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2007).  Wiedenmann’s ingestion assumption of 30 ml is questionable however, since 

research by Dufour on swimmers in chlorinated swimming pools shows that adult 

swimmers ingested approximately 4 ml in a 10-minute recreational period (Dufour et al. 

2006).  The actual PIR is thus likely to be higher than the one calculated by 

Wiedenmann.  

 

Assuming that the PIR is incorrect, there are three options for modifying Equation 7.  

The entire PIR could be adjusted by a constant factor, just the ܽ term could be adjusted 

by some factor, or just the ܾ term could be adjusted by some factor.  Figure 8 shows the 

different risk curves obtained by varying the entire PIR by constant factors of 10 and 

1/10, and the associated NOAELs for comparison of each curve. 

 
Figure 8: Variation of PIR 

Adjusting the entire PIR by some factor results in approximately proportional change in 

the NOAEL, as can be seen in Figure 8, where multiplying the PIR by 10 decreases the 

NOAEL by 10 while multiplying the PIR by 1/10 increases the NOAEL by 10.     

Figure 9 shows the risk curves obtained by multiplying just ܽ in Equation 7 by a factor of 

2 or 1/2.  Adjusting only ܽ in Equation 7 results in a less direct change than adjusting 

25 2612.4
0%

1%

2%

3%

4%

5%

6%

7%

1 10 100 1,000

A
dd

it
io
na

l R
is
k 
of
 G
as
tr
oe

nt
er
it
is

CFU Enteroccoci / 100 ml

Variation of PIR

PIR *1

PIR *0.1

PIR * 10

NOAEL



40 
 

the entire PIR, as can be seen in Figure 9, where multiplying ܽ by two results in 

lowering the NOAEL by a factor of five, while multiplying ܽ by ½ more than doubles the 

NOAEL.   

 

Figure 10 shows the effect of multiplying just ܾ in Equation 7 by a factor of 2 or 1/2.  The 

effect of varying ܾ is even more dramatic than that of ܽ.  As can be seen in figure 10, 

multiplying ܾ by 2 raises the NOAEL by a factor of 5, while multiplying ܾ by ½ lowers the 

NOAEL by a factor of 25.  

 

 
Figure 9: Variation of a 
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Figure 10: Variation of b 

 

 
Figure 11: Variation of vintake 
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The small changes to the PIR factors in Figures 8, 9, and 10 results in large shifts of the 

NOAELs for each risk curve.  In contrast, the risk equation is much less sensitive to 

changes in the ingestion term ݒ௜௡௧௔௞௘.  Figure 11 shows the effect of multiplying ݒ௜௡௧௔௞௘ 

by 2 and by 1/2.  The NOAEL is approximately halved on the low end, and doubled on 

the high end.  Compare this to changing either ܽ or ܾ by the same factor, in which the 

NOAEL is on average changed by an order of magnitude.  This shows that having the 

correct PIR is very important in calculating risk of illness to recreational water users, 

since even small errors in this term translate into significant differences in the calculated 

NOAEL, and thus the safety of the water body. 

 

3.3  Common Risk Assumptions 

Both the Dufour (1984) and Wiedenmann (2007) risk models make three major 

assumptions. First, the risk models assume that the ingestion of water is similar among 

all participants and that differing exposures are insignificant compared to the bacterial 

concentration.  This assumption is a necessary one, and is not normally a significant 

source of error, as long as the assumed ingestion rate is of the correct order of 

magnitude.  The second assumption is that using indicator bacteria as a stand-in for the 

actual pathogens that cause gastroenteritis is an accurate substitution, as discussed in 

Section 2.3.  The last major assumption is that the pathogen/indicator bacteria ratio 

remains relatively constant, and is similar temporally and spatially.  We know that this 

last assumption is not correct, as a disease outbreak in the general population will result 

in higher PIRs in any recreational waters that receive wastewater (Wiedenmann, 2007).  

