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Figure 3.33. Geometric mean of fecal coliform concentrations in Sinking Creek by site
(significant differences are indicated by different letters)

Fecal coliform concentrations at the agricultural sites were significantly higher
during all seasons (Figure 3.34 a —d). Significant increases in fecal coliform
concentrations were observed between sites 4 and 7 for all seasons, suggesting that
the bulk of fecal pollution occurred between these sites. During the winter and spring
months, fecal coliform concentrations decreased between sites 2 and 4. This suggests
that there may be something inhibiting fecal coliform survival or transport such as colder
temperatures (Horman et al. 2004), settling into sediment (Gannon et al. 1983) or
predation (Korhonen and Martikainen, 1991). In contrast, fecal coliform concentrations
increase between sites 2 and 4 during the summer and fall months. This may be due to
the continued introduction of fecal coliform bacteria downstream through runoff events

and agricultural activities, or the influence of warmer water temperatures during the
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summer and fall months, and the addition of organic matter that promote survival of

fecal coliform bacteria (Hunter et al. 1999; Hyland et al. 2003)
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Figure 3.34. Geometric mean of fecal coliform concentrations in Sinking Creek for
winter (a), spring (b), summer (c), and fall (d) by site (significant differences are
indicated by different letters)

Correlation Between Fecal Coliform Bacteria, E. coli, and Pathogens

Regression analysis was performed to determine the ability of fecal coliform
bacteria and E. coli to predict the presence of E. coli O157:H7, Shigella sp., Giardia sp.,
Cryptosporidium sp., and male specific (F*) bacteriophage. A complete lack of
correlation was observed between E. coli or fecal coliform bacteria and the pathogenic

bacteria of interest due to the failure to detect either organism in the field samples. The
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linear regression statistics for Giardia sp., Cryptosporidium sp., and male specific (F")

bacteriophage, and the indicator organisms are displayed in Table 3.3.

Table 3.3. Regression statistics for pathogens vs. indicators

Pathogen vs. Indicator r? value p —value
Giardia sp. vs. E. coli 0.053 p > 0.03
Giardia sp. vs. fecal coliforms 0.046 p>0.04
Cryptosporidium sp. vs. E. coli 0.123 p > 0.002
Cryptosporidium sp. vs. fecal coliforms 0.116 p > 0.002
Bacteriophage vs. E. coli -0.009 p>0.54
Bacteriophage vs. fecal coliforms -0.009 p > 0.56

These results suggest that neither E. coli nor fecal coliform bacteria are sufficient
indicators of presence of pathogenic bacteria. The failure to detect E. coli O157:H7 or
Shigella sp. may be due to the use of PCR methods in the absence of standardized
methods. The speed of analysis, typically a few hours, combined with method
sensitivity and ability to detect VBNC organisms make molecular methods such as PCR
appealing for the identification of pathogens in surface water (Josephson et al.1993;
Abd-El-Haleem et al. 2003). Although PCR methods for the identification of pathogens
can be rapidly completed and highly sensitive, they are often difficult to standardize and
apply to environmental samples due to inhibiting substances in the soil and water matrix
such as humic acids (Tebbe and Vahjen, 1993; Campbell et al. 2001; Bhagwat, 2003).
Environmental stress has also been shown to affect the stability of the target gene
further complicating the sensitivity of the method (Cooley et al. 2010). These factors

may have inhibited detection of E. coli 0157:H7 and Shigella sp. in Sinking Creek.
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Figures 3.35 (a and b) and 3.36 (a and b) display the linear regression plots for
E. coli or fecal coliform bacteria vs. Cryptosporidium sp. and Giardia sp. with their
associated r* values. All 4 of the regression models are statistically significant (p <
0.05), yet have low r? values. Indicating that little variability in protozoan concentrations
is explained by either fecal coliform bacteria or E. coli concentrations. This indicates
that fecal coliform bacteria and E. coli are poor predictors of protozoan contamination in
Sinking Creek. Correlation between fecal coliform bacteria and Giardia sp. and
Cryptosporidium sp. has been reported (LeChevallier et al. 1991; Touron et al. 2007),
but the vast majority of studies do not show a correlation between fecal indicator
organisms and protozoan pathogens (Rose et al. 1988; Lemarchand and Lebaron,
2003; Harwood et al. 2005). It may be possible that the observed differences in the
literature are due in part to the types of water sampled. As reported by LeChevallier et
al. (1991), water samples with higher fecal coliform concentrations have an increased
probability that the pathogens will be present. It may also be possible that the
protozoans isolated were associated with sediment that was filtered while the fecal

indicator organisms were suspended in the water.
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Figure 3.37 (a and b) display the linear regression plots for E. coli and fecal
coliform bacteria and male-specific bacteriophage with their associated r? values. A
lack of correlation is often observed between enteric viruses and fecal indicator
organisms (Gerba et al. 1979; Noble and Fuhrman 2001). As a result, alternative
indicators of enteric viruses such as bacteriophages have been used as successful
indicators of enteric virus pollution in surface waters (Wentsel et al. 1982; Stetler, 1984,
Havelaar et al. 1993) and have been shown to correlate with fecal coliform
concentrations (Kenard and Valentine 1974; Borrego et al. 1987). In this study, the
regression models are not statistically significant, indicating that neither E. coli nor fecal
coliform bacteria are sufficient indicators of the presence of bacteriophage prevalence.
Assuming that bacteriophages are successful indicators of enteric virus pollution in
surface waters, these results also suggest that indicator organisms are not sufficient

predictors of enteric virus pollution in Sinking Creek.
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Conclusion

