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ABSTRACT

This study used extensive measurements of indicator concentrations to describe spatial and
temporal patterns of four fecal indicators: E. coli, enterococci, total coliform, and human factor.
Twenty twelve-hour time series were examined, with indicator concentrations measured every
hour from 8 am to 7 pm. Six stations in Singapore were evaluated, across three land-use
categories (high-density residential, low-density residential, commercial), and two sewer-age
categories (new, old). The distributions of E. coli, enterococci, and total coliform were roughly
lognormally distributed, showing that bacterial indicator concentration distributions are
described by the same statistical model in tropical climates as in temperate climates, even with a
wide and varied data set. Human factor indicator, for which there is limited preceding literature,
was found to be roughly lognormally distributed. There was no obvious time pattern in measured
concentrations, except that one hour’s concentration roughly correlated with the next 1 to 3
hours’ concentrations. This differs from findings from a study by the Public Utilities Board of
Singapore that reported a diurnal pattern in total coliform and enterococci concentrations at a
single sampling station.

This study found, for all indicators but total coliform, that older sewers had a significantly higher
indicator concentration than newer sewers. This suggests that sewer leakage likely contributes to
fecal contamination. Leaking sewers can explain some of the high indicator concentrations, but
lack of diurnal pattern suggests there are more factors at play than just older sewers dispersing
contaminants. There are mixed findings with regard to land use. For enterococci, low-density
residential areas exhibit significantly different concentrations than high-density residential and
commercial areas. For human factor, commercial areas exhibit significantly different
concentrations than high-density and low-density residential areas. As human factor might be the
best indicator of true pathogen concentrations, this suggests that land use plays a role in
differences in concentrations, in agreement with previous studies.

Thesis Supervisor: Peter Shanahan
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Chapter 1 Introduction

1.1. Background

This section has been written in collaboration with Janhvi Doshi, Laurie Kellndorfer, and
Shobhna Kondepudi.

The Public Utilities Board (PUB) wishes to expand recreational activities within
Singapore’s reservoirs. Singapore has limited land area for recreation, and making use of
selected waterways and waterbodies is an integral part of PUB’s plan to meet public recreational
needs. Singapore has been working to enhance the accessibility, usability, and aesthetics of green
spaces and parks, especially near waterways and drainage (Soon et al. 2009). The PUB wishes to
open more of Singapore’s surface waters to recreational activities, under the Active, Beautiful,
and Clean Waters Program (ABC Waters). The goals of the ABC Waters program are to bring
the people of Singapore closer to their water resources by providing new recreational space and
developing a feeling of ownership and value. The program aims to develop surface waters into
aesthetic parks, estates, and developments. This plan will minimize pollution in the waterways
by incorporating aquatic plants, retention ponds, fountains, and recirculation to remove nutrients
and improve water quality (PUB Singapore 2011). One of the greatest areas of concern with this
plan is microbial pollution.

Disease-causing pathogens pose the greatest immediate threat to human health in polluted
surface waters. Humans can come into contact with waterborne pathogens through drinking
water supply and through recreation in contaminated surface waters. Infection in humans can be
caused by ingestion of, contact with, or inhalation of contaminated waters (Hurston 2007). While
the exact total number of waterborne pathogens is unknown, it is estimated that over 1,000 viral
and bacterial agents in surface waters can make humans sick. Diseases from waterborne
pathogens can range from mild to life-threatening forms of gastroenteritis, hepatitis, skin and
wound infections, conjunctivitis, respiratory infection, and other general infections. In order to
open surface waterways and reservoirs for recreation, PUB must minimize pathogenic pollution
in surface waters in order to keep the public safe.

1.2. Past Work

Prior student teams have collected concentration data for 25 parameters: total coliform, E.
coli, enterococci, temperature, conductivity, salinity, chloride, bromide, boron, cholesterol,
cholestanol, DBP, DEHP, coprostanol, caffeine, acetaminophen, ibuprofen, diclofenac,
acesulfame-k, sucralose, saccharin, triclosan, detergent as MBAS, orthophosphate, and human
factor marker. The five sampling locations were Choa Chua Kang (CCK) Crescent, Verde, Bras
Basah, Serangoon Garden, and Toa Payoh North. Data at each location was collected hourly in
January and/or June/July 2011 (Ekklesia 2011).

Prior teams have also investigated the effects of land use on the concentrations of a single
bacterial indicator, E. coli. The study included concentrations measured over 24 locations in
January and 45 locations in July 2009. It found that percentage of land used for agriculture
correlated with E. coli concentrations levels. The study also found a weak inverse relationship
between percent of developed land and E. coli levels (Foley et al. 2010). 1 plan on expanding
upon this study by examining how differences in land use affect the concentration of not only E.
coli, but also enterococci, total coliform, and human factor.
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1.3. Project Scope

My project continues work in determining appropriate tracers to indicate bacterial
contamination levels in the stormwater runoff that fills the reservoirs. Our team used the
common bacterial indicators of total coliform, E. coli, and enterococci, as well as a DNA-based
human factor marker to correlate to bacterial concentrations in the water.

Previous work has found that the effectiveness of tracers is dependent on the sampling
location. My study examines the effects of two parameters upon the suitability of each tracer for
a given location: sewer age and land-use distribution. Our results show how tracer concentration
correlates with sewer age and land use, using information from six sampling locations.

1.4. Objectives

The objectives of this project are four-fold. First, I will characterize the distribution of the
concentrations of four fecal indicators: E. coli, enterococci, total coliform, and human factor.
Past studies lead me to hypothesize that the distributions will be lognormal for the bacterial
indicators (Aragao et al. 2007; EPA 2010; Pontius 2003). Though there are no prominent
previous findings regarding the distribution of the human factor marker, given some similarities
in the fate and transport of indicator species E. coli and human factor, I hypothesize that the
human factor indicator will be lognormally distributed, as well.

My second objective is to characterize patterns in the time series of indicator
concentrations. Previous work conducted by the Public Utilities Board and reported by Ekklesia
(2011) leads me to hypothesize that there is a diurnal pattern in bacterial concentrations, with
peaks in the morning and evening, when sewer usage is also at a peak.

My third objective is to see how indicator concentrations vary between stations. As the
study is conducted across six locations, I wish to see if there is any significant difference in
expected concentrations based on sampling location. This can inform what consequences might
occur by aggregating data from all six stations when conducting analyses. My hypothesis is that
the stations will not be significantly different from one another.

My last objective is to determine how the two catchment parameters of sewer age and
land use affect indicator concentrations. I hypothesize that locations with older sewer systems
will have higher indicator concentrations than locations with newer sewer systems. I also
hypothesize that commercial and high-density residential areas will have higher indicator
concentrations than low-density residential areas given that more urbanized sites can yield higher
E. coli concentrations (Desai and Rifai 2010).
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Chapter 2 Literature Review

2.1. Fecal Indicators

Given the tedious, difficult, and time-consuming nature of conducting microbial
examinations of water samples for pathogens, it is standard practice to look for indicator
microorganisms whose presence indicates the probable presence of pathogens, instead. Indicators
like coliform bacteria occur in the intestines of all warm-blooded animals and are excreted in
feces. As coliform bacteria generally outlive pathogenic bacteria, their presence indicates
disease-causing bacteria may be present and the water is unsafe to drink (Gerba and Pepper
2005). Common concentrations of indicator organisms in raw sewage are listed in Table 1. One-
day grab sample (2-Feb-12) indicator concentrations from Bedok Garden in Singapore are also
provided (Ekklesia 2012).

Table 1 — Estimated indicator organism concentrations in raw sewage

Organism log;o Concentration’ Reference
Fecal coliforms 6-7 (Gerba and Pepper 2005)
6.9 (Ekklesia 2012)
Enterococci 4-5 (Gerba and Pepper 2005)
5.6 (Ekklesia 2012)
E. coli 8.7 (Evison and James 1973)
6.6 (Ekklesia 2012)
Human factor (16S 9.2 (Varma et al. 2009)
rRNA, Order 8.9 (Silkie and Nelson 2009)
Bacteriodales) 8.9 (Sercu et al. 2009)
5.3 (Savichtcheva et al. 2007)
10 (Seurinck et al. 2005)
8.0 (Ekklesia 2012)
"Units for fecal coliforms, enterococci, and E. coli are #cells/100mL. Units for human factor are
copies/100mL.

