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endospores are released into the surrounding tissue and
spread the infection locally, or at times, into other organs
by disseminating outside of the respiratory system. The
epidemiology and human impacts of the disease are dis-
cussed in Pappagianis (1980, 1988, 1999) and Galgiani
(1993, 1999).

The parasitic phase may end with the death of the
host or by the expulsion of spherules outside of living
tissue by sputum, pus, exudates, or degradation of an
infected carcass. If this occurs in an acceptable envi-
ronment then the spherules (or endospores) will germi-
nate and hyphae and mycelium will be developed and
the saprophytic phase will again be initiated (Fiese,
1958).

B. Distribution and Endemic Areas

In the United States Coccidioides is endemic in parts
of Arizona, California, New Mexico, Nevada, Texas,
and Utah (Figure 2). An outbreak at Dinosaur National
Monument in northeastern Utah in 2001 (Figure 2) lies
outside of the generally recognized endemic area. The
site of this outbreak may represent a unique location
where several things have come together, which include
a favorable microclimate, to allow Coccidioides to survive
in the soil. Outside of the United States it is endemic
in parts of Argentina, Brazil, Colombia, Guatemala,
Honduras, Mexico, Nicaragua, Paraguay, and Venezuela.
With some exceptions endemic areas are generally arid to
semi-arid with low to moderate rainfall (5-20 inches),
mild winters, and long hot seasons. In 1993 the CDC
declared that coccidioidomycosis was epidemicin parts of
California (Kern County) and also issued a warning to
physicians nationwide to watch for the disease in patients
who may have become infected while traveling in
endemic areas. The CDC also listed coccidioidomycosis
as an example of one of the important disease threats to
the United States and has called for expanded studies of
the disease (Bryan et al., 1994).

C. Habitat Criteria Essential for the Growth and
Survival of Coccidioides

Laboratory and site-specific field studies have shown
that many physical, chemical, climatic, and biological
factors influence the growth of Coccidioides in the soil
and the consequent development and deployment of
arthroconidia. Many of the following factors are closely
interwoven, and the influence on the presence or
growth of Coccidioides by any combination of, or single

factor, is an intricate balance that varies both in time
(season) and in response to environmental changes at
any given location.

Oxygen, carbon, nitrogen, phosphorus, sulfur, iron,
and other trace elements along with water are necessary
for the survival of Coccidioides. Furthermore, these raw
materials must be available in a physical and chemical
environment suitable for Coccidioides to satisfy its spe-
cific biological functions required for life. Based on
measurements and observations gathered from known
sites where Coccidioides is present in the soil and also on
laboratory experiments where Coccidioides is grown
under controlled conditions, several general conclu-
sions can be made about the habitat parameters
required for its life processes and also those parameters
that, while not essential for the survival of Coccidivides,
are favorable for its existence.

1. Important Criteria

1. Most known occurrences are in hyperthermic or
thermic aridisols or entisols with mean annual soil
temperatures ranging from 15°C to over 22°C.

2. The presence of soils with textures that provide
adequate pore space in the upper (20 cm) parts of
the profile, for moisture, oxygen, and growing
room is very important. Soils in known occurrence
sites are mostly fine sand to silt (0.002- to 0.2-mm
particle size) with less than 10% clay-sized
(<0.002 mm) material (Figure 1). Small amounts of
clay foster water holding capacity, but large
amounts of clay may be detrimental for Coccidivides
growth. Smectite (a type of clay mineral) soils may
be detrimental because their shrink and swell
properties may provide room and water for
bacterial growth that would compete with
Coccidioides. Also, and perhaps, more important,
they contain exchangeable cations that lower pH
thereby enhancing bacterial growth at the expense
of the growth of fungi.

3. The presence of some organic material is needed
for carbon and nitrogen but in most known
occurrences it is generally sparse, less than 2%.
Large amounts of organic compounds may be
detrimental because they would foster the growth
of bacteria and other fungal species that would
compete with Coccidioides.

4. Moisture is essential. Rainfall in endemic areas is
generally seasonal with some areas receiving most
of their precipitaton in the winter months while
precipitation in other areas may be split between
winter rains and summer monsoons. In all cases,
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annual precipitation ranges from less than 250 mm
to 410 mm.

2. Favorable Criteria

1. Many Coccidioides growth sites have soils with
elevated salinity. High soluble salts may act as an
inhibitor of microbial competitors. Measured
values of soluble salts in soils from known
occurrence sites are sodium, 8-75% greater in
positive soils than in negative soils; calcium, 2-5
times greater in positive than in negative soils;
potassium, 2-5 times greater in positive than in
negative soils; sulfates, 2-5 times greater in positive
than in negative soils; borates, 3-25 times greater
in positive than in negative soils; and chlorides,
10-240 times greater in positive than in negative
soils (Elconin et al., 1964)

2. Several Coccidioides growth sites are in soils derived
from marine sedimentary rocks. These rocks often
contain elevated amounts of salts, and when
weathered, provide material with textures favorable
for Coccidioides growth. Also the elevated salinity of
these derived soils inhibits microbial competition.