Physical, chemical, and microbial parameters were monitored monthly for one
year to assess the water quality of Sinking Creek and display temporal and spatial
variability. Fecal coliform data indicate that Sinking Creek is impaired, particularly at
agricultural and urban land use sites. Linear regression analyses using E. coli and fecal
coliform bacteria were performed to assess their usefulness as indicators of pathogen
prevalence. Only regression analyses for fecal indicator organisms and protozoan
pathogens were statistically significant, suggesting that the use of fecal indicators may

overestimate the risk of pathogen exposure in Sinking Creek.
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CHAPTER 4
MULTIVARIATE STATISTICAL ANALYSES OF SINKING CREEK WATER QUALITY
DATA TO IDENTIFY SOURCES OF FECAL POLLUTION IN RELATION TO LAND
USE PATTERN
K.K. Hall and P.R. Scheuerman

Abstract

In the United States the increased listing of surface waters on impaired waters
(303d) lists for pathogen impairment and the requirement to address these through the
Total Maximum Daily Load (TMDL) process has resulted in increased need to develop
methods that effectively and universally identify sources of fecal pollution. Pathogen
TMDL development is currently based on a 30-day geometric mean, which does not
take into consideration seasonal effects, variability in land use patterns, or the influence
of runoff events on water quality. To account for these sources of variability, alternative
water quality monitoring program design, methods, and data analysis may be
necessary. This experiment used canonical correlation and canonical discriminant
analyses to identify nonpoint sources of impairment in Sinking Creek. Results of these
multivariate statistical analyses demonstrate that Sinking Creek is impacted by multiple
nonpoint sources of impairment and souces of impairment are related to land use

patterns.

Introduction

Rapid growth and urbanization in many previously rural and agricultural regions
is a significant factor influencing deterioration of surface water quality. The addition of

surface water bodies to impaired waters (303d) lists for pathogen impairment and the
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need to address these through the Total Maximum Daily Load (TMDL) process has
resulted in increased research to find methods that effectively and universally identify
fecal pollution sources. A fundamental requirement to identify such methods is
understanding the microbial and chemical processes that influence fate and transport of
fecal indicators from various sources to receiving streams. Variability in land use
patterns, the types and nature of pollutants, climatic conditions, and watershed
characteristics add to the difficulty of modeling fate and transport of fecal pollution. In
addition, the interactions between chemical and microbial processes in the water further
add to the complexity of understanding pathogen loading and transport in the

watershed.

In addition to the use of fecal indicator bacteria to predict pathogen prevalence,
molecular methods such as ribotyping and pulsed-field gel electrophoresis have been
suggested to address source identification of fecal pollution. Ribotyping and pulsed-
field gel electrophoresis allow for the discrimination between human and nonhuman
sources of fecal pollution but rely on large geographically specific genetic databases to
correctly classify sources (Tynkkynen et al. 1999; Carson et al. 2001). While the use of
these molecular methods may help identify more pathogens, their application still
doesn’t make it feasible to monitor for all pathogens. Non-molecular methods including
antibiotic resistance analysis also allow for the classification of fecal pollution sources
based on antibiotic resistance of bacteria from human and animal sources. As with
ribotyping and pulsed-field gel electrophoresis, antibiotic resistance analysis requires a
large database that may be geographically specific (Wiggins et al. 1999). Monitoring for

fecal pollution using optical brighteners and caffeine indicate human sources of pollution
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but are sensitive to regional environmental conditions (Kramer et al. 1996; Buerge et al.
2003). Although these methods may be regionally successful at identifying sources of
fecal pollution, they cannot be universally applied to all bodies of water to effectively

identify and remediate fecal pollution to protect surface waters and public health.

Fecal pollution detection and source identification methods do not influence the
correlations between indicators and pathogens, and they do not provide any additional
information regarding fate and transport mechanisms of the fecal pollution from source
to receiving waters. Reliance on these indicators alone is not sufficient to protect
surface water resources and human health and may hinder TMDL development and
remediation efforts to remove impaired waters from 303d lists. The United States
Environmental Protection Agency (USEPA) recommends the use of a 30-day geometric
mean of E. coli for the assessment of bacteriological water quality in recreational waters
(USEPA, 1986). Several states, including Tennessee, rely on the 30-day geometric
mean of fecal indicator bacteria to assess pathogen contamination and develop TMDLs
that can prevent further pathogen pollution. However, the use of the 30-day geometric
mean does not take into consideration seasonal effects, variability in land use patterns,
or the influence of runoff events on water quality. TMDLSs developed using this method
do not provide sufficient data to identify the presence of pathogens or sources of fecal
pollution based on a small sample size, and long-term monitoring may be necessary to

fully assess the potential degree of pathogen contamination.

The shortcomings of conventional indicators and source identification methods of
fecal pollution have spawned a need to identify and employ alternative methods of

water quality monitoring program design, methods, and data analysis to better protect
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human health. Examining the influence of physical, chemical, and microbial water
guality parameters on the fate and transport of fecal pollution using multivariate
statistical approaches can improve our understanding of these influences on water
quality, help identify sources of fecal pollution, and aid in effective TMDL development.
To examine these relationships, multivariate statistical methods can be applied to water
guality data to quantify the influence of nonpoint sources of pollution and to model the

fate and transport of microbial and chemical pollutants.

