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Campylobacter is the leading cause of bacterium-associated diarrhea in the United States and most developed
countries. While this disease is considered a food-borne disease, many clinical cases cannot be linked to a food
source. In rural and agrarian areas environmental transmission may be an important factor contributing to
case loads. Here we investigated the waterborne prevalence of campylobacters in a mixed-use rural watershed
in the coastal plain of southern Georgia (United States). Six sites representing various degrees of agricultural
and human influence were surveyed biweekly to monthly for 1 year for the presence of culturable thermophilic
campylobacters and other measures of water quality. Campylobacters were frequently present in agriculture-
and sewage-impacted stretches of streams. The mean campylobacter counts and overall prevalence were
highest downstream from a wastewater treatment plant that handled both human and poultry slaughterhouse
waste (=595 CFU ml™"; 100% positive); the concentrations were significantly higher than those for the four
upstream sites (P < 0.05). The counts were significantly correlated with the number of fecal coliform bacteria,
conductivity, pH, and concentrations of nutrients (NO;~, PO,>~, and NH;). Campylobacters were isolated
more frequently and larger numbers were present during the summer months, similar to the occurrence of
clinical cases of campylobacteriosis in this region. A multivariate model showed that the levels were signifi-
cantly influenced by increasing precipitation, which also peaked in the summer. The results indicate that
loading from both human and domestic animal waste may be high in the watershed studied during the summer
months. Mixed-use watersheds supporting agriculture production, human populations, and wildlife may be at

risk for contamination by campylobacters and may be an important route for human exposure.

The family Campylobacteraceae includes the genera Campy-
lobacter and Arcobacter (50). The campylobacter group (campy-
lobacters and campylobacter-like organisms) more commonly
includes a number of taxonomically related genera, including
Campylobacter, Arcobacter, Helicobacter, and Sutterella (10).
Campylobacters have been characterized as gram-negative, non-
spore-forming, motile, microaerobic, and ‘S’ or spiral-shaped or-
ganisms (50). Campylobacters, particularly Campylobacter jejuni
and Campylobacter coli, are the etiological agents of campylobac-
teriosis, which is recognized as one of the most frequent causes of
acute diarrheal disease throughout the world (47, 51). As much as
1% of the population is thought to be infected with Campy-
lobacter spp. every year in Europe and the United States (53).

Most campylobacteriosis cases in the United States and
throughout the world occur in the summer, and there are
declines in the fall and winter (5, 43, 48). Handling and con-
sumption of poultry or poultry-related products are considered
to be a primary source of Campylobacter infection (14). It has
been suggested that changes in food handling and consump-
tion in the summer months (i.e., outdoor barbecuing) may lead
to this predictable seasonality (43); however, this assessment
does not always hold (26, 33) and does not explain the fact that
the same pattern occurs in different nations and cultures (16,
33, 36, 47). Furthermore, the pathways involved in campy-
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lobacter contamination of poultry flocks also remain unclear.
Given that the majority of human infections are sporadic,
sources other than food (poultry) may be important in disease
transmission, especially in areas where the food-borne disease
burden has declined. Other reported sources of infection in-
clude contaminated water and raw milk (22, 32); however, in
most cases the exact source of disease is not determined (43).
Environmental loading and transmission may be factors asso-
ciated with nonoutbreak cases, particularly those related to
contamination of ambient waters (4, 28, 41, 42).

Although they require a host for growth, campylobacters are
common in natural waters, such as streams, rivers, and lakes,
due to discharges from wastewater treatment plants, runoff
from agricultural lands, and direct contamination by feces of
wild birds and animals (8, 13, 22, 32). Once Campylobacter spp.
are introduced into the environment, the survival or persis-
tence of these organisms depends on many factors, such as
oxygen content, the presence of nutrients, temperature, and
pH (6). Recent research also has indicated that campy-
lobacters may survive within vacuoles of protozoans in envi-
ronmental waters (2, 44). Additionally, Campylobacter spp.
may enter a viable but nonculturable state (where organisms
are not able to grow in culture but remain metabolically ac-
tive), which was first described by Rollins and Colwell (38).
The viable but nonculturable state has been considered to play
a role in prolonging Campylobacter spp. survival in the envi-
ronment (8, 32). The common agricultural practice of spread-
ing livestock manure on land is an obvious and well-described
vector for the contamination of crops and water resources at
the farm level if the wastes contain pathogenic microorganisms
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FIG. 1. Sampling locations in southeastern Georgia (United States).