2.1.1. Total Coliform

Total coliform includes all aerobic and facultatively anaerobic, gram-negative, non-spore
forming, rod-shaped bacteria that produce gas upon lactose fermentation in culture media within
48 hours at 35 degrees C, including genera Escherichia, Citrobacter, Enterobacter, and
Klebsiella (Gerba and Pepper 2005). Though total coliform was formerly used to assess
recreational water quality, it fails as an indicator for a number of reasons: 1) it regrows in aquatic
environments, 2) it regrows in distribution systems, and 3) it is not always indicative of a health
threat (Gleeson and Gray 1997).

Total coliform has been seen to grow in environments of high organic matter and
elevated temperatures in eutrophic tropical waters, water receiving pulp and paper mill effluents,
wastewater, aquatic sediments, and organically enriched soil after periods of heavy rainfall
(Gerba and Pepper 2005). This poses problems in Singapore, which has a tropical climate. This
topic is further explored in Section 2.2.

13



2.1.2. Escherichia coli

Escherichia coli (E. coli) is a commonly used indicator that is distinguished by the way it
ferments glucose. Though it works well as an indicator in temperate climates, it may be less
satisfactory in tropical climates as it can grow independently of fecal sources (Bigger 1937;
Evison and James 1973). Further, in some tropical climates, such as India, 30.3% of sewage
samples did not contain E. coli (Rao et al. 1968).

2.1.3. Enterococci

The term ‘enterococci’ refers to the subgroup of fecal streptococci that are more specific
to feces (Byappanahalli and Fujioka 1998). Enterococci are characterized by an ability to grow at
both 10° and 45°C, survive at 60°C for at least 30 minutes, to grow at pH 9.6 and 6.5% NaCl,
and to reduce 0.1% methylene blue in milk (Leclerc et al. 1996). The genus name Enterococcus
includes bacteria previously named Streptococcus faecalis and Streptococcus faecium, and is
generally known as gram-positive cocci with spherical cells arranged in pairs or chains, non-
spore-forming, facultatively anaerobic, and homofermentative (Hardie and Whiley 1997).

Enterococci are more reliable indicators of water quality as they rarely multiply in water
and they are more resistant to environmental stresses. However, enterococci are also known to be
naturally present in soil and water in tropical environments like Hawaii and Guam (Fujioka et al.
1999; Hardina and Fujioka 1991) and are thereby not reliable for an environment like Singapore.

2.1.4. Human Factor Marker

The human factor marker in this report references organisms of order Bacteroides that
have been prepared using 16S primers. Bacteroides is the most common microflora genus found
in the human intestine (Kenzaka et al. 2001) and is found in larger concentrations than bacterial
indicators (Srinivasan et al. 2011). Bacteroides species are obligately anaerobic, Gram negative,
rod shaped, and non-endospore forming bacteria (Wexler 2007).

2.2. Indicators in Tropical Climates

Coliform bacteria have been known to grow in tropical climates. In Hawaii, fecal
indicator bacteria are naturally found in most soil environments and can grow and multiply
sporadically when conditions are relatively optimal (Byappanahalli and Fujioka 1998). Indicator
bacteria have also been known to grow in bromeliads, flowering plants, in the rain forest of
Puerto Rico, as well (Rivera et al. 1988). A number of other studies suggest coliform bacteria
multiply in soils and natural surfaces and drinking water distribution systems (Fujioka et al.
1988; Gleeson and Gray 1997; Hardina and Fujioka 1991; Hazen 1988). The fact that coliforms
can grow on biofilms on distribution system pipelines might be a problem as indicators can be
more persistent in biofilm form. For example, E. coli is 2,400 times more resistant to free
chlorine when attached to a surface than as free cells in water (Gerba and Pepper 2005). These
studies suggest fecal indicator bacteria are not good indicators for recreational water quality
standards in tropical environments.

2.3. Sewer Leakage Pathways

Human fecal contamination of the stormwater runoff that ends up in Singapore’s coastal
reservoirs may be attributed to leakage from sewer lines. It would be difficult to pinpoint the
exact path from the sewers to the storm drains, but it is a fact that sewers can leak and by
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definition carry sewage, which contains pollutants. A study of sewers in the United Kingdom
found that the extent of leakage from sewer pipes depended on, among factors, the age of the
system (Reynolds and Barrett 2003). Plausible methods of transport of pollutants are illustrated
in Figure 1. Older pipes may have more cracks or loose lateral connections due to wear and tear,
indicating that sewer age may correlate with higher contamination of nearby waters. Similarly,
the length and diameter of the sewer may have an impact on the leakage rate, as more pipe can
mean more connections and pipe wall, which means more possible places for leaks.

Surface 2
/" Property N water Sub-lateral flow
sewer to surface water
Receiving

2 - waler course

“.' -
&’ 2
1 .3'
House connection
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4 Sub-lateral flow
to watercourse

roundwater/Aquifer Source

Figure 1 — Possible sewage leakage routes (Ellis et al. 2004)

There is disagreement about the rate of exfiltration from urban sewers (Rutsch et al.
2006). Some believe it is negligible (Vollertsen and Hvitved-Jacobsen 2003; Yang et al. 1999),
while others found exfiltration rates on the order of 10% of dry-weather flow (Ellis et al. 2003;
Wakida and Lerner 2005). My study will consider the possibility of contamination of
stormwater runoff by exfiltration and will analyze how bacterial tracer concentrations vary with
sewer age.

2.4. Diurnal Peaks in Sewer Flow

Sewer flow has been shown to follow a diurnal pattern, with peak usage in the morning
around 9 am and in the evening around 9 pm (Enfinger and Stevens 2006). Figure 2 depicts a
composite of 28 days of 24-hour hydrographs during normal dry weather conditions in a typical
residential area within the United States. A repeatable diurnal pattern is visible, with differing
patterns on weekdays and weekends. The curves indicate normal variation in flow expected
during normal dry weather conditions. Given this pattern of sewer flow coupled with the
possibility of leaking sewers introduced in Section 2.3, I would expect to see peaks in bacteria
concentrations at the times of peak sewer flows.

The “Toolbox Study” conducted by the Singapore Public Utilities Board (PUB) observed
similar diurnal patterns in concentrations of total coliform and enterococci (Ekklesia 2011). The
study measured hourly concentrations of 23 water quality variables, including total coliform and
enterococci concentrations, from 02-05 February 2009 in a storm drain in a low-density private
residential area. Over the 72 hours, there was a marked diurnal pattern, especially on the second
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day (03-04 February 2009), illustrated in Figure 3. From 10am to 9am, there were peaks in fecal
(total) coliform and enterococci concentrations around 1lam and 6pm, roughly matching the
peak sewer flow times observed by Enfinger and Stevens (2006).

Diurnal patterns have also been found in a stream in Western Massachusetts (Traister and
Anisfeld 2006).The highest E. coli levels were observed during the night and early morning, with
the lowest levels in the afternoon, likely due to sunlight-induced die-off. There was less diurnal
variability at more shaded sites. It was also observed that streams draining more developed
watersheds generally had higher E. coli levels.

2.5. Land Use and Pathogens

Bacteria concentration levels have been known to correlate to land use. In Texas,
urbanized areas had overall higher and less daily variability in E. coli concentrations than
grassland areas (Desai and Rifai 2010). E. coli concentrations in a developed watershed were
higher than in an undeveloped watershed in South Carolina, as well (Webster et al. 2003). My
study will see if this is also the case in Singapore.
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Figure 2 — Typical diurnal pattern of sewage flow (Enfinger and Stevens 2006)

5 | ~Fecal Coliform
| (#cells/100 ml)
-P_-; — | —*~Enterococci
= | (#cells/100 mil)
c8
Yo
(%]
[
O = 2
O g
oo
o E
5 1
0 . @ +>- D

:00

10

:00 ¢

16

00

22

Figure 3 — Diurnal patterns in fecal (total) coliform and enterococci indicator
concentrations in a storm drain in Singapore (Ekklesia 2011)
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Chapter 3 Methodology

3.1. Field Data Collection

3.1.1. Sampling Locations

Water quality samples were collected from storm drains at six sampling stations with a
variety of land uses and sewer ages. The locations of the six stations are depicted in Figure 4. In
Figure 4, light blue represents high-density residential areas, yellow is low-density residential
areas, and pink is commercial areas. Land-use designations (noted in Table 20 in Appendix II)
were obtained by Ekklesia (2011) from PUB, which received the information from the Urban
Redevelopment Authority (URA).

