (Klaassen, 1986). 

2. Determination of a human equivalent concentration (HEC) of the NOAEL, if the latter is 
based on animal data.  

3. Determination of uncertainty factors (UF) that may include necessary extrapolations from:  
a. average healthy to sensitive humans 
b. animal to human data 
c. sub-chronic to chronic data 
d. lowest effect level to NOAEL 
e. incomplete to complete data base 

4. Determination of any necessary modifying factors (MF) not addressed by the UF’s, such as 
adjustments for low sample sizes, or poor exposure characterization.  

 
The RfC determination could be defined by the following notation: 
 

RfC = NOAEL[HEC] / (UF x MF) 
 
Usually a subjective confidence level is assigned to the RfC, based on the quality and 
completeness of the data and the extent of UF’s used. These are issued not to disregard those 
with medium or low confidence levels, but to indicate that the values may change as more 
information becomes available. RfC’s with a high confidence level may not expect to change in 
the future, relative to those with a low confidence level. The EPA’s Integrated Risk Information 
System (IRIS), lists all the RfC’s established, and discusses the UF’s used in their determination.  
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9.1 Introduction 
Air emissions and odor from Concentrated Animal Feeding Operations (CAFOs) has become the 
subject of discussion and government action in a number of states. Sometimes the news media, 
environmental disasters or the large number of constituent contacts, push legislative changes or 
administrative action on how CAFOs are sited and managed. Occasionally a new scientific study on 
the topic changes the tone of the debate.  
 
This chapter documents action taken to regulate and manage CAFO air emissions and odor in 
jurisdictions outside Iowa. It gives examples of the kind of control various levels of government 
have imposed on the management of these facilities in an attempt to balance economic advantage 
with public health and welfare. 
 
9.2 Distinguishing the Consequences of Air Emissions: Nuisance or Health Effects 
Air emissions from animal waste storage systems, buildings and land application of animal waste 
contain a number of gasses and particles that include hydrogen sulfide, ammonia, methane, 
particulate matter and bioaerosols. Hydrogen sulfide is an example of a substance that is both a 
direct toxic health risk and odorous. Furthermore, this odorous substance, as well as other odorous 
substances, may also cause adverse health symptoms, from an indirect toxic mechanism via 
interactions with the central and peripheral nervous system. [See Chapter 6] 
 
Odorous compounds also decrease the quality of life of neighbors. Hydrogen sulfide, for instance, 
causes corrosion of metals and damage to plants. When a state or local government acts to reduce 
air emissions, it might describe this as intervening to protect public health or to enhance the quality 
of life or the government may say nothing about what motivates its action.  
 
The Minnesota Pollution Control Agency (MPCA) places limits on hydrogen sulfide emissions at 
CAFOs. Minnesota is similar to other states that have recently intervened to reduce air emissions 
from a type of activity that was formerly thought to be only a local issue. 
 

In the past, the Minnesota Pollution Control Agency (MPCA) has viewed odors as a natural 
result of animal production that could best be addressed through good land use planning, 
with the primary responsibility for land use planning at the local level of government (see 
Minn.R. 7020.0100).1  
 

Just as states have struggled to determine whether state or local regulation is appropriate, they have 
not found it simple to distinguish the rationale for regulation. It is not simple to say which air 
emission is a  health issue and which a nuisance. Rather there is a continuum from life threatening 
acute health effects, through acute effects that are not life threatening, to chronic effects that appear 
after longer exposure, to annoyance smell. Odor or a constituent part of the air emission can have a 
range of effects. Consider this example. Two Minnesota agencies, the MPCA and the Minnesota 
Department of Health (MDH) have established values to limit the various adverse effects from 
hydrogen sulfide emissions from CAFOs. The MDH explains why both agencies have acted. 
 

The MPCA standard for hydrogen sulfide will protect against symptoms of headache, 
nausea, and maintain a quality of life for Minnesotans. The MDH acute Health Risk Value 
(HRV) will protect against respiratory effects by ensuring that hydrogen sulfide is included in 
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hazard indexes calculations where hydrogen sulfide is one of many chemicals emitted to air 
potentially having respiratory impacts.2  

 
9.3 Minnesota GEIS on Animal Agriculture 
The state of Minnesota has recently brought the scientific and public policy community together to 
advise state government on how to proceed on several CAFO issues. This extensive process resulted 
in a Generic Environmental Impact Statement (GEIS) for animal agriculture that was presented at a 
public hearing on December 10, 2001. Because the technical work papers for the GEIS date from 
the first half of 2001, this chapter relied heavily on three GEIS Technical Work Papers -- Air Quality 
and Odor, Role of Government, and Human Health. One finding of the GEIS Technical Work 
Papers is that air quality has not been the driving force behind government action.  

Existing laws and programs have mostly emerged out of a long-standing concern over 
surface water impacts, which, while valid, have meant that air, groundwater and other 
emerging issues are not adequately factored into government decision-making.3  

 
Government’s slow involvement with air emissions and odor is substantiated by data presented in 
1998 survey on Animal Confinement Policy designed by a National Task Force of 15 Extension 
Specialists representing all regions of the nation. For only 13 of 48 states did those surveyed answer 
yes to the following question: Are odor standards imposed as a matter of state government policy or 
court decisions in your state?4 More than twice as many states regulate discharge to surface water. 
However, some states like Missouri, which recorded an answer of ‘no’ to the preceding question, 
now have odor standards.  
 
9.3.1 Iowa 
We will discuss Iowa CAFOs at length below. However it is informative to see the view of our state 
from our neighbor to the north. The Minnesota GEIS Technical Work Paper on Air Quality and 
Odor Impacts investigated regulatory programs in a number of states including Iowa. According to 
the researchers,  
 

{d}espite having an estimated 3,000 large animal feeding operations that have the capacity 
for more than 1,000 animal units and receiving many odor complaints from neighbors, the 
State of Iowa has essentially no program in place for addressing odors or air emissions from 
animal agriculture facilities.5  

 
This strong language points to the inadequacy of present Iowa rules and regulations. However, two 
members of this research team, one from the University of Iowa and one from Iowa State 
University were part of a study group which put the following language into Iowa Administrative 
Rules of the former Air Quality Commission in 1977 when an odorous substance standard was 
defined as: 
 

The emission of an odorous substance from an odorous substance source  
shall constitute a violation of these rules if the emission is of such  
frequency, duration, quality, and intensity to be harmful or injurious to  
human health and welfare, or as to unreasonably interfere with the  
comfortable use and enjoyment of life and property or so as to constitute a  
nuisance as defined in sections 657.1 and 657.2 of the Code. 
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The former paragraph was part of the state Administrative Code for only a short time. The rule was 
rescinded in 1984 when the term “odorous substances” was also deleted from the Administrative 
Rules.*6 
 
While the Minnesota GEIS was our starting point to seek out governmental action on air and odor, 
we also talked to government officials and staff of non-governmental organizations in pork 
producing states. We have omitted setback requirements, one type of policy that nearly every state 
has adopted to reduce the effects of air emissions and odor from CAFOs. We will look at 
regulations for three constituents of air emissions, hydrogen sulfide, ammonia and odor. We will 
look at local government activities and we will look at the results of action in the courts. In each 
category, rather than an exhaustive look we will choose a few jurisdictions to serve as exemplars for 
the kind of government intervention to control CAFO air emissions. 
 
9.4 Hydrogen Sulfide Standards 
The Agency for Toxic Substances and Disease Registry (ATSDR) of the US Department of Health 
and Human Services, lists 24 states with regulations or guidelines for hydrogen sulfide. In this 
section we will look at three states with regulations especially relevant to CAFOs.7  
 
9.4.1 Minnesota 
Minnesota is interesting because it addresses air quality issues from animal agriculture in several 
ways. First, the MPCA maintains a two-component Ambient Air Quality Standard for hydrogen 
sulfide. 50 parts per billion (ppb) is not to be exceed for ½ hour twice per year and 30 ppb is the ½ 
hour average not to be exceed more than 2 times in any 5 consecutive days.8 These are emitter 
property line standards for animal feeding operations over 1000 animal units in size. 
 
Second, subsequent to establishing these standards, another Minnesota agency, the MDH, proposed 
a draft acute Inhalation Health Risk Value (HRV) for hydrogen sulfide of 60 ppb as a 1-hour 
average and a draft subchronic (3-month average) HRV of 7 ppb.9 These standards are evaluated at 
the receptor rather than the emitter’s property line. The MDH plans to adopt both HRVs without 
public hearing in the very near future. In addition, the state addresses air quality issues from CAFOs 
by requiring each facility with a capacity of 1000 animal units to include an Air Emission Plan in its 
water quality permit.  
 
The many different air emission limits in a single state for only one constituent makes clear the 
difficulty in describing laws, regulations and decisions relating to CAFO air emissions and odor. 
Many authors do not make a distinction between air emissions and odor or between health effects 
and nuisance. In this chapter we will deal with both odor and air emissions and will try to record 
accurately which a particular law, regulation or decision is being referred to.  
 