(17). The most common use of poultry litter (manure mixed
with bedding material) is application to cropland as fertilizer
on fields close to poultry houses. Campylobacter spp. have been
isolated from the feces of bovine animals (19, 20, 24, 45) and
poultry (18, 25, 29); seasonal shedding has been reported for
both cattle (45) and poultry (49).

Mixed-use watersheds supporting agriculture production,
human populations, and wildlife may be at risk for contami-
nation by campylobacters. Determining environmental factors
that contribute to both loading and persistence of campy-
lobacters is important for controlling potential waterborne
transmission. Here we describe the distribution of thermotol-
erant campylobacters in an agrarian watershed in southeast
Georgia (United States) with a consistently high rate of campy-
lobacter cases (17.0 cases per 100,000 people in Coffee County,
compared with a state-wide average of 6.8 cases per 100,000
people in 2003 [35]) and a multivariable environmental model
that begins to describe the seasonality of campylobacters in this
area.

MATERIALS AND METHODS

Field study. (i) Sampling area. Samples were collected in the Satilla River
basin, which drains 10,204 km? in southeast Georgia (United States). This area
is flanked by the Altamaha River basin to the north and the Suwannee River and
St. Mary’s River basins to the south. Field sampling was focused in the Seventeen
Mile River (four of six stations), which is located in the headwaters of the Satilla
River basin near Douglas, Broxton, and Ambrose, GA (Coffee County) (Fig. 1);
the area of the watershed is approximately 764 km?. An upstream site was
located near the headwaters of the Satilla River (site 5). A control station (site

6) was located in the Lower Ocmulgee watershed in the Broxton Rocks Preserve.
Stations 1 to 4 (along the Seventeen Mile River) were designated downstream
(site 1) to upstream (site 4) (Fig. 1). Site 2, on a tributary of Seventeen Mile
River, was immediately downstream from the municipal wastewater treatment
plant (WWTP) for the city of Douglas, which handles both human and poultry
slaughterhouse waste. Approximately 50% of the influent that the WWTP re-
ceives comes from poultry-processing facilities in Douglas. The other three
stations along the Seventeen Mile River were primarily influenced by agriculture
(Table 1). Site 5 was located on the Satilla River (Fig. 1) and was not only the
most upstream of all the stations sampled but also had the highest percentage of
agricultural land use (Table 1). Site 1, the most downstream of all stations, had
slightly less agricultural influence (26% in its immediate area), but it received
flow from sites 2, 3, and 4. Poultry houses, including 20 poultry houses in the

TABLE 1. Description of the sample sites in the
Satilla River watershed

Land use (%)

Site Drainagc;, No. of poultry
area (km”) houses Row b sture  Forest*  Other”
crops
1 462 20 26 6 51 17
2 14 0 17 5 47 32
3 434 20 27 6 50 17
4 28 1 34 3 50 14
5 45 0 51 1 31 18
6° 7.25 0 6 1 77 16

“ Includes deciduous forest, evergreen forest, mixed forest, and forested
wetland.

? Includes open water, transportation, utility swaths, urban, clear-cut or sparse
vegetation, and golf courses.

¢ Control site, located in the Lower Ocmulgee watershed.
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drainage area of site 1 and 20 poultry houses in the drainage area of site 3, were
located throughout the Satilla River watershed (Fig. 1 and Table 1). No poultry
houses were located in the immediate drainage area of the control station (site
6) or sites 2 and 5 (Table 1). Poultry litter application was assumed to occur in
the immediate areas surrounding the houses; however, poultry litter was also
applied to cropland throughout the watershed, including areas where no poultry
houses were present (B. Bannister, USDA Natural Resources Conservation
Service, personal communication). Within the Satilla River watershed, the
amount of poultry litter applied was considered to be proportional to the amount
of cropland in a watershed (Bannister, personal communication).