These sites were chosen based on the following criteria: relatively homogenous land use,
relatively small watersheds, upstream location, and feasibility of sampling (i.e. easy access to the
storm drain). Sewer age was established as old or new by Professor Lloyd Chua of Nanyang
Technological University.
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Figure 4 — Map of sampling stations. For larger maps, see Appendix II.

3.1.2. Sampling Methods

Four-liter water samples from storm drains at the above sites, excluding Lorong 8, were
collected on hourly intervals from 8 am to 7 pm (Ekklesia 2011). Samples were collected by
hand, dipping Whirl-Pak® (Nasco, Fort Atkinson, WI, USA) bags into the storm drain and
transferring to sampling containers, or by using an extendable sampling pole (Nasco sampling
pole BO1367WA, Nasco, Fort Atkinson, WI, USA), as necessary. All bottles were rinsed with
sample water before actual samples were collected.
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One 0.25-L sample was collected in a plastic container for chloride, bromide, boron, and
orthophosphate analysis (Ekklesia 2011). One 2-L sample was collected in amber glass
containers for fecal sterols, plasticizers, caffeine, pharmaceutical compounds, artificial
sweeteners, and triclosan analysis. One 0.5-L sample was collected in a clear glass container for
surfactants (methylene blue active substances or MBAS) analysis. These three containers were
sent to SETSCO Services Pte Ltd® for analysis.

One 0.25-L sample was collected in 100-mL Whirl-Pak® bags for bacterial analysis
(Ekklesia 2011). One 1-L sample was collected in two 532-mL Whirl-Pak® bags for human
factor analysis. One blank sample of bottled drinking water was collected in a 100-mL Whirl-
Pak® bag and transported with the samples for bacterial analysis to test for contamination during
transport. All samples were stored at below 4°C continuously in ice boxes on site and during
transport and in the refrigerator at NTU campus. In addition to the water samples, in-situ
measurements for temperature, conductivity, and salinity were also taken using a YSI Model 30
handheld meter (YSI Incorporated, Yellow Springs, OH, USA). I contributed to manual water
sample collection at Choa Chu Kang Crescent on January 11 and 16, 2012 and at Verde on
January 17, 2012. All other samples were collected by Eveline Ekklesia (NTU) and previous
teams from the Master of Engineering program (MIT).

Water samples from station Lorong 8 were collected by an ISCO Avalanche (Teledyne
Isco, Lincoln NE, USA) auto-sampler set to pump water from the storm drain into 950-mL or 5-
L plastic sample bottles on the hour, every hour from 8 am to 7 pm. These samples were
transported to NTU for bacterial and human factor analysis.

3.2. Laboratory Methods

3.2.1. Bacterial Tests

E. coli, enterococci, and total coliform concentrations were analyzed using the most
probable number (MPN) method using IDEXX Quanti-Tray® and growth media (IDEXX
2008b). The Quanti-Tray” measures bacterial concentration, without dilution, in the range of one
to 2,419 cells per 100mL. As many of our sampling locations are upstream, we use dilutions to
account for bacterial counts that exceed 2,419 cells per 100mL. The three dilutions prepared
were 1:1, 1:100, and 1:1,000. The diluted samples are mixed with growth reagents (Enterolert®
for enterococci analysis and Colilert® for E. coli / total coliform analysis), producing six
mixtures that are poured into six labeled Quanti-Trays®, which have 49 large wells and 48 small
wells. Trays are sealed and incubated at 35°C £ 0.5°C for E. coli / total coliform analysis and at
41°C £0 .5°C for enterococci analysis for 24-28 hours (IDEXX 2008a). After incubation, the
numbers of large and small wells are counted. For E. coli / total coliform analysis, yellow wells
are positive for total coliform and yellow wells that fluoresce under 365nm UV light are positive
for E. coli. For enterococci analysis, fluorescing wells are positive for enterococci. Number of
wells can be converted to a most probable number of bacterial cells using the MPN table
provided by IDEXX.

I contributed to bacterial analysis of samples from Choa Chu Kang Crescent on January
11, 2012 and January 16, 2012; from Verde on January 17, 2012; and from Lorong 8 on January
9,17, and 18, 2012.
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3.2.2. Human Factor Analysis

Human factor was quantified using protocol developed by the Thompson lab at the
Massachusetts Institute of Technology (Nshimyimana et al. in preparation). Human factor
analyses were not completed for the earliest sampling rounds in January 2011.

3.3. Statistical Methods

3.3.1. Histograms

Histograms are commonly used to depict the distribution of data for a large sample size
(Berthouex and Brown 2002). In my study, I bin indicator concentrations into equally sized
intervals of concentration to see how frequently concentration values occur in each interval. A
normal distribution would have a bell-shape.

3.3.2. Lognormal Probability Plots

Normal probability plots describe the distribution of the population from which the data
were sampled. They have a specially scaled abscissa that yields a straight-line plot when the
plotted points are normally distributed (Berthouex and Brown 2002). If the ordinate has a
logarithmic scale, the plot will be a straight line if the data are lognormally distributed.
Departures from the straight line indicate departures from normality, and the further the points
are from the line, the greater the indication of departure from normality.

If there are just a few points that lie off the straight line, those points are likely outliers
(BBN Corporation 1996). If both ends of the normal probability plot bend upwards above the
straight line plot, the population from which the data were sampled might be skewed right. This
is common when a variable is bounded on the left, but not on the right, so the variable tends to be
closer to its minimum than maximum value (von Hippel 2010). If the ends of the plot bend
down, the population may be skewed left. This indicates that a variable is usually closer to its
maximum than its minimum value.

If the data forms an S-shape, with the right, upper end bending below the straight line and
the left, lower end bending above the line, the population from which the data were sampled may
be light-tailed (BBN Corporation 1996). In light-tailed distributions, the extreme parts of the
distribution spread out less relative to the width of the center than if the distribution were normal.
The probability of observing a value far from the median is less than in the case of a normal
distribution.

If the data forms an S-shape, with the right, upper end bending above the straight line and
the left, lower end bending below the line, the population from which the data were sampled may
be heavy-tailed (BBN Corporation 1996). The probability of observing a value far from the
median in either direction is greater than in the case of the normal distribution.

To create normal probability plots, I used the ‘normplot’ function in Matlab® with the
input being indicator concentrations.

3.3.3. Artificial Time Series

Time-series plots can reveal cyclic patterns and variations of fluctuations. After
determining normality, the next step of analysis was finding a pattern over time in the bacterial
indicator concentrations. To do so, I lined up all 20 twelve-hour time series end-to-end to create
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an artificial time series of twenty half-days. I plotted indicator concentrations against days with
the “plot’ function in Matlab®.

3.3.4. Autocorrelation

To evaluate the extent of a diurnal pattern, I used autocorrelation analysis, again with the
artificial time series of twenty half-days. Autocorrelation computes a correlation coefficient
between observations at one hour and observations at another hour (Berthouex and Brown 2002).
The distance between the observations examined for correlation is called “lag.” In my case, I
looked at lags of 1-12 hours to determine whether there is a diurnal pattern. The correlation
coefficient, ry, ranges in value from -1 to +1, where =0 indicates complete independence and
r=1 indicates perfect correspondence. If there is a diurnal pattern, correlation at lag 12 should be
positively correlated in my half-day series. If the time series has no distinguishable pattern and
the indicator concentrations are random at each time, the correlation coefficients should be near
zero for all lag separations.

I completed this analysis in Microsoft Excel® (Microsoft Corporation, Redmond, WA,
USA) using the ‘correl’ function along with an appropriate equation to call the correct
concentration values for the amount of lag time in question. Correlation coefficients were then
plotted against lag, in hours.