This would happen because the pathogenic organism concentrations would be raised 

by the outbreak while the indicator organisms would be unchanged.  Spatially, the ratios 

may differ if there is preferential die-off or growth of indicator organisms in the natural 

media, such as E. coli and Enterococci growth in tropical soils (Hernandez-Delgado et 

al. 1991).  Differing ratios will result in the actual risk being lower or higher – as shown 

in Section 3.2.5 for the Wiedenmann equation.  The pathogen indicator ratio assumption 

is one of the least studied variables, even though it is key to all risk models based on 

using indicator bacteria to measure risk. 
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3.4  Dufour vs. Wiedenmann Risk Models 

The Dufour model and the Wiedenmann model differ in several respects.  First, the 

Dufour model was based on a study that did little to control for the variables in 

recreational use.  One of the major variables is how much water is ingested during a 

swimming event.  The amount of water ingested is related to the amount of time spent 

swimming, and the age of the recreator.  The Dufour study did not attempt to control for 

this variable at all, while the Wiedenmann study strictly controlled for it by restricting 

participants to ten minutes in the water with at least three head immersions.   

 

The Dufour model also did very little to model the pathogen/indicator relationship.  The 

Dufour study consolidated much of the data collected into yearly averages and the log-

linear model Dufour chose has only two variables to model all the different factors that 

influence the risk.  In contrast, the Wiedenmann model controlled for all of the variables, 

so that the only parts of the risk equation that had to be derived from the 

epidemiological study were the PIR and the range of risks as represented by MR and 

BR.  The MR and BR are easy to determine, since they are the bounds of the data 

collected during the epidemiological study.  Section 3.2.5 discusses the problems with 

the PIR in the Wiedenmann model, but it is at least possible to correct for this in the 

future.  In addition, both the Dufour model and the Wiedenmann model may 

overestimate the risk in tropical waters since E. coli and Enterococci can grow in tropical 

soils, thereby causing a PIR that may be much lower in tropical climates than in 

temperate climates (Hernandez-Delgado et al. 1991).  There is a lack of data for tropical 

climates, since there have not been any recreational freshwater epidemiological studies 

conducted in a tropical climate (Zmirou et al. 2003). 

 

Figure 12 shows the risk curves generated from the Dufour model and the Wiedenmann 

model plotted together.  The dashed lines represent the guideline values for bacterial 

density in recreational freshwaters. 
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Figure 12: Dufour vs. Wiedenmann Risk Curves 

The two models come closest to agreeing in the zone of concentrations where the risk 

is lowest, but they disagree on how quickly the risk rises with higher bacterial 

concentrations.  The Dufour model calculates a lower risk than the Wiedenmann model 

over the entire range of likely bacterial concentrations. This lower calculated risk is most 

likely incorrect since the Wiedenmann study showed the maximum rate of illness occurs 

before extremely high bacterial concentrations are reached.  One possible reason that 

the Dufour model does not show this is because of the averaging of the study data over 

one-year periods. 

 

Overall, the Wiedenmann model is superior to the Dufour model.  The underlying data 

used to generate the model is from a much more accurately designed study, where 

many of the factors Dufour ignored were accounted for.  Also, the Wiedenmann model 

is much more flexible, since it explicitly accounts for different ingestion rates and PIRs.  

With further research, the Wiedenmann model can be fully customized for any location 

and potential population.  The Wiedenmann model is what will be used in this study to 

calculate risk to recreational users of the Kranji Reservoir.  

25 33

‐1.0%

0.0%

1.0%

2.0%

3.0%

4.0%

5.0%

6.0%

7.0%

1 10 100 1000

A
dd

it
io
na

l R
is
k 
of
 G
as
tr
oe

nt
er
it
is

CFU Enteroccoci / 100 ml water

Additional Risk of Gastorenteritis due to Swimming
Dufour Swimming 
‐ Adult

Wiedenmann 
Swimming ‐ Adult

Wiedenmann NOAEL

EPA Guideline



45 
 

3.5  Single­Sample Maximum Allowable Densities 

Single-sample maximum allowable densities are an important part of any water 

sampling program.  One of the problems when determining whether a water body is 

safe for recreation is the amount of time it takes to determine the mean concentration.  