(ii) Sample collection. Samples were collected biweekly from June through
August 2003 and monthly from September 2003 through May 2004; all samples
were collected between 8:00 a.m. and 10:00 a.m. Water was analyzed to deter-
mine its conductivity (mS cm™ "), temperature (°C), pH, dissolved oxygen con-
centration (mg liter ), turbidity (nephlometric turbidity units), oxidation reduc-
tion potential (ORP) (mV), fluorescence, and chlorophyll a concentration (mg
liter 1) with a YSI 6600 multiparameter Sonde (Yellow Springs Instruments,
Yellow Springs, OH). The probe was placed into the deepest part of the stream
channel and used to record instantaneous values after stabilization. Water used
for nutrient and microbial analyses was collected in sterile 1-liter polypropylene
bottles as discrete surface grabs and transported on ice to the USDA Agricul-
tural Research Services (USDA-ARS) Southeast Watershed Research Labora-
tory in Tifton, GA.

Nutrient analyses. Water samples were filtered through Whatman 934 AH
filters to determine the amount of suspended sediment using standard methods
(7). The filtrate was analyzed to determine nitrate-N and ammonium-N concen-
trations using Environmental Protection Agency-approved colorimetric tech-
niques (7) with a Lachat flow injection analyzer. Samples were analyzed to
determine potassium contents using standard methods with a Perkin-Elmer
atomic absorption spectrophotometer (7).

Microbiological analyses. Samples were processed for microbial analysis
within 4 h after the first sample was taken. Water samples were screened for fecal
coliform bacteria by membrane filtration and growth on mFC agar using stan-
dard methods (12). Plates were incubated for 24 + 2 h in a 44.5°C water bath. All
blue colonies were considered fecal coliform bacteria and enumerated, and the
results were expressed as CFU per 100 ml.

Thermotolerant campylobacters were detected and enumerated using a mod-
ified direct-plating method, without preenrichment. Rosef et al. (39) previously
reported that preenrichment did not significantly increase the percentage of
campylobacters detected in environmental samples. Furthermore, Atabay and
Corry (1) suggested that this step may selectively enrich Arcobacter spp. over
Campylobacter spp. Briefly, duplicate 100-wul aliquots of water from each sample
were directly spread onto modified charcoal cefoperazone deoxycholate agar
(Oxoid, Lenexa, KS). Petri dishes were then placed in nonvented BBL (Cock-
eysville, MD) GasPak jar systems, and microaerobic conditions were created and
maintained using BBL (Sparks, MD) CampyPak Plus microaerophilic system
envelopes with a palladium catalyst (H, plus CO,). Plates were incubated for
48 = 1 h at 42°C, and gray, mucoid colonies were counted as presumptive
campylobacters. The identities of colonies were confirmed by observation of
gram-negative spiral bacteria, darting motility, a positive oxidase reaction, a
positive catalase reaction, and growth only in a microaerobic atmosphere (34,
40). The detection techniques used here confirmed the presence of campy-
lobacters and campylobacter-like organisms (including Campylobacter and
Acrobacter spp. [9]), without regard to species (34).

Other data. Basin-wide rainfall was estimated using data from a National
Climatic Data Center weather station in Douglas, GA (COOPS 092783) (Fig. 1).
In order to examine the potential impact of precipitation on other study vari-
ables, several measures of precipitation were compiled for analyses, including
daily rainfall, rainfall on the day before sample collection, total rainfall in the 7
days before sample collection, total rainfall in the 10 days before sample collec-
tion, total and average daily rainfall in the 30 days before sample collection, and
maximum daily rainfall values for the 7-, 10-, and 30-day periods before sample
collection.

Monthly data reports on flow and treatment standards were obtained from the
WWTP upstream of site 2. The treatment plant’s capacity is 6.00 X 10° gallons
per day, and during times of increased rainfall the influent flow may exceed this
(D. Wilcox, Douglas Wastewater Department, personal communication).

Statistical analyses. Microbiological data were not normally distributed, even
following log transformation; therefore, nontransformed counts were used in
nonparametric statistical tests. For seasonal analyses, seasons were defined as
follows: summer, June to August; fall, September to November; winter, Decem-
ber to February; and spring, March to May. Kruskal-Wallis tests were used to
examine differences in both water quality (e.g., fecal coliform density, pH,
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TABLE 2. Agricultural land use and summary statistics for
campylobacters by site

Mean concn % Positive for

Agricultural land

Site . CFU ml ™! campylobacter
use (%) (mini[(num, maxirlmm)b p)En)
1 32 (+ WWTP) 65 (ND, 325) AB 75 (12)
2 22 (+ WWTP) 158 (ND, 595) A 100 (13)
3 33 9 (ND, 60) B 33(12)
4 37 30 (ND, 115) B 58 (12)
5 52 10 (ND, 50) B 69 (13)
6 7 2(ND, 10) B 17 (12)

¢ Includes row crops and pasture land. Only sites 1 and 2 were influenced by
or downstream of the municipal WWTP.