3.3.5. Correlation Matrices

For a visual representation of the autocorrelation analysis, I calculated Pearson
correlation coefficients and arranged them in matrices. These coefficients quantify the
relationship between two variables with 0 indicating no relationship between the two variables,
-1 meaning a perfect negative relationship, and +1 representing a perfect positive relationship
(Berthouex and Brown 2002). I calculated the correlation coefficients between all indicator
concentrations at one hour, t, and all indicator concentrations at the next hour, t+1. Then I
calculated the coefficient between concentrations at t and t+2. I continued these calculations to
fill in a matrix of each hour correlated with every other hour. The matrices are shown in Tables 3
through 6. A color scale was applied such that high correlations (>0.7) are represented in the
tables by shades of green, low correlations (< 0.3) by shades of red, and in-between by shades of
yellow. If one hour’s concentration well correlates with the next hour’s concentration, the
coefficient value will be high and shown in a shade of green. If there is a diurnal pattern, the
correlation coefficient between any time, t, and t+12 should be high and a shade of green.

I computed Pearson correlation coefficients using the Excel” function ‘pearson’, which is
equivalent to the function ‘correl’.

3.3.6. Dot Plots

Dot plots are diagrams that help reveal the sample’s distribution and variability succinctly
(Berthouex and Brown 2002). They work well in depicting a large amount of data at once. In the
case of the dot plots I constructed, indicator concentration was plotted on the abscissa and either
time or the time-series data set number (as listed in Table 2) was plotted on the ordinate.

3.3.7. t-tests

Unpaired t-test
I used an unpaired two-tailed t-test for unequal variances to test whether there was a

significant difference between old and new sewer indicator concentrations. The unpaired t-test is
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used to compare means of two sets of independent samples, one from each of the two
populations being compared (Fadem 2008). The null hypothesis is that the means of the two
normally-distributed populations are equal. If the populations have the same mean, the
probability that random sampling would lead to a difference between sample means as large as
what I observed is represented by the p-value. A p-value of greater than 0.05 indicates no
difference between the populations and p-value less than 0.05 shows there is a significant
difference between indicator concentrations at locations with old versus new sewers. I used the
Excel® function ‘ttest(datal, data2, 2, 3)’, where the ‘2’ indicates two-tailed, and ‘3’ indicates
two-sample unequal variance test. Two-tailed tests are used when it is uncertain which group
would have the larger mean.

Multiple paired comparisons of k averages

I used the Tukey-Kramer method to compare all possible pairs of means (Berthouex and
Brown 2002). For each pair of means, the minimum significant difference (MSD) is calculated.
If the observed difference between a pair of means is greater than the MSD, then the pair of
means is significantly different. I conducted my analysis at the alpha = 0.05 level using an
Excel® worksheet provided by (McDonald 2009).

I chose to represent results in table format. In the tables, there are two sets of numbers:
one at upper right and another at lower left, with the two separated by a blank diagonal. The
calculated mean significant differences (MSDs) are in the upper right triangle, while the
observed differences are in the bottom left triangle. Each number in the bottom left portion of
the table is compared to its mirror image MSD value in the upper right to determine if there is a
significant difference. If the observed difference is significant, I marked it with an asterisk (‘*’)
and highlighted the cell in yellow.

3.4. Limitations

The sampling and statistical methodologies had some limitations and potential sources of
uncertainty, discussed below:

* In the laboratory analysis of indicator concentrations as discussed in Section 3.2.1, there
was some uncertainty in the IDEXX MPN method of counting the number of fluorescing
cells. It was a personal judgment call by the laboratory analyst as to which cells were
clearly fluorescent and thereby indicative of bacterial presence. There 1s a significant
difference in the most probable number depending on how many such cells are reported.

e For two concentration measurements of total coliform, the MPN reading was above the
limit of 241,960 cells/100mL, so the average of the concentrations at the hour before and
the hour after was taken.

* For ten concentration measurements of total coliform, the MPN yielded >24,196,000
cells/100mL, which was set to 50,000,000 cells/100mL for plotting and analysis
purposes.

* During thirteen of the hours at which indicator concentrations were to be measured, grab
samples were not collected and thereby lab analysis was not conducted to determine
concentrations. Ten missing concentrations were due to rain (our study considered only
dry-weather samples) and three can be attributed to a delayed start on one day of
sampling. Times when samples were not collected were completely disregarded and not
included in any calculations.
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* During ten of the hours at which indicator concentrations were measured, it was raining,
which can produce higher concentrations due to more sources of contamination feeding
into the storm drains. This study was designed to collect concentrations during dry
weather, so including these wet-weather concentration values might negatively affect
results.

3.5. Summary of Data Used in This Study

I evaluated 20 twelve-hour time series, with four indicator concentrations (E. coli,
enterococci, total coliform, and human factor) measured on the top of the hour every hour from 8
am to 7 pm. There are a total of six stations (Choa Chu Kang Crescent, Verde, Bras Basah,
Serangoon, Toa Payoh, Lorong 8 Toa Payoh) across three land-use categories (high-density
residential, low-density residential, commercial), and two sewer-age categories (new, old), as
seen in Table 2. Sampling dates span the winter (January) and summer (June, July) in years 2011
and 2012, although seasonal differences are minor in Singapore.

Table 2 — Summary of twenty time series evaluated

Site Name Land-Use Category Sewer age | Sampling date
1 Choa Chu Kang Crescent High-density residential New 4-Jan-11
2 Choa Chu Kang Crescent High-density residential New 19-Jan-11
3 Choa Chu Kang Crescent High-density residential New 11-Jan-12
4 Choa Chu Kang Crescent High-density residential New 16-Jan-12
5 Verde Low-density residential New 6-Jan-11
6 Verde Low-density residential New 12-Jan-11
7 Verde Low-density residential New 17-Jan-12
8 Bras Basah Commercial Old 10-Jan-11
9 Bras Basah Commercial Old 18-Jan-11
10 | Bras Basah Commercial Old 28-Jun-11
11 | Bras Basah Commercial Old 29-Jun-11
12 | Serangoon Low-density residential Old 8-Jun-11
13 | Serangoon Low-density residential Old 5-Jul-11
14 | Serangoon Low-density residential Old 7-Jul-11
15 | Toa Payoh High-density residential Old 7-Jun-11
16 | Toa Payoh High-density residential Old 4-Jul-11
17 | Toa Payoh High-density residential Old 6-Jul-11
18 | Lorong 8 Toa Payoh High-density residential Old 9-Jan-12
19 | Lorong 8 Toa Payoh High-density residential Old 17-Jan-12
20 | Lorong 8 Toa Payoh High-density residential Old 18-Jan-12
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Chapter 4 Data Analysis

4.1. Determining Lognormality

The first step of analysis was characterizing the distribution of the indicators E. coli,
enterococci, total coliform, and human factor to be able to use the appropriate statistical
methods. Some tests can only be performed when the data set is normally distributed. Previous
study shows E. coli, enterococci, and total coliform concentrations to be lognormally distributed
(Aragao et al. 2007; EPA 2010; Pontius 2003). To characterize the distributions, I looked at 1)
histograms and 2) normal probability plots.

4.1.1. Histograms

Histograms of the indicator concentrations (Figure 5) show clearly that indicator
concentrations are not normally distributed. The distributions are heavily skewed right. This can
be fixed by performing a log transformation. The logio concentrations of all indicators, in
contrast, follow a roughly normal distribution (Figure 6). In other words, the indicators all
roughly follow a lognormal distribution. E. coli is somewhat skewed right.

4.1.2. Lognormal Probability Plots

Probability plots also suggest lognormality in indicator concentrations. The concentration
of E. coli, enterococci, total coliform, and human factor as depicted in Figure 7 generally follow
the lognormal distribution with a few points of interest. Note again that plotting logo values on
the ordinate proves lognormality when the points form a straight line on a normal probability
plot.