Multivariate statistical methods including principal component analyses (PCA)
can be applied to water quality data to quantify the influence of nonpoint sources of
pollution and to model the fate and transport of microbial and chemical pollutants.
Several studies have applied these techniques to better understand the microbial,
physical, and chemical factors that influence water quality (Christophersen and Hooper,
1992; Vega et al. 1998; Bernard et al. 2004). However, PCA is used as a data
reduction technique and is often applied to small environmental data sets. Rather than
reduce the data set to identify the common factors influencing water quality, canonical
correlation analyses (CCA) can be applied to large complex environmental data sets.
Based on the linear relationships within and between data sets determined by CCA, a
measure of the strength of association between the data sets can be determined
(Johnson and Wichern, 1992). The application of separate regression analyses for
each criterion measure defeats the purpose of having multiple criterion measures and

doesn’t take into consideration interrelationship among the criterion variables.
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Canonical Correlation Analysis

CCA is a multivariate statistical technique that can be used to better understand
response measures that cannot be described using a single criterion. While multiple
regression analysis involves finding a linear combination of predictor variables that best
explain the variation in the criterion, canonical correlation analysis allows for the
simultaneous analysis of several predictor and explanatory variables by determining the
largest correlations within each data set and between the 2 data sets. Canonical
correlation analysis first examines the linear combinations of the variables within the
predictor and explanatory data sets (canonical variables) and then determines the
largest correlation between the 2 data sets (canonical correlations). These calculated
canonical correlations are a measure of the strength of association between the 2 data
sets and help explain how chemical parameters influence fate and transport of fecal
pollution (Hair et al. 1998).

The first step in canonical correlation analysis is the definition of variance-
covariance matrices, where X’ is the dimensional vector of predictor variables, Y’ is the
dimensional vector of the criterion measures, and p, and p, denote the respective mean
vectors associated with the variables X and Y:

T = E {(X- ) (X- 1)’} (Eq. 4.1)

Zy=E {(X-py) X-n)} (Eq.4.2)

Sy =E {(X- 1) (X- 1)} (Eq.43)

The objective of canonical correlation analysis is to find the linear combination of

predictor variables that maximally correlates with the linear combination of explanatory
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variables using the dimensional vectors determined from the variance-covariance
matrices, denoted as:

X*=ax=aiXy +aXe + ...+ amnXm (EQ. 4.4)

Y*=Db'y =biy; + boys + ...+ bpXm (EQ. 4.5)

The correlation between X* and Y* is then determined by:

p(a, b) = (@'Zyb)/{(a'Zxa@)b'Tyb)}?  (Eq. 4.6)

where p represents the correlation coefficient. The correlation coefficient represents the
maximum correlation between the canonical variates and the strength of the overall
relationship between the predictor and explanatory data sets. The set of linear
combinations that maximizes the correlation p(a, b) is determined using the following
equations where | is the identity matrix and A is the largest eigenvalue of the product

matrix:

(Zxx_lzxyZyy_lzyx = 7\;') a. = 0 (Eq. 4.7)

(Eyy-lxyxzxx-lxxy = 7\4|) b = O (Eq 48)

The eigenvalue (squared canonical correlation coefficient) is an estimate of the amount
of shared variance between the weighted canonical variates of the predictive and
explanatory variables. The largest eigenvalue is the result of the nonzero eigenvector
being multiplied by the matrix (I). The eigenvalue is determined for the 2 sets of
eigenvectors (Zu ZxyZy Zyxand Ty, TS 12y and is used to scale the eigenvector.
The eigenvectors associated with the eigenvalue will become the vector of coefficients

foraand b. Thus:
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a= (S Zxyb) / VA (Eq. 4.9)

b=y 'Zxa) /YA (Eg. 4.10)

Therefore, the canonical weights a; and b; are the corresponding nonzero
eigenvectors associated with the largest eigenvalue (1), and a;x and b,y are the first
canonical variate pair. The process results in the successive extraction of canonical
variates so the second pair is the second most highly correlated pair out of all possible
linear combinations that are uncorrelated with the first canonical variate pair, resulting in
the generation of pairs of canonical variates. Canonical loadings can also be used to
interpret the overall canonical structure by assessing the contribution of each variable to
the overall canonical structure. Canonical loadings measure the correlation between
the original variables and the sets of canonical variates determined using equations 5.9
and 5.10. These loadings reflect the variance that the original variable shares with the

canonical variate.

The application of canonical correlation analyses to water quality data to examine
the influences and interactions between microbial, chemical, and physical water quality
parameters has been used to identify pollution sources and coordinate remediation
efforts (Gotz et al. 1998; Bonadonna et al. 2002; Zeng and Rasmussen, 2005). In this
study, CCA can also be used to determine the relationship between chemical and
microbial water quality parameters to assess their influence in the fate and transport of
fecal indicator organisms and pathogens in Sinking Creek.

In addition to canonical correlation analysis, canonical discriminant analysis
(CDA) can be used to better understand the factors that influence surface water quality
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and their relationship to land use patterns. CDA can be used to reveal patterns of
pollution types based on sources and land use patterns. This technique identifies the
canonical variables that find the maximum amount of separation to discriminate
between groups based on the strength of the linear associations (i.e., site, season).
Each linear combination of variables is a canonical variable. In this case, the variables
are measured water quality parameters and the groups are land use patterns. A plot of
the first 2 canonical variables will display the degree of discrimination between each
group. By applying CDA to water quality data, it may be possible to identify common
pollution sources based on the key discriminatory variables and associate them with

specific land use patterns along Sinking Creek.