3. The presence of borates in the soil profile may act
as antiseptics for bacteria that are competitive with
Coccidioides.

4. Any environmental factor that reduces competition
with other fungal, bacterial, and/or plant species is
favorable for Coccidioides growth.

5. Parent material derived from aeolian deposits is a
good source for the development of soil with
favorable textures.

Habitat modeling of the saprophytic phase of the Coccid-
ioides life cycle is difficult due to the limited number of
known growth sites. This confounds the establishment
of statistical relationships of the physical, chemical, and
biological habitat parameters. Therefore, habitat model-
ing is accomplished using analysis of the physical prop-
erties of known Coccidioides sites and a spatial fuzzy
system. A spatial fuzzy system is a system of spatial vari-
ables where some or all of the spatial variables are
described with fuzzy sets. The fuzzy system is capable of
translating structured knowledge into a flexible numeri-
cal framework and processing it with a series of if-then
rules called fuzzy associative memory (FAM) rules.
Fuzzy systems can describe nonlinear numerical
processes with linguistic common sense terms and can
handle differing precision and accuracy in the data. They
produce models that can be repeated and updated easily.
Fuzzy system analysis was applied to each 30 x 30m
spatial cell over the study area, Organ Pipe Cactus

Favorablness of soils for hosting
Coccidioides growth sites

FIGURE 4 The fuzzy habitat suitability index of Coccidioides
measured as the favorableness of soils for hosting Coccidioides,
Organ Pipe Cactus National Monument, Arizona.

National Monument, Arizona. The resulting product is
a map (Figure 4) depicting each cell’s favorableness for
hosting Coccidioides based on a scale of 0 to 1, which we
define as its fuzzy habitat suitability index (FHSI). The
fuzzy system allows modelers to change and update rela-
tionships among the variables as more is learned about
Coccidioides habitat. An important property of this kind of
analysis is that “what if” scenarios can be used to allow
dynamic representation of climate related variables and
may predict changes in habitat with changing climate.
Long-term climate fluctuations will undoubtedly
have an effect on the distribution of Coccidioides.
Changes in temperature and precipitation over time will
directly influence soil characteristics critical to its
growth and propagation. Coccidioides growth sites are
believed to be relatively small and widely distributed
throughout its endemic area and the fungus does not
readily colonize outside of established growth sites.
Laboratory studies show that Coccidioides is quite robust
with respect to the physical and chemical factors of its
habitat, but is very sensitive to competition from other
microbes and vegetation. Therefore, climate change
models that result in an increase in microbes in the soil
profile and in the vegetation of a given area would result
in decreased habitat for Coccidioides and scenarios that
would reduce microbes in the soil profile and the veg-
etation in a given area may result in an increase in suit-

able habitat.

XIlV. SoILs AND EMERGING DISEASES

Emerging infectious diseases may be defined as those
that have newly appeared in a population and those
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tionships among the variables as more is learned about
Coccidioides habitat. An important property of this kind of
analysis is that “what if” scenarios can be used to allow
dynamic representation of climate related variables and
may predict changes in habitat with changing climate.
Long-term climate fluctuations will undoubtedly
have an effect on the distribution of Coccidioides.
Changes in temperature and precipitation over time will
directly influence soil characteristics critical to its
growth and propagation. Coccidioides growth sites are
believed to be relatively small and widely distributed
throughout its endemic area and the fungus does not
readily colonize outside of established growth sites.
Laboratory studies show that Coccidioides is quite robust
with respect to the physical and chemical factors of its
habitat, but is very sensitive to competition from other
microbes and vegetation. Therefore, climate change
models that result in an increase in microbes in the soil
profile and in the vegetation of a given area would result
in decreased habitat for Coccidioides and scenarios that
would reduce microbes in the soil profile and the veg-
etation in a given area may result in an increase in suit-

able habitat.

XIV. SoiLs AND EMERGING DISEASES

Emerging infectious diseases may be defined as those
that have newly appeared in a population and those
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whose incidence in humans has increased within the
past two decades. A re-emergent disease is the reap-
pearance of a known disease after a decline in incidence
(Lederberg et al., 1992, pp. 34, 42). Many soils provide
an ideal environment for the emergence of new infec-
tious diseases due to their overall chemical and physical
diversity, supply of essential nutrients for microbial
growth, and their constantly evolving character in
response to various soil forming factors, especially
climate.