The normal probability plot shows a slightly non-linear pattern for E. coli, suggesting a
better model can be chosen to describe the distribution of log;o concentrations of E. coli.
Enterococci is a bit heavy-tailed (the upper right end of the plot bends below the straight line and
the lower left end bends below it), indicating that there are more values further away from the
median than in a normal distribution. In the case of total coliform, the points at the top tail of the
diagram represent the ceiling of the maximum detectable level of total coliform based on the
IDEXX Quanti-Tray® method. Presumably, if there were not such limitations in the test, the
points would follow the straight line more closely in that region. The total coliform plot is also
somewhat light-tailed (the upper right end bends below the straight line, while the lower left end
bends above that line), indicating that observing a value far from the median is less likely than in
a normal distribution. Despite these limitations, the indicator concentrations can still be
characterized as roughly lognormally distributed, and therefore the statistical tests conducted in
this report use log;o concentrations for each of the four indicators.
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4.2. Determining Patterns in Time

4.2.1. Artificial Time Series

After determining normality, the next step of analysis was finding a pattern over time in
the bacterial indicator concentrations. To do so, I lined up all 20 twelve-hour time series end-to-
end to create an artificial time series of twenty half-days. General inspection of the time series
indicates no pattern (Figure 8), negating previous findings by the PUB Toolbox Study that
bacterial concentrations follow a diurnal pattern in Singapore (Ekklesia 2011).

Note again that log;o concentrations of the indicators were used because concentrations
are lognormally distributed. Also note that human factor had fourteen time series instead of
twenty as there were some days when human factor concentrations were not measured.

4.2.2. Autocorrelation

For the autocorrelation analysis, | looked at lags of 1 to 12 hours to determine whether
there is a diurnal pattern (Figure 9). To confirm a diurnal pattern, I would expect concentrations
at lag 12 to be positively correlated; however, this was not the case for most of the indicators,
possibly with the exception of enterococci, which saw a slight peak in correlation at time lag 8.
In the case of human factor, there was a slight negative correlation at lag 12, negating any
presence of a diurnal pattern. One finding is a moderately high degree of autocorrelation between
adjacent and near-adjacent observations, up to a lag of about 3.
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4.2.3. Correlation Matrices

In addition to the autocorrelation analysis, for a more visual representation, | created
matrices with correlation values (Tables 3 through 6). These plots confirm the autocorrelation
results—that one hour’s concentration well correlates with the next hour’s concentration and up
to about three hours out. This is represented by the predominantly green values that lie along the
diagonal of the triangle, where one hour and the next hour’s concentrations are correlated. Also,
there is again no evidence of a diurnal pattern as concentrations at one hour, t, and concentrations
at t+12 have a fairly low correlation, represented by regions of red-shaded low correlation areas
in the top right corner of the matrices.

Table 3 — Correlation matrix by time, E. coli
8§AM 9AM IOAMVIIAM 12 PM lPM 2PM 3PM 4PM 5PM 6PM

8 AM
9AM
10AM
11 AM
12PM
1 PM
2PM
3IPM
4 PM
5PM
6 PM

Table 4 — Correlation matrix by time, enterococci

Correlation 8AM 9AM I10AM 11AM 12PM 1PM 2PM 3PM 4PM 5PM 6PM 7PM
8 AM 0.49 054 039 ou 057 042 039 024 042
9AM 0.50 1.0 051 049 033 037
10 AM
11 AM
12PM
1 PM
2PM
iPM
4 PM
5PM
6 PM
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Table 5 — Correlation matrix by time, total coliform
8AM_9AM 10AM 11AM 12PM_1PM

8 AM
9AM
10 AM
11 AM
12PM
1PM
2PM
3PM
4PM
5PM
6 PM

4.2.4. Dot Plots

A dot plot of the time distributions also shows a lack of pattern. All 20 twelve-hour series
were plotted such that each hour of the day had twenty bacterial concentration values. Dot plots
of indicator concentrations over time (Figures 10 through 13) show no regular cyclic variation
and no time of day having consistently high or consistently low values. Further, there is a
uniform pattern of variance with no tendency for data points to cluster around one average or
central value. This suggests that the relative magnitude of concentration expected at a given time
does not follow a predictable pattern.
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4.2.5. t-tests

A multi-way t-test (Tukey-Kramer method) also confirms lack of pattern (Berthouex and
Brown 2000). Results of an analysis based on observed concentrations by hour of the day are
shown in Tables 7 through 10. See Section 3.3.7 for more information on the construction and
interpretation of these tables. There are no significant differences between concentrations
observed at different hours of the day as all the observed difference values (lower left triangle)
are less than the corresponding MSDs (upper right triangle). This suggests that indicator
concentrations measured at any particular hour of day are not necessarily going to be any
different from concentrations measured at another hour of day.

Table 7 — t-test by time, E. coli

8AM 9AM 10AM 11AM 12PM 1PM 2PM 3PM 4PM 5PM 6PM 7PM
1.01 101 101 100 100 101 101 102 102 102 1.04
1.01 101 100 100 101 101 102 102 102 1.04
101 100 100 101 101 102 102 102 104
1.00 100 101 101 102 102 102 104
099 100 100 101 101 101 1.03
1.00 100 101 101 101 1.03
101 1.02 102 102 1.04
1.02 102 102 1.04
1.04 1.04 105

8§ AM -
9AM| 0.10 -
10AM| 0.10 0.0l -
11AM| 006 0.16 0.17 -
12PM| 0.11 020 021 0.04 -
1PM| 0.13 003 003 019 024 -
2PM| 001 009 0.09 007 o011 0.12 -
3PM| 0.12 021 022 005 001 024 0.12 -
4PM| 005 0.14 0.15 002 006 0.18 0.05 0.07 -
SPM| 004 006 006 0.10 015 0.09 003 0.15 0.09 - 104 105
6PM| 010 000 000 016 021 003 009 022 015 006 - 105
7PM| 015 025 025 009 005 028 016 0.04 0.10 019 0.25 -

Lower left triangle = observed differences. Upper right triangle = minimum significant difference (MSD).
There is a significant difference between a pair of means if the observed difference > MSD.

Table 8 — t-test by time, enterococci

8AM 9AM 10AM 11AM 12PM 1PM 2PM 3PM 4PM 5PM 6PM_ 7PM
08 080 080 079 079 080 080 081 081 0.8 082
080 08 079 079 080 080 081 0.81 0.81 082
080 079 079 080 080 081 081 0.81 0.82
079 079 080 080 081 081 081 082
078 079 079 080 0.80 080 081
079 079 080 080 080 0.81
0.80 081 081 0.81 082
081 0.81 081 082
082 0.82 083

8 AM -
9AM| 0.11 -
10AM| 026 0.15 -
11AM| 025 0.14 0.01 -
12PM| 0.12 001 0.14 0.13 -
1PM| 007 004 019 0.18 0.05 -
2PM| 019 008 007 006 007 0.12 -
3PM| 046 036 020 021 035 039 028 -
4PM| 029 0.18 003 004 017 022 0.10 0.17 -
SPM| 023 012 003 002 011 016 004 024 0.06 - 082 083
6PM| 048 038 022 023 037 041 030 002 0.9 026 - 083
7PM| 063 052 037 038 051 056 044 0.17 034 040 0.15 -

Lower left triangle = observed differences. Upper right triangle = minimum significant difference (MSD).
There is a significant difference between a pair of means if the observed difference > MSD.
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Table 9 — t-test by time, total coliform

8AM 9AM 10AM 11AM 12PM 1IPM 2PM 3PM 4PM 5PM 6PM 7PM
092 093 092 09 09 093 092 093 093 093 094
093 092 09 09 093 092 093 093 093 094
093 092 092 094 093 094 094 094 095
090 090 093 092 093 093 093 094
089 092 090 092 092 092 093
092 090 092 092 092 093
093 094 094 094 095
093 093 093 094
094 094 095

8§ AM -
9AM| 0.07 -
10AM| 0.02 0.08 -
1AM} 001 005 0.03 -
12PM| 003 009 0.01 004 -
1PM| 013 020 0.11 0.15 0.10 -
2PM| 002 009 000 003 0.01 0.11 -
3PM| 010 003 012 008 0.12 023 0.12 -
4PM| 0.11 005 013 010 014 025 013 0.02 -
SPM| 021 028 020 023 019 008 0.19 031 033 - 094 095
6PM| 004 010 002 005 001 009 002 014 015 0.18 - 095
7PM| 010 003 0.1 008 0.12 023 0.2 000 002 031 0.13 -

Lower left triangle = observed differences. Upper right triangle = minimum significant difference (MSD).
There is a significant difference between a pair of means if the observed difference > MSD.