Physical, chemical, and microbial water quality data were collected from Sinking
Creek to examine the usefulness of this methodology and identify nonpoint sources of
pollution. In a previous study using regression analyses conducted on data collected
from Sinking Creek, we demonstrated that chemical parameters (nitrates, phosphates,
biochemical oxygen demand) did not individually correlate with fecal coliform
concentrations (Hall et al. 2006). This lack of correlation suggests either no interaction
or more complex interactions between water chemistry and pathogen fate and transport.
If interaction is more complex then multivariate statistical techniques may be a better
tool to understand the complex interactions and effectively identify the parameters that

most influence watershed dynamics.

Using a targeted sampling program and statistical modeling to identify pollution
sources is potentially a cost-effective method for water quality monitoring and

assessment (Johnson and Wichern, 1992). While the statistical methodology is useful
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to identify pollution sources and can be applied to other large environmental data sets,
the developed models may be specific to the individual water bodies or watersheds for
which they are developed and may under-represent true watershed dynamics (Callies,
2005). However, we suggest that this data analysis approach can be successfully
applied to other watersheds to better understand the influence of seasonal effects,
variability in land use patterns, and runoff events on water quality. The objective of this
group of experiments was to better understand the factors influencing the fate and
transport of fecal pollution and identify nonpoint sources of fecal pollution as they relate

to land use patterns in Sinking Creek using multivariate statistical analyses.

Materials and Methods

Sinking Creek Location and Water Quality Monitoring

The Sinking Creek sub-watershed (06010103130) is one of 13 sub-watersheds
that belong to the Watauga River watershed (TDEC, 2000a). Sinking Creek is a 9.8
mile long tributary of the Watauga River partially located in Washington and Carter
Counties in Tennessee. The headwaters of Sinking Creek are located on Buffalo
Mountain and it enters the Watauga River at mile 19.9. The main land uses within the
13.1 square mile drainage basin of the Sinking Creek watershed include: forest (65.5%),
urban (25.3%), and agricultural areas (9.0%) (TDEC 2000b). There are 19.8 impaired

stream miles in the Sinking Creek watershed including tributaries (TDEC, 2000b).

Upstream locations on Buffalo Mountain are forested, and land use transitions to
urban, followed by agricultural land use at downstream sites. Fourteen sites were

initially selected for routine water quality monitoring in 2002 and are described in Table
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4.1 and Figure 4.1. From these 14 sampling locations, 2 sites were randomly selected
from each land use classification and sampled monthly for the physical, chemical, and
microbial parameters described in Table 4.2. The sites selected for representation of
agricultural land use were sites 2 and 4, sites selected to represent urban land use were

sites 7 and 10, and sites 13 and 14 represented forested land use.
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Table 4.1. Sampling locations on Sinking Creek sampled during this study

Latitude/Longitude

. . Habitat :
Site Site Location Predominant Land Physical Description Assessment Coord!nates and
Number Use Elevation
Score (%)
2 Upstream of Bob Peoples Agriculture Moderately eroded banks with little 52% 19.837’ N, 18.254' W
bridge on Sinking Creek Road vegetation buffer or riparian zone. 1530 ft
Creek bed predominantly cobble and gravel
Moderately eroded banks with poor bank
4 Upstream of crossing on Joe Agriculture ‘;’f:qbe'my and little vegetative buffer or riparian 43% 19.594’ N, 18.579' W
Carr Road Creek bed predominantly boulders, cobble 1552 ft
and gravel
. . Heavily eroded left bank, concrete bank on , ,
Upstream of bridge on Miami . d o - o 18.772' N, 19.685' W
7 Drive, King Springs Baptist Urban ;lggéwnh no vegetative buffer or riparian 53% 1583 ft
Church Creek bed predominantly cobble
Upstream of bridge crossing Heavily eroded banks with no vegetative 17.431'N, 21.397 W
L . Urban buffer. 57%
10 Sinking Creek at Hickory . 1720 ft
. Creek bed predominantly boulders and
Springs Road
cobble
No visible bank erosion with moderate 16.035' N, 22.163' W
13 Upstream of road crossing on Forest riparian zone. 71% 2048 ft
Jim McNeese Road Creek bed predominantly boulders and
cobble
Downstream of path crossin No visible bank erosion with optimal riparian 14.800’ N, 22.033' W
14 P 9 Forest zone and vegetative buffer. 83% 2148 ft

at Dry Springs Road

Creek bed predominantly boulders, cobble
and gravel
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Figure 4.1. Map of Sinking Creek sampling locations (sites sampled in this study are
circled).
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Table 4.2. Physical, chemical, and microbial water quality parameters measured