9.4.2 Nebraska 
The Nebraska Department of Environmental Quality (NDEQ) implemented an ambient air quality 
health-based standard of 100 ppb for total reduced sulfur (TRS) in September 1997 (Revised January 
1999). The impetus for this action was industrial emissions in Dakota City, Nebraska and not 

                                                 
* Rule 400--4.5 was published as an adopted and filed rule on 6/16/77. On 6/22/83 the rule was transferred to WAWM 
as rule 900--23.5. An amendment published 9/12/84 changed the catchwords from "Odorous substances" to 
"Anaerobic lagoons"; rescinded subrules 23.5(1) and 23.5(2) and renumbered subrules 23.5(3) and 23.5(4) as 23.5(1) and 
23.5(2), respectively. Rule 23.5 is still in the Iowa Administrative Code.  
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CAFOs. However, since the revision in 1999, the standard applies to CAFOs. NDEQ prepared an 
extensive background research paper that focused on low-level exposure to hydrogen sulfide and 
TRS through inhalation.10  
 

Total Reduced Sulfur (TRS) consists of the total sulfur from the following compounds: 
hydrogen sulfide (H2S), methyl mercaptan (CH3SH), dimethyl sulfide ((CH3)2S), and 
dimethyl disulfide (CH3SSCH3) (87). These TRS compounds occur naturally in the 
environment. H2S makes up the greatest proportion of TRS.11  
 

As part of their research paper, NDEQ surveyed the 49 other states and found 27 states that had 
standards for H2S or TRS. These states based standards on a variety of issues including, odor or 
nuisance, welfare effects, and health effects. Standards varied considerably to as low as 0.7 ppb for a 
yearly average (New York) and 5 ppb averaged over 24 hours (Pennsylvania). Many of the standards 
were based on nuisance including Minnesota’s 30 ppb and 50 ppb standards. The lowest standard 
that was reported to be health based was a 10 ppb 8-hour 10 ppb standard (Illinois).12  
 
The authors of the background research paper recommended Nebraska’s present health standard of 
100 ppb, averaged over 30 minutes. The authors also recommended a much lower 30-day standard 
of 10 ppb or 5 ppb (depending on average humidity level in the air) to protect against other effects 
of sulfur compounds. While the state adopted the 100 ppb health-based standard, it has not yet 
adopted the lower, welfare standard for TRS.  
 
9.4.3 California 
The California Ambient Air Quality Standard (CAAQS) for hydrogen sulfide of 30 ppb for one hour 
was adopted in 1969 and reviewed but not changed in 1980 and 1984. A year 2000 review states the 
purpose of the standard was to decrease odor annoyance from industry rather than CAFOs. 
However, the review notes that significant adverse health effects might occur at levels of exposure 
below the CAAQS.13 More recently, the California Office of Environmental Health Hazard has 
adopted a chronic reference inhalation standard of H2S at 8 ppb. 
 
The three states give three motivations for a sulfurous emission standard. Nebraska has a health-
based standard of 100 ppb, averaged over 30 minutes at the receptor. Minnesota’s health standards 
vary from an acute 60 ppb 30-minute standard to a sub-chronic 7 ppb, 3-month standard measured 
at the receptor or nearer the source of the emission. The state also has two nuisance-based property 
line standards of 50 ppb and 30 ppb averaged over 30-minutes. California’s much older 30 ppb for 
one hour standard is based on nuisance but the state is looking into whether significant adverse 
health effects might occur at similar levels. The California Office of Environmental Health Hazard 
has adopted a chronic reference inhalation standard of hydrogen sulfide of 8 ppb.14 Standards for 
the three states as well as for federal agencies and the World Health Organization are contained in 
Table 1. 
 
9.5 Ammonia Measurements 
The ATSDR has published a toxicological profile for ammonia, which contains a list of regulations 
and advisories from various states. The list of acceptable ambient air concentration levels for 
Ammonia based on 1988 information, contains standards in place in 11 states.15 (See Appendix and 
Table 2.) The ammonia standards for the three following jurisdictions are contained in Table 2 at the 
end of the chapter.  
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9.5.1 Minnesota 
Besides establishing a Health Risk Value (HRV) for hydrogen sulfide, the Minnesota Department of 
Health has filed a draft HRV for ammonia as well. This HRV, like the other, will receive final 
approval in the next few months. Both HRVs are scientifically measured standards that protect the 
public from adverse health effects. The point of measurement would often be at the receptor but it 
is possible that the agency will take measurements at the property line as well. A brochure prepared 
for the public explains that being below the HRV does not necessarily take care of odor problems. 

However, keeping emissions at or below the HRV does not necessarily eliminate odors from 
the agricultural animal operation and may not eliminate health effects from odors.16  

 
9.5.2 Netherlands 
While The Netherlands is very different from any US state, it is similar in terms of livestock 
production.17 18 The numbers of livestock animals in The Netherlands are 14 million hogs, 108 
million chickens, 4.2 million cattle and 1.4 million sheep. On four times as much land mass Iowa has 
15 million hogs, 37.8 million chickens, 3.7 million cattle and 270,000 sheep. In The Netherlands, 
ammonia emissions from agriculture are responsible for 42% of the acidification attributable to 
domestic sources. Policies set forth in the 1990s aim to reduce by 70% the ammonia emissions 
compared to the 1980 benchmark. The European Union is working on a directive to reduce 
ammonia emissions that is being modeled after the Dutch regulation.  
 
Features of the Dutch policy that regulates phosphate, nitrogen and ammonia include a mandated 
reduction of the pig population by 10%, compulsory minerals accounting and reporting by all 
intensive livestock farms, a total ban on application of manure in autumn and winter, a ban on 
application on frozen ground, compulsory use of injection manure application, compulsory covering 
of manure storage tanks and reservoirs, strict requirements for ammonia emissions from intensive 
livestock facilities including a requirement that all new livestock housing meet the strict ALARA (as 
low as reasonably achievable) standards. All facilities will be required to meet ALARA by 2008. 
Farmers must have adequate manure storage facilities to store their manure from September 
through February. 
 
Methane and nitrous oxide arising from CAFOs are greenhouse gases that may contribute to global 
climate change. In The Netherlands, agricultural activities account for an estimated 45% of the total 
methane emissions and 35 to 40% of the N2O emissions. Measures being taken to reduce ammonia 
emissions should allow The Netherlands to reduce greenhouse gas emissions to levels mandated by 
the Kyoto Protocol. Thus far, the U.S. has not taken any steps to control emissions of greenhouse 
gases from livestock production. 
 
9.5.3 Missouri 
The Missouri Department of Natural Resources has been monitoring a Premium Standard Farm 
(PSF) concentrated animal feeding operation in northern Missouri since the beginning of 2000.19 
Hydrogen sulfide and ammonia concentrations are monitored on a 24-hour basis. The monitor has 
recorded high concentrations of both ammonia and hydrogen sulfide. Missouri has an ambient air 
standard for hydrogen sulfide and an ambient acceptable level (AAL) for ammonia of 144 ppb. The 
Department added a second monitor at another PSF facility late in Fall 2001.20 
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The Missouri Department of Health, the Missouri Department of Natural Resources, the US EPA 
and the US Agency for Toxic Substances & Disease Registry cooperated in a health evaluation near 
some of PSF's facilities in the fall of 2001. The health evaluation concentrated on the two pollutants 
hydrogen sulfide and ammonia. A health evaluation is to determine if a more full-scale health study 
is needed. The results of the evaluation have not been released.20 In a recent Consent Decree with 
the US EPA and a citizen’s group, PSF has agreed to continue to monitor for a number of air 
emissions including ammonia.21 
 
9.6 Odor legislation 
States can regulate air emissions without referring to a specific chemical constituent. The 1998 
national survey of animal confinement policies, referred to above, found thirteen states where odor 
standards were imposed as a matter of state policy or court decisions.4 We look at three states that 
require that odor from CAFOs be held below a threshold. In Missouri and Colorado, the threshold 
is based on a dilution standard. The Colorado dilution standard of 7:1 means that an air sample 
collected at the emitter property line is diluted with seven volumes of fresh air. If odor can still be 
detected by using an olfactometer and panel of smellers, there is a violation. (See description in 
section 3.4) North Carolina has an idiosyncratic method of deciding on an odor violation,  which is 
covered below. Table 3 summarizes the information in this section.  
 
9.6.1 Missouri 
On January 1, 2002, all very large CAFOs in Missouri must have an odor control plan in place 
describing measures to be used to control odor emissions (10 CSR 10-3.090, Code of State 
Regulations). All Class 1A CAFOs, those having more than 7000 animal units must comply (twenty-
one facilities in total). This air quality specific program approach dates from 1999. A number of farm 
organizations went to court alleging the state lacked authority to regulate emissions. The state has 
prevailed at the County Circuit Court and the Missouri Court of Appeals.22 At this time only 1 of 
Missouri's 21 Class 1A CAFOs has an approved odor control plan. All the others have not been 
approved. In general, the disapproved odor control plans lacked specific odor control and reduction 
strategies. Nearly all of the CAFO owners have appealed the state's disapproval of their plans.20  
 
Missouri uses a dilution threshold as a standard. An instrument called a scentometer is used in the 
field at a dilution threshold of 5.4:1 to determine if a significant odor is present. If odor is detected, 
an air sample is taken and sent for further evaluation by an olfactometry panel. If the panel detects 
the odor at a dilution threshold of 7:1 or greater, or at an intensity greater than a reference standard 
of 225 ppm of n-butanol, then a violation has occurred.  
 
9.6.2 North Carolina 
North Carolina CAFOs with liquid waste systems are required to first meet a number of best 
management practices for things such as dead animal disposal. Besides these management practices 
requirements, certain swine operations fall under the regulation’s complaint response and odor 
management program. Compliance with the rules depend on facility size and distance from an 
occupied residence, business, school, hospital, church, outdoor recreation facility, park, historic 
property, or childcare center. According to materials gathered in the Minnesota GEIS process, the 
North Carolina complaint response system is quite involved and seems to be a time consuming 
process. It consists of the following steps. 
 
Complaint response system  
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When a citizen complains to the state, they are asked to log complaints and weather conditions for 
30 days on a form provided by the North Carolina Air Quality Division (NCDAQ). Once the 
logbook is returned to the state, the following formal investigation takes place. 
 
a. An inspection is scheduled during weather conditions and time of day similar to when typical 

objectionable odor was reported 
b. Evaluation is made at the location of the residence of the complainants 
c. An “odor snapshot” is made by regional office investigator (one of 5 rankings) 
d. The snapshot evaluation is reported to a regional supervisor 
e. The regional office submits a recommendation to Division Director 
f. The Division of Air Quality Director makes a final decision whether an objectionable odor 

exists. 
 
If a determination of Objectionable Odor is made, the NCDAQ will require a Best Management 
Plan (BMP) of a facility—this is a revision of the original submitted plan. The BMP must be 
submitted within 90 days. Then ensues a process of plan approval and revision. If the BMP is found 
to be inadequate, the NCDAQ notifies the operation that it must submit a revised BMP under the 
same time schedules. Only then can the state order a facility to initiate any specific action.  