Table 10 — t-test by time, human factor

8AM 9AM 10AM 11AM 12PM 1PM 2PM 3PM 4PM S5PM 6PM 7PM
123 123 125 123 123 123 123 123 125 125 1.25
123 125 123 123 123 123 123 125 125 1.25
125 123 123 123 123 123 125 125 125
125 125 125 125 125 127 127 127
123 123 123 123 125 125 1.25
123 123 123 125 125 125
123 123 125 125 125
123 125 125 125
125 125 1.25

8 AM -
9AM| 0.02 -
10AM| 0.13 0.15 -
11AM| 020 022 0.08 -
12PM| 000 0.02 013 020 -
1PM| 010 0.12 0.03 0.11 0.10 -
2PM| 025 027 012 005 025 0.15 -
3PM| 004 006 0.09 016 004 0.06 021 -
4PM| 019 021 006 002 019 009 006 0.15 -
SPM| 0.13 015 000 007 013 003 0.2 0.09 0.06 - 127 127
6PM| 012 010 025 033 013 022 038 016 031 0.25 - 127
7PM|_0.13 011 026 033 0.13 023 038 0.17 032 0.26 0.01 -

Lower left triangle = observed differences. Upper right triangle = minimum significant difference (MSD).
There is a significant difference between a pair of means if the observed difference > MSD.
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4.3. Determining Patterns by Station

It is worth taking a look at how much the stations differ from one another in order to
understand differences between indicator concentrations in our twenty time series. To examine
differences between the stations, I used dot plots for a visual representation and the Tukey-
Kramer test for numerical confirmation.

4.3.1. Dot Plots

The dot plots show that most of the indicator concentration data lies within the same
range of values (Figures 14 through 17). Upon visual inspection, there is no single station that
has consistently higher or lower values than the others. One exception might be Lorong 8’s
consistently higher values of total coliform concentration. Concentrations of indicators at CCK
also seemed somewhat lower than at the other stations for all four indicators.

The total coliform indicator exhibited the most spread, with the widest range of values
within each station. There also seems to be almost as much variation within each station as
between stations. For example, Lorong 8’s E. coli concentrations for the first day of sampling
seem overall higher than concentrations measured on its second day of sampling, as seen in
Figure 14. Similarly, CCK’s second day of sampling has much lower enterococci concentrations
than its fourth day of sampling. These differences within each station may show that differences
among stations are not as important a driver in explaining variations among the time series.

These dot plots can help determine which time series have outliers or clusters of values
that may be neglected in conducting future analyses. For this project, I included all twenty time
series, but future work may use trimmed data sets that exclude clouds of data that deviate from
the rest.
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Figure 14 — Dot plot by station, E. coli
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Figure 17 — Dot plot by station, human factor

4.3.2. t-tests

A multi-way t-test (Tukey-Kramer method) provides a numerical description of the
difference between stations (Berthouex and Brown 2000). See Section 3.3.7 for more
information on the construction and interpretation of these tables. As depicted in Tables 11
through 14, some pairs of stations had statistically significant differences in measured indicator
concentrations. Lorong 8 came out consistently different from the other stations. In the case of £.
coli and total coliform, Lorong 8 was found to be significantly different from all other stations.
This could indicate that some characteristic of Lorong 8 causes it to have much different
(according to the dot plots, higher) values than the other stations. Future study is recommended
to find what is causing high indicator concentrations at this station. Lorong 8 has old sewers and
is in a high-density residential area, both of which are characteristics that are hypothesized to
yield higher concentrations.

Table 11 — t-test by station, E. coli

CCK Verde Bras Basah Serangoon Toa Payoh Lorong 8
CCK | - 0.57 0.51 0.55 0.54 0.56
Verde 0.51 - 0.56 0.59 0.59 0.60
Bras Basah iS5 0.06 - 0.54 0.53 0.55
Serangoon 0.66* 0.15 0.09 - 0.57 0.58
Toa Payoh 0.32 0.19 0.26 0.34 - 0.58
Lorong 8 1.4* 0.86* 0.80* 0.71* 11 -

Lower left triangle = observed differences. Upper right triangle = minimum significant
difference (MSD). There is a significant difference between a pair of means if the observed
difference > MSD.
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Table 12 — t-test by station, enterococci

CCK Verde Bras Basah  Serangoon Toa Payoh Lorong 8
CCK - 0.45 0.41 0.44 0.44 0.45
Verde 0.58* - 0.45 0.48 0.47 0.48
Bras Basah 0.24 0.82* - 0.43 0.43 0.44
Serangoon 0.29 0.29 0:53* - 0.46 0.47
Toa Payoh 0.01 0.57* 0.25 0.28 - 0.46
Lorong 8 0.58* a2 0.34 0.87* 0.59* -

Lower left triangle = observed differences. Upper right triangle = minimum significant
difference (MSD). There is a significant difference between a pair of means if the observed
difference > MSD.

Table 13 — t-test by station, total coliform

CCK Verde Bras Basah  Serangoon Toa Payoh Lorong 8
CCK - 0.45 0.41 0.44 0.43 0.44
Verde 0.24 - 0.44 0.47 0.47 0.48
Bras Basah 0.16 0.40 - 0.43 0.42 0.44
Serangoon 0.44 0.68* 0.28 - 0.45 0.46
Toa Payoh 0.61* 0.85* 0.45% 0.17 - 0.46
Lorong 8 1-1* 0.82* 1.2% 1:5% ks -

Lower left triangle = observed differences. Upper right triangle = minimum significant
difference (MSD). There is a significant difference between a pair of means if the observed
difference > MSD.

Table 14 — t-test by station, human factor

CCK Verde Bras Basah  Serangoon Toa Payoh Lorong 8
CCK - 0.79 0.65 0.59 0.59 0.60
Verde {57/ - 0.79 0.75 0.74 0.75
Bras Basah 0.43 1.3% - 0.59 0.59 0.60
Serangoon 1.2* 0.58 0.73* - 0.53 0.54
Toa Payoh 1.0* 0.70 0.62* 0.111 - 0.54
Lorong 8 1.6* 0.11 2 0.47 0.58* -

Lower left triangle = observed differences. Upper right triangle = minimum significant
difference (MSD). There is a significant difference between a pair of means if the observed
difference > MSD.

4.3.3. Lognormal Probability Plots

There was also much variability in the lognormal distribution of data based on station
(Figures 18 through 21). For example, in Figure 18, Lorong 8, represented by a black circle, had
an E. coli concentration distribution that deviates substantially from a lognormal distribution.
Bras Basah, represented by a magenta square, also exhibits some non-lognormal behavior.
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In addition to characterizing the distribution of indicator concentrations at the stations,
these plots also depict how the magnitude of concentrations differs based on station. Lorong 8
had the highest indicator concentrations for all four indicators as seen by how its plotted points
are at the top of all the series plotted. On the other hand, the stations with lowest concentrations
vary based on indicator. For E. coli and human factor, CCK appears to have the lowest
concentrations, while for enterococci, Verde is lowest and for total coliform, Toa Payoh is
lowest. Some stations have normal probability plots with steeper slopes than others, suggesting
that there is a wider spread of concentrations found at that station.

We might suspect the order of the series from top to bottom would have older sewers
stacked at the top and newer sewers in the bottom. This is roughly the case for enterococci, but
not necessarily for the other indicators, suggesting other factors than sewer age are at play. This
topic of the impact of sewer age is further explored in Section 4.4.
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Figure 18 — Lognormal probability plot by station, E. coli
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4.4. Determining Patterns by Sewer Age

As discussed in Section 1.7, the literature suggests that sewer age has an effect upon
indicator concentrations. To see how that catchment parameter affects the indicator
concentrations, I used dot plots for a visual representation and the Tukey-Kramer test for
numerical confirmation.