Because of temporal and spatial variations in bacteria density, a single sample may be 

higher than the allowable mean without indicating excess risk.  To avoid unnecessary 

recreational water closings, it is important to have single sample maximums (SSM) as 

part of the water quality guidelines.  Exceeding the SSM indicates that the likely mean 

indicator density is higher than the acceptable risk level, and that the recreational water 

should be closed.   

3.5.1  SSMs in the United States 

The USEPA-calculated SSMs are used in many states in the US (USEPA 2003).  The 

different confidence levels in Table 2 were chosen by USEPA (1986) based on 

judgment as to the allowable risk in letting the geometric mean be higher than allowed 

levels.  The lower confidence limits result in a lower SSM, which represents a more 

conservative approach to risk.  A higher confidence limit results in a higher SSM, which 

means there is a higher chance that the geometric mean exceeds guidelines. 

 

Ideally, the SSMs should be calculated for each recreational water-body.  The USEPA 

recommends this water-body-specific approach in an attempt to compensate for the 

generalized nature of the risk equations(USEPA 1986).  By using data that must be 

collected anyway, the SSMs can be adjusted at each water body; however in practice 

this is not often done.  USEPA (2003) lists the standards that each US state has 

adopted for their recreational waters and the SSMs if the state has adopted any.  None 

of the states have adopted SSMs that have been adjusted for the different 

characteristics of the recreational water bodies in the state.  The most likely reason for 

this is the large number of recreational water bodies that are regulated, and the effort 

that it would take to customize regulations for each water body.  Another possible 

reason is that the USEPA standards were developed for temperate water bodies, so for 

much of the U.S. the SSMs may not change much, though further study is needed to 

determine if this is true. 



46 
 

 

3.5.2  Calculating SSMs 

To customize the SSMs for each water-body, it is necessary to determine the statistical 

distribution that describes bacterial concentrations in the water.  Bacterial 

concentrations in most natural water bodies exhibit a log-normal distribution.  To test the 

type of distribution that the Kranji Reservoir exhibits, the measured Enterococci 

concentrations in water were checked by two statistical tests using the USEPA ProUCL 

software (USEPA 2007).  The bacteria concentration data for the Kranji Reservoir is 

well fit by a log-normal distribution.  Details of the distribution-fit test are included in 

Section 4.6. 

 

The SSM for a given water body is the one-sided upper confidence limit (UCL) for the 

confidence level chosen.  There are two methods that the USEPA recommends to 

calculate the UCLs for a given log-normal distribution.  The first is using Lands method 

(USEPA 2002), where the SSM is calculated using the log-standard-deviation and the 

one-sided H-statistic as seen in Equation 9 (USEPA 2002).   

 

ܮܥܷ ൌ  ݁ሺ୪୬ ௫തതതതതା଴.ହ௦మାೞಹభషן
√೙షభ

ሻ   
Where ݔҧ is the mean concentration associated with the risk level chosen (i.e. 33 

Enterococci per 100 ml from Table 2), ݏ is the standard deviation of the transformed 

data, ݊ is the number of samples used to calculate ݏ, and ܪଵିן is the H statistic for the 

confidence levels chosen. The H-statistic is found in tables based on the standard 

deviation and the number of samples.  In USEPA (1986), the authors of the document 

appear to use this method to calculate the SSMs.  Figure 13 is taken from the USEPA 

document, and shows the equation used by the EPA (USEPA 1986). 

 

(9) 
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Figure 13: SSM calculation method (USEPA 1986) 

The 1986 USEPA document does not specify how the authors calculate the “Factor” 

multiplied by the standard deviation, but Lands method was published in 1975, and it is 

not unreasonable to assume that the authors used the H-statistic.   

 

A more recently proposed method for calculating the UCL is through use of the 

Chebyshev Inequality (CI) method (USEPA 2002).  The CI method uses the variance to 

calculate the minimum-variance unbiased estimator (MVUE) for the standard deviation.  