If the revised plan fails to adequately control, odors, the facility is required to install add-on 
control equipment and must submit a permit application for this installation within 90 days 
of receiving notification that their revised BMP was not adequate.24  

 
Thus far only 25 facilities have had an Objectionable Odor determination. Each is currently in the 
process of providing a BMP to NCDAQ. As of early 2001, none had moved to the final step in the 
process, the installation of add-on control technology. 
 
9.6.3 Colorado 
Missouri and North Carolina demonstrate the significant length of time required to decide what 
action to take to abate odor. A different approach was followed by the state of Colorado where a 
referendum on the state ballot led to regulations addressing odorous gases and odor emissions from 
new and existing housed commercial swine feeding operations. The list of rules is extensive. They 
include, a cover requirement of anaerobic process wastewater lagoons, aerobic lagoon requirements, 
land waste application setback requirements, and mortality waste handling requirements. Housed 
commercial swine feeding operations must use technologies to minimize off-site odor emissions 
from all aspects of the operation (confinement structures, waste treatment facilities, manure 
management and land application), develop a comprehensive odor management plan and obtain an 
operating permit. 
 
The regulation applies to all CAFOs that contain more than 800,000 pounds of live animal weight. 
Colorado CAFOs of this size must meet two ambient odor concentration standards, a dilution 
standard of 7:1 at the facility boundary and a dilution standard of 2:1 at any receptor (building, 
school or a municipal boundary). “The plans must also identify the odor monitoring that the facility 
intends to conduct in order to ensure compliance with the odor standards identified above.”25 While 
the requirements apply to more than 110 individual facilities, there are only eight owners of these 
facilities. The new regulations have reduced odor complaints substantially according to Phyllis 
Woodford of the Department of Public Health and the Environment.26  
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9.7 County and Local Action 
Citizens who are not satisfied with state level governmental action to mitigate the effects of CAFOs 
have two other venues to protect their rights. They may pursue restrictions at the local government 
level or they can go to court in a private cause of action.  
 
Rural counties have not generally adopted the zoning protection of more urban areas.  
However this seems to be changing.27 In Missouri, reticence to zoning restrictions in a rural county 
was overcome by the arrival of large confinement operations. A resident of a township next to 
Premium Standard Farm’s facility in Missouri, describes the area’s change of view that caused it to 
adopt zoning. 

You’ve got to make plans and provide for the control of the situation before it occurs. 
Otherwise, by the time you realize you need zoning, its too late, and they’ve set the hook.28  

 
While the eminent arrival of a CAFO might cause citizens to demand more protection from local 
government, local government is often prevented from playing a part in how CAFOs are regulated. 
State legislation to regulate animal agriculture has often been passed with the provision that local 
governments are prevented from intervening. Preemption of local action has been widely discussed 
in the literature.27 Abdalla and Becker give several examples of the preemption of local government’s 
abilities to deal with CAFOs. The authors explain resort to preemption laws by agricultural interests 
as simple economics. 

The economics of political influence clearly leads to a general preference for state level 
regulatory authority by organized interest groups. Monitoring and lobbying at the state level 
is much less expensive than providing these services at hundreds of local governmental 
units.29  

 
9.7.1 Iowa 
In Kuehl v. Cass County (1996) the Iowa Supreme Court held that all agriculture, including an 
animal feeding operation, is exempt from any county zoning. Before this decision, Humboldt 
County adopted four ordinances governing “large livestock confinement feeding facilities.” While a 
district court upheld three of the ordinances, as a proper application of “home rule” authority, the 
Iowa Supreme Court struck down all the ordinances in their decision in Goodell v. Humboldt 
County, Iowa in 1998.30 Presently an ordinance from Worth County is proceeding through the 
courts. This will test whether counties can regulate CAFOs based on public health. Whatever the 
outcome of the latest case, the Iowa preemption law has made county government reticent to try to 
regulate the location of CAFOs.  
 
9.7.2 North Carolina 
A website at the School of Pubic Health at the University of North Carolina contains reports on six 
county in the state that have passed ordinances regulating CAFOs. Ordinances required such things 
as operating permits, closure plans, graduated setback requirements and well testing. The Moore 
County ordinance for instances, required that confinement buildings and lagoons be set 2 miles 
from any golf course.31 In 2001, two North Carolina court decisions struck down two county 
ordinances and put the remainder in jeopardy. The courts found that the General Assembly did not 
want to impose an unnecessary economic burden on hog production caused by each county passing 
its own set of rules. Chatham County has appealed the Court of Appeal's decision to the NC 
Supreme Court. A decision is expected in early 2002.32  
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9.7.3 South Carolina 
The preemption strategy is not always successful as demonstrated by an attempt in South Carolina 
to push local government out of the regulatory picture. 

What started out as an attempt to adopt state laws that preempt counties from enacting 
measures to deal with confined animal feeding operations resulted in a measure that provides 
for considerable regulation of the activity and significant local involvement in the process.33  

 
9.8 State Moratorium on Expansion 
We have omitted one form of government action to this point. Moratoria have sometimes been 
adopted to give state officials time to review and update environmental regulations. In April 2001, 
Governor Jim Hodges of South Carolina imposed a 15-day moratorium on CAFO expansion to give 
environmental regulators more time to consider permit regulations.34 Short-term limitations on any 
expansion of CAFOs also have taken place in Kentucky, Missouri and Arkansas.30  
 
In one state the controversy over CAFO expansion has been so contentious that a continuous 
moratorium on large CAFO expansion has been put in place. North Carolina placed a two-year 
moratorium on the expansion of CAFOs with lagoon systems, when House Bill 515 passed in 1997. 
The moratorium has been extended twice and is now due to expire in September 2003.35 Such 
reaction leads one to speculate whether stricter regulation earlier in the process may have better for 
the industry in North Carolina. The moratorium originally resulted from a number of lagoon breaks 
but also from the perception that the original regulation was too lax.  
 
It is not even clear that weak legislation, preferred by nearly every industry, is in the best interest of 
producers in other parts of the nation.  

The Mo and Abdalla study found that overall, the stringency of environmental regulation did 
not appear to impact hog inventory growth.” and “…the amount of staff devoted to animal 
waste management had an unexpected, but strongly positive relationship to hog inventory 
growth.36  

 
9.9 Individual Legal Action 
Local citizens have access to the courts where one can bring a private cause of action under 
nuisance. However, in many states, state government has attempted to blunt individual legal action 
through “right to farm” legislation. Hamilton explains the motivation for such statutes. 

Most lawyers and farmers have more than a passing familiarity with the legal concept upon 
which the laws were originally based—existing farm operations should not become 
nuisances due to the later development of non-agricultural uses in the surrounding area.37  

 
Right to farm legislation has prevented neighbors and environmental groups from using individual 
nuisance action to require management changes or new locations for CAFOs. DeLind found that 
successful court action by neighbors against a Michigan swine confinement operation was the 
impetus for changing the law to give neighbors fewer rights by providing right to farm protection 
for what she calls hog hotels.38  

The official outcome, in other words, undermined both the original set of grassroots 
concerns and weakened the basis for further local-level action and representation.39  

 
However, courts in several states including Iowa have ruled that right to farm laws give only limited 
protection from nuisance action. Richardson and Feitshans point to the Bormann case decided in 
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1998 by the Iowa Supreme Court as reducing the effectiveness of this protection for animal 
agriculture.40 In that case, removing a citizen’s right to nuisance action within a declared agricultural 
area was found to be a categorical taking of private property for public purposes without just 
compensation. Thus, the Iowa Legislature had exceeded its authority by authorizing the use of 
property in such a way as to infringe on the rights of others.41  
 
In addition to limiting nuisance suits, another method of reducing the risk of animal agriculture 
operations from individual legal action has been the “fee shifting” provision. Hamilton gives the 
example of a 1995 Iowa law that assesses all costs and expenses of the defense side to the losing 
plaintiff in a nuisance action against a CAFO. Hamilton finds that “From a legal standpoint there are 
several reasons why this type of “soft” fee shifting is not a significant threat to most people who 
would file a nuisance challenge.”42  
 
In the last several months, two Iowa cases have set the stage for an expansion of the Bormann 
decision to land not in a designated agricultural area. In August 2001, an Iowa district court judge 
ruled for the first time that an Iowa law that protects CAFOs against nuisance suits is 
unconstitutional.43 The decision allowed the Gacke case against Pork Xtra, L.L.C. to proceed in a 
Sioux County, Iowa court.44 In January 2002, Pork Xtra was assessed $100,000 in damages.45 
 
In December 2001, a court in Calhoun County Iowa made a similar determination that the 
defendants in Kleemeier v. Beazly Group, Inc and Pork Innovations could go forward. The judge 
found that the defendant’s affirmative defense against nuisance action by neighbors had relied on an 
unconstitutional statute.46  
 
Actual examples of substantial plaintiff victories from CAFOs under nuisance exist in other states. 
On September 9, 2001 Buckeye Egg Farm in Ohio, was hit with a judgment of $19.7 million for 
nuisance violations including fly infestations and odor. According to Feedstuffs, Buckeye, which has 
barn capacity of 11 million hens and 4 million chicks, is considering bankruptcy protection. Buckeye 
is the fifth largest commercial egg producer in the U.S.47  
 
Nuisance need not be only a private court action. The Illinois Attorney General is presently 
prosecuting at least two swine CAFO operations under two counts of state law--air pollution and 
public nuisance--as well as under a third count of common law nuisance. There are two noteworthy 
dimensions of these cases. First, the Illinois AG cites considerable case law indicating that technical 
measures and depictions of odor and emissions are not required to prosecute air pollution and 
nuisance violations. Indeed, the nuisance statute itself was created, in part, to allow general citizens 
equitable access to courses of legal action without recourse to expensive technical measurements or 
scientific assessments.  
 