Parameter Abbreviation Units Holding Time
pH pH pH Field measurement
Water temperature WT °C Field measurement
Air temperature AT °C Field measurement
Dissolved oxygen DO mg/l as O, Field measurement
Conductivity Cond pmohs Field measurement
Fecal coliform in water FCW CFU/100ml 6h
Total coliform in water TCW CFU/100ml 6h
Fecal coliform in sediment FCS CFU/100ml 6h
Total coliform in sediment TCS CFU/100ml 6h
Colilert Colilert CFU/100mlI 6h
Standard plate count SPC CFU/mI 6h
Acridine orange direct counts AODC cells/g sediment 6h
Acid phosphatase AcidP ug/g sediment 24h
Alkaline phosphatase AlkP ug/g sediment 24h
Dehydrogenase DHA ug/g sediment 24h
Galactosidase Gal ug/g sediment 24h
Glucosidase Glu ug/g sediment 24h
Nitrates NO3 mg/I 24h
Phosphates PO,” mg/l 24h
Ammonia NH;" mg/I 24h
Biochemical oxygen demand BODs mg/I 24h
Hardness Hard mg/I 48h
Alkalinity Alk mg/I 24h
E. coli O157:H7 0157:H7 CFU/100ml 24h
Shigella sp. Shigella CFU/100ml 24h
Giardia sp. Giardia CystslI 72h
Cryptosporidium sp. Crypto Oocysts/I 72h
F+ - specific bacteriophage bacteriophage PFU/mI 48h

Sample Collection

Water samples were collected monthly from 6 pre-selected sites on Sinking
Creek from January 2011 through December 2011 and were analyzed for the variables
described in Table 4.2. Water samples for total and fecal coliform bacteria (TC/FC),
standard plate counts (SPC), E. coli 057:H7, Shigella sp., and bacteriophage analyses

were collected and analyzed in triplicate (SPC samples analyzed in duplicate) in sterile,
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1-L Nalgene™ bottles. Water samples for Colilert® analyses were collected in sterile
100ml plastic bottles (IDEXX Laboratories, Westbrook, Maine). Water samples for
nitrates (NO3), phosphates (PO,4), ammonia (NHs"), 5-day biochemical oxygen demand
(BODs), alkalinity, and hardness were collected and analyzed in triplicate in sterile 2-L
Nalgene™ bottles. Sediment samples for TC/FC in water, microbial enzyme activity
(MEA), and acridine orange direct counts (AODC) were collected in 20z sterile Whirl-
Pak™ bags. All samples were transported to the laboratory on ice and analyzed within
the holding times described in Table 3. Field measurements for pH, air and water

temperature, dissolved oxygen, and conductivity were also collected at each site.

Quiality assurance and quality control (QA/QC) practices included the analysis of
chemical parameters consisted of one trip blank, one field blank, a negative control, one
replicate, one spiked sample, and one quality control standard. QA/QC practices
included in the analysis of microbial parameters included the analysis of one trip blank,
one field blank, a negative control, and a positive control. A secondary wastewater
effluent sample was used as the positive control for TC/FC, Colilert®, SPC, and
bacteriophage analyses. Laboratory strains of E. coli O157:H7 and Shigella flexneri
(ATCC® Number 43895™ and ATCC® 12022™, respectively) were used to seed water

samples that served as a positive control for PCR analysis.

Microbial Analyses

TC/FC analyses for water samples were conducted according to Standard
Methods for Examination of Water and Wastewater (APHA, 1992). Briefly, 0.5ml of

water were filtered through a 0.45um membrane filter (EMD Millipore, Billerica, MA) and
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the filter placed in a petri dish containing an absorbent pad (EMD Millipore, Billerica,
MA) with 2ml of m-Endo media for total coliform analysis or m-FC media for fecal
coliform analysis. All plates were inverted and enumerated following 24h incubation at
37°C and 44.5°C for total coliform and fecal coliforms, respectively. For TC/FC
sediment analyses, 0.5g of sediment was added to 25ml of sterile water + 1% Tween
80. The samples were vortexed and allowed to settle for 30 minutes, and 0.5ml of the
buffer suspension was filtered according to Standard Methods for Examination of Water

and Wastewater as described above (APHA, 1992).

SPC were conducted according to Standard Methods for Examination of Water
and Wastewater (APHA, 1992) using R2A agar. One milliliter of water was placed in
the center of a sterile petri dish (Fisher Scientific, Pittsburgh, PA) and 10ml of R2A agar
was added to the dish. The plate was swirled in a figure eight motion to allow the
sample to disperse in the media and cover the plate. Plates were allowed to solidify
and were enumerated following incubation at 25°C for 48h. Escherichia coli
concentrations were determined using the Colilert® Quanti-Tray method (APHA, 1995).
To each 100ml water sample, a packet of Defined Substrate Technology® (DST®)
reagent (IDEXX Laboratories, Westbrook, Maine) was added and mixed. The sample
was then poured into a Quanti-Tray®, sealed using the Quanti-Tray® sealer, and
incubated for 24h at 37°C. E. coli were then enumerated using the Standard Method
most probable number (MPN) procedure. Samples for water TC/FC were processed in
triplicate and samples for sediment TC/FC were processed in duplicate. SPC were

processed in duplicate and one Colilert® sample was processed for each site.
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MEA analyses were conducted and included acid and alkaline phosphatases,
glucosidase, galactosidase, and dehydrogenase activities. For each enzyme analyzed,
19 of sediment was added to a test tube containing a specific buffer and enzyme.
Sediment samples for acid phosphatase were mixed with 4ml of 1M TRIS buffer (pH
4.8) and 4ml of 1M TRIS buffer (pH) 8.4 for alkaline phosphatase. For both acid and
alkaline phosphatase, 1ml of 1M TRIS buffer with 0.1% phosphatase substrate (pH 7.6)
was added to each tube (Sayler et al. 1979). Sediment samples for galactosidase and
glucosidase activities were mixed with 4ml of 0.1M phosphate buffer (pH 9.0).
Galactosidase activity was measured by adding 1ml of 0.01M phosphate buffer with
0.15% p-nitrophenyl-B-D-galactopyranoside as an indicator of galactosidase activity.
One milliliter of 0.01M phosphate buffer with 0.15% 4-nitrophenyl-B-D-glucopyranoside
was used as an indicator to assess glucosidase activities (Morrison et al. 1977).
Following addition of buffers and indicators, all tubes were vortexted and incubated at
25°C for 24h. Acid and alkaline phosphatase, galactosidase, and glucosidase activities

were determined using a spectrophotometer at an absorbance of 418nm.