? ND, not detected. The limit of detection was 10 CFU ml~'. Mean values
followed by the same letter are not significantly different at the 95% confidence
level (Kruskal-Wallis test).

NO;™-N content, etc.) and campylobacter density between study sites and sea-
sons. Spearman’s rank correlations were used to examine potential associations
among water quality variables and between water quality variables and campy-
lobacter densities. All associations were considered significant at a P value
of =0.05.

A generalized estimating equation model (PROC GENMOD, SAS 9.1) was
used to construct a multivariable predictive model for waterborne campy-
lobacters to accommodate the distribution structure of count data (CFU ml™*)
likely to exhibit multiple levels of correlation (i.e., correlations in observed
campylobacter densities were expected for samples collected in the same month
and for samples collected at the same study site) (3). Initially, all variables
significantly associated with campylobacter concentrations at a P value of =0.10
were entered into a saturated model using a Poisson distribution. Counts were
recorded as zero when values were below the detection limit. When all variables
were entered into the model, overdispersion of the model was assessed. Vari-
ables were eliminated from the model in a backward stepwise manner to obtain
the most predictive model. Variables were retained in the model if Wald
P values were <0.05 or if removal of a variable resulted in a significant
likelihood ratio test.

RESULTS

Differences in water quality among study sites. Fourteen
samples were collected from each of the six sites; however,
campylobacter plate counts were determined for only 12 sam-
ples fromsites 1, 3, 4, and 6 and for 13 samples from sites 2 and
5 due to the presence of swarming colonies that prohibited
accurate reading of the plates. Although campylobacters were
detected at all sites sampled, the mean concentrations were
lowest at the control site (site 6; 2 CFU ml™') and highest
downstream from the municipal WWTP (site 2; 158 CFU
ml ') (Table 2). The highest concentration of campylobacters
detected at any sampling time was also at site 2 (595 CFU ml~*
in August 2003). All 13 of the samples from this site were
positive as determined by culture analysis, whereas only 17%
(2/12) of the samples from the control site were positive. While
the campylobacter levels at site 2 were significantly higher than
the levels at all of the upstream sites (sites 3 to 6; P < 0.05),
they did not differ significantly from the levels at site 1, imme-
diately downstream (Table 2). Upstream of the WWTP (sites
3,4, 5, and 6) the percentage of positive samples corresponded
with the percentage of land used for agriculture (i.e., the
higher percentage of agricultural land, the higher the percent-
age of samples positive for campylobacters) (Table 2).

The mean conductivity (0.61 mS cm '), NO5-N concentra-
tion (2.6 mg liter '), PO,>~ concentration (2.8 mg liter '),
and NH;-N concentration (0.3 mg liter ") at site 2 (WWTP)
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TABLE 3. Measured water quality and nutrient parameters at each site in the Satilla River watershed”

Fecal coliform concn

Concn (mg liter ') of:

Site(s) " (CFU 100 ml -1y pH ORP (mV) NO, N PO NN K
1 173 (15, 570) 72(6.6,7.6)  147(63,356)  021(ND,0.84)  0.17(0.01,130)  0.023(ND,0.06) 6.7 (1.4,23.8)
2 698 (ND,5,000)  72(69.7.5)  131(54.310)  806(0.90,7.14Y 5675 (0.23,6.61)° 278 (0.02, 1L48)° 03 (44 33.8)°
3 121 (ND, 315) 70(62.7.8)  164(81,296)  0.16(0.01.0.86)  0.10 (ND,0.99)  0.04 (0.01,020) 32 (22, 44)
4 186 (20, 680) 71(65.78)  217(97.459)  020(ND,1.00)  002(ND,0.06)  007(0.01,021) 23 (L 3)
5 248 (120, 490) 72(66,7.5  226(80,471)  0.19(ND,0.87) 001 (ND,0.06)  0.07(0.01,033)  2.8(0.4,3.6)
6 55 (ND, 250) 6.5(57.74)¢  227(102,423) 011(ND.0.90) 003 (ND,098)  002(0.01004)  14(08, 1.8)
Al 249(ND,5000)  7.0(57,7.8)  183(54,471)  0.600 (ND,7.14) 054 (ND,6.61)  0.09 (ND, 148) 62 (0.4,33.8)

“ The values are the means (minimum, maximum).

