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Nearly 690 raw surface water samples were collected during a 6-year period from multiple watersheds in the South Nation River
basin, Ontario, Canada. Cryptosporidium oocysts in water samples were enumerated, sequenced, and genotyped by detailed phy-
logenetic analysis. The resulting species and genotypes were assigned to broad, known host and human infection risk classes.
Wildlife/unknown, livestock, avian, and human host classes occurred in 21, 13, 3, and <1% of sampled surface waters, respec-
tively. Cryptosporidium andersoni was the most commonly detected livestock species, while muskrat I and II genotypes were the
most dominant wildlife genotypes. The presence of Giardia spp., Salmonella spp., Campylobacter spp., and Escherichia coli
O157:H7 was evaluated in all water samples. The greatest significant odds ratios (odds of pathogen presence when host class is
present/odds of pathogen presence when host class is absent) for Giardia spp., Campylobacter spp., and Salmonella spp. in water
were associated, respectively, with livestock (odds ratio of 3.1), avian (4.3), and livestock (9.3) host classes. Classification and
regression tree analyses (CART) were used to group generalized host and human infection risk classes on the basis of a broad range of
environmental and land use variables while tracking cooccurrence of zoonotic pathogens in these groupings. The occurrence of live-
stock-associated Cryptosporidium was most strongly related to agricultural water pollution in the fall (conditions also associated with
elevated odds ratios of other zoonotic pathogens occurring in water in relation to all sampling conditions), whereas wildlife/unknown
sources of Cryptosporidium were geospatially associated with smaller watercourses where urban/rural development was relatively
lower. Conditions that support wildlife may not necessarily increase overall human infection risks associated with Cryptosporidium
since most Cryptosporidium genotypes classed as wildlife in this study (e.g., muskrat I and II genotype) do not pose significant infection
risks to humans. Consequently, from a human health perspective, land use practices in agricultural watersheds that create opportuni-
ties for wildlife to flourish should not be rejected solely on the basis of their potential to increase relative proportions of wildlife fecal
contamination in surface water. The present study suggests that mitigating livestock fecal pollution in surface water in this region
would likely reduce human infection risks associated with Cryptosporidium and other zoonotic pathogens.

Cryptosporidium spp. are a serious cause of diarrheal disease
and a major concern for the production of safe drinking water.

Sixty percent of 120 major worldwide waterborne parasitic proto-
zoan outbreaks that occurred from 2004 to 2010 were due to Cryp-
tosporidium spp. (1). Nonoutbreak cases have been increasing in
the United States, from about 3,400 in 2004 to over 8,000 in 2007
(2). Cryptosporidium is particularly resistant to disinfection, and
water treatment systems may not be able to fully eliminate this
parasite from drinking water. In response, some jurisdictions have
implemented extensive Cryptosporidium monitoring at water
treatment facilities to help gauge and mitigate risks (3).

The Cryptosporidium genus is very diverse, with species and
genotypes that vary in their host specificities and in their virulence
potentials for humans (4). For instance, Cryptosporidium parvum
(5) and Cryptosporidium hominis pose a significant threat to hu-
man health (6), whereas, Cryptosporidium andersoni, most com-
monly associated with adult cattle, is considered to pose a much
lower risk (7). As a result, the assessment and/or reduction of
Cryptosporidium species exposure risks in water requires species/
genotype quantification and species/genotype identification, due
to potential species/genotype virulence variation with respect to
human infection (8–11).

Generalized host specificity of Cryptosporidium (12) has en-
abled the use of Cryptosporidium as a microbial source tracking
(MST) agent. In watersheds, which are settings that can have mul-
tiple sources of fecal contamination (9, 13), identifying the host
sources of Cryptosporidium species contamination in water could
dramatically increase the capacity to identify how this parasite
manifests itself in water resources as a result of the effects of dif-
ferent land use and environmental factors (14, 15). Moreover,
since other zoonotic pathogens can be associated with the occur-
rence of this parasite in water (16–18), it follows that Cryptospo-
ridium species/genotype information could serve as an MST tool
for assessing the sources of other cooccurring pathogens.
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The primary objective of the present study was to identify spa-
tial and temporal relationships between land use, season, and en-
vironmental variables from 6 years of Cryptosporidium species and
genotype data derived from surface water sampled from several
mixed-activity watersheds in eastern Ontario, Canada. A second-
ary objective of the study was to explore relationships between
specific Cryptosporidium species or genotypes and the cooccur-
rence of other zoonotic pathogens in contaminated water. Identi-
fying when, where, and ultimately why certain Cryptosporidium
species/genotypes are detected in surface waters, and the associ-
ated occurrence of other zoonotic pathogens, will help inform risk
assessment and risk management practices that reduce public
health risks.

MATERIALS AND METHODS
Study site description. The South Nation River basin is located in eastern
Ontario, Canada, and covers an area of approximately 3,900 km2 (Fig. 1).
A variety of land uses prevail in this river basin that are relevant to this
study, including dairy and beef cattle farming, cash and livestock crop
production, livestock pasturing, and fall and spring manure applications
as well as nonagricultural land uses related to urban and rural develop-
ment (19–21). The water sampling sites are located on the South Nation
River proper and river tributaries in an �200-km2 area of the South Na-
tion River basin (Fig. 1) (21).

Water sample collection and analysis. Seventeen of a total of 24 long-
term surface water sampling sites were visited on a biweekly basis between
April and December of each year. Water sampling began in October 2004
and ceased in July 2009 (6 years) for Cryptosporidium. In any given year, 5
to 17 sites were visited and sampled over 2 to 3 seasons. One liter of water
was collected in tandem with all other samples and analyzed for ammonia
and ammonium, dissolved reactive phosphorus, nitrite and nitrate, total
Kjeldahl nitrogen, total phosphorus, turbidity, water temperature, spe-
cific electrical conductivity, dissolved oxygen, and oxidation-reduction
potential following Wilkes et al. (21). One liter of water was collected by
submerging sterile polyethylene terephthalate (PET) bottles (Systems
Plus, Woodstock, Ontario, Canada) to a depth of approximately 0.5 to 1
m below the water surface in a manner that did not disturb bottom sedi-

ment. Samples were placed on ice in coolers and shipped by overnight air
courier to the Public Health Agency of Canada’s Laboratory for Food-
borne Zoonoses (Lethbridge, Alberta, Canada) for the isolation of Cam-
pylobacter spp., Salmonella enterica, and Escherichia coli O157:H7 accord-
ing to the methods of Jokinen et al. (22).