For dehydrogenase (DHA) activity, 1g of sediment was added to a test tube
containing 2ml of 0.1M phosphate buffer (pH 7.6) and 1ml of 0.5% iodonitrotetrazolium
chloride (INT) salt solution. The samples were vortexed and incubated in the dark at
25°C for 45 minutes. One milliliter of the sample was filtered through a 0.22um porosity
cellulose membrane (GE Water and Process Technologies, Trevose, PA) and allowed
to dry at room temperature. The membrane, was then added to a test tube containing

5ml of dimethyl sulfoxide, vortexted to dissolve the membrane, and incubated in the
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dark at 25°C for 24h. Dehydrogenase activity was then determined using a

spectrophotometer at an absorbance of 460nm.

AODC analysis was performed as described by Ghiorse and Balkwill (1983).
Three hundred milligrams of sediment was added to 30ml of sterile PBS+Tween 80,
vortexed for 60s, and allowed to settle for 3h. Two hundred fifty microliters of the
suspension was mixed with 5ml sterile water + 500ul acridine orange stain, and
samples were vortexed for 30s. Samples were filtered using 25mm, 0.2um pore
polycarbonate nucleopore filters (Osmonics, Inc., Minnetonka, MN), and the filters were
mounted and fixed on slides for enumeration at 1000X using the Olympus BH2
epifluorescent microscope (Olympus, New Hyde Park, NY). One sediment sample was

processed per site and 3 microscopic fields were enumerated on each slide.

Chemical Analyses

NOs’, PO,, NH3", alkalinity, and hardness analyses were performed in triplicate
using colorimetric HACH™ methods and HACH™ reagents as described by the
manufacturer (HACH Company, Loveland, CO). Briefly, NO3, PO4, NH3" analyses
were conducted by adding 10ml of water to a vial containing the appropriate reagent
packet; NitraVer5, PhosVer3 and salicylate/ammonia cyanurate reagents, respectively.
The vials were shaken to dissolve the reagent and samples were analyzed using pocket
colorimeters specific to the nutrient of interest. Alkalinity and hardness analyses were
conducted using 100ml sample volumes and a digital titrator. For alkalinity
determination, 1 packet of phenolthalein indicator and bromcresol green-methyl red

indicator were added to the sample and mixed. The sample was then titrated with 1.6N

137



sulfuric acid to a grey-green endpoint. For hardness determination, 1 packet of
ManVer2 reagent and 2ml of hardness buffer (pH 10) were added to the 100ml sample
and mixed. The sample was then titrated with 0.8N Ethylenediaminetetraacetic acid
(EDTA) to a blue endpoint. BODs analyses were conducted according to Standard
Methods for Examination of Water and Wastewater (APHA, 1992). Wheaton BOD
bottles (Wheaton Science Products, Millville, NJ) were completely filled with sample
water and capped with glass stoppers to ensure no air bubbles were present. Initial
(Day 0) and final (Day 5) dissolved oxygen concentrations were measured using the

YSI Model 5000 dissolved oxygen meter (YSI Inc., Yellow Springs, OH).

Pathogenic Bacteria Analyses

Samples for E. coli 0157:H7 and Shigella sp. were analyzed in triplicate. The
method used for the filtration and isolation of the bacteria is described by Bej et al.
(1991). One hundred milliliters of water was collected and filtered through a 0.22um
membrane filter. The filter was then washed with 10ml of a 1% Tween 80 solution and
centrifuged for 10 minutes to create a cell pellet. The supernatant was removed and the
cell pellet was washed twice with 10ml phosphate buffered saline. Fifty microliters of
diethylpyrocarbonate solution was added to the final cell pellet and subjected to 6

freeze-thaw cycles at -20°C and 100°C, respectively.

PCR amplification for E. coli 0157:H7 was performed as described by Kimura et
al. (2000) using primers EC-1 (GGCAGCCAGCATTTTTTA) and EC-2
(CACCCAACAGAGAAGCCA) for the chuA gene. The final 50pl PCR mixture contained

2.5X PCR buffer (mM MgCl,, 10 mM Tris-HCI, 50 mM KCI), 0.8 mM of each
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deoxynucleoside triphosphate (dATP, dCTP, dGTP, and dTTP), 4 uM concentrations of
each primer, 5 U Taq DNA polymerase (Fisher Scientific, Pittsburg, PA) and 5ul of the
resuspended cell pellet. The PCR mixture was subjected to an initial denaturation step
at 95°C for 5 minutes, followed by 35 cycles of 1 minute denaturation at 94°C, 2 minutes
of annealing at 42°C, and 5 minutes of primer extension at 72°C. A final extension step
was performed at 72°C for 10 minutes using a BioRad Thermocycler PCR Machine
(BioRad, Hurcules, CA). PCR products were resolved on a 2% agarose gel for 1.5h at
80V and subjected to ethidium bromide staining to visualize DNA base pair bands. The

presence of a 901 base pair band indicated a sample positive for E. coli O157:H7.