> ND, not detected. The limit of detection for fecal coliforms was 20 CFU 100 ml™!; the limit of detection for NO;~-N was 0.05 mg liter~'; the limit of detection

for PO, was 0.005 mg liter !; and the limit of detection for NH;-N was 0.005 mg liter 1.
¢ The value is significantly different at the 0.05 (95%) level from other values for individual sites in the same column.

were also significantly higher than the values at all other sites
(P < 0.05) (Table 3). In contrast, the potassium concentration
(0.3 mg liter ') and ORP (131 mV) were significantly lower at
this station (P < 0.05). The average pH at site 6 (control) (pH
6.5) was significantly lower than the pH values all other sites,
and the ORP (227 mV) was highest at this station.

The fecal coliform concentration did not differ significantly
by site; however, higher concentrations were detected most
frequently at site 2, immediately downstream from the WWTP
(mean, 698 CFU 100 ml~ ') (Table 3). The concentrations were
lowest at the control site, site 6 (mean, 55 CFU 100 ml™!).

Basin-wide campylobacter concentrations were significantly
correlated with the fecal coliform levels, conductivity, chloro-
phyll a concentration, nutrient levels (NO;~-N, Cl, PO,>~, and
K), and dissolved inorganic carbon concentration (P < 0.05)
(Table 4). However, since many of these water quality param-
eters were also significantly associated with site 2, we also
calculated correlations excluding this site as a possible con-
founding variable. When site 2 was excluded from the analysis,
campylobacters were significantly correlated only with fecal
coliform bacteria (r = 0.37, P = 0.003).

Seasonal and climatic influences on water quality. The wa-
ter temperature ranged from 4.8°C in January to 27.9°C in July.
As expected, the average water temperatures were significantly
different in different seasons (P < 0.0001). In the summer the
average water temperature was 24.5°C, compared to 16.7°C for
the fall, 7.9°C for the winter, and 17.9°C for the spring. The
dissolved oxygen levels also varied seasonally (P < 0.0001) and
correlated inversely with the water temperature (r = —0.66,
P < 0.001). Nitrate levels, chlorophyll a levels, pH, and turbidity
also showed significant seasonal variation (P < 0.05). The

TABLE 4. Spearman’s rank correlations between water quality
variables and campylobacter for all sites (only significant
correlations; P < 0.05)

Parameter Spearman r P
Fecal coliform bacteria (CFU 100 ml™") 0.36 0.0016
Temp (°C) 0.45 <0.0001
Conductivity (mS cm™!) 0.42 0.0002
Chlorophyll a concn (mg liter™ ') 0.24 0.0433
NO; ™ -N concn (mg liter ') 0.34 0.0034
PO,*~ concn (mg liter ") 0.4 0.0004
K conen (mg liter ') 0.34 0.0033

dissolved oxygen content and pH were highest during the win-
ter (11.06 mg liter ™! and pH 7.40, respectively). The nitrate
concentration peaked in the fall (0.9 wg liter '), and the chlo-
rophyll a concentration was highest in the spring (35.4 pg
liter ). The turbidity was highest during the summer (4.4
nephlometric turbidity units).

The highest concentrations of campylobacters were ob-
served at all sites between July and August 2003 (Fig. 2). The
mean levels were significantly lower during the spring (13 CFU
ml~ ") and highest during the summer (99 CFU ml™ ') (P =
0.003) (Fig. 3). At the control site (site 6) campylobacters were
detected only in the summer months. Consequently, campy-
lobacter counts were positively correlated with temperature
(r = 0.45, P < 0.0001). Additionally, the observed campylobacter
concentrations showed a significant association with three
closely related rainfall variables: average rainfall during the 30
days before sample collection (r = 0.36, P = 0.0015), the
maximum daily rainfall in the 30 days before sample collection
(r = 0.36, P = 0.0017), and the total rainfall in the 30 days
before sample collection (r = 0.36, P = 0.0015) (Fig. 3). While
fecal coliform concentrations did not vary significantly by sea-
son, the highest concentrations were also detected in the sum-
mer (mean, 459 CFU 100 ml~'). The mean fecal coliform
concentrations were 162 CFU 100 ml ™! in the fall, 138 CFU
100 ml~! in the winter, and 121 CFU 100 ml~*' in the spring.