4.4.1. Dot Plots

Dot plots by sewer age are shown in Figures 22 through 25. By visual inspection, it
appears that for older sewers the points tend to be found at higher concentrations than for newer
sewers. This seems to be the case for all but total coliform, which has great variability in its
distribution and no visual difference between old and new sewers.

4.4.2. t-tests

In addition to constructing the dot plots, I also conducted an unpaired t-test for unequal
variances to test whether old and new sewers are significantly different. The results, in Table 15,
show that aside from total coliform, all indicators tested showed a significant difference between
old and new sewer concentrations, with a p-value less than 0.05. Total coliform had a p-value
greater than 0.05, indicating no significant difference between the groups. However, total
coliform is also the weakest of the four indicators in matching true pathogen concentrations, so
the finding for total coliform does not negate the finding of a significant difference in the other
three cases.
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This t-test provides numerical evidence of what is visually presented in the dot plots in
the previous section. I conclude that it is likely that there is a difference in bacterial
concentrations in areas served by old versus new sewers with areas with older sewers showing
higher concentrations in storm drains than areas with newer sewers. This is consistent with
published work that older infrastructure has more potential to exfiltrate contaminants via cracks
or loose lateral connections than newer sewers.

Table 15 — t-test by sewer age, all indicators

Significant
Indicator p-value difference
(p<0.05)?
E. coli 0.00000830 YES
Enterococci 0.000633 YES
Total coliform 0.153 no
Human factor 0.00878 YES
1 ® oo om o
e o mw
3 ®e e o o®@e
e o eoe oo °
~ g e oo ®e o
_g e om® eoee o
£ 7 L X o e o o Sewer Age
=1 o0 eenese ®
ﬁ 9 Fs e o oo - e o o0 New
L ] - o® @ 20 @ e @
.g 11 ® ® o @@ o0 ® Oid
a ® o0 oS00 #* L ]
v 13 ™ I L ® ®
v o e e & @ oo oo
E 15 ST .‘.... .-. ‘
17 eome @ - e &
i ® & O =S
19 P ee o e o0 o
& L = 08 980
1 2 3 4 5 6 7 8

log,, concentration (#cells/100mL)
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Figure 25 — Dot plot by sewer age, human factor

4.5. Determining Patterns by Land Use

4.5.1. Dot Plots

Dot plots by land use are shown in Figures 26 through 29. By visual inspection, it appears
there are no obvious differences in concentration based on land use, with no land-use category
having consistently high or low concentration values.
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Figure 26 — Dot plot by land use, E. coli
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Figure 28 — Dot plot by land use, total coliform
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4.5.2. t-tests

A multi-way t-test (Tukey-Kramer method) was used to test whether there are significant
differences in indicator concentrations based on land use (Berthoeux and Brown 2000). See
Section 3.3.7 for more information on the construction and interpretation of these tables.

I found that there are mixed results, with significant differences for indicators enterococci
and human factor (Tables 16 through 19). For enterococci, low-density residential areas exhibit
significantly different concentrations than high-density residential and commercial areas. For
human factor, commercial areas exhibit significantly different concentrations than high-density
and low-density residential areas. There is almost a significant difference between high-density
residential and low-density residential areas, as well, for the indicator human factor. As human
factor is likely the best indicator of true pathogen concentrations, this suggests that land use is a

factor in differences in concentrations.

Table 16 — t-test by land use, E. coli

Table 17 — t-test by land use, enterococci

High- Low- Commer- High- Low- | Commer-
density | density | cial density | density cial
High- High-
Bonnles - 0.34 0.38 dengity - 0.25 0.29
Low- Low-
devisiiy 0.08 - 0.42 Ak 0.60 - 0.31
S 007 0.02 : S 007 0.67 .
-cial cial

Lower left triangle = observed differences. Upper right
triangle = minimum significant difference (MSD).
There is a significant difference between a pair of
means if the observed difference > MSD.

Table 18 — t-test by land use, total

Lower left triangle = observed differences. Upper right
triangle = minimum significant difference (MSD).
There is a significant difference between a pair of
means if the observed difference > MSD.

Table 19 — t-test by land use, human

coliform factor
High- Low- | Commer- High- Low- | Commer-
density | density cial density | density cial
High- High- i
donality - 0.30 0.34 dsiaity 0.39 0.50
Low- Low-
donidiey 0.24 - 0.38 deistiy 0.33 - 0.54
S 0.3 0.04 ’ CoE | 055 0.88 :
cial cial

Lower left triangle = observed differences. Upper right
triangle = minimum significant difference (MSD).
There is a significant difference between a pair of
means if the observed difference > MSD.

Lower left triangle = observed differences. Upper right
triangle = minimum significant difference (MSD).
There is a significant difference between a pair of
means if the observed difference > MSD.







Chapter 5 Conclusions and Recommendations

5.1. Summary and Conclusions

This study examined 20 twelve-hour time series, with four indicator concentrations (£.
coli, enterococci, total coliform, and human factor) measured every hour from 8 am to 7 pm. Six
stations in Singapore (Choa Chu Kang Crescent, Verde, Bras Basah, Serangoon, Toa Payoh,
Lorong 8 Toa Payoh) were evaluated, across three land-use categories (high-density residential,
low-density residential, commercial), and two sewer-age categories (new, old). Sampling dates
spanned the winter (January) and summer (June, July) in years 2011 and 2012.

The first objective of this project was to characterize the distribution of the
concentrations of the four fecal indicators: E. coli, enterococci, total coliform, and human factor.
To do so, I used histograms and lognormal probability plots. In agreement with previous studies
conducted in temperate climates that found bacterial indicators are lognormally distributed
(Aragao, 2007; EPA, 2010; Pontius, 2003), I found that the distributions of E. coli, enterococci,
and total coliform were roughly lognormally distributed in this case of concentrations measured
in the tropical climate of Singapore across a variety of land uses. This shows that bacterial
indicator concentration distributions are described by the same statistical model in tropical
climates as in temperate climates, and with a wide and varied data set. In the case of human
factor, an indicator for which there is emerging research, I conclude that the human factor
indicator is roughly lognormally distributed, as well. This has implications for which statistical
tests can be used on the indicator concentration data, as many tests require normality. Also, the
lognormal distribution can serve as a simple description for the complex temporal and spatial
variation in measured indicator concentrations.

My second objective was to characterize patterns in the time series of indicator
concentrations. This analysis was conducted with an artificial time series of all twenty half-days
in a row. Statistical methods used in this project include a time-series plot, autocorrelation,
correlation matrices, dot plots, and t-tests. Contrary to my hypothesis that there would be a
diurnal pattern, I found no such pattern in the indicator concentrations using this expanded data
set. The time-series plot depicted no obvious patterns. Autocorrelation and correlation matrix
analysis showed correlation between adjacent and near-adjacent observations in time, but no
diurnal peaks in correlation. The dot plots showed no regular cyclic variation and no time of day
had consistently high or low values. The t-tests showed no correlation between one hour of day
and any other.

This disagrees with findings of a diurnal pattern from the Toolbox Study conducted by
the Public Ultilities Board (Ekklesia 2011). The Toolbox Study consisted of a 72-hour series of
hourly measurements for the indicators total coliform and enterococci. This finding is significant
because it suggests that sewer leakage may not be the main contributor of fecal contamination in
the stormwater. If sewer leakage was the main reason for high indicator concentrations, | would
have expected peaks of bacteria concentration at times of peak sewer flow. It may be worth
investigating sewer flows in Singapore to see how closely they follow the diurnal pattern shown
by studies in the United States.