Cryptosporidium oocyst and Giardia cyst quantification, genotyp-
ing Cryptosporidium, and Cryptosporidium species identification.
Twenty liters of water was collected in Nalgene containers (2240-0050
Nalgene Jerricans; Thermo Fisher Scientific, Rochester, NY) and refriger-
ated (4°C) overnight. The following day, the water was passed through
Filta-Max filters (IDEXX, Westbrook, MN) and shipped by overnight
delivery to the Alberta Provincial Laboratory for Public Health (Calgary,
Alberta, Canada), where they were processed using U.S. Environmental
Protection Agency method 1623 (23). Elution of parasites was carried out
using a phosphate-buffered saline (0.01%) solution followed by immuno-
magnetic separation (IMS) with a DynaBeads G-C Combo Kit (Invitro-
gen Canada Inc., Burlington, Ontario, Canada). A modification, includ-
ing a secondary washing procedure, was included to achieve slides with
less debris for easier and more accurate microscopy (24). Slides were dried
and fixed with methanol and stained with 4=,6-diamidino-2-phenylindole
(DAPI; Sigma-Aldrich, St. Louis, MO), followed by fluorescently labeled
monoclonal antibodies (EasyStain; Biotechnology Frontiers, North Ryde,
New South Wales, Australia). Parasites identified by fluorescence micros-
copy were confirmed to be Cryptosporidium based on DAPI staining char-
acteristics or on their size, shape, and morphology using differential in-
terference contrast (DIC) microscopy.

Oocyst removal from slides, lysis, DNA extraction, and replicate
nested PCR-restriction fragment length polymorphism (RFLP) and DNA
sequencing were carried out as previously described (24). All raw se-
quence data were imported into Seqscape, version 2.6.1 (Applied Biosys-
tems, Foster City, CA), with base-calling performed using the KB base-
caller. Bidirectional sequence data were assembled, and a consensus
sequence was produced and exported as FASTA-formatted files. Multiple
sequence alignments and phylogenetic analysis were carried out using
software packages (Clustal-W and PHYLIP) offered by the Sun Center of
Excellence for Visual Genomics (COE) at the University of Calgary
through a web interface accessible via the Secure Global Desktop. Phylo-
genetic analysis of the sequences from this study along with the species

FIG 1 Map of the study area and location of water sample sites. The top left inset map with square region indicates where the study area is situated globally.
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and genotype identification has been thoroughly described in Ruecker et
al. (24).

The species or genotypes of the Cryptosporidium oocysts detected in
each water sample were grouped into broad source classes (livestock,
avian, human, wildlife/unknown [including muskrat genotypes], and just
muskrat [genotypes]) and four human infection risk categories (high,
medium, low, and no human infection risk) (Table 1) (24). Unknown
genotypes were grouped with wildlife in the broad wildlife/unknown
source class (8, 24) for data mining analysis. To assign the human infec-
tion risk categories, the available literature was reviewed. The evidence
used to develop these risk classes comes primarily from published United
Kingdom studies, where genotyping of human stools is routine and cen-
tralized for both sporadic and outbreak-related human cases of infection
(25, 26). While the evidence is not complete, particularly in Canada, the
available literature reports reflect our current state of knowledge on this
infection. There is one Canadian study of human cryptosporidiosis cases
and detected genotypes, and the results follow those of the United King-
dom studies, though the sample size was small (n � 11) (27). The litera-
ture suggests that C. hominis and C. parvum pose the largest risk to hu-
mans, and these were categorized as high risk in this study (28), while
Cryptosporidium meleagridis and Cryptosporidium ubiquitum were cate-
gorized as medium risk (29). C. andersoni and the skunk genotype were
categorized as low risk (7), and the remaining species and genotypes were
considered nonpathogenic (i.e., no risk) to humans and were categorized
as no risk (4, 30, 31). When a sample contained more than one source class
(n � 53) or species/genotype (n � 78), the highest risk class was assigned
to that sample. Classification of these genotypes into risk groupings is
important to help elucidate fecal pollution drivers and prioritize interven-
tion efforts on the basis of the sources of fecal pollution that represent the
greatest public health significance.

Environmental and land use variables. Environmental, seasonality,
water quality, and land use variables that were deemed to have a possible
association with the occurrence and diversity of Cryptosporidium species/
genotypes in the region (21) are given in Table S1 in the supplemental
material. Over 50 distinct land use variables were produced within a geo-
graphic information system (GIS) from roadside survey data and land use
classification data; the land use classification data were generated from
remotely sensed satellite imagery.

Statistical analyses. As per Wilkes et al. (21), land use and environ-
mental variable (see Table S1) associations with target water quality end-

points were examined quantitatively using classification and regression
tree (CART) analysis (CART Pro, version 6.0; Salford Systems, San Diego,
CA) in classification tree mode. CART target, or dependent variables in
this study, were the presence and absence of Cryptosporidium species/
genotype generalized source classes (e.g., livestock presence and absence
data) and species/genotype human infection risk classes defined on the
basis of species/genotypes that are known human health risks. Briefly,
CART is a nonparametric, automated test-and-learn, recursive partition-
ing procedure that splits dependent variables into homogeneous groups,
referred to as nodes here, based on independent variable data-splitting
criteria. Herein we use the word criteria to describe independent variable
(land use or environmental) “greater-than” (�) and “less-than-or-equal
to” (�) conditions associated with designating how these nodes of depen-
dent data are generated or split further into two subsequent groups (i.e.,
child nodes). CART tests for the best discriminating split criteria using all
possible independent variable-splitting possibilities. A root node of a tree
consists of all available data for analysis (the first node in a tree, designated
node 1 in the tree figures), and CART can split these data into two child
nodes. Each child node can be further split into subsequent child nodes
repeatedly. Nodes that can no longer be split further due to user or CART-
defined node-generating stopping criteria are designated terminal nodes
(T nodes). CART classification trees were generated to define source and
risk class groups (nodes) based on land use, weather, season, water phys-
ical-chemical, and stream order variable criteria (variables are given in
Table S1 in the supplemental material). We employed the CART default
Gini data-splitting criteria for this purpose. Gini is a data-splitting meth-
odology that puts the largest variable class into one pure node and all
others into the opposite node. Each data node split criterion has an im-
provement score associated with it, which is an index of how well the split
generated group homogeneity or group purity in the child nodes as a
result of a parent node split. The highest improvement score generated by
data-splitting criteria represents the best relative performance in terms of
dividing data into homogeneous groups, in the case of this study, the
presence and absence of a source or risk class of Cryptosporidium. For
purposes of tree model interpretation brevity, and given the exploratory
nature of the work, we selected CART trees for interpretation between a
minimum of 2 to a maximum of 4 tree levels (assuming the root node is 1
tree level). These would produce, respectively, a minimum of 2 and a
maximum of 8 terminal nodes for a given tree model. For all CART anal-
yses, a 10 V-fold cross-validation (10% test, 90% learning approach) was

TABLE 1 Cryptosporidium species and genotypes detected in surface water samples, their known hosts and assigned generalized host, and human
health risk classes

Cryptosporidium species or genotype Known host(s) (genus or species)
Generalized host class from
known host(s)