In fact, a ruling by a Ninth Circuit Court Judge in one of these cases, affirmed the evidentiary 
possibility of neighbors proving their case by experiential testimony. Moreover, the state Illinois 
Environmental Protection Agency (IEPA) that follows-up on odor complaints, does not conduct 
technical assessments of odor or emissions. Instead, representatives from the IEPA will respond to 
neighbor odor complaints by making site visits and carefully documenting the presence or absence 
of odor with their own sensory judgments. Interestingly, the IEPA has issued warnings to 
prospective CAFO builders and operators (prior to construction of a CAFO) that just because they 
receive an approved state operating permit does not preclude action against them for violating the 
state’s odor and nuisance standard. In fact, there are cases in Illinois where the Illinois Department 
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of Agriculture will issue an approval for construction and operation while the IEPA will issue a 
simultaneous warning of potential air quality violations against neighbors. 
 
It should be noted that the air pollution and nuisance statutes of Illinois are similar, if not identical 
to those found in other states. Hence the issue becomes not one of statutory authority of the 
Attorney General to prosecute such cases on behalf of neighbors, but more likely a political decision 
based upon a weighing of competing interests. More importantly, these statutes and associated case 
law recognize the evidentiary value of experiential assessments of odor by neighbors.  
 
9.10 Non Regulatory Approaches 
 
9.10.1 North Carolina 
In July 2000, then North Carolina Attorney General Mike Easley signed an agreement that required 
Smithfield Foods, by far the state’s largest pork producer, to pay $15 million to fund research and 
testing on better technologies to treat hog waste. Premium Standard Farms has committed $2.5 
million for the same research questions under a similar agreement with Easley who is now 
Governor. In July 2002, a report is due. 

Smithfield-affiliated farmers then have three years to convert their facilities to the 
recommended technologies. In addition, the agreement requires Smithfield to pay $50 
million for environmental improvements such as mapping and closing abandoned waste 
lagoons in the eastern half of the state.48  

 
The technologies being examined must make substantial reduction in a number of emissions 
including ammonia, odor, disease vectors and airborne pathogens. Since this is early in the 
agreement, it is well to withhold judgment on whether or not Smithfield facilities will solve their 
odor and water emission problems. 
 
9.10.2 Oklahoma  
Oklahoma is another state in which a livestock producer has signed an agreement with the State 
Attorney General to change waste treatment systems at facilities.  

Seaboard Farms, the state’s largest corporate hog producer, signed an agreement Tuesday 
(12/04/01) to spend about $3 million to better treat sewage and -–for the first time – 
control odors scientifically.49  

 
Seaboard agreed to several measures including installing a manure treatment system similar to 
human waste treatment systems and agreed to share monitoring results with the state. The 
agreement allowed the company to open a second 25,000-sow facility similar to the one where the 
new treatment devices will be installed. 
 
9.10.3 Missouri 
A third case of a settlement of a court case resulted in changes by Premium Standard Farms (PFS) in 
Missouri. In 1997 Citizens Legal Environmental Action Network (CLEAN) filed suit against PFS 
for its waste handling procedures. In 1999, the US EPA joined the citizen suit. Settlement of the 
court case in Missouri has resulted in a civil penalty of $1,000,000. However PSF was allowed to 
receive credit for payment of $650,000 to the State of Missouri for a previous State Consent Decree. 
The PSF website describes the settlement as $350,000.50 The payment of civil penalty was small in 
comparison to what PSF pledged to invest in upgrades to its facilities in Missouri, which has been 
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reported as high as $50M.51 52 Although the PFS agreement is a legal settlement, we treat it in this 
section because of the requirement that new technologies be introduced and the joining of 
government entities in citizen suits. 
 
9.11 Role of Research in Public Policy 
Government does not always wait for research recommendations before taking action. We have 
referred often to Minnesota’s Animal Agriculture GEIS process for which the state legislature 
committed $1.4 million beginning in 1998. While the process was underway, in the 2000 legislative 
session, the ability of the Minnesota Pollution Control Agency (MPCA) to enforce feedlot rules was 
compromised as follows.  

Lacking evidence of an immediate public health threat, the MPCA may not require operators 
of feedlots under 300 AU to spend more than $3000 without 75% cost-share, and feedlots 
under 500 AU cannot be required to spend more than $10,000 without cost-share of 75% of 
the upgrade, or $50,000, whichever is less.53  

 
One reason to expect legislators not to wait for a research process to be complete is the same reason 
courts side with neighbors who have only their own experience and not exhaustive studies to impart. 
When legislators heard from their constituents who produced small numbers of livestock, that they 
did not want to be caught up in regulations for “the big guys” the legislature acted on what they felt 
was adequate evidence. 
 
Our two colleges have been asked to bring science to regulatory decisions. Similarly in Minnesota 
and Nebraska, regulatory action was based on a survey of the scientific literature on health and 
welfare effects of pollutant emissions or on a survey of action in other states. However, both 
researchers and legislators assert that a scientific recommendation need not necessarily have all the 
answers before regulations can be promulgated. Regulating air quality from CAFOs can be made on 
the basis of precaution. 
 
The Precautionary principle provides a guide to environmental policy that places the burden on the 
proponents of a potentially harmful activity to prove that their actions do not harm human health or 
the environment. The principle has been stated in many different places and contexts. The1998 
Wingspread Statement, which is a consensus document produced by those attending a conference 
on the issue at the Wingspread Conference Center in Wisconsin,  states in part: 
 

When an activity raises threats of harm to human health or the environment, precautionary 
measures should be taken even if some cause and effect relationships are not fully 
established scientifically. In this context the proponent of an activity, rather than the public, 
should bear the burden of proof.54  

 
The precautionary principle already forms the basis of at least a dozen treaties and international laws 
including the 1987 Montreal Protocol on Substances that Deplete the Ozone Layer, the 1992 UN 
Framework Convention on Climate Change and the 2000 Cartagena Protocol on Biosafety.55 56 57  
 
The precautionary principle has often been applied to the introduction of new chemicals into the 
environment. Kriebel and Tickner assert that science informs policy in many ways. They find that, 
“A shift from reaction to precaution is entirely consistent with the core values of public health 
practice.”58  
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A public health approach to marshalling evidence may be different from a strictly hard scientific 
approach according to Krimsky. He describes this difference by referring to Type I and Type II 
scientific errors. He maintains that minimizing false positives is the priority of the hard sciences 
while a public health perspective prefers to err on the side of overstating risks (prefer type II 
errors).59 
 
Krimsky demonstrates the wide acceptance of some amount of precaution when he quotes an issue 
of the journal Chemistry & Industry, which states, “For one thing, it is crucial to avoid even 
inadvertently suggesting that the ‘no evidence of harm’ somehow equals ‘evidence of no harm.”60 
However, when considering implementation of precautionary measures, it is imperative that all 
consequences of such measures be thoroughly evaluated. 
 
9.12 Conclusion 
Governments have intervened to mediate between CAFOs and their neighbors in a number of ways. 
This chapter has sought to demonstrate the range of such intervention. States regulate hydrogen 
sulfide and TRS. Other states have limited the emissions of odor and ammonia. Local governments 
have sometimes been allowed to intervene to protect citizens against air emissions, but in most cases 
the state legislature has reserved this role for itself. Both, where states have acted and where they 
have not, the courts have intervened to give neighbors of CAFOs protection from air emissions and 
odor. This chapter is designed to demonstrate to the Iowa DNR and to Iowa government in general 
that there are examples of Laws, Regulations and Decisions designed to regulate air emissions and 
odor from CAFOs. 
 
Appendix: Federal and International Air Quality Standards 
 
Federal Standards 
CAFO effects on water quality have been addressed by a Unified National Strategy developed by the 
USDA and USEPA in 1999. Air emission effects of CAFOs have not yet found the same level of 
federal attention. USDA formed an Agricultural Air Quality Task Force, which has been meeting 
and in July of 2000 drew up a white paper on research and technology transfer.61  
 
Both the USEPA and the Agency for Toxic Substances and Disease Registry (ATSDR) have 
standards for both H2S and ammonia. These have been cited in Chapter 8. 
 
Specifically for Hydrogen Sulfide, acute exposure guideline levels have been printed in the Federal 
Register for March 15, 2000.62 There are several Proposed Acute Exposure Guideline Levels 
(AEGLs) applicable to the general population. AEGL-1 is set at 30 ppb for both a 10-minute and 
30-minute exposure. AEGL-1 is designed to limit exposure to prevent “discomfort, irritation, or 
certain asymtomatic, non-sensory effects” which are not disabling. According to the web page of the 
American Petroleum Council. http://www.api.org/ehs/h2s/FalkeAbstract.htm AEGL-1 has not 
passed all the various reviews and is still considered a draft while two other AEGLs have been 
adopted.* 
                                                 
* AEGL values were developed for hydrogen sulfide by the National Advisory Committee on Acute Exposure 
Guideline Levels (NAC/AEGL Committee). These values were published in the Federal Register on March 15, 2000 
(U.S. EPA, 2000) for public comment. After reviewing comments, the AEGL values were sent unchanged from the 
Federal Register Notice to the National Academies for review at their meeting on July 24-25, 2000. Following verbal 
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International Examples 
Jurisdictions often base their standards on peer-reviewed literature and upon choices made by other 
jurisdictions. The State of Nebraska in adopting their standard of 100 ppb for TRS [see 9.4.2 for the 
relation between HS and TRS], cited data from the World Health Organization.  