My third objective was to examine how indicator concentrations varied between stations.
I used dot plots, t-tests, and lognormal probability tests. The dot plots showed Lorong 8 has
consistently higher values for enterococci, total coliform, and human factor, and CCK had
generally lower values for E. coli, enterococci, and human factor. In some cases, there was more
variation within each station’s time series than across stations; for example, CCK’s second day
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of sampling revealed much lower enterococci concentrations than its fourth day of sampling.
These differences within stations show that variability within each station’s measured
concentrations can be a more important driver than variability between stations. In other words,
difference between stations is not as important as I had expected. The t-tests showed that there
are some significant differences in measured concentrations across stations. In many cases,
Lorong 8 concentrations were significantly different from other stations in the same sewer age or
land use category. The lognormal probability plots depict how the magnitude of concentrations
differs based on station. The station with the highest measured concentrations for all indicators
was Lorong 8. The station with the lowest measured concentrations for E. coli and human factor
was CCK. The station with the lowest enterococci concentrations was Verde. The station with
the lowest total coliform concentrations was Toa Payoh. Some stations have normal probability
plots with steeper slopes than others, suggesting that there is a wider spread of concentrations at
those stations. We might suspect the order of the series on the normality plots from top to bottom
would have older sewers stacked at the top and newer sewers in the bottom. This is roughly the
case for enterococci, but not necessarily for the other indicators, suggesting other factors than
sewer age are at play. One possibility, based on field observations, could be proximity to food
retail centers. The Lorong 8 and Bras Basah sampling locations are not far from eating
establishments and trash collection bins, which can act as sources of contamination. Lorong 8
was also observed to have sewage odors in the perimeter drains of the nearby housing center.
Such sewer odor and contamination problems are likely due to faulty sewers in specific
locations.

This look at how the indicator concentrations vary between stations can inform future
sampling. Stations with high variability between twelve-hour time series, such as CCK, should
have more indicator measurements taken to better represent the mean value. Stations with high
concentrations, such as Lorong 8, can be further investigated to track what may cause higher
fecal contamination levels.

My last objective was to determine how the two catchment parameters of sewer age and
land use affected indicator concentrations. I used dot plots and t-tests. First, looking at sewer age,
for all indicators but total coliform, older sewers had a significantly higher indicator
concentration than newer sewers. This suggests that sewer leakage likely contributes to fecal
contamination. On the other hand, there are no diurnal patterns in indicator concentrations, as
might be expected given the diurnal patterns in sewage flow. It may be that sewer flow pathways
to storm drains eliminate any diurnal patterns. More research is recommend to evaluate the
connectivity and time patterns of flow between sewers and storm drains.

Next, looking at land use, there are mixed findings. For enterococci, low-density
residential areas exhibit significantly different concentrations than high-density residential and
commercial areas. For human factor, commercial areas exhibit significantly different
concentrations than high-density and low-density residential areas. As human factor might be the
best indicator of true pathogen concentrations, this suggests that land use plays a role in
differences in concentrations.

In summary, this study used extensive indicator concentration data to describe spatial and
temporal patterns in four fecal indicator concentrations: E. coli, enterococci, total coliform, and
human factor. I found the distributions for all four indicators to be approximately lognormal.
There was no obvious time pattern in measured concentrations, except that one hour’s
concentration may roughly correlate with the next 1 to 3 hours’ concentrations. Old sewers have
significantly different concentrations than new sewers, and land use has some effect upon
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indicator concentration. Leaking sewers can explain some of the high indicator concentrations,
though lack of diurnal pattern suggests there are more factors at play than just older sewers
dispersing contaminants.

5.2. Recommendations for Additional Work

Future studies can solidify these findings. First, to further investigate the impact of sewer
age on fecal contamination levels, I suggest measuring sewerage flow at these locations to
characterize its diurnal pattern. A weak or no diurnal sewage flow pattern could explain why 1
saw older sewers to have higher indicator concentrations, but no diurnal pattern in the indicator
concentrations.

I also suggest collecting more concentration data at locations that show high variability
between twelve-hour time series, like CCK, to get a better representation of the mean value.
Future study may also try to find what is causing high indicator concentrations at Lorong 8. This
location has old sewers and is in a high-density residential area, both categories which are
thought to yield higher concentrations, but there may be other influencing factors. Possible
sources of contamination may be nearby food retail centers or trash collection bins. Lorong 8
also had sewage odors in the drains, discovered in field observations. Once characterized, any
influencing factors for higher indicator concentrations can be used to describe and predict the
probable relative magnitude of bacteria concentration at any new location.

Further, expanding the study to include more sampling locations of new sewer age and
commercial land use can better describe the large-scale trends in the impact of sewer age and
land use on indicator concentrations. Currently, there are only two stations in the “new” sewer-
age category compared to four stations in the “old” sewer-age category. Similarly, Bras Basah is
the only “commercial” land-use station. The correlations based on catchment parameters of
sewer age and land use can be more complete with more stations included in each sewer-age and
land-use category.

The bacterial indicator concentrations I found were also on the whole quite high and in
many cases approached those in raw sewage (see Table 1), including the raw sewage information
found by Ekklesia (2012) for a one-day grab sample in Singapore. E. coli logio concentrations
(#cells/100mL) ranged from 0 to 8, whereas in raw sewage it would be around 8.7 (Evison and
James 1973) or 6.6 (Ekklesia 2012). Enterococci logio concentrations (#cells/100mL) ranged
from 1 to 7, whereas in raw sewage it would be around 4-5 (Gerba and Pepper 2005) or 5.6
(Ekklesia 2012). Total coliform log;o concentrations (#cells/100mL) ranged from 4 to 8, while in
raw sewage it would be around 7-9 (Gerba and Pepper 2005) or 6.9 (Ekklesia 2012). Human
factor logio concentrations (copies/100mL) ranged from 2 to 8, whereas in raw sewage it would
be around 8.9 (Silkie and Nelson 2009) or 8.0 (Ekklesia 2012). The samples collected did not, at
least in appearance or odor, seem to be equivalent to raw sewage, so the high indicator
concentrations do not necessarily mean high pathogen concentrations. Future work might
measure indicator concentrations in more samples of raw sewage in Singapore to get a fuller
understanding of the actual concentrations, adding to the single value measured by Ekklesia
(2012). Another suggestion would be to conduct tracing in the drain system to try to identify
sewage sources. One place to start can be Lorong 8, where sewage odors can lead field
investigators to a source of contamination.

Lastly, while this study looked at each of the four indicator concentrations separately, it
may be worth investigating how similar or different those indicator concentration patterns or
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averages are from one another. A first look at this is included in Appendix III and finds that there
is low correlation between indicators.

This project has been a first look at patterns in indicator concentrations collected to this
point in Singapore by Master of Engineering students from the Massachusetts Institute of
Technology, in collaboration with Nanyang Technological University. Future work can continue
the search for appropriate indicators for selected land uses and sewer ages, the pinpointing of
sources of contamination of storm drains, and ultimately control contamination such that
stormwater-filled reservoirs may be opened for public recreation.
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Appendix I — Land Use Categorization

Table 20 — Land use categorization

J : ; ; Low-density Commer-
High-density residential oY cial
Toa Payoh Toa CCK Serangoon Verd Bras
Lorong 8 Payoh | Crescent Garden 4 Basah
Total area (ha) 24 30 37 31 7 16
% by land use type:
54 77 84 0 0 0
0 0 0 78 76 0
23 5 4 0 0 65
0 0 0 0 0 0
0 0 0 0 0 0
15 18 11 19 24 31
0 0 0 2 0 0
8 0 2 1 0 4
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Appendix II — Sampling Locations

Figures 30 — 35 supplement the map of the six sampling stations depicted in Figure 4. The red
star marks the actual sampling location, while the rest of the map shows the contributing
drainage area.
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Figure 30 — Map of CCK sampling location and drainage area
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Figure 31 — Map of Verde sampling location and drainage area
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Figure 32 — Map of Bras Basah sampling location and drainage area
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Figure 33 — Map of Serangoon sampling location and drainage area
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Figure 34 — Map of Toa Payoh sampling location and drainage area
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Figure 35 — Map of Lorong 8 sampling location and drainage area
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Appendix III - Correlation Between Indicators

To see how well the distributions of each indicator resemble each other, I calculated
Pearson correlation coefficients among the four indicators (Table 21). All correlations were
generally low. The highest correlations were among the bacterial indicators total coliform, E.
coli, and enterococci, which might be expected as they all belong to the same group of
organisms. These correlations show how differently each indicator behaves and suggest

limitations in using indicator bacteria to predict pathogen concentrations in Singapore.

Table 21 — Pearson correlation coefficients among four indicators

Total coliform | E. coli | Enterococci | Human factor
Total coliform - 0.46 0.42 0.28
E. coli - - 0.36 0.35
Enterococci - - 0.15

Human factor
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