Known human infection
risk class

C. bailey Bird (Aves) Avian No risk
C. meleagridis Bird (Aves) Avian Medium risk
C. andersoni Cattle (Bos primigenius) Livestock Low risk
C. parvum Cattle, human (Bos primigenius, Homo sapiens) Livestock High risk
C. ubiquitum Sheep, deer, rodent (Ovis aries, Cervidae, Rodentia) Livestock Medium risk
C. hominis Human (Homo sapiens) Human High risk
Deer mouse III genotype Deer mice (Peromyscus) Wildlife/unknown No risk
Fox genotype Fox (Volpini) Wildlife/unknown No risk
Muskrat I genotype Muskrat, vole (Ondatra zibethicus, Arvicolinae) Wildlife/unknown No risk
Muskrat II genotype Muskrat, vole (Ondatra zibethicus, Arvicolinae) Wildlife/unknown No risk
Shrew genotype Shrew (Soricidae) Wildlife/unknown No risk
Skunk genotype Skunk (Mephitidae) Wildlife/unknown Low risk
Vole genotype Vole (Arvicolinae) Wildlife/unknown No risk
W12 genotype Unknown (?) Wildlife/unknown No risk
W18 genotype Unknown (?) Wildlife/unknown No risk
W19 genotype Unknown (?) Wildlife/unknown No risk
W25 genotype Unknown (?) Wildlife/unknown No risk
W27 genotype Unknown (?) Wildlife/unknown No risk
W28 genotype Unknown (?) Wildlife/unknown No risk
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used for estimating the error rate of subtrees generated when a maximum
CART tree is grown, and then pruned back, for a target Cryptosporidium
source or risk class. Here, we selected the tree models with the lowest
cross-validated error between 2 and 4 tree levels. For all CART analyses,
the minimum number of cases in a terminal node was limited to 10 cases
to limit data-sparse terminal nodes. The top competitor and surrogate
variable split criteria associated with optimal data split criteria (the ones
with the highest improvement score) are presented. The top competitor
split criteria for each nodal split are considered the next best split criteria,
relative to the optimal split criteria. Strong surrogate split criteria are
those that mimic optimal split criteria on a case-by-case basis. Surrogate
split criteria help reveal intercorrelations between predictor variables as
well as robust predictors. Top competitor or surrogate split criteria are
provided in the context of their improvement scores divided by the opti-
mal split improvement score (multiplied by 100).

An additional analysis was conducted to evaluate associations among
Cryptosporidium source and risk classes and the occurrence of other zoo-
notic pathogens. Odds ratios (ORs) and 95% confidence interval (CI)
limits (Taylor series) were determined to assess the relative odds of detect-
ing the presence of a zoonotic pathogen in a water sample taken when a
particular Cryptosporidium source or risk class was present compared to
when species/genotypes of that source or risk class were not present in a
water sample. Further, odds ratios were also used to evaluate the relative
odds of detecting the presence of a zoonotic pathogen in a water sample
taken when specific environmental or land use criteria in the CART anal-
ysis described above (CART terminal node conditions) were met, relative
to the global detection of these pathogens in all water samples collected
(root node data which is designated node 1 in CART model figures).

RESULTS
Detection of Cryptosporidium species/genotypes. Species and
genotypes that were evaluated, and their frequency of detection in
687 water samples, are summarized in Tables 1 and 2. Briefly, C.
andersoni and C. parvum represent typical bovine-derived species,
and they were detected in 75 and 5 water samples, respectively (11
and �1% of samples). C. parvum has both human and livestock
known hosts, but for purposes of brevity in analysis, it is classed as
a livestock host in this study. The avian species Cryptosporidium
bailey and C. meleagridis were detected in 14 (2%) and 6 (�1%) of
the samples, respectively. C. hominis, associated with human
hosts, was detected in �1% of the samples. In all cases, C. hominis
was detected downstream of rural homes located on or near a
stream or river. C. ubiquitum was detected in �2% of the samples.
Wildlife and livestock can both be hosts of C. ubiquitum (Table 1),

but here and in Ruecker et al. (24) it has been given a livestock host
designation for purposes of streamlining the data mining analysis.
Rodent genotypes are represented by muskrat I, muskrat II, deer
mouse III, and vole and were detected in 38 (6%), 66 (10%), 4
(�1%), and 8 (1%) surface water samples, respectively. Six un-
known host genotypes were identified (W12, W18, W19, W25,
W27, and W28). The various unknown genotypes were detected
in less than 5% to less than 1% of samples. Cryptosporidium spe-
cies presenting a high and medium risk to humans were observed
in 2 and 3% of samples, respectively, with associated oocyst
mean � standard error densities of 46 � 31 and 28 � 4 oocysts 100
liters�1, respectively (Table 2 and Fig. 2A). The mean densities of
Cryptosporidium oocysts when a livestock, wildlife/unknown,
muskrat genotype, avian, and human source was detected in a
sample were 35 � 5, 90 � 43, 120 � 66, 74 � 54, and 19 � 7
oocysts 100 liters�1, respectively.

Relationships among environmental and land use variables
and livestock-associated Cryptosporidium species. The legend of
Fig. 3 provides guidance on how to interpret CART tree diagrams.
Maximum daily air temperature (RUS_MAXTEMP; where RUS
indicates Russell meteorological station) of 20.25°C (the 48th per-
centile for maximum temperature) was the optimal root node
(node 1) split criterion in the CART analysis (Fig. 3). Ninety-two
percent of all livestock-associated species were detected in water
samples taken when the maximum daily air temperature was at or
below 20.25°C; only 8% were detected when the temperature was
above this threshold. Samples collected during the cooler maxi-
mum air temperatures were largely made in the fall (number of
samples in the fall [nfall] � 274) and spring (nspring � 50). In
contrast, samples taken when the temperature was above this
threshold were primarily taken during the summer (nsummer �
242) but also spring and fall (nspring � 109; nfall � 12). Hence,
season and temperature variables were important surrogate and
competitor variables (Fig. 3) for this root node split of Cryptospo-
ridium source classes.

For samples collected when maximum daily air temperatures
were �20.25°C, water nitrate concentration was a node-splitting
criterion at 0.67 mg liter�1, or the 45th percentile. The dominant
competitor and surrogate variable split criterion for the nitrate
node 2 split (Fig. 3) was river discharge (DIS_PAY, where PAY
indicates Payne hydrometric station), which was positively asso-
ciated with nitrate concentrations for this nodal split. Forty per-
cent (presence/absence ratio of 2) of all livestock-associated spe-
cies detections (T node 3) were found during maximum daily air
temperatures of �20.25°C (node 1 split) and nitrate concentra-
tions of �0.67 mg liter�1 (node 2 split) and river discharge of
�5.24 m3 s�1 (node 3 split). The livestock species presence/ab-
sence ratio for T node 2 is 0.26. River discharges of 5.24 m3 s�1

represent the 92nd percentile of this variable.
At maximum daily air temperatures of �20.25°C, livestock-

associated species in water were not detected as frequently. Only 7
samples were detected positive for livestock-associated species
above this temperature threshold, representing 8% of all positive
livestock source detections overall. Of the 7 detections for this
water temperature condition, 5 (6% of all positive livestock detec-
tions) were found in water samples with maximum daily air tem-
peratures of �20.25°C (48th percentile for maximum tempera-
ture) and where density of dairy operations in catchment areas
upstream of a site within a maximum upstream flow length of 5
km (DDAIRYOP_5K) was �0.57 observations (obs) km�2 (82nd