The World Health Organization (WHO) reviewed information on health effects and 
recommended a daily (24-hour) value of 0.1 ppm H2S. This value was based on the eye 
irritation effects at 10 ppm and a safety factor of 100. WHO noted that changes in heme 
synthesis were found at 1 ppm in pulp mill workers. Since the WHO made its 
recommendation in 1983, Bhambhani and Jappinen have conducted studies that indicate that 
eye irritation is not the most sensitive critical health effect.63 

 
 

Table 10-1 
Hydrogen Sulfide Standards for Various Jurisdictions 

 
Jurisdiction Type Standard 
Minnesota MPCA Nuisance 30 ppb and 50 ppb 
Minnesota Dept. of Health Acute 60 ppb  
Minnesota Dept. of Health Sub-chronic 7 ppb  
Nebraska Dept. of Health Acute 100 ppb 
California OEHH Nuisance 30 ppb 
California OEHH Chronic 8 ppb 
EPA – IRIS Chronic Chronic .7 ppb 
EPA -- AEGL-1 (proposed) Acute, non-disabling  30 ppb 
ATSDR  Acute 70 ppb 
ATSDR  Acute 30 ppb 
WHO  100 ppb 
 
 

                                                                                                                                                             
comments at the National Academies’ review, the AEGL-1 values are currently being re-evaluated by the NAC/AEGL 
Committee for endpoint and key study selection.  
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Table 10-2 
Ammonia Standards for Various Jurisdictions 

 
Jurisdiction Type Standard 
Minnesota Dept. of Health-draft Acute 3200 ug/m3 
Minnesota Dept. of Health-draft Chronic 115 ppb 
Netherlands Dept. of Agriculture Not a number std.  
Missouri Dept. of Natural Resources One producer 141 ppb 
EPA Chronic 141 ppb 
ATSDR Acute 500 ppb 
ATSDR Intermediate 300 ppb 
 
 

Table 10-3 
Odor Standards for Various Jurisdictions 

 
Jurisdiction Standard 
Colorado Dept. of Public Health and Environment 7 to 1 dilutions at the property line 
Colorado Dept. of Public Health and Environment  2 to 1 dilutions at the property line 
Missouri Dept. of Natural Resources 5.4 to 1 dilutions at the property line 
North Carolina Division of Air Quality Objectionable odor at the source 
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Chapter 10 Emission Control Systems 
 
Abstract 
Emissions odors, gases, and dust from livestock production facilities arise primarily from three 
sources; buildings, manure storages, and land application (1).  Emissions from buildings and storages 
form a baseline emission level.  Eliminating emissions from one of the sources will likely not 
eliminate emissions entirely.  Control technologies often address only one of the three sources.  
Many of the technologies reduce emissions; none eliminate them. 
 
Emissions from buildings can be reduced by inhibiting contaminant generation, or by treating the air 
as it leaves the building.  Frequent manure removal is one of the best ways of reducing contaminant 
generation within the building.  Frequent removal requires outdoor storage.  Other methods include 
the use of bedding, oil sprinkling, chemical additives, and diet manipulation.  Treating the air leaving 
a building can be done with washing walls or biofilters.  Natural or manmade windbreak walls may 
be beneficial. 
 
There are four types of storages; deep pits, outdoor slurry storage, anaerobic lagoons, and solid 
stacks.  Outdoor storages are the most apparent source of odors.  Controls include permeable and 
impermeable, natural and synthetic covers.  They have been shown to be effective when managed 
properly.  Solids separation has not been proven effective to reduce odors.  Proper aeration will 
eliminate odors from outdoor storages, but is expensive in a liquid system.  Composting works well 
for solid manure.  Anaerobic digesters reduce odors, but are also not economically feasible.  Manure 
additives are generally not reliable.   
 
Emission control during land application is best done by direct injection. 
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General Introduction 
 
Buildings, whether they are naturally ventilated (depend on natural breezes for ventilation), or 
mechanically ventilated (depend on fans for ventilation), buildings must have continuous air 
movement through them for the health of the animals and workers.  Building emissions, along with 
emissions from the manure storage, form a baseline emission level for a production site (2). 
 
Different types of storages are used for confinement systems.  Outdoor pits and lagoons have the 
advantage of removing manure from the buildings more frequently than the “deep pit”, which stores 
the manure under the building.  Because they’re exposed to the wind, outdoor storages may have a 
greater potential for odor and gas release. 
 
Odor and gas releases are reduced during cold weather.  Outdoor storages freeze, and building 
ventilation is reduced.  
 
A high percentage of complaints each year occur due to land application of manure (3).  Unlike 
buildings and storages, land application only occurs once or twice a year, and the impact is for short 
period of time.  Air quality impacts involve a combination of intensity and duration.  Buildings and 
storages represent the “baseline” emission levels.  Land application can cause short term, more 
intense emissions. 
 
10.1 Emission Control Strategies from Building Sources 
 
Introduction 
There are two basic approaches to minimizing odor emissions from buildings.  The ideal odor 
control method is to minimize the odor generated in the building.  The second option is to capture 
and treat odor as it is emitted from the building.  The first method benefits the people and animals 
in the building as well as the neighbors.  Either method helps minimize effects on neighbors.   
 
Minimizing Odors within a Building 
There are a number of recognized methods of minimizing odors generated within buildings.  One of 
the more popular and effective is simply frequent manure removal.  By using anaerobic lagoons so 
that “dilute” liquid is available to flush the areas where the manure collects frequently.  The concept 
is very similar to human waste management where we flush the stool after each use.  Animal 
facilities that flush once a week have better air quality than those that flush less frequently.  
 
Bedded solid manure is thought to release fewer odors than liquid systems (4).  Although firm 
scientific data has not proved it, most people feel that odors from bedded systems are less 
bothersome than from liquid systems, although dust may be worse from bedded systems than liquid. 
 
Sprinkling vegetable oil in very small amounts inside swine buildings has been shown to control dust 
as well as odor and some gases (5,6,7).  Once a day sprinkling at 0.5 ml/ft2 has reduced dust 40-50%, 
odor up to 60%, and H2S up to 60% (8).  No reduction in NH3 was found.  A disadvantage is that 
building surfaces become oily and requires the use of degreasers in cleanup. 
 
Chemical additives to reduce manure odors and gases have been popular with producers and 
vendors for many years.  Unfortunately researchers have found it very difficult to prove the 
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effectiveness of the many additives that are available.  Of the products tested, relatively few have 
been shown to significantly reduce odor or gases.  The most recent study was done by the National 
Pork Board (9).  It investigated 35 products.  Of the 35, none reduced odors at the 95% confidence 
level.  Hydrogen sulfide was reduced at that level by 7 of the products, and 8 products reduced 
ammonia.  Only one product was effective for both gases.  These results are typical of studies over 
the years where given products may work for one gas, but not for anything else.  Another reason 
additives are not recommended is their cost, which can be significant. 
 
One application where an additive has been shown to be effective is in the poultry industry.  Alum 
has been shown to reduce ammonia volatilization very significantly during a 42-day incubation of 
poultry litter (10), and also found to be cost effective due to increased production when it is used.   
 
Ozone is a powerful oxidizing agent and germicide that has been investigated for its odor control 
characteristics.  It’s a natural component of air, and has been used to disinfect water supplies for 
years (11,12).  It is being tested in a swine barn where it’s distributed with ventilation air (13,14).  
Ozone’s disadvantages are that it is very unstable, so it doesn’t last long, and it can be very toxic and 
corrosive at high levels.  OSHA’s exposure limit is 0.1 part per million for an 8-hour exposure (15). 
 
Diet manipulation has significant potential for ammonia reduction by reducing nitrogen (protein) in 
the feed (16,17).  This concept is becoming more popular, but must be used with care since 
production can be significantly effected if protein levels are reduced too far.   
 
Capturing and/or Treating Odor Emitted from Buildings 
There are several ways of treating air before it’s released from a building to lessen its odor and gas 
emission potential.  The following are some methods that have been researched to some degree. 
 
Washing walls is a concept that has been tested to reduce dust and odors (18).  Water is used to 
“scrub” air as it leaves buildings similar to systems used in industry.  Water recirculates through 
evaporative pad scrubber as exhaust fans blow air from the building.  Such a system requires power 
ventilation systems (not natural ventilation).  Washing Walls used in a swine finisher reduced total 
dust 20-60%, NH3 33-50%, and reduced odors only slightly.  As might be expected, better cleanup 
was achieved with low airflow rates compared to high rates. 
 
Biofilters similar to those used in Europe have been adapted in the US.  They use biomass and 
microorganisms to treat ventilation air as it leaves the building.  Design parameters have been tested 
on a full-scale 750-head sow facility in Minnesota (19,20,21,22). At that facility the biofilter achieved 
odor and H2S reduction of 80-90%, and NH3 reduction of 50-60%.  Weed control and rodent 
control were the primary problems experienced.  A critical element in the use of biofilters is their 
dependence on power ventilated buildings where fans push the air through the filter.  They don’t 
work on naturally ventilated buildings. 
 
A similar system is the biomass filter (23).  Although not quite as effective as a biofilter, biomass 
filters do not depend on microbes to the extent of a biofilter, and they don’t restrict airflow as 
much.  Like a biofilter, power ventilation is required to use a biomass filter. 
 
Windbreak walls are a type of wall that has been tested in the Southeast US to deflect exhaust air 
upward from tunnel ventilated building so it mixes with clean air, which dilutes odors and gases (24).  
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Windbreak walls can be constructed of various materials such as metal, straw, or wood.  Without a 
wall, exhaust air moves along the ground and is not diluted.  A Windbreak wall helps to direct barn 
exhaust air upward for better dispersion/dilution. 
 
Natural windbreaks accomplish some of the same things (25).  They, however, take some time to 
establish.  Odor reduction not well researched, but thought to be beneficial through mixing, and 
dispersion.  Natural windbreaks are naturally esthetically pleasing. 
 
10.2 Emission Control Strategies from Manure Storages 
 
Introduction 
There are four basic types of storages that require different treatment for air quality preservation.  
They are deep pits outdoor slurry storage basins or tanks, anaerobic lagoons, and solid manure 
storage systems.  The following briefly defines each type: 
 
Deep Pits and Slurry Storage 
A deep pit is a manure storage area underneath, or in the “basement,” of a livestock production 
building.  The manure storage is not visible from outside the building, and wind does not blow 
across the storage unit and pick up odors and gases.  Manure is typically removed from deep pits 
only once or twice a year.  No extra dilution water is added to the manure.  Outdoor slurry storages 
may be used in place of deep pits.  They may be made of earth, concrete, or steel.  The earthen 
storages were popular due to their low cost (less than ½ the cost of the others) until regulations 
made them unfeasible to construct.  Outdoor storages have the advantage of more frequent removal 
of manure from the building to provide better air quality within the building. 
 