Influence of wastewater treatment and discharge on campy-
lobacter levels. Over the period of study, the mean influent
flow at the wastewater treatment plant was 5.12 X 10° + 1.4 X
10° gallons per day. The campylobacter levels specifically at
site 2 were not significantly correlated with WWTP flow on the
day of sampling or with any climate or water quality variable;
nonetheless, the influent flow at the treatment plant was great-
est during the summer, when the mean flow was 6.43 X 10°
gallons per day. When the highest concentration of campy-
lobacters was observed (5 August 2003; 595 CFU ml’l), the
influent flow was also at its peak (8.52 X 10° gallons per day)
(Fig. 4).

Multivariable model of campylobacters. Overdispersion of
the data was evident when all variables were fitted in the
Poisson model. Consequently, the model was refitted using a
negative binomial distribution. The independent variables en-
tered into the full model included the random effects of tem-
perature, total rainfall in the month (30 days) before sample
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that were campylobacter positive.

collection, and fecal coliform counts and the fixed effects of
season and site. Dummy variables for each season were also
examined, using winter as the referent category. Models con-
trolled for sampling variability within a sampling round. Sig-
nificant interactions between temperature and season and be-
tween rainfall and season were observed in reduced models;
however, the best-fit, most predictive model included the sea-
sons summer and spring, total rainfall in the previous month
(30 days), site, and interactions between total rainfall and
two of the seasons, summer and spring (Table 5). The sig-

nificant predictors of measured campylobacter concentra-
tions in water retained in the final multivariate model in-
cluded total precipitation in the month (30 days) prior to
sample collection, the site of sample collection, and season
(Table 5). Compared to the background site (site 6), signif-
icantly higher campylobacter counts were obtained for all
sampling sites when climatic and sampling effects were con-
trolled in the model. Downstream of the WWTP, the con-
centration of campylobacter was highest (~5.5 times the
concentrations observed at the control site) in the multi-
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variable model (B = 5.55; 95% confidence interval, 4.17 to
6.90). Compared to the winter and fall, the observed campy-
lobacter concentrations were nearly four times higher in the
summer months (B = 3.83; 95% confidence interval, 2.60 to
5.06), and the counts increased further slightly with each
additional inch of rainfall during the previous 30 days. For
the spring months the model suggested that the campy-
lobacter counts were also approximately threefold higher
than the counts for the referent fall and winter months (g =
2.91; 95% confidence interval, 1.95 to 3.88), but reduced
total rainfall in the spring resulted in lower observed campy-

TABLE 5. Generalized estimating equation parameter estimates
and significance values for variables significantly associated
with campylobacter concentrations in surface waters
in a multivariate model

Parameter
Independent variable estimate SE P
(®)

Season
Summer 3.83 0.63 <0.0001
Spring 291 0.49 0.0298
Winter and fall Reference

Site
Site 1 4.40 0.74 <0.0001
Site 2 5.54 0.70 <0.0001
Site 3 1.99 0.64 0.016
Site 4 3.25 0.78 <0.0001
Site 5 2.21 0.63 <0.0001
Site 6 Reference

Total rainfall (inches) 30 days 0.065 0.0978  <0.0001

before sample collection

Interactions
Summer + 30-day total rainfall 0.1089 0.0427 0.01
Spring + 30-day total rainfall —0.7252 0.0864  <0.0001

lobacter counts; this was adequately accounted for when
interaction terms, including season and rainfall, were in-
cluded in the multivariate model (Table 5 and Fig. 5).

DISCUSSION

Our objectives in this study were to determine the preva-
lence of campylobacters in a mixed-use watershed and to relate
the prevalence to season and other environmental parameters.
Coffee County, GA, which includes the Seventeen Mile River,
and other adjacent counties in south Georgia have some of the
highest case rates of campylobacteriosis in the state (e.g., 17.0
to 40.6 cases per 100,000 people, compared with a state-wide
average of 6.8 cases per 100,000 people in 2003) (35), yet there
is little information on probable exposure routes in this largely
agrarian area.