TABLE 2 The number and percentage of water samples from which a
Cryptosporidium oocyst, assigned host source, or human health risk
class was detected

Target in sample
Total no. of
samples

No. of
detections in
samples

Percentage of
detections in
samples

Cryptosporidium (morphology
or PCR)a

687 330 48

Livestock source 687 90 13
Wildlife/unknown source 687 144 21
Avian source 687 20 3
Human source 687 6 �1
High human infection risk 687 11 2
Medium human infection risk 687 17 3
Low human infection risk 687 71 10
a The category Cryptosporidium (morphology or PCR) is a sum of the samples where a
detection was made by morphology, PCR, or morphology and PCR.
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FIG 2 (A) Mean � standard error and median plus interquartile range of Cryptosporidium oocysts per 100 liters for specific host source classes of Cryptospo-
ridium and human infection risk classes. (B) The percentage of samples positive for a zoonotic pathogen (Giardia, Campylobacter spp., Salmonella spp., and E.
coli O157:H7) out of the total number of samples tested for a zoonotic pathogen when a specific Cryptosporidium source or risk class occurs (�) or does not occur
(�). (C) Odds ratio estimates (with 95% confidence intervals) calculated as the odds of the presence of a zoonotic pathogen occurring when a specific
Cryptosporidium generalized source or risk class occurs, relative to the odds of the presence of a zoonotic pathogen occurring when the respective Cryptosporidium
source or risk classes do not occur.
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percentile for this dairy operation variable). Maximum air tem-
peratures above 20.25°C represent all summer, many spring, and
several fall samples (node 4); and the dairy operation density of
0.57 obs km�2 data split criterion partitions samples taken in areas
where dairy operation density upstream of a sample site is rela-
tively low (T node 4) and high (T node 5). “Pasturing type” sur-
rogate and competitor variables related to the CART split given in
Fig. 3, node 4, were related to dairy operation type-independent
variables. This illustrates that the dairy operation and pasturing
variables were correlated and behaved similarly when higher and
lower occurrences of livestock Cryptosporidium sources in surface
water at higher relative maximum air temperatures were parti-
tioned.

Relationships among environmental and land use variables
and wildlife/unknown and muskrat I- and II-associated Crypto-
sporidium genotypes. The majority of wildlife/unknown source
detections (97 of 144 total source hits; 67%) occurred when max-
imum daily air temperatures were �21°C (50th percentile) and
where the density of low development (e.g., rural residential or
light urban development) within 10 km upstream of sampling
sites (DDEVLO_10K) was �9.91 obs km�2 (85th percentile) (Fig.
4). Very few water samples taken downstream of areas that had
higher densities of development were positive for wildlife/un-
known sources. Nitrate concentrations in water and mean daily
temperature were modest to strong surrogate and competitor
variables for the optimal root node data split (node 1), with re-

spective improvement scores of 69 and 96%. Shreve stream order
served as strong surrogate variable split criteria for the split of
node 2 data, possessing an improvement score of �90% of the
optimal splitting criteria. Surrogate variable information indi-
cated that sites with lower stream orders were associated with
lower densities of land with low development (low-developed
land) and, vice versa, that sites with higher stream orders were
associated with higher densities of low-developed land for node 2
data. The surrogate stream order split criteria for node 2 parti-
tioned strongly the sites on the South Nation River proper (Shreve
of �28,513) from all other sites of lower order (small drains and
streams, intermediate streams, and smaller rivers). When maxi-
mum daily temperatures were �21°C (node 2), the majority of
samples were from the fall (nspring � 50, nsummer � 10, and nfall �
274). In contrast, when the maximum daily temperature was
�21°C, the majority of samples were from the spring-summer
(nspring � 109, nsummer � 232, and nfall � 12). In this predomi-
nantly spring-summer period (node 3), 43 of the wildlife/un-
known source detections were observed when the density of low
development in sample site catchment areas within a maximum
upstream flow length of 5 km (DDEVLO_5K) was �5.74 obs
km�2 (63rd percentile of this variable). The node 3 splitting cri-
teria (DDEVLO_5K of �5.74 obs km�2 and DDEVLO_5K of
�5.74 obs km�2) effectively split sites with Shreve stream orders
ranging from 36 to 3,942 (T node 3), while T node 4, representing

FIG 3 Classification tree delineating the presence and absence of livestock-classed Cryptosporidium species derived from independent variables given in Table
S1 in the supplemental material. The tree begins with all data (node 1), which is then split into two child nodes by independent criteria, until node-splitting-
stopping conditions are met. P, optimal data split criterion for node; C, competitor variable; S, surrogate variable. Percentages shown in parentheses for C and
S were calculated as follows: top competitor and surrogate variable improvement score divided by the optimal node split criteria improvement score, multiplied
by 100. The percentage in parentheses for node presence or absence of livestock-classed Cryptosporidium species was calculated as follows: the node total presence
or absence divided by the respective node 1 presence and absence data multiplied by 100. CART tree results can be interpreted as follows using T node 1 as an
example: total data in T node 1 is 71, with 6 livestock-classed Cryptosporidium species present and 65 absent. This group of 71 data was associated with the
independent variable criteria: RUS_MAXTEMP of �20.25°C and nitrate of �0.67 mg liter�1. For each terminal node of data, the number of other zoonotic
pathogens present or absent and the percent present or absent based on total presence or total absence for the entire data set (node 1) are given. Odds ratios (data
in parentheses are arranged, respectively, as the lower 95% CI limit [odds ratio estimate] upper 95% CI limit) for zoonotic pathogens are given for each terminal
node. They were calculated as the odds of a pathogen occurring in a given terminal node in relation to the odds of the same pathogen occurring in node 1.
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1% of the wildlife/unknown genotype detections, was composed
of sites with Shreve stream orders ranging from 48 to 50,855.

Given that about two-thirds of all the wildlife/unknown detec-
tions were muskrat I or muskrat II genotypes (number of muskrat
genotype detections [nmuskrat genotype] � 94), consistent with their
frequent observation in the experimental area, CART analysis was
employed on just muskrat genotype data (Fig. 5). Eighty-six per-
cent of all muskrat genotype detections were found in regions of
the study area where the density of low development in sample site
catchment areas within a maximum upstream flow length of the
catchment of 2 km (DDEVLO_2K) was �8.37 obs km�2 (60th
percentile of this variable), versus only 14% of muskrat genotype
detections above this development density threshold. Strong sur-
rogate variable split criteria were related to developed land and
stream order, and nitrate concentration was a strong competitor
split criterion.