Equation 10 gives the MVUE standard deviation (USEPA 2002). 

 
Where gn is found in available tables.  The one-sided upper confidence limit on the 

chosen mean is calculated using Equation 11 (USEPA 2002). 

 
Where α is the chosen confidence limit, and ̂ߤ௅ே is the log of the mean concentration 

associated with the risk level chosen (i.e. 33 Enterococci per 100 ml). 

Land’s Method versus Chebyshev’s Inequality Method 

The CI method was proposed to deal with sites that have small sample sizes with large 

skew or standard deviations.  In cases where there are few samples upon which to base 

the mean, then Land’s method may indicate an unacceptably risky UCL.  Since the CI 

method is significantly more conservative than Land’s method, the CI UCL will always 

be lower than the Land UCL.  In USEPA (2002), Exhibit 7 lists combinations of standard 

deviation and sample size for which the CI method should be used.  If the SSMs for 

(11) 

(10) 
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Kranji were based only on the data collected during January 2009, then the CI method 

would be recommended.  However, when combining the data collected in January 2009 

with the data collected during the previous NTU study (Hwa et al. 2008), a much more 

complete picture of the variation in the reservoir can be calculated, and with a total 

sample size of 135 samples, the Land method is most appropriate. 
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4  Data Collection and Analysis 

Water and sediment samples were collected during January 2009 and analyzed for 

Enterococci concentrations.  Water and sediment ingestion rates were collected for 

possible recreational activities.  The ingestion rates and sample information were used 

to analyze risk using the Wiedenmann (2007) model.  The data collected during January 

2009 was combined with the data previously collected by NTU (2008) and analyzed 

using statistical methods to calculate recommended indicator bacterium guidelines and 

single sample maximums.   

4.1  Field Sample Collection 

Field sampling occurred over the week of January 19 through January 23. 2009.  

Samples were taken from the main body of the reservoir in the north and from the three 

arms that feed into the reservoir in the south.  Figure 15 shows the locations in the 

reservoir where samples were taken.   

 
Figure 14: Reservoir Sampling Locations (Google Maps 2009) 
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Sample locations Res-A through Res-D were chosen based on the completed exposure 

pathways in Table 6 and on the locations used in the reservoir study by NTU (2008).  

Res-A is where the boat launch and visitors center proposed by the Western Catchment 

Masterplan (PUB 2007b) will be located, as seen in Figure 3.  Sediment samples as 

well as water samples were taken at this point since recreational users will have contact 

with the sediment at this location.  Res-B and Res-C in the main body of the reservoir 

are in the same areas as Station 3 and Station 1 from the previous reservoir study by 

NTU (2008), as seen in Figure 4.  Since users are not likely to have contact with the 

bottom sediment in the center of the reservoir, only water samples were taken at these 

locations.  Res-D is located next to a proposed pavilion and dock as seen in Figure 3, 

therefore both water and sediment samples were taken at this location.  Sampling 

locations TG, KK, and PS are located in the three arms of the reservoir, and duplicate 

the sampling locations of the same name from the NTU study (Figure 4).   

4.1.1  Water 

Water samples were collected from a boat provided by PUB in either Whirl-Pak sample 

collection bags or clean sterile 1-liter containers.  Samples were collected by removing 

the seal, and then placing the mouth of the container approximately 10 cm beneath the 

surface of the water until the container was almost full.  The pre-labeled container was 

then sealed and placed on ice in a cooler in the boat.  Samples were kept on ice until 

they were analyzed in the lab.   

4.1.2  Sediment 

Sediment samples were collected from the bottom of the reservoir by using a Kajak-

Brinkhurst core sampler provided by Nanyang Technical University.  Due to lack of 

space in the boat, samples were composited in the tube of the sampler by dropping it 

three times in each sampling area.  The drift of the boat ensured that there was spatial 

separation between each drop of the probe.  The composite sample was then removed 

from the sampling tube and placed in a sterile 600 ml container.  The pre-labeled 

container was then sealed and placed into a cooler.  Samples were kept on ice until 

analyzed at the laboratory.  
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4.2 Laboratory Analysis 

To determine the fecal indicator organism concentrations for risk quantification, samples 

were analyzed for Enterococci and E. coli concentrations.  Samples were analyzed 

using both a direct filtration method (Hach 2008) and a MPN method using IDEXX 

Quanti-Trays and growth media (IDEXX 2008a).  Water samples were diluted using de-

ionized water and sterilized equipment.   