Anaerobic Lagoons 
Anaerobic lagoons are considerably larger than earthen storage since they are designed as treatment 
method (26).  Originally designed as an odor control method, they use microbes to digest manure 
solids and stabilize the manure (27).  To avoid accumulating concentrations of some constituents 
(particularly ammonia) that are toxic t the microbes, dilution water is added.  Earthen construction is 
used due to the large storage volume needed to accommodate the manure and dilution water.   
 
Solid Stacks 
Solid stacks can result either from using bedding to create solid manure, or from solids separated 
from liquid streams.  Either type should be solid enough to pile up in a stack.  Stacks may or may 
not be composted.  They typically compost naturally somewhat, but may become anaerobic if piled 
too deep, or if the particles are too fine to admit enough oxygen for composting (28).  If a stack 
becomes anaerobic it can be a source of odors and gases like a liquid system.  Properly composted 
solids emit few odors (29). 
 
Air Quality Control Technologies 
Storages are the most “apparent” odor source on many farms. Since many people know that the 
odors coming from animal farms originate with the manure, it is natural for them to focus on the 
manure storage facility.  The visibility of manure sources can make a difference in both the odor 
frequency and magnitude of what people smell. Landscaping improves the appearance of production 
and manure storage facilities and helps hide storages. 
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Covers 
Synthetic impermeable covers hold gases and odors inside tank.  Covers may be either rigid 
(wooden, concrete, fiberglass), or flexible (plastic).  Synthetic plastic covers may either float on the 
liquid surface, be inflated, or be held above the liquid level by cables.  Inflated covers are difficult to 
protect from high winds, so floating covers are the most common.  Gas and odor reductions have 
been reported from 40 – 90% (2, 30). 
 
Biocovers such as straw or cornstalks protect liquid manure from air passing over storage.  Even 
though they are permeable, they still reduce diffusion from liquid surface to gas above (31).  Some 
researchers feel that aerobic action occurs within the cover.  In some situations a natural crust will 
develop which accomplishes the same result as an artificial biocover.   
 
Other synthetic permeable covers have been developed such as a geotextile cover for earthen 
storages, and clay ball covers (Leka rock) on concrete slurry pit 
 
The benefits of some of the above covers have been shown to be significant, while others are less 
successful (31).  All covers require additional management, whether it’s extra chopping of straw to 
avoid plugging lines, or peeling back synthetic covers to provide access for pumpout.  The capital 
cost of covers also reduces their acceptance by producers.  Approximate costs of the various types 
of covers follows: 
Biocovers (straw) $0.10/sq ft each year   $0.40 per head 
Clay balls (LEKA) $2-5/sq ft every   $0.33 - .80* “ “ 
Geotextile  $0.20-$0.40/sq ft every  $0.03 - .07 “ “ 
Plastic cover $1-$2/sq ft every   $0.16 – 0.33 “ “  
* Assumes 10 year life, 10% annual interest 
 
Solids Separation 
Separating solids from liquid manure reduces the load on anaerobic lagoons, which should help 
reduce odors from the lagoons.  Solids separation is very difficult to accomplish with liquid swine 
manure.  Removal rates may range from 5% 5o 50% (32,33).  Although the theory is sound, 
odor/gas reductions have not been documented due to solids reductions resulting from separating 
solids (34).  Solids separation also creates a second waste stream to manage which may be 
detrimental to overall air quality if the system is not managed correctly.  The cost of solids 
separation ranges from $10-$20 per1000 lb bodyweight per year making it very expensive.  Overall 
solids separation is not a good alternative for air quality protection in most instances. 
 
Aeration 
Complete aerobic treatment nearly eliminates odors and undesirable gases. Many municipalities and 
industries use aeration for waste treatment. Continuous aeration can be achieved via floating 
aerators, fixed aerators, or submerged air lines.  Air can be bubbled up through the liquid, whipped 
into the liquid, or the liquid sprayed up into the air.  The disadvantage of aeration (and the reason 
producers don’t use it) is that it requires very large amounts of energy (electricity) to accomplish the 
air entrainment necessary (35).  The energy cost for aerating liquid manure is estimated to be $20-
$40/1,000-lb bodywgt. -year 
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Partial Aeration can reduce odors and gases, although if under designed may actually increase odors.  
Floating aerators may be used for partial aeration, with the number of units determining the 
completeness of the aeration. 
 
Composting is a method of aerating solid manure.  Like liquid aeration, it significantly reduces odors 
(28).  In addition, it is less energy intensive, since periodic mixing can be done relatively cheaply.  
Bedding in solid manure tends to make the manure “fluffy” so air naturally mixes with it to help 
maintain aerobic conditions.  The mix of gases released is different than anaerobic treatment.  
Composting costs can vary significantly, but some estimates are $0.20-$0.40/1,000-lb bodywgt per 
year. 
 
Anaerobic Treatment  
Anaerobic treatment takes place in the absence of oxygen.  The most common type is the anaerobic 
lagoon.  Although the general public has a poor opinion of anaerobic lagoons, a properly operating 
one emits low odors.  Lagoon design is based on volatile solids or COD loading, with the objective 
of keeping the bacterial populations in the lagoon in balance.  When they are in balance, odors are 
minimal. In Iowa, cold weather interferes with balanced, steady state operation, and makes odor 
control more difficult. Oversized lagoons are sometimes used to reduce concentrations within the 
lagoon, thus reducing odors.  The cost of oversizing lagoons can be expected to be about $200 per 
1000 lb bodyweight capital cost for extra earthwork. 
 
Anaerobic digesters are very different from anaerobic lagoons.  Digesters provide more “intense” 
treatment.  Digesters are heated and the manure is thicker than lagoons.  An overloaded condition 
can cause intense odors and gases.  Digesters reduce odors by containing the gas that is produced so 
that it can be burned, and by stabilizing the liquid before it goes to the open storage tank or lagoon. 
Anaerobic digesters are misunderstood by the general public.  Digesters are complex living 
organisms that are expensive to install, and require significant additional management.  They do 
reduce odors, BOD/COD, and provide energy as heat, electricity, or both.  But they do not reduce 
the volume or nutrient concentration of the manure significantly.  The cost of constructing an 
anaerobic digestion system is approximately $100/pig, or $500-1,000/dairy cow capital cost.  Some 
of the costs can be offset by the captured energy, but without higher energy prices or large 
government grants anaerobic digesters are not economically viable (36).  
 
Manure Additives 
Many additives are available to add to pits, lagoons, or animal feed.  They work in a variety of 
different ways.  Microbiological additives include digestive deodorants.  They may be designed to 
enhance solids degradation, and may be pH or temperature dependant.  One of the main factors that 
is discouraging about microbiological additives is that to work effectively, they must become the 
predominate bacteria.  Since most bacteria are ubiquitous, if the environment favored the selected 
bacteria, it would already predominate in the manure (37).   
 
Chemical (non microbiological) additives may include several mechanisms for control: 
pH control 
chemical oxidation 
precipitation 
odor masks or perfumes 
adsorbents  
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A recently completed study of 35 additives conducted by the National Pork Board found that none 
of the additives decreased odors at the 95% confidence level, 6 decreased hydrogen sulfide, and 8 
reduced ammonia (8). 
Cost of biological/chemical additives 
$0.20-$1.00/pig mktd 
 
Emission Control from Land Application of Manure 
Applying manure to cropland returns nutrients to the soil.  The manure provides nutrients to the 
crops that would otherwise have to be purchased as commercial fertilizer.  The other reason manure 
is land applied is because federal law forbids discharging agricultural wastes to waters of the state or nation.  
Unfortunately, land application can result in very significant odor occurrences.  Even though they 
are not long lasting, odors from land application can be very obnoxious.  
  
The best way to reduce odors from land application of liquid manure is direct injection of the 
manure below the soil surface (38,39).  Research has shown that injection that accomplishes good 
soil cover of the manure results in odor reductions up to 90% compared to broadcast manure.  Lack 
of complete coverage reduces odor control.  Broadcasting followed by rapid incorporation also 
significantly reduces odors compared to broadcasting only (40), but it is not as effective as direct 
injection.  The additional cost to inject manure is typically 1/10th 
 of a cent per gallon more than broadcast.  Some of the additional cost is offset by better nitrogen 
retention. 
 
Other methods of reducing odors from land application include dilution with clean water, placement 
below the crop canopy (the canopy reduces air movement across the manured soil), and other 
potential treatments.  Pretreatments have been shown to reduce odors 80%, and certain specific 
gases such as hydrogen sulfide up to 90% (41), but pretreatment with additives is unreliable and 
expensive.  Research is being conducted with ozone to remove odors and reduce ammonia and 
hydrogen sulfide, but results aren’t yet known.  It’s known that the technology works, but cost and 
management requirements haven’t been proved. 
 
Solid manure is generally less odorous than liquid, but still deserves some attention.  Because it 
cannot be injected, rapid incorporation of solid manure is the best method to minimize odors.   
 
Some of the best odor control results for observing common sense rules that account for wind 
direction and speed.  Watching weather forecast, and not spreading when the wind is blowing 
towards neighbors can minimize severe odor “events”.  Several models have been developed by 
universities and government agencies, such as EPA’s INPUFF and Minnesota’s OFFSET model 
(42, 43), to predict odor movement and estimate their effects on neighbors. 
 
Summary 
Table 1 summarizes methods to reduce gas, odor, and dust emissions from animal facilities.  Odor 
and gas emission sources associated with animal production facilities can be broken down into three 
categories: buildings, storages, and land application.  Eliminating emissions from any one of the 
three will not eliminate emissions entirely.  A number of technologies exist that are capable of 
reducing emissions from all three.  Cost, increased management requirements, and lack of economic 
or regulatory incentives to encourage their use are the primary reasons more producers have not 
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adopted the technologies.  Technologies that work well, are easily managed, and are affordable have 
seen increased use throughout the state.  These include biocovers on outside storages, utilization of 
deep pits (eliminating outside storages), greater use of bedded systems and composting, and manure 
injection during land application.  
 