PCR amplification for Shigella sp. was performed as described by Theron et al.
(2001). Thirty cycles of a seminested PCR reaction were performed using primers H8
(GTTCCTTGACCGCCTTTCCGATAC) and H15 (GCCGGTCAGCCACCCTC) for the
ipaH gene (Islam, et al. 1993a) in the first round of PCR. The 50ul reaction volume
contained 1X PCR buffer (mM MgCl,, 10 mM Tris-HCI, 50 mM KCI), 0.1mM of each
deoxynucleoside triphosphate (dATP, dCTP, dGTP, and dTTP), 24pmol of H8 primer,
34pmol of H15 primer, 1U Taq DNA polymerase (Fisher Scientific, Pittsburg, PA), and
10pl of resuspended cell pellet. The PCR mixture was subjected to an initial
denaturation step at 94°C for 3 minutes, followed by 10 cycles of 1 minute denaturation
at 94°C, 1 minute of annealing at 60°C, and 1 minute of primer extension at 72°C. One
microliter of PCR product from the first PCR round was added to a reaction tube
containing the reagents described above, with the addition of 31pmol of H10 primer
(CATTTCCTTCACGGCAGTGGA) described by Hartman et al. (1990). An initial

denaturation step was performed at 94°C for 3 minutes, followed by 20 cycles of 1
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minute denaturation at 94°C, 1 minute of annealing at 60°C, and 1 minute of primer
extension at 72°C. A final extension step was performed at 72°C for 7 minutes using a
BioRad Thermocycler PCR Machine (BioRad, Hurcules, CA). PCR products were
resolved on a 2% agarose gel for 1.5h at 80V and subjected to ethidium bromide
staining to visualize DNA base pair bands. The presence of both a 401 and 620 base

pair band indicated a sample positive for Shigella sp.

Protozoan Analysis

One water sample was collected and analyzed monthly at each site for the
analysis of Giardia and Cryptosporidium. Samples were collected as described by
USEPA method 1623 for water filtration (USEPA, 2005). One hundred liters of water
were filtered at each site though Envirochek™ sampling filters (Pall Corporation, Ann
Arbor, MI) using a gas powered water pump and Badger™ flow meter at a rate of

2.5L/minute. The filtration apparatus was assembled as shown in Figure 4.2.
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Figure 4.2. Filtration apparatus used to sample Giardia and Cryptosporidium in
laboratory seeded samples (USEPA, 2005)

The filters were transported to the lab on ice and analyzed within 72h of
collection. Filters were initially washed by adding 120ml of elution buffer to the filter
capsule and placing on a wrist action shaker for 30 minutes. The elution buffer was
removed and the filter capsule broken open and the filter cut out using a sterile razor
blade and hand washed using 120ml of elution buffer. The buffer was then added to a
sterile 250ml centrifuge tube containing the elution buffer from the initial wash on the
wrist action shaker. The samples were centrifuged at 2,300 x g for 30min and the
supernatant removed. The concentrated pellet collected was subjected to an
immunofluorescent assay using the Waterborne Aqua-Glo™ G/C Direct FL antibody
stain (Waterborne, Inc. New Orleans, LA) as described by the manufacturer. The
prepared slides were examined at 200X using the Olympus BH2 epifluorescent
microscope (Olympus, New Hyde Park, NY).
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Bacteriophage Analyses

Samples for bacteriophage analysis were collected and analyzed in triplicate
using the double-layer agar procedure described in USEPA method 1601 (USEPA,
2001a) using E. coli C3000 as the host strain (ATCC® Number 15597 ™). The host
strain was cultured using ATCC 271 broth (10g/L tryptone, 1g/L yeast extract, 8g NacCl,
10ml/L of 10% glucose solution, 2ml/L of 1M CaCl,, 1ml/L of 10mg/ml thiamine) at 37°C.
An overnight culture of the host strain was prepared the day before analysis by
inoculating a 30ml ATCC broth culture with the host strain. On the day of analysis,
100ul of the prepared overnight culture of the host strain was inoculated into a 30ml of

fresh ATCC 271 broth and incubated at 37°C until log phase was reached (~4h).

Ten milliliters of collected sample water were filtered through a syringe filter fitted
with a 0.22um membrane filter to remove bacteria and the filtrate was serially diluted in
phosphate buffered water for analysis. Five hundred microliters of each dilution were
added to a test tube containing 5ml of 0.7% ATCC® 271 agar (ATCC® 271 broth with
1.4g/L agar) and 100pl of host bacteria. The tubes were gently mixed and poured onto
a plate containing 1.5% ATCC 271 agar (ATCC® 271 broth with 18g/L agar). Plates
were allowed to solidify prior to incubation at 37°C for 24h and plaques were

enumerated.

Statistical Analysis

Canonical correlation analysis was conducted to describe the relationship

between the microbial and chemical data sets using SAS/STAT statistical software
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(SAS Institute, Cary, NC). In this study the canonical correlations are a measure of the
strength of association between the chemical and microbial data sets and help explain
how chemical parameters influence microbial fate and transport and how these
interactions influence fecal coliform loading in the creek (Johnson and Wichern, 1992).
Only canonical coefficients greater than 0.30 were considered to be important, as this is
the value at which about 10% of the variance is explained by a given canonical

coefficient (Hair et al. 1998).