 

Sediment preparation presented an additional challenge.  The USEPA does not provide 

a method for testing of sediment for indicator bacteria. The method used for sediment 

preparation was taken from the United States Geological Service Techniques of Water-

Resources Investigations Book 9, commonly called the USGS Field Manual (Myers et 

al. 2007).  Chapter 7 “Fecal Indicator Bacteria” of the field manual provides a method for 

calculating the indicator bacteria concentration in sediment.  Section 7.1.3.B of the 

manual provides a five step method for processing of the bed sediments which was 

used for this study and paraphrased below. 

1. Prepare for processing by labeling the following sterilized containers; two 

500-ml sterile bottles for eluting and collection of supernatant, and a dish for 

dry weight analysis. 

2. Composite the samples (The sediment samples were composited in the field 

for this study). 

3. Prepare an aliquot of the sample for dry-weight analysis. 

a. Record the tare weight of a clean dry heat-tolerant dish.  Ceramic 

drying dishes were used for dry weight analysis. 

b. Place approximately 25 g of the composited sample into the drying 

dish.  Record the new weight. 

c. Place in an oven at 105o C. Dry until a constant weight is obtained.  

Samples were dried for 24 hours before being re-weighed. 

4. Elute bacteria from the composited sample/ 

a. Place 20 to 30 g of sample in the elution bottle.  Add 100 ml of 

phosphate-buffered water with magnesium chloride per 10 g of 

sample. 
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b. Label the bottle with the time that it should be removed from the wrist-

action shaker. 

c. Place the bottle on a wrist-action shaker.  When the bottle was placed 

on the shaker, a kitchen timer was started for 45 minutes. 

d. After 45 minutes, remove the bottle from the wrist-action shaker.  Let it 

rest for 30 seconds, and then pour off the supernatant into a new, 

labeled, sterile bottle. 

5. Analyze the supernatant using the selected bacterial analysis method. 

 

The supernatant extracts of the soil samples were analyzed for Enterococci 

concentration. 

4.2.1 Enterococci 
Analysis of Enterococci concentrations was performed using IDEXX Enterolert media 

and Quanti-Tray/2000 MPN trays.  The IDEXX provided Quanti-Tray enumeration 

procedure for the Enterolert test kit was followed (IDEXX 2008a).  A sample of 100 ml of 

reservoir water and the contents of one Enterolert packet were placed in a sterile jar 

with a screw-cap lid.  The jar was sealed, and then shaken until no granules of media 

were visible.  The sample was then poured into a Quanti-Tray/2000 MPN tray, sealed, 

and labeled with the sample identifier, date, and time.  The sealed trays were placed in 

an incubator set at 41o Celsius.  Samples were removed and read 24 to 28 hours later.  

Samples were read in a light-box with a 365-nm UV light, and the number of positive 

large and small wells was recorded on the sample sheet.  The most probable number of 

colony forming units (CFU) per 100 ml was then read from the IDEXX-provided MPN 

table (IDEXX 2008b). 

 

A source of error was introduced into the study at this point as the trays were not read 

properly.  There are 49 possible large wells, composed of 48 square wells and 1 large 

rectangular well, as can be seen in Figure 16.  At the time the research was conducted 

it was not understood that the large rectangular well should be counted.  The possible 

error from not counting the large rectangular well is on average 10%, with a range of 3% 
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to 33%.  The error only occurs if the large rectangular well was positive and not 

counted.  It is unknown how many sample counts were affected. 