Relationships among environmental and land use variables
and human infection risk classes. The oocysts analyzed were as-
cribed a human health risk class, and factors potentially affecting
the spatiotemporal distribution of the various risk classes were
explored (Fig. 6). The majority of samples with high risk (n � 10;
91% of high-risk samples) and many with medium risk (n � 7;
41% of medium-risk samples) for human infection were found
when dissolved oxygen concentrations were �9.86 mg liter�1 and
maximum daily temperatures were �21°C (the 66th and 50th
percentiles of these variables, respectively) (Fig. 6). Air tempera-
ture variables were strong competitor split criteria of the root
node (node 1) and child node 2. Samples with temperatures below
this value and below this dissolved oxygen level represent a ma-
jority of fall samples (for T node 1, nspring � 49, nsummer � 44, and
nfall � 110), whereas below this oxygen level and above this tem-

perature value, the majority of samples were in the summer (for T
node 2, nspring � 74, nsummer � 186, and nfall � 18). The majority
of the remaining water samples posing high (n � 1; 9% of sample
detections) and medium (n � 8; 47%) risks for human infection
were observed when dissolved oxygen concentrations were�9.86 mg
liter�1 and turbidity was �27.9 nephelometric turbidity units (NTU;
the 86th percentile of this variable) (T node 3).

Maximum air temperature, surface water discharge, and
density of developed land variable relationships with Crypto-
sporidium species/genotypes and human infection risk classes.
Taking into consideration the CART analyses, 3 key environmen-
tal or land use variables emerged as being particularly important
with respect to the spatiotemporal distribution of Cryptospo-
ridium species/genotypes within the study area. These were river
discharge at sampling time (Fig. 7), maximum daily air tempera-
ture (Fig. 8), and density of developed land upstream of a sample
location (Fig. 9). CART was not undertaken on the avian and
human species as these were too infrequently detected. However,
all oocysts are considered in the following analysis.

The generalized source classes were parsed according to river
discharge (average daily) at time of sampling (Fig. 7). Avian
sources of Cryptosporidium comprised �21% of the source detec-
tions in all deciles of mean daily discharge. Mean daily discharge
decile associations with C. hominis did not have notable propor-
tional trends, but there were very few observations of C. hominis
during the study. Livestock-associated Cryptosporidium oocysts
were present in percentages of �9% of positive samples in the first
3 deciles (lower discharge) of mean daily discharge. But livestock
Cryptosporidium detection ranged from 14 to 39% in deciles 4 to 8
and from 48 to 51% for deciles 9 and 10 (Fig. 7). Wildlife/un-
known Cryptosporidium genotypes were detected in all deciles of

FIG 4 Classification tree delineating the presence and absence of wildlife/unknown-classed Cryptosporidium genotypes derived from independent variables
given in Table S1 in the supplemental material. The tree begins with all data (node 1), which is then split into two child nodes by independent criteria until
node-splitting-stopping conditions are met. P, optimal split criterion for node; C, competitor variable; S, surrogate variable. The percentages in parentheses for
C and S were calculated as follows: top competitor and surrogate variable improvement score divided by the optimal node split criteria improvement score,
multiplied by 100. The percentage in parentheses for node presence or absence of wildlife/unknown-classed Cryptosporidium was calculated as the node total
presence or absence divided by the respective node 1 presence and absence data, multiplied by 100. For each terminal node of data, the number of other zoonotic
pathogens present or absent and the percent present or absent based on total presence or total absence for the entire data set (node 1) are given. Odds ratios (data
in parentheses are arranged, respectively, as the lower 95% CI limit [odds ratio estimate] upper 95% CI limit) for zoonotic pathogens are given for each terminal
node. They were calculated as the odds of a pathogen occurring in a given terminal node in relation to the odds of the same pathogen occurring in node 1. See
the legend of Fig. 3 for instructions on how to read tree models.
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mean daily discharge, with the highest percentage occurrence in de-
ciles 1 to 3 at 79 to 100%. Cryptosporidium samples assigned as high
risk for human infection occurred at discharge deciles �4 (Fig. 7). No
more than 9% of the sources posing a medium risk for human infec-
tion occurred below the 4th decile of mean daily discharge.

Avian-classed Cryptosporidium species were observed consis-
tently in deciles 1 to 6 of maximum daily temperature at percent-
ages of �14% of collected samples (Fig. 8), and avian species were
not observed in maximum daily temperature deciles �6 (�22°C).
There were too few C. hominis observations to detect any temper-
ature-dependent trends. Livestock-associated Cryptosporidium
species had the highest proportion of occurrence at maximum
daily temperature deciles 1 to 5, ranging between 24 and 59%,
with very few detections at higher temperatures. In contrast, wild-
life/unknown Cryptosporidium genotypes typically had the high-
est proportion of occurrence at maximum daily temperature de-
ciles 6 to 10, with proportions of 70 to 100%. Species which pose
the highest risk to humans occurred primarily at lower maximum
daily temperatures, represented by deciles 1 to 5 (Fig. 8).

Proportions of wildlife/unknown genotype occurrence tended
to decrease with an increase in density of developed land upstream
of a sample location (Fig. 9); the converse modestly occurred for
livestock. These trends were reflected in the human health risk
class, given that a majority of the low-risk detections were of live-
stock origin, and the majority of no-risk detections were of wild-
life origin. High- and medium-risk classes occurred in all quartiles
of developed land density, with no apparent trends.

Pathogenic bacteria and Giardia associations with Crypto-
sporidium source and human infection risk classes. With the
exception of the infrequently occurring C. hominis, Fig. 2B pre-

dominantly illustrates that the percentage of Giardia, Campylo-
bacter spp., and Salmonella spp. is higher when Cryptosporidium
(overall detection), and livestock, wildlife/unknown, and muskrat
I and II species/genotypes of Cryptosporidium are present relative
to when they are not. Of particular note is the especially large
percentage of Campylobacter spp. in samples where avian Crypto-
sporidium was detected. Figure 2C shows that the odds ratios for
all pathogens, except the infrequently occurring E. coli O157:H7,
are between 2.7 to 4 with 95% CI limits of �1 when Cryptospo-
ridium is present in water in relation to when Cryptosporidium is
not present in water. In other words, the odds of these pathogens
occurring were 2.7 to 4 times greater when Cryptosporidium oc-
curred in water than when Cryptosporidium did not occur in wa-
ter. Odds ratios and associated 95% CI limits for all pathogens,
except Campylobacter spp., were �1 when livestock-associated
Cryptosporidium species were present compared to when live-
stock-associated species were absent. The odds ratio for Salmo-
nella spp. in this livestock grouping was 9.3, the highest odds ratio
for all pathogens for all Cryptosporidium class associations. Odds
ratios for pathogens with CI limits of �1 for when wildlife/un-
known source classes and muskrat genotypes were detected in
water, in relation to when they were not detected in water, were
associated only with Giardia and Campylobacter spp. For avian-
sourced Cryptosporidium, the odds ratio for Campylobacter spp.
detection in water, versus when it was not in water, was 4.3, with
CI limits of �1. When low-risk Cryptosporidium species were de-
tected in water, in relation to when they were not detected in
water, odds ratios, with CI limits of �1, were �2 for Giardia,
Campylobacter spp., and Salmonella spp. There was no significant

FIG 5 Classification tree delineating the presence and absence of muskrat I and II genotypes derived from independent variables given in Table S1 in the
supplemental material. The tree begins with all data (node 1), which is then split into two child nodes by independent criteria until node-splitting-stopping
conditions are met. P, optimal split criterion for node; C, competitor variable; S, surrogate variable The percentages in parentheses for C and S were calculated
as follows: top competitor and surrogate variable improvement score divided by the optimal node split criteria improvement score, multiplied by 100. The
percentage in parentheses for node presence or absence of muskrat I and II genotypes is calculated as the node total presence or absence divided by the respective
node 1 presence and absence data, multiplied by 100. For each terminal node of data, the number of other zoonotic pathogens present or absent and the percent
present or absent based on total presence or total absence for the entire data set (node 1) are given. Odds ratios (data in parentheses are arranged, respectively,
as the lower 95% CI limit [odds ratio estimate] upper 95% CI limit) for zoonotic pathogens are given for each terminal node. They were calculated as the odds
of a pathogen occurring in a given terminal node in relation to the odds of the same pathogen occurring in node 1. See the legend of Fig. 3 for instructions on how
to read tree models.
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increase in the odds of pathogen presence for the high-risk group-
ing in relation to the grouping without high risk.