Disease emergence can be attributed to numerous
factors such as the natural evolution and mutation of
existing organisms; the spread of known diseases into
new populations and/or new geographic areas; increas-
ing human population; ecological changes that increase
exposure of people to pathogens carried by insect or
animal vectors; environmental changes that increase the
exposure of people to contaminated dust, water, and
soil; and exposure to as yet unknown pathogens (World
Health Organization, 2002). The re-emergence of
known soil-borne pathogens may occur in response to
the breakdown or overtaxing of existing public health
infrastructures as a result of refugee circumstances or
other types of major demographic changes.

Examples of recently emerging and re-emerging soil-
borne pathogens are Clostridium spp. bacteria, which
cause a variety of diseases and are probably a permanent
soil resident, transmitted by the fecal-oral route and
through skin trauma; Listeria monocytogenes, a bacterium,
which causes listeriosis and is a permanent soil resident
transmitted by contact with soil contaminated with
infective animal feces and also by inhalation of the
organism; Sin Nombre virus, a Hantavirus, which causes
hemorrhagic fever, is a transient soil resident, and is
transmitted by inhalation of dust containing aerosolized
rodent urine and feces; Rotavirus spp., which causes
diarrhea and enteritis, an incidental or less commonly,
transient soil resident, transmitted by the fecal-soil-oral
route also by the fecal-respiratory route; Coccidioides, a
fungus, which causes coccidioidomycosis, a permanent
soil resident, transmitted by inhalation of Coccidioides
arthroconidia (Bryan et al., 1994); and variant
Creutzfeldt-Jakob disease, a TSE caused by prion infec-
tion, outbreaks in the UK in the late 1990s, possibly(?)
a transient or incidental soil resident (Lederberg et al.,
1992, Table 2.1, p. 36; World Health Organization,
1998).

Antimicrobial resistance, which is a natural conse-
quence of the adaptation of microbes to exposure of
drugs designed to kill them, may also cause re-
emergence of infectious diseases. Even though resist-

ance to antimicrobial agents is an irreversible, natural,
and evolutionary process, it is exacerbated by several
human activities including overuse (in developed coun-
tries) and under use (in developing countries) of antibi-
otic drugs; discharges of wastes from pharmaceutical
production plants; disposal into landfills and sewage of
wastes from common antibacterial household products
(soaps, over-the-counter drugs, cosmetics, cleaning sup-
plies, etc.); introduction into the human food chain by
agricultural use of antibiotics for disease and pest
control on plants and also by use of antibiotics on many
types of livestock for therapeutic reasons and as growth
enhancers; disposal of waste products from agricultural
operations; disposal of sewage sludge in landfills and by
application directly onto the land surface; and disposal
of all types of household and industrial garbage into
landfills (Standing Medical Advisory Committee, 1998,
American Academy of Microbiology, 1999). Antibacte-
rial drugs have received the most attention in regards
to antimicrobial resistance; however, resistance is also
developing to antiviral and antifungal drugs.

The ability of pathogenic microbes to respond and
adapt quickly to new environmental conditions is fun-
damental to the development of antimicrobial resist-
ance. Both the disposal of waste material in landfills and
application of sewage sludge to the land surface create
chemical and biological modifications of the natural soil
environment in any given place and provide new envi-
ronments that can foster microbial genetic change. In
developed countries modern sanitary landfills and
municipal sewage plants are closely regulated and
designed to limit the escape of chemical and biological
toxins. Homes in these countries, not connected to
municipal sewage systems, in most cases utilize septic
systems with leach fields that rely on the soils for sewage
treatment. Nonetheless some sewage sludge and land-
fill leachates contain a variety of bacterial, parasitic, and
viral pathogens derived from food waste, domestic
animal feces, disposable diapers, and garden waste.

In developing countries raw sewage and untreated
waste of all types are commonly disposed of directly into
soils and at times are added directly to soils as fertilizer.
Under these circumstances some bacterial pathogens in
sludge and sewage may fail to adapt and die out, whereas
others will adapt to the new environment and experi-
ence new growth.

Also of concern is the presence of residual amounts
of antimicrobial agents (pharmaceuticals, heavy metals,
toxic chemicals) that may select for the growth of new
bacterial forms that are resistant to various antibiotics.
Non-biological dispersal of pathogens from landfills are
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mainly by water (both surface runoff and groundwater
in the vadose zone) and wind. Biological dispersal may
be due to birds, rodents, insects, and humans.