 
Figure 15: Quanti-Tray/2000 (IDEXX 2008b) 

4.2.2  E. coli and Total Coliform 

Samples were tested for E. coli and total coliform using direct filtration and incubation 

on Hach m-ColiBlue24 Broth (Hach 2008).  In the laboratory, 100 ml reservoir water 

samples were diluted to 1:100, 1:10, and 1:1 and vacuum filtered.  The filter paper was 

placed on a labeled petri dish that contained a pad wetted with the growth media.  The 

petri dishes were placed in an incubator at 35o C for 24 hours, before being removed 

and read.  Due to the high turbidity of the waters, no useable results were obtained at 

the 1:1 dilution level.  Since there were no E. coli colonies at the higher dilution levels, 

the only conclusion could be that there were less than 10 E. coli colonies in these 100-

ml samples.  Because of the problems with this method, E. coli and total coliform were 

only tested for on the samples collected on 01/19/09 and 01/20/09, and discontinued for 

the rest of the sampling period. 

4.3  Dose Calculations 

After determining the concentration of bacteria in the field, the next step in conducting a 

risk assessment is the calculation of the dose to which the potential receptors are 
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exposed.  Exposure parameters for water and sediment ingestion were gathered from 

available sources.  Exposure values for kayaking, a key planned recreational use of the 

reservoir, are not available in published literature, so an estimate for kayaking exposure 

was made based on personal interviews. 

4.3.1  Water Ingestion  

Exposure rates for swimming are calculated using an average water ingestion rate 

during swimming and a mean swimming duration.  According to Dufour (2006) the 

average amount of water swallowed during a 45-minute swimming period is 16 ml for 

adults, and 37 ml for children under the age of 18 (Dufour et al. 2006).  The USEPA 

recommends a mean swimming duration of 60 minutes per event (USEPA 1999b).  

Combining these factors, the ingestion rate per swimming event is 20 ml per event for 

adults and 50 ml per event for children.  

 

Exposure rates for kayaking were calculated using the ingestion rates for swimming and 

adjusting them for the relative amount of contact with the water.  Kevin Horner and 

Daniel Smith are kayak instructors at Charles River Canoe and Kayak in Boston, 

Massachusetts and were interviewed on April 11, 2009 about their kayaking patterns.  

According to Mr. Horner and Mr. Smith the average recreational kayaking session is 

approximately 2 hours and during that period their head was usually immersed 1 to 3 

times.  They usually enter their kayaks from docks so there is no contact with sediment.  

Based on these interviews I assume an ingestion rate approximately half that of 

swimming.  This results in a per-event ingestion rate of 10 ml for adults and 25 ml for 

children.  This is a rough estimate, and any guidelines derived from this estimate should 

be confirmed by an ingestion study of kayakers. 

4.3.2  Sediment Ingestion 

There are no soil and sediment ingestion studies that focus only on recreational 

ingestion.  Table 4-23 in the USEPA Exposure Factors Handbook (USEPA 1999b) 

recommends a value for soil ingestion of 100 mg/day for children under the age of 6, 

with an upper percentile value of 400 mg/day, and 50 mg/day for adults, with no upper 

percentile value given (USEPA 1999b).  The only guidance that was found on sediment 
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ingestion during recreation is from the State of Virginia.  Guidance for the State of 

Virginia (VADEQ 2008) calculates sediment ingestion rates for recreational contact by 

assuming that the rate of soil ingestion is constant through 16 waking hours of the day, 

and that the average recreational event lasts for 2 hours.  This gives a fraction of daily 

sediment ingestion from recreation of 0.125 (VADEQ 2008).  Multiplying this fraction by 

the USEPA-recommended values for daily soil ingestion, the total ingestion rate for 

children under the age of 6 is 12.5 mg/day of recreation, with an upper percentile 

ingestion rate of 50 mg/day.  The total ingestion rate for adults is 6.25 mg/day with no 

upper percentile value given.  Table 6 summarizes the per-event ingestion rates for both 

water and sediment.   
Table 6: Ingestion Rates 

Activity  Ingestion Rate Per‐Event 

Swimming, Adults  20 ml water 
Swimming, Non‐Adults   50 ml water 
Kayaking, Adults  10 ml water 
Kayaking, Non‐Adults  25 ml water 
Wading, Adult  6.25 mg water 
Wading, Child under 6  12.5 mg sediment, mean child 