Figure 3 illustrates that T node 3, which had the largest live-
stock Cryptosporidium species presence/absence ratio of all termi-
nal nodes (ratio of 2), was the terminal node that was also associ-
ated exclusively with odds ratios of �1 for zoonotic pathogens.
Thus, the odds of detecting Giardia, Salmonella spp., Campylobac-
ter spp., and E. coli O157:H7 (confidence ranges for this pathogen
were very large) for environmental conditions (independent vari-
able split criteria) associated with T node 3 were on average
around 3.5 times more likely than for all sampling conditions
(node 1 conditions).

Figure 4 shows that T node 1 was the terminal node that had
the highest wildlife/unknown Cryptosporidium genotype pres-
ence/absence ratio (0.53) of all the terminal nodes in the model.
Moreover, the odds of detecting Giardia, Salmonella spp., and
Campylobacter spp. (E. coli O157:H7 occurrence was generally dis-
persed among all terminal node data groupings) in water for the
environmental/land use CART split criteria for T node 1 were 1.9
times more likely than for all sampling conditions (node 1, or the
root node). Odds ratio CI limits were �1 for all three of these
pathogens. Figure 5 presents the muskrat genotype I and II CART
model, with only two terminal nodes. In T node 1, with the highest
muskrat genotype presence/absence ratio (0.24) in the tree, Giar-

dia, Salmonella spp., and Campylobacter spp. odds ratios were all
�1, with the exception of E. coli O157:H7; however, all lower 95%
CI values were below a value of 1. Thus, the odds of detecting these
pathogens for this terminal node land use criterion were not sig-
nificantly higher than the odds of detecting those pathogens dur-
ing all spatiotemporal conditions observed (node 1 data).

For the CART model regarding the human infection risk
classes (Fig. 6), T node 4, where there were no high- or medium-
risk Cryptosporidium species present, was the terminal node of
data where all pathogens had odds ratios that were �1 (and with
�1 lower 95% CI limit values). Hence, the odds of detecting Gi-
ardia, Campylobacter spp., Salmonella spp., and E. coli O157:H7
were significantly greater for T node 4 data with associated inde-
pendent split criteria than for all other conditions, including when
the highest risk of Cryptosporidium species/genotypes was almost
exclusively present in surface water (T node 1).

DISCUSSION

The outcome of nearly 690 Cryptosporidium water samplings for a
6-year period (2004 to 2009) and identification of Cryptospo-
ridium species and genotypes in these samples via molecular and
phylogenetic analysis methods (24) indicate that livestock and
wildlife are the dominant sources of Cryptosporidium contamina-
tion in these mixed-use watersheds (Table 1). With a rate of de-

FIG 6 Classification tree delineating human infection risk classes of Cryptosporidium derived from independent variables given in Table S1 in the supplemental
material. The tree begins with all data (node 1), which is then split into two child nodes by independent criteria until node-splitting-stopping conditions are met.
P, optimal split criterion for node; C, competitor variable; S, surrogate variable. The percentages in parentheses for C and S were calculated as follows: top
competitor and surrogate variable improvement score divided by the optimal node split criteria improvement score, multiplied by 100. The percentages in
parentheses for node presence or absence of human infection risk classes are the node total presence or absence of the risk class divided by the respective root node
presence and absence data, multiplied by 100. For each terminal node of data, the number of other zoonotic pathogens present or absent and the percent present
or absent based on total presence or total absence for the entire data set (node 1) are given. Odds ratios (data in parentheses are arranged, respectively, as the lower
95% CI limit [odds ratio estimate] upper 95% CI limit) for zoonotic pathogens are given for each terminal node. They were calculated as the odds of a pathogen
occurring in a given terminal node in relation to the odds of the same pathogen occurring in node 1. See the legend of Fig. 3 for instructions on how to read tree
models.
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tection of over 20% in total number of samples collected, wildlife/
unknown-associated genotypes appear to prevail as the most
significant contributor of Cryptosporidium contamination of sur-
face water in the South Nation River basin study area. Muskrat I
and II genotypes (muskrat and vole) were detected, respectively, in
over 5 and 9% (total, 14%) of water samples collected. In total, these
two muskrat genotypes are more prevalent than all other genotypes/
species, including C. andersoni (13% of water samples) (24).

Globally, wildlife/unknown-classed genotypes were propor-
tionally more abundant during lower discharge conditions and
higher maximum daily temperatures than livestock-specific spe-
cies (Fig. 7 and 8). In these low-gradient surface water systems,
low-flow or even no-flow conditions are not uncommon, espe-
cially in the summer, and lower discharge would reduce signifi-
cant hydrologic “flushing,” dilution, and transport of wildlife-
derived Cryptosporidium that accumulated from direct wildlife
fecal release into the stream or near stream areas. This reasoning
follows since wildlife in the study area are more of a direct fecal
source to streams than livestock, with the latter having more lim-
ited and usually geographically constrained access to water-
courses. Moreover, indirect inputs of livestock fecal contamina-
tion will be reduced in summer due to limited manure inputs on
land and more limited subsurface drainage and runoff from adja-
cent fields than in the fall and spring (19).

The vole genotype was detected in only 1% of water samples,
yet voles can be significant hosts of the muskrat I and II genotypes
(12). Nevertheless, direct observation of muskrat activity in wa-

tercourses supports at least a potential for muskrats to contribute
Cryptosporidium to raw water collected in this study. Muskrats
often travel along watercourses and stream banks and swim in
surface water. They live around the riparian zone and often defe-
cate on stream banks, on logs, and directly into water (32). Musk-
rats prefer low water velocities, shallower water depths, and
streams bordered by agricultural crops, and they breed prolifically
(33, 34). They prefer cattail-type riparian environments over non-
vegetated or forested areas (35). Voles can be found and prolifer-
ate in similar mesic, wet, and marsh-like habitats, where some
species are known to swim (36). These environmental conditions
and actual muskrat and vole habitation were observed upstream
of sample locations, especially in smaller watercourses (e.g.,
Shreve order of �38) (37). The CART analyses (Fig. 3 to 6) indi-
cated that most wildlife/unknown sources of Cryptosporidium, for
which muskrat and/or vole was apparently a significant compo-
nent, occurred under both higher- and lower-temperature condi-
tions at sites where densities of developed land were, in a relative
sense, low. Visual inspection of the sites meeting these geographic
criteria indicated that they were generally associated with habitat
and environmental conditions conducive to rodents and hydro-
philic fauna (19). These areas dominate a large part of the surface
water network in the region. Cryptosporidium wildlife genotypes
and specifically muskrat genotypes had a much stronger associa-
tion with spatial features in the landscape (land use density and
location and stream order) than Cryptosporidium livestock-asso-

FIG 7 Percentage of water samples with a Cryptosporidium host source or human infection risk class detection out of the total number of water samples with a
source or risk class detection for various deciles of mean daily discharge (m3 s�1) measured at the Payne River hydrometric station.
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ciated species, perhaps reflecting wildlife habitat constraints in
these agriculturally dominated watersheds.