Table 1.  Summary Table of Emission Reducing Strategies 

  Targeted Documented 
Emission Source* Emission Reducing Strategy Components** Reduction 
Housing Unit Emissions (25)    
Feeding floor (60) Frequent, short-term pressure washing dust, odors 65 - 70 % 
Feeding floor (60) Urine separation, complete scraping to sealed 

under-floor storage 
dust, odors 50 - 65 % 

Under-floor storage (40) Frequent, complete scraping, water follow-up odors  
Under-floor storage (40) Air exchange avoidance with room air odors 80 % 
Ventilation air exhausted (100) Dust suppression using oil sprayed on internal 

building surfaces 
dust, odors 50 - 60 % 

Ventilation air exhausted (100) Dust suppression using biomass filters dust, odors 50 - 60 % 
Ventilation air exhausted (100) Dust and gas suppression using biofilters dust, odors 85 - 90 % 
    
Storage Unit Emissions (25)    
 Floating permeable man-made covers odors 60 - 75 % 
 Floating impermeable man-made covers odors 80 % 
 Impermeable man-made covers odors 95 % 
 Chopped-straw covers odors 75 % 
 Natural crusting of manure surface odors 75 % 
 Anaerobic digestion of manure odors 80 - 85 % 
    
Land Applying Unit Emissions 
(50) 

   

 Surface applied, incorporation delayed 24 
hours 

odors 0 - 5 % 

 Surface applied, incorporation delayed 12 
hours 

odors 0 - 5 % 

 Surface applied, incorporation delayed 6 hours odors 0 - 5 % 
 Surface applied, incorporation delayed 3 hours odors 0 - 10 % 
 Surface applied, incorporated immediately by 

plowing 
odors 50% 

 Injection with full soil coverage odors 85 - 90 % 
    
* ( ) implies roughly the percent of total system emissions (Kroodsma et al, 
1993) 

  

** odors implies all gases emitted from livestock 
production systems 
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Attachment 3. Glossary of Terms  
 
ACGIH - American Conference of Governmental Industrial Hygienists 
Acidic equivalent1 - pollutants differ in their acidic effect per gram. A pollutant’s effect on acidification is expressed in 

acidic equivalents 
Acidification1 - the process by which a soil becomes increasingly acidic. This can be caused by emissions of sulphur 

dioxide, nitrogen dioxide and ammonia. 
Acid precipitation1 - the mechanisms by which acidity reaches the earth’s surface. These include gaseous and particle 

pollutants in dry, occult or wet deposition.   
Acute toxicity - effects of a single dose or multiple doses measured during a twenty-four-hour period 
Adverse effect2a - change in morphology, physiology, growth, development or life span of an organism exposed to air 

pollution, which results in impairment of functional capacity or impairment of capacity to compensate for 
additional stress or increase in susceptibility to the harmful effects of other environmental influences 

Aeration3 - a process forcing intimate contact between air and a liquid by one or more of the following methods: 
spraying the liquid in the air; bubbling air through the liquid; agitating the liquid to promote absorption of 
oxygen through the air liquid interface 

Aerobic bacteria3 - bacteria that require free elemental oxygen for their growth. Oxygen in chemical combination will 
not support aerobic organisms 

Aerobic decomposition3 - reduction of the net energy level of organic matter by aerobic microorganisms  
Aerosols4 - an assembly of liquid or solid particles suspended in a gaseous medium long enough to enable observation 

or measurement.  
Agitation3 - the turbulent mixing of liquids and slurries 
ALARA principle1 - the “As Low as Reasonably Achievable Principle” according to which rules and regulations are 

based on a balanced assessment of available technology, economic costs and environmental interests 
Ambient5 - surrounding, as in the surrounding environment. The medium surrounding or contacting an organism (e.g., a 

person), such as outdoor air, indoor air, water, or soil, through which chemicals or pollutants can be carried 
and can reach the organism   

Anerobic bacteria3 - bacteria not requiring the presence of free or dissolved oxygen. Facultative anaerobes can be active 
in the presence of dissolved oxygen, but do not require it.  

Animal health6 - a state of physical and psychological well-being and of productivity including reproduction 
Animal unit - many emission quantities published are based on a per animal unit (AU) basis. Unless otherwise noted, 

one AU is equivalent to 500 kg body weight (1,100 lbs.) 
Application regulations1 - regulations governing when and how livestock manure, sewage sludge, compost, black soil 

and combinations of the above may be applied on land 
Appraisal7 - cognitive process of assessing the extent to which a threat, challenge, or loss exists and the availability of 

needed coping resources 
Asphyxia8 - impaired or absent exchange of oxygen and carbon dioxide on a ventilatory basis.  
Asthma9 - a lung disease with the following characteristics: 1) airway obstruction (or airway narrowing) that is reversible 

(but not completely so in some patients) either spontaneously or with treatment; 2) airway inflammation; and 3) 
airway hyper-responsiveness to a variety of stimuli.  

Bacteria1 - A group of universally distributed, rigid, essentially unicellular procaryotic microorganisms. Bacteria usually 
appear as spheroid, rod-like or curved entities, but occasionally appear as sheets, chains, or branched filaments. 

Bioaerosol - includes the sub-class of viable particulates that has an associated biological component 
Biogas3 - gaseous product of anaerobic digestion that consists primarily of methane and carbon dioxide 
Bioterrorism10 - the overt or covert dispensing of disease pathogens by individuals, groups, or governments for the 

explicit purpose of causing death or disease in humans, animals, or plants. Biological terrorism agents include 
both living microorganisms (bacteria, protozoa, viruses, and fungi), and toxins (chemicals) produced by 
microorganisms, plants, or animals.  

Blue baby syndrome11 - see Methemoglobinemia 
Bronchiolitis obliterans - a disease of the airways of the lung that is characterized by fibrosis (scarring) of the small 

airways (bronchioles). Known causes include some viral infections, rejection of a transplanted lung, and 
inhalation of some mineral dusts and irritant fumes.   
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CAFO - Concentrated Animal Feeding Operation; also known as Confined Animal Feeding Operation; generally, a 

facility where large numbers of farm animals are confined, fed, and raised, such as dairy and beef cattle feedlots, 
hog production facilities, and closed poultry houses. EPA has developed a specific regulatory definition of 
CAFO for the purpose of enforcing the Clean Water Act .2 

Chronicity index12 - ratio of the acute to chronic LD50 dosage 
Chronic effects - effects produced by prolonged exposures of three months to a lifetime 
Clean Water Act11 - federal legislation administered by the U.S. EPA that serves as the primary means of protecting and 

regulating the surface water quality of the United State. The goal of this legislation is to eliminate the discharge 
of contaminants into Untied States waters and to achieve a level of water quality capable of supporting 
propagation of fish and wildlife and water-based recreation 

Cognitive7 - relating to thinking processes and related brain functioning 
Coliform-group bacteria1 - a group of long-living bacteria predominantly inhabiting the intestines of warm blooded 

animals, but also found in soil. It includes all aerobic and facultative anaerobic, gram-negative, nonspore-
forming bacilli that ferment lactose with production of gas. This group of “total” coliforms include escherichia 
coli which is considered the typical form of fecal origin. The fecal coliforms are often used as an indicator of 
the potential presence of pathogenic organisms. 

Concentrate feed1 - animal feed containing mineral supplements 
Concentration7 - the strong trend of monopolization and vertical integration in agricultural production, processing, and 

marketing, as well as in the manufacturing of farm inputs 
Contract feeding7 - a method of livestock production in which companies provide farmers with young animals, feed, 

medications, etc. and the farmers provide the building, equipment, and labor, while receiving a set amount per 
pound or head and absorbing many of the risks of production  

Control condition7 - condition in which no treatment occurs, thus allowing comparison of the effects of the 
experimental treatment 

Coping7 - efforts to decrease, tolerate, or master the demands created by stressors; may be adaptive or maladaptive 
Depression7 - disorder related to brain chemistry and biologic factors that is characterized by sadness, despair, low self-

esteem, low positive affect, sleep disorders, or change in appetite 
Designated areas1 - areas protected by law, in this case areas vulnerable to leaching 
Disease13 - any deviation from or interruption of the normal structure or function of the body that has a characteristic 

set of symptoms and signs for which there are objective findings (e.g., medical tests, x-rays) and which fits the 
definition of a specific disease as seen in the International Code of Diseases (ICD-9). 

Disposal11 - the discharge, deposit, injection, dumping, spilling, leaking, or placing of any solid waste or hazardous waste 
into the environment (land, surface water, ground water, and air)  

Diversified operations7 - farms that produce a variety of grains and livestock in ways (e.g., crop rotation) that promote 
environmental sustainability 

Dosage - toxicity expressed as amount of toxicant per unity of body weight 
Emissions  - the rate at which gases or particulates leave a surface or ventilated structure. An emission rate is calculated 

by multiplying the concentration of a gas (mass or volume basis) by the airflow rate (volume of air per unit 
time) associated with this concentration 

Empowerment7 - enhancement of sense of capability, on individual and social levels, as distinct from power over 
others 

Epidemiology - study of the distribution and determinants of health-related states or events in particular populations; 
application of this study to the prevention and control of health problems  

Escherichia coli, E. coli3 - one of the species of coliform bacteria in the intestinal tract of warm-blooded animals. Its 
presence is considered indicative of fresh fecal contamination. 