50 mg sediment, 95th upper 
percentile child 

 

4.4  Complete Risk Equation 

To calculate the risk associated with recreational use of the Kranji Reservoir values for 

all variables in Equation 5 and 7 need to be provided.  Table 7 lists the variables and 

associated values for these equations. 
Table 7: Risk Equation Variables 

Variable  Value  Source 
 ܴܯ 0.091  Wiedenmann 2007 
 ܴܤ 0.028  Wiedenmann 2007 

 ሺ1ሻ݌ 0.17  Wiedenmann 2007 
ܽ  ‐0.67  Wiedenmann 2007 
ܾ  0.98  Wiedenmann 2007 

 ாேܥ 1‐2,000  Measured, NTU 2008 
௜௡௧௔௞௘ݒ   0.006 ‐ 1  Table 6 
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Variables ݌ ,ܴܤ ,ܴܯሺ1ሻ, ܽ, and ܾ were provided by Wiedenmann (2007) from literature 

review and the freshwater randomized controlled trial that he conducted.  The 

Enterococci concentrations ܥாே were measured in the Kranji Reservoir, and the value 

 ௜௡௧௔௞௘ comes from literature reviews and personal interviews as discussed above andݒ

shown in Table 6.  Equation 12 is the simplified risk equation with all but the final two 

variable terms inserted. 

݇ݏܴ݅ ൌ ሺ0.063ሻ כ ൛1 െ ሾ0.83ሿଵ଴^ሺሺି଴.଺଻ା଴.ଽ଼כ௟௢௚భబሺிூைሻሻכ௩೔೙೟ೌೖ೐ሻൟ  (12)  

FIO concentrations are input from the measured values in the reservoir, and the 

appropriate ݒ௜௡௧௔௞௘ is input from Table 6. 

4.5  Guideline Geometric Means 

Guideline geometric means for the three PUB proposed levels of recreational activity 

are based on the NOAEL determined in the epidemiological study conducted by 

Wiedenmann et al. (2006).  The NOAEL for swimming given by Wiedenmann et al. 

(2006) is 25 Enterococci per 100 ml.  This NOAEL corresponds to a specific number of 

ingested pathogens, ݖ in the risk equation (Equation 5).   

݇ݏܴ݅ ൌ ሺܴܯ െ ሻܴܤ כ ሼ1 െ ሾ1 െ   ሺ1ሻሿ௭ሽ          (5)݌

Equation 8 represents the expanded form of the ingestion term ݖ. Equation 8 has two 

variables, ܥாே and ݒ௜௡௧௔௞௘, and two constants ܽ and ܾ.  The constants ܽ and ܾ are 

provided by Wiedenmann (2007) based on epidemiological studies.  Table 8 shows the 

values Wiedenmann (2007) used to calculate the pathogen ingestion term ݖ associated 

with the no-observed-adverse-effects level found by Wiedenmann et al. (2006). 

ݖ ൌ ௜௡௧௔௞௘ݒ כ 10௔ା௕כ୪୭୥భబ ஼ಶಿ     (8)  
Table 8: NOAEL Ingestion Terms 

Variable 
Value used by 
Wiedenmann 

(2007) 
ܽ ‐0.67
ܾ 0.98

ாேܥ 25
௜௡௧௔௞௘ݒ 0.3
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Using the values in Table 8 from Wiedenmann (2007) in Equation 8 and solving for ݖ, 

the number of pathogens ingested is 1.5 at the NOAEL found by Wiedenmann et al. 