XV. INTERCONNECTIONS: GEOLOGY/
SOIL/PATHOGENIC MICROBES

The importance of the soil environment for hosting
human pathogens was recognized over 2000 years ago
by Hippocrates who suggested that a physician, when
arriving at an unfamiliar town, should examine the
winds, sun aspect, sources of water, and “. . . the soil too,
whether bare and dry or wooded and watered, hollow
and hot or high and cold.” (Jones, 1923). That wisdom
has enormous room for development in the 21st
century.

The study of the ecological habitats of soil microbes
(both friendly and pathogenic) has been hampered for
centuries by the inability to see, measure, count, and
weigh organisms too small for the human eye to distin-
guish, especially 7z situ. It has also been hampered by
the inadequate exchange of ideas and approaches among
the wide diversity of scientific disciplines studying soils
and microbes. Complete scientific descriptions of soil
attributes, profiles, and classifications are rarely, if ever,
given in the medical and microbiological literature
focused on site-specific occurrences of soil-borne
human pathogens. This makes it nearly impossible to
conduct followup studies or further experiments in the
same area or soil type, or to extrapolate results to other
locations and studies. Commonly the only mention of
the terrestrial environment of pathogenic organisms is
described by phrases such as “soil” or “soil contami-
nated with bird feces,” or “moist anaerobic soil,” when
describing the organism’s habitat. This is not meant
to fault prior research but instead to underline the
need for multidisciplinary efforts. Many scientists are
not knowledgeable about soils or soil attributes that
affect microbes. Therefore, important geologic-soil-
pathogen-process relationships are overlooked in many
studies.

Geological features and processes are inherent in
many soil attributes, which are, in turn, important con-
trols over microbial activity and existence. For example,
the abundance of ferromagnesian minerals and feldspars
in a parent rock will determine the abundance and types
of clay minerals formed (given the right climatic condi-
tions) in soils by weathering processes. The presence of

clay minerals strongly influences soil water potential,
soil aggregaton and pore size, microbe movement,
virus adsorption, and the types of microbes present in
any given soil.

Infection by soil-borne pathogens can be prevented
or reduced by disrupting their life cycle. However, to
do this a complete understanding of the infectious cycle
is necessary to determine where interdiction will be
most effective. For example, interdiction of the life
cycle of soil-borne enteric pathogens is accomplished by
the use of proper disposal and sanitation measures of
human wastes. Another example is disruption of the
hantavirus cycle of infection by controlling rodents in
enclosed areas, thereby reducing or preventing expo-
sure to contaminated aerosols from rodent feces and
urine. These and similar examples require basic
research into all aspects of the life processes and ecology
of soil-borne pathogens and their interaction with the
physical, chemical, and biological attributes of their
habitat. These studies are best accomplished in the field
and on-site using, whenever possible, noninvasive
methods, some of which are reviewed by Madsen
(1996). In the best circumstances, studies of soil-borne
human pathogens would include a soil scientist familiar
with field measurements and determinations of soil
properties and classification. At the minimum, soil
pathogen collection sites should be precisely located,
soil textures should be determined, sand-silt-clay pro-
portions should be estimated, organic content deter-
mined, hydrologic setting described, geomorphologic
setting determined, pH and salinity (electrical con-
ductivity) measured, and vegetation type and density
described. These observations would go a long way to
address Hippocrates’ counsel to look at the soils.

Infectious diseases are a major cause of human suf-
fering and mortality and account for an estimated 13
million deaths worldwide each year (World Health
Organization, 1999), and that number is expected to
grow. As indicated in previous sections, soil-borne
human pathogens are important contributors to those
numbers. Drug-resistant microbes are increasing at a
dramatic rate and large urbanized areas in developing
countries with dismal health care and sanitary facilities
are magnets for displaced people. Deteriorating natural
environments through urbanization, deforestation, and
pollution of soils and waters coupled with the ease of
human travel ensures breeding places and rapid trans-
portation for many infectious agents. Increased under-
standing of the life cycles of pathogenic soil-borne
microbes, the ecology of their habitats, and the envi-
ronmental gateways they utilize for infectious transmis-
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sions will help break these cycles of infection. These
problems are complex in character, global in distribu-
tion, and applicable to every human being. Their solu-
tions are contingent on scientists from many disciplines
working together to study the attributes and processes
of complex soil ecosystems and communicating their
results to public health officials.

SEE ALSO THE FOLLOWING CHAPTERS

Chapter 14 (Bioavailability of Elements in Soil) -
Chapter 17 (Geophagy and the Involuntary Ingestion
of Soil) - Chapter 18 (Natural Aerosolic Mineral Dusts
and Human Health) - Chapter 27 (Investigating Vector-
Borne and Zoonotic Diseases with Remote Sensing and

GIS)
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