Data were initially analyzed using the CANCORR procedure for the entire creek
in an effort to determine the extent and types of pollution impacting Sinking Creek. The
variables in the microbial data set for this CANCORR analysis included total and fecal
coliform counts for water and sediment, Colilert, standard plate counts, acridine orange
direct counts, acid phosphatase, alkaline phosphatase, galactosidase, glucosidase, E.
coli O157:H7, Shigella sp., Giardia sp., Cryptosporidium sp., and bacteriophages. The
variables in the chemical data set included total nitrates, total phosphates, ammonia,
biochemical oxygen demand, alkalinity, and hardness. Additional CANCORR
procedures were also conducted by the season and land use types in an attempt to
identify common patterns associating spatial and temporal variability to sources of fecal
pollution. The variables included in the chemical data set remained the same.
Variables in the microbial data set included those mentioned above but without E. coli
0157:H7, Shigella sp., Giardia sp., Cryptosporidium sp., and bacteriophages. Only the
protozoans and bacteriophages were detected in the collected samples and their
infrequent detection did not significantly correlate with fecal coliform bacteria or E. coli

concentrations. The observed lack of correlation between the pathogens and
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indicators lead to their exclusion from the canonical correlation analysis, as they did not

allow for the detection of significant correlations at the season, site, or land use level.

Discriminant analysis was performed using the CANDISC procedure to identify
the canonical variables that allow for the maximum amount of separation to discriminate
between groups based on the strength of the linear associations. CANDISC procedures
the chemical and microbial parameters described in Table 4.2 and were performed at

the season and land use levels.

Results and Discussion

Canonical Correlation Analysis Interpretation

The first canonical correlation analysis was performed at the creek level (Figure
4.3) and the process for interpretation of the canonical correlation analysis is discussed

using this analysis.
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Figure 4.3. Sinking Creek canonical loadings relating chemical water quality
parameters to microbial water quality parameters to identify sources of fecal pollution

The initial calculations determine the canonical correlation based on the variance-
covariance matrices calculated using equations 4.1 — 4.3. The adjusted canonical
correlation, approximate standard error, and the squared canonical correlations for each
pair of canonical variables are also determined. The first canonical correlation
determined using equations 4.4 and 4.5 is 0.78, which represents the highest
correlation between any linear combination of microbial variables and any linear
combination of chemical variables. The likelihood ratio and associated statistics are
also provided for testing the hypothesis that the canonical correlations are zero. The

first p-value is small (0.003), forcing the rejection of the null hypothesis at the 0.05 level.
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The null hypothesis states that there is no correlation between the data sets and its
rejection is confirmed by four separate multivariate statistics and F approximations for
the null hypothesis. Because the first set canonical variables are significant, only they

need to be identified.

The raw canonical coefficients for the microbial and chemical variables are
determined using equation 5.6 and are then standardized to account for the absence of
equal variances. The standardized canonical coefficients show that the first pair of
canonical variates in the microbial data set (determined using equations 5.7 — 5.10) are
the weighted sum of the variables for sediment total coliforms (0.34), standard plate
counts (0.48), glucosidase activity, Giardia (-0.32), and Cryptosporidium (0.43). The
standardized canonical coefficients show that the first pair of canonical variables in the
chemical data set are the weighted sum of the variable for nitrates (-0.38), biochemical

oxygen demand (-0.41), alkalinity (-1.01), and hardness (1.96).

The standardized canonical coefficients are then used to determine the
correlation between the canonical variables and the original variables. These values
are referred to as canonical loadings and are useful to assess the contribution of that
variable to the overall canonical function but do not indicate how the original variables
contribute jointly to the canonical analysis. In our example, the canonical loadings of
the microbial canonical variables show that total and fecal coliforms in water and
sediment, E. coli, standard plate counts, acid phosphatase activity, and Cryptosporidium
are significant, with standard plate counts and fecal coliforms in water being the most
influential (0.68 and 0.62, respectively). The first pair of chemical canonical variables

show that BODs, alkalinity, and hardness are significant, with alkalinity and hardness
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being the most influential (0.77 and 0.82, respectively). The significance of the
chemical and microbial variables indicates that these data sets are related. The extent

of these relationships can be used to help identify the source(s) of fecal pollution.

Alkalinity and hardness are the chemical variables most contributing to the
canonical structure. The ions that contribute to alkalinity and hardness concentrations
in water may be introduced by the erosion of soil and geologic formations such as
shale, sandstone, siltstone, and limestone. These metasedimentary rock formations are
common in Northeast Tennessee, which is characterized by karst topography (NRCS,
2010a — c¢) and are likely contributing to the observed alkalinity and hardness
concentrations. The organic matter fraction of the eroded soil is likely contributing to the
observed biochemical oxygen demand and is influencing the correlation between this
chemical parameter and the microbial parameters. The correlation of alkalinity,
hardness, and BODs5 with the microbial variables suggests that surface runoff containing
eroded soil is a contributing factor to fecal pollution and heterotrophic activity in Sinking

Creek.

Canonical Correlation Analysis by Season

The factors influencing the fate and transport of fecal indicator organisms
demonstrated temporal variation. Canonical correlation analysis for the winter months
indicate that fecal coliform bacteria are introduced by a combination of organic matter
and soil erosion (Figure 4.4) based on the significant canonical loadings for phosphates,
ammonia, BODs, alkalinity, hardness, fecal coliform, and heterotrophic bacteria

concentrations in water.
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