In a 10-week fall season pilot study in this same watershed
study area, mature cattle were identified as the dominant source of
Cryptosporidium in surface waters (38). The presence of numer-
ous dairy and several beef cattle farming operations in the study
area is consistent with the widespread detection of C. andersoni in
sampled water. Ruecker et al. (38) had previously detected other
host sources, notably muskrat I and II genotypes. Both studies
indicated higher frequency of C. andersoni detection in the fall.
But the CART analysis indicated that a vast majority of the Cryp-
tosporidium livestock-associated species during the seasonally
cooler temperature conditions occurred when river discharge was
relatively high and when nitrate concentrations in the water were
also relatively high. Relative to wildlife genotype spatiotemporal
hot spots, it appears that Cryptosporidium from livestock mani-
fested more strongly in surface water during elevated runoff/
drainage conditions and when nitrate concentrations were rela-
tively high in the fall, which are cumulative conditions indicative
of agriculturally based (or initially derived) water contamination
in the region (e.g., fall manure applications). Livestock manure is
frequently applied in the spring and/or fall, and field amendments
can be introduced into surface water via runoff and artificial sub-
surface drainage systems, which are prolific in the region and tend
to drain more frequently in fall and spring (in summer manure is
not readily applied to fields in the region) (39).

Different genotypes and species of Cryptosporidium present

various risks to human infection. C. hominis and C. parvum pose a
higher risk of human infection than other species or genotypes of
Cryptosporidium, including C. andersoni and muskrat I and II ge-
notypes. Morgan-Ryan et al. (40) detail C. hominis and C. parvum
host associations. Both C. hominis and C. parvum were detected
in a small number of water samples (number of C. hominis-
positive samples [nC. hominis] � 6; number of C. parvum-posi-
tive samples [nC. parvum] � 5). However, C. hominis in this study
was detected downstream of homes along streams. Septic sys-
tem problems at some of these homes were observed during the
course of the study period, but there was no clear weather or
hydrological affinities with C. hominis occurrence.

We had previously speculated that enhancement and protec-
tion of riparian zones as a means to reduce surface water pollution
by pasturing livestock could increase the abundance of Cryptospo-
ridium oocysts shed by wildlife that take advantage of newly pro-
tected riparian habitat (19). However, an increase in oocyst den-
sities, resulting from rodents and other wildlife proliferating in
that riparian habitat, would not necessarily heighten human in-
fection risks related to Cryptosporidium. The fact that muskrat I
and II genotype detections were prevalent in raw water in the
agriculturally dominated mixed-use watersheds in this study may
have also been due to general reductions in habitat of natural
predators as a result of agricultural and urban land use activities
(41). Additional source tracking data would be required in concert
with Cryptosporidium genotype/species data to help elucidate such
effects. Even so, land use practices that protect or generate wildlife

FIG 8 Percentage of water samples with a Cryptosporidium host source or human infection risk class detection out of the total number of water samples with a
source or risk class detection for various deciles of maximum daily temperature (°C) at the Russell meteorological station.
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habitat such as wetlands, riparian buffers, and forested areas may
increase fecal pollution pressure from wildlife, without necessarily
increasing human infection risks related to Cryptosporidium. The
fact that C. ubiquitum (livestock and wildlife serve as known
hosts) (Table 1) was detected in only about 2% of the samples
further supports this contention.

Identifying the sources of pathogens in water is one corner-
stone of water quality risk assessment. Multiple MST tools can be
employed to draw relationships among pathogens and dominant
fecal sources (38, 42), and identification of the fecal source can be
used to help inform other fecal pollution-driving mechanisms in a
landscape. Relying on generalized specificity of known hosts,
Cryptosporidium genotype and species information is one source-
tracking tool. In the present study, associations between source-
tracking information and the occurrence of a suite of zoonotic
bacterial pathogens and Giardia were explored. This approach is
supported by the fact that multiple pathogens can be shed during
a specific fecal release by a host or be released by pathogen reser-
voirs in particular environment settings (43, 44).

In the present study, Cryptosporidium genotype/species infor-
mation was useful in helping to identify spatiotemporal trends in
other zoonotic pathogens in surface water. Overall, when Crypto-
sporidium occurs in water, the odds of detecting Giardia, Campy-
lobacter spp., and Salmonella spp. are greater than when the para-
site is absent in the water (Fig. 2). Moreover, the highest
significant (CI limits did not bracket unity) odds ratios for Giardia
and Salmonella spp. occurred exclusively when livestock Crypto-
sporidium was present in water versus when livestock-associated
Cryptosporidium was absent in water. The highest odds ratios for
Campylobacter spp. were associated with avian source presence
versus avian source absence of Cryptosporidium, suggesting that

birds could be a significant source of Campylobacter spp. For wild-
life/unknown genotypes of Cryptosporidium, primarily fall condi-
tions and watershed settings where rural and urban development
was relatively low (Fig. 4, T node 1) were environmental/land use
conditions associated with the greatest wildlife genotype presence/
absence ratios (0.53) and were conditions where the odds of de-
tecting zoonotic pathogens (less the infrequently occurring E. coli
O157:H7) were around two times greater than all wildlife geno-
type presence and absence data (Fig. 4, node 1). Thus, wildlife fecal
inputs in these spatiotemporal hot spots could be formative re-
garding increasing marginally the odds of occurrence of Giardia,
Campylobacter spp., and Salmonella spp. in water. Yet muskrats
and/or voles are a clear dominant culprit in the shedding of wild-
life-derived Cryptosporidium, and, by extension, it could be as-
sumed that these rodents shed other zoonotic pathogens that may
be more important, in terms of human infection, than the Cryp-
tosporidium they shed. When muskrat I and II genotypes were
present, compared to muskrat I and II genotype absence, there
were significantly elevated relative odds of Giardia and Campylo-
bacter spp. occurring in water (similar to overall wildlife trends)
(Fig. 2). However, zoonotic pathogens detected for the land use
conditions identified in the CART analysis where the muskrat I
and II genotype presence/absence ratio was highest (0.24) (Fig. 5,
T node 1) indicate that there is generally no greater odds (odds
ratio 95% CI limit bracket unity) of detecting other examined
zoonotic pathogens in these Cryptosporidium genotype spatio-
temporal hot spots than in the full pool of muskrat I and II geno-
type detection sites in the study region.