We used traditional culture-based detection methods to
identify campylobacters directly from environmental waters
(39). The bacteria were detected at all sites during this study,
and their identities were confirmed by simple biochemical tests
(catalase and oxidase tests), growth in a microaerobic environ-
ment, and a motility test (34, 40). Testing of waters for fecal
indicator bacteria is commonly used as a proxy for the presence
of enteric pathogens; however, many studies have demon-
strated that indicators are poorly correlated with many patho-
gens, including Campylobacter spp. (42, 51). In the present
study, campylobacters were significantly correlated with fecal
coliform bacteria using Spearman rank correlations (r = 0.36,
P < 0.05) (Table 4); however, when other predictive variables,
such as sampling site, rainfall, and summer season, were in-
cluded in the multivariate model, fecal coliform bacteria
counts were not associated with campylobacter counts. This
suggests that fecal coliforms might be influenced by the same
environmental variables as campylobacters and may be a useful
tool in predicting the presence of Campylobacter in environ-
mental waters.
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FIG. 5. Observed and predicted mean campylobacter concentrations for all study sites based on the final multivariable model including season,
total 30-day rainfall, and interactions between rainfall and season for summer and spring. Campy, campylobacter.

In the watershed studied, the highest concentrations of
campylobacters were found immediately downstream of a mu-
nicipal wastewater treatment plant. The influent received by
this WWTP is split evenly between human waste and poultry-
processing waste; approximately 33% of the poultry waste orig-
inates from slaughterhouses (Wilcox, personal communica-
tion). Sewage and sewage sludge have been shown to contain
campylobacters at concentrations of 10* to 10° and 10" to 10?
CFU 100 ml™', respectively (15, 46). Furthermore, studies
have shown that Campylobacter spp. can survive typical waste-
water treatment and can persist in sewage effluent (4, 46). Both
Campylobacter and Arcobacter have been detected in contam-
inated river water and wastewater samples by culture and mo-
lecular direct detection methods (29). Although the numbers
detected in the present study are higher than the numbers
reported in other surveys, the large loads from anthropogenic
and agricultural inputs into the WWTP from poultry process-
ing are probably factors driving these high numbers. The treat-
ment plant’s capacity is 6.00 X 10° gallons per day, but this is
sometimes exceeded during large rainfall events (Wilcox, per-
sonal communication).

In this study campylobacters were isolated more frequently
and larger numbers were present during the summer months,
which is consistent with the trends for clinical cases of campy-
lobacteriosis (48) but did not correspond with the low survival
rates reported for summer temperatures in vitro (23). In this
region of Georgia, the maximum number of clinical cases of
campylobacteriosis also occurs in the summer (35), when pre-
cipitation tends to be high. These results differ from the results
of other environmental studies, in which detection of campy-
lobacter peaked in late autumn and winter months (4, 22).
Given the low survival rate of Campylobacter at warm temper-
atures in vitro (23), we hypothesized that in this watershed the
environmental loading observed in the summer months is me-
diated by rainfall and runoff and the input is sufficiently high to
offset the decrease in survival due to the high seasonal tem-
peratures. Indeed, carriage rates for animals are known to

increase in the summer months (30), and our findings are
similar to the seasonal pattern of campylobacter carriage
found in chickens and sewage sludge (21, 36, 52). An addi-
tional source of contamination may be land-applied poultry
litter (18, 27, 31), which is widespread in the agricultural por-
tions of the watershed (Bannister, personal communication).
Therefore, increased rainfall may lead to higher levels of runoff
carrying animal manure and poultry litter into the receiving
streams. Studies have shown that nutrients and coliform
bacteria can be leached from surface-applied poultry litter
by heavy rainfall and transported from the field in surface
runoff (11, 37). Finally, given that there are similar summer
peaks in clinical cases and that in-stream counts were great-
est downstream of a WWTP (26, 33), human sewage may
also contribute to the high numbers of campylobacters
found in this study.

Conclusion. Campylobacters were frequently present in sur-
face waters receiving effluent from a WWTP and in areas
receiving agricultural runoff. In the present study, the highest
concentration of campylobacters, 595 CFU ml ™!, was detected
directly downstream from a wastewater treatment plant that
processes both human and poultry slaughterhouse waste.
While wastewater drives a significant portion of the campy-
lobacter loading in the watershed, effects in the larger water-
shed and in upstream watersheds are more likely related to
rainfall and runoff. The highest culturable counts of campy-
lobacters were detected during the summer, consistent with
increases in precipitation and also paralleling typical clinical
patterns in the high-case-rate county studied. This work should
contribute to hierarchical models that relate human cases of
campylobacter infection to environmental drivers and water-
shed contamination.
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