Eutrophication1 - excessive concentrations of phosphate and nitrogen enter the environment and upset the balance of 
water and soil ecosystems and diminish the quality of drinking water 

Externalization of costs7 - political and economic processes by which publicly unacceptable (e.g., polluting) aspects of 
manufacturing or production are directly or indirectly paid by the public, rather than by the manufacturer, such 
as through hiding or ignoring costs, passing costs along to consumers, or receiving public subsidies 

Facultative bacteria11 - bacteria that can grow in the presence, as well as the absence, of oxygen 
Farm commodities7 - the grain, livestock, fiber, and other materials produced by farmers 
FEV1 - forced expiratory volume in one second 
FVC - forced vital capacity 
Groundwater14 - that portion of the water below the surface of the ground at a pressure equal to or greater than 

atmospheric  
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Hazard15 - potential for radiation, a chemical or other pollutant to cause human illness or injury 
Health2b - health is a state of complete physical, social and mental, and social well-being and not merely the absence of 

disease or infirmity 
Housing unit - any facility used to house livestock or poultry incorporating either a mechanical or natural ventilation 

system for providing fresh-air exchange 
H2S - hydrogen sulfide 
Impermeable - not permitting fluids to pass through  
Inhalable - the class of particulates or bioaerosols having a mean aerodynamic diameter at or below 100 um 
Input standard1 - the maximum amount of minerals per acre that may be deposited on land.  The standard 

encompasses both the manure produced on the farm and manure or fertilizer inputted at the farmgate. 
Inputs7 - materials needed for farm production, e.g., seed, fertilizer, pesticides  
Industrialized agriculture9 - large-scale, highly capitalized farm production that favors corporate production over 

family farm production 
Irritant16 - toxicant that exerts its deleterious effects by causing inflammation of mucous membranes with which they 

came into contact. Irritants principally act on the respiratory system and can cause death from asphyxiation due 
to lung edema. Other mucous membranes that may be affected by irritants are those of the eyes.  

Lagoon3 - an earthen facility for the biological treatment of wastewater. It can be aerobic, artificially aerated, anaerobic 
or facultative depending on the loading rate, design, and type of organisms present. 

Land application3 - application of manure, sewage sludge, municipal wastewater, and industrial wastes to land either for 
disposal or for utilization of the fertilizer nutrients, organic matter, and improvement of soil tilth. 

Land application unit - the process of applying animal manure to the soil 
Laughing gas1 - NO2, forms naturally during nitrification. It is a greenhouse gas. 
Loss standard1 - the amounts of phosphate and nitrogen that may be released into the environment.  When losses 

exceed the loss standard, a levy is raised on the difference.  
Low emission manure application techniques1 - techniques where manure is not spread on the surface but is injected 

into the sod or ploughed in to prevent ammonia emission. 
Low-emission housing1 - livestock housing with a lower ammonia emission than conventional housing 
Manure3 - the fecal and urinary excretion of livestock and poultry. Often referred to as livestock waste. This material 

may also contain bedding, spilled feed, water or soil. It may also include wastes not associated with livestock 
excreta, such as milking center wastewater, contaminated milk, hair, feathers, or other debris. Manure may be 
described in different categories as related to solids and moisture content. These categories are related to 
handling equipment and storage types.  

Manure disposal contract1 - contract between a livestock farmer with a manure surplus on his farm and an arable 
farmer or other user of agricultural land with a manure shortage, or a manure processing establishment 

Manure storage unit - any structure used to store manure, including long-term storage inside the housing unit.  
Includes above- and below-ground structures.  

Meteorological17 - pertaining to the atmosphere and its phenomena, especially of its variations of heat and moisture, of 
its winds, etc.  

Methemoglobinemia11 - illness caused by high levels of nitrate in drinking water, above about 45 ppm, which infants 
are particularly susceptible to. 

Methane1 - a gas that is released during the digestive processes of ruminants. Methane is a greenhouse gas 
Microorganism - a microscopic organism as a bacteria or fungi
Minerals accounting system1 - registration of nitrogen and phosphate inputs and outputs on a farm. Input and output 

should be balanced although some loss is considered acceptable (loss standard). 
Minimum risk level (MRL)18 - an estimate of the daily human exposure to a hazardous substance that is likely to be 

without appreciable risk of adverse non-cancer health effects over a specified duration of exposure.   
Multiplier effect7 - the multiplying of economic activities, including at the community level, including that achieved 

through raw material production  
NH3 - ammonia 
Nitrification3 - the biological oxidation of ammoniacal nitrogen to nitrite and then to nitrate 
NO2 - nitrogen dioxide 
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Nonpoint source pollution19 - Nonpoint source pollution, unlike pollution from industrial and sewage treatment 
plants, comes from many diffuse sources. Nonpoint source pollution is caused by rainfall or snowmelt moving 
over and through the ground. As the runoff moves, it picks up and carries away natural and human-made 
pollutants, finally depositing them into lakes, rivers, wetlands, coastal waters, and even our underground 
sources of drinking water. In rural areas these pollutants include bacteria and nutrients from livestock, soil 
sediments, fertilizers, herbicides, and insecticides. 

Nutrient pollution11 - contamination by excessive inputs of nutrient: a primary cause of eutrophication of surface 
waters, in which excess nutrients, usually nitrogen or phosphorus, stimulate algal growth. Sources of nutrient 
pollution include runoff from fields and pastures, discharges from septic tanks and feedlots, and emissions 
from combustion. 

Odor threshold3 - the lowest concentration of an odor in air that can be detected by the human olfactory sense  
Operating costs7 - the costs of farm inputs, labor, credit, energy, etc.  
OSHA - Occupational Safety and Health Administration 
Particulate - includes the class of both inert and viable aerosols. Includes total, inhalable, and respirable fractions 
Parity prices7 - equality in prices for farm commodities in which farmers get a fair return in relation to their costs of 

production; historically maintained by government support of farm commodity prices at a level fixed by law 
and indexed for inflation 

PEL - Permissible Exposure Limit 
Point source pollution - pollution from a particular source 
Poison - see Toxicant 
Pollutant11 - a contaminant that adversely alters the physical, chemical, or biological properties of the environment. The 

term includes toxic metals, carcinogens, pathogens, oxygen-demanding materials, heat, and all other harmful 
substances, contaminants, or impurities 

Pollution11 - presence of a contaminant to such a degree that the environment (land, water, or air) is not suitable for a 
particular use 

Price support7 - a policy mechanism such as the non-recourse loan that sets a floor under farm commodities and thus 
requires exporters or processors to pay a minimum price. This is in contrast to an “income support” that 
involves direct payments from the U. S. Treasury to support farm income but does not directly influence 
market prices. 

Pulmonary8 - relating to the lungs, to the pulmonary artery, or to the aperture leading from the right ventricle into the 
pulmonary artery 

Regulation11 - a requirement or rule passed by an agency or department of federal, state, or local government that is 
authorized to create and enforce a requirement or rule through an authorizing statute or co nstitutional 
authority 

Resistance - the extent to which a disease or disease-causing organism is unaffected by antibiotics or other medications   
Respirable - the class of particulates or bioaerosols having a mean aerodynamic diameter at or below 5 um 
Restructuring (agricultural restructuring)20 - changes in the relationships among ownership, management, and labor 

in the agriculture-food system, with particular emphasis on the production component. Restructuring generally 
involves technological changes (including shifts in levels of specialization/diversification) as cause or effect, 
and may include changes in vertical and horizontal integration or coordination, in ownership of resources 
(including tenancy and leasing), in farm/firm size, in geographic location of specific agri-food activities, in 
composition of the work force, and in levels of concentration at various levels in the supply chain. 

Risk assessment - the characterization of the potential adverse health effects of human exposures to environmental 
hazards  

Runoff21 - occurs when input of water exceeds infiltration. Pesticide runoff includes losses from the dissolved and 
sediment-absorbed pesticide. Though runoff generally results directly in the contamination of surface water, it 
can also contribute to ground water contamination through recharging ground water by the surface water.  

Setback18 - specific distance that a structure or area must be located away, from other defined areas or structures 
Sinusitis8 - inflammation of the lining membrane of any sinus, especially of one of the sinuses alongside the nose.  
Siting11 - choosing a location for a facility 
Social capital  - mutual trust, reciprocity, and shared norms and identity that are inherent in relationships between and 

among groups  
Spot market  - a market in which buyer and seller come together with no pre-arranged commitment or price with the 

expectation of exchanging a good or service. The terms of the transaction are public, and, jointly with other 
similar transactions of the day, define a market price for that day.  

Statistically significant difference - a research finding that is unlikely (usually less likely than 5 percent) to be due to 
chance 
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STEL - short-term exposure limit 
Stress7 - emotional, physical, behavioral, and social reactions to stressors 
Stressor7 - short-term or ongoing conditions, situations, or relationships that cause stress, often involving change, 

conflict, or pressure 
Subacute toxic effects - toxic effects apparent over a period of several days or weeks 
Subchronic toxicity - toxic effects that occur between 30 days and 90 days exposure 
Supply chain22 - the chain of transactions and product transformations that take place between the producer and 

consumer of a particular commodity. Historically, in agriculture, supply chains have implied openness of entry 
for new producers, and hence involve mass production of an undifferentiated commodity.  

Tolerance - condition in which repeated exposure increases the size of the dose required to produce lethality 
Toxicity - the quantitative amount or dosage of a poison that will produce a define effect 
Toxicant - any natural or synthetic solid, liquid or gas that when introduced into or applied to the body can interfere 

with homeostasis of the organism or life processes of cells of he organism by its own inherent qualities, without 
acting mechanically and irrespective of temperature 

Trace element1 - chemical elements (such as copper, zinc) present in minute quantities in plant or animal tissues and 
considered essential to these organisms’ physiological processes.  An overdose, however, is harmful for the 
organism. Non-essential trace elements such as cadmium are harmful even in very low concentrations. 

TWA - Time Weighted Average 
USDA - U. S. Department of Agriculture; federal agency that is responsible for select state and local programs regarding 

agricultural production, conservation, and food 
Value-added agriculture7 - production of farm commodities that are fully or partially processed before being marketed 

by farmers (as individuals or in groups, e.g., ethanol cooperatives), thus enhancing the income of farmers and 
rural communities 

Value chain22 - a supply chain characterized at least in part of its links by vertical coordination. Value chains generally 
involve limited entry at the various levels, or links in the chain, and are focused on providing particular 
consumer groups with a product that fits their preferences. The emphasis is on quality (or specific qualities), 
rather than on producing an inexpensive product.  

Vertical coordination23 - synchronization of the vertical stages of a production/marketing system 
Vertical integration24 - coordination of two or more stages in the food chain under ownership via management 

directive   
VOC - volatile organic compound 
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