Analyses revealed that there was coherence between the envi-
ronmental conditions where the highest livestock-derived Cryp-
tosporidium species presence/absence ratios (ratio of 2) occurred

FIG 9 Percentage of water samples with a Cryptosporidium host source or human infection risk class detection out of the total number of water samples with a
source or risk class detection for various quartiles of density of low development in a catchment area with a maximum upstream flow length of 2 km upstream
of sampling site (units are obs km�2).
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and greater odds (odds ratios ranging from 2 to 7 times greater) of
occurrence of zoonotic bacteria pathogens and Giardia (Fig. 3, T
node 3). These relationships are in agreement with correlations
among Cryptosporidium oocyst occurrence in water and the oc-
currence of other pathogens in that same water (20). Cumulative
fecal inputs in surface water systems mobilized by wetter fall con-
ditions, times of increased manure application to land in fall, and
water pollution-driving mechanisms accompanied with higher
discharge and higher relative nitrate concentrations are factors
linked to livestock fecal inputs in the region.

Weighing the results from the two most dominant generalized
host classes of Cryptosporidium in the study area, namely, wildlife/
unknown (21% occurrence in water samples) and livestock (13%
occurrence in water samples), best management practices (BMPs)
that alleviate livestock inputs to surface water and that create op-
portunities for wildlife to survive or perhaps proliferate should
not be rejected solely on the basis of a potential for heightened
proportional inputs of wildlife fecal matter. This contention is
supported by the following findings from the present study: (i)
livestock source-classed Cryptosporidium can have low-, medi-
um-, and high-risk species, whereas wildlife/unknown sources
provide only known no- to low-risk genotypes (Tables 1 and 2);
(ii) livestock host class Cryptosporidium is associated with, on av-
erage, higher ORs associated with zoonotic pathogens occurring
in water (less Campylobacter spp.) than the wildlife/unknown host
class (ORs here are the odds of pathogen presence when host class
is present/odds of pathogen presence when host class is absent)
(Fig. 2C); (iii) there was no E. coli O157:H7 that occurred when
wildlife/unknown source class Cryptosporidium occurred in water
(Fig. 2B); (iv) E. coli O157:H7 was detected when livestock-asso-
ciated Cryptosporidium was observed in water (Fig. 2B); (v) spa-
tiotemporal hot spots where livestock-associated Cryptosporidium
dominated were associated exclusively with higher significant
odds ratios of other zoonotic pathogens occurring in water (Fig. 3,
T node 3) than wildlife/unknown spatiotemporal hot spots (Fig. 4,
T node 1), where such odds were not exclusively as high as their
respective host class absence categories; and (vi) there was a uni-
formly low presence of C. ubiquitum, a medium-risk Cryptospo-
ridium commonly associated with livestock.

The highest human infection risk class specifically related to
Cryptosporidium, and as provided by CART analysis, was most
frequently detected (91% of total highest risk class observations)
when water oxygen was relatively low (�9.9 mg liter�1) and when
maximum air temperatures were relatively cool (�21°C). The
highest risk class of Cryptosporidium includes both C. parvum and
C. hominis. C. parvum is hosted primarily by cattle or humans,
while C. hominis is hosted more exclusively by humans. Thus, it is
possible that high-risk contamination originated from both live-
stock and human sources (knowing that different pollution driv-
ing processes likely influenced inputs of these different species if
derived from different sources). Alternatively, high-risk classes
may have originated from human sources exclusively since all C.
parvum and C. hominis oocysts could have originated from hu-
man sources. The 9.9 mg liter�1 oxygen level represents the 65th
percentile, suggesting that a majority of the high and medium
human infection risk Cryptosporidium species occurred in more
oxygen-limited water. The significance of the lower dissolved ox-
ygen condition is likely multifactorial as Spearman rank correla-
tions between dissolved oxygen concentrations and water/air tem-
perature variables were approximately �0.58 to �0.65 (P � 0.05).

Perhaps this reflects a seasonal effect where Cryptosporidium in-
puts to water occur at some of the lower-stream-order sites at
higher water temperatures (e.g., surrogate node 1 split criteria)
(Fig. 6). Moreover, dissolved oxygen was modestly, but signifi-
cantly, positively correlated with stream order (Spearman �, 0.18;
P � 0.10), indicating roughly that the lower stream orders, where
biological oxygen demand may have been greater, were spatial/
temporal hot spots for species/genotypes of human health risk
potential. Yet such conditions can occur in larger watercourses
during the summer months as well. The mean Shreve stream order
of water samples collected meeting the CART “greater-than” dis-
solved oxygen split criterion defined above was 13,211, whereas
the mean Shreve stream order for the CART “less-than-or-equal
to” dissolved oxygen split criterion was 10,669. The correlation
between river discharge and dissolved oxygen was a Spearman � of
0.62 (P � 0.05). Overall, lower river discharge primarily in the fall,
warmer water/lower oxygen concentrations, and generally smaller
stream orders could be conditions where there is greater potential
for multiple source inputs (e.g., human and/or bovine) to surface
water of higher-risk Cryptosporidium oocysts.

The present study represents a comprehensive analysis of the
geospatial and temporal prevalence of Cryptosporidium species
and genotypes in surface water in mixed-use, but agriculturally
dominated, watersheds. Very few of the Cryptosporidium species
and genotypes detected posed a high risk for human infection.
Given the geographic disposition of C. hominis occurrence, prac-
tices that mitigate septic system leakages, a documented concern
in the region, may be a means to reduce some exposure risks
associated with this pathogen even when oocyst densities associ-
ated with C. hominis were relatively low. Muskrat I and II geno-
types were the dominant sources of wildlife-classed Cryptospo-
ridium species, and their presence was coherent with habitat.
Muskrat genotypes, and the majority of the genotypes in the gen-
eralized wildlife/unknown Cryptosporidium host class (Table 1)
are not known to be human infective. Therefore, land use prac-
tices that facilitate protection and proliferation of wildlife should
not necessarily augment human infection risks for Cryptospo-
ridium in the region. Avian types of Cryptosporidium species were
not as prevalent as expected given that the watershed is located in
the Atlantic fly zone for migrating waterfowl (45). Considering
that C. meleagridis (medium risk for human infection) occurred in
only �1% of all samples in the present study, C. meleagridis was
not deemed problematic in terms of exposure risk potential. Live-
stock-related species of Cryptosporidium were observed less often
than wildlife-related sources of Cryptosporidium, and their occur-
rence was most strongly related to agricultural non-point source
pollution conditions in the fall. The odds of detecting Giardia,
Campylobacter spp., and Salmonella spp. in water were roughly 2.7
to 4 times greater when Cryptosporidium oocysts were detected in
water than when they were not. The greatest significant odds ratios
(odds of pathogen presence when host class is present/odds of
pathogen presence when host class is absent) for Giardia spp.,
Campylobacter spp., and Salmonella spp. in water were associated,
respectively, with livestock (odds ratio of 3.1), avian (4.3), and
livestock (9.3) host classes.
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