(2006).  To calculate the NOAEL for activities that have a different ݒ௜௡௧௔௞௘ than the 

intake assumed by Wiedenmann (2007) for swimming, Equation 8 is rearranged to 

solve for the Enterococci concentration ܥாே, holding ݖ constant at 1.5.  Equation 13 is 

the new equation, where the dependent variable is ݒ௜௡௧௔௞௘, and the independent variable 

is the Enterococci concentration which represents a NOAEL for each activity. 

logଵ଴ ாே,ேை஺ா௅ܥ ൌ 1.02 כ logଵ଴
ଵ.ହ

௩೔೙೟ೌೖ೐
൅ 0.68   (13)   

NOAELs for the different proposed activities in the Kranji Reservoir are calculated by 

setting the value of ݒ௜௡௧௔௞௘ equal to the ingestion rates in Table 6 associated with each 

activity, then solving Equation 13 for ܥாே,ேை஺ா௅.  It is possible to calculate NOAELs for 

both children and adults.  However, due to the variability in child immune systems and 

rates of ingestion, guidelines are usually set based on adult NOAELs. 

4.6  Single­Sample Maximum Allowable Densities 

Single-sample maximums were calculated using Land’s (1975) method as described in 

Section 3.3.  Equation 7 has three inputs, the guideline mean, the log-normal standard 

deviation, and the one-sided H-statistic.  The guideline means are the NOAEL values 

calculated using Equation 13.  The standard deviation of the bacterial concentrations in 

the reservoir was calculated using the data provided by NTU (2008) and the data from 

the January 2009 sampling period.  The one-sided H-statistic is interpolated for the 

given standard deviation and degree of freedom using published tables (Land, 1975).  

The guideline means were calculated as in Section 4.5.   

 

Before calculating SSMs, the combined data was checked for outliers and log-normality.  

Statistical analysis was performed using the ProUCL software provided by the USEPA 

(USEPA 2007).  The data for the reservoir was aggregated and input into the software.  

The ProUCL software calculated three potential outliers at the 1% significance level.  

These values were discarded, and the remaining data was analyzed.  Appendix B 

contains all the data used for statistical analysis, and the outliers are italicized.  Table 9 
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lists the standard deviation S, and the associated H-statistics for the degrees of freedom 

available. 
Table 9: H-Statistics(Land, 1975; USEPA, 2007) 

Degrees of Freedom: 131
  One‐Sided (Upper) Confidence Levels

S  0.05 0.1 0.75 0.9 0.95 
1.4  ‐2.1 ‐1.7 0.7 2.0 2.6 

 

Single-sample maximums for each activity level were calculated at the 75% level for the 

guideline means.  The H-statistics for the 0.05, 0.1, 0.9, and 0.95 confidence levels in 

Table 9 are given as references for the four-point Lagrangian interpolation used to 

calculate the 75% level (Land 1975).  The appropriate upper confidence limits were then 

calculated using Equation 9. 
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5  Results 

5.1  Sampled Values and Current Risk 

Over the five-day sampling period, 35 water samples and 10 sediment samples were 

collected.  Of those samples, 29 water samples and 10 sediment samples were 

analyzed for Enterococci, and 14 water samples were analyzed for E. coli.  Due to the 

high turbidity of the reservoir water samples, valid E. coli counts were not obtained.  

Enterococci analysis for sample locations TG, PS, and KK did not begin until 01/21/09, 

as only E. coli analysis was originally planned for those locations.  Appendix A lists the 

raw results from the January sampling period.  Table 10 lists the sampling locations, the 

bacterial concentration per sample, and the mean bacterial concentration over the five-

day period. 
Table 10: Enterococci analysis results 

Date  01/19/09  01/20/09 01/21/09 01/22/09 01/23/09 Geometric Mean

IDENTIFIER  MPN Colony Forming Units / 100 ml

Res‐A  19.7  2 3.1 11.5 4.1 5.7

Res‐B  4.1  9.4 10.9 5.2 19.8 8.5

Res‐C  17.2  6.3 20.2 19.5 13.2 14.1

Res‐D  12.8  10.9 41.4 18.7 10.9 16.4

TG  NA  NA  20.6 47.4 24.6 28.9

PS  NA  NA  67.6 23 31.8 36.7

KK  NA  NA  11.5 13.5 11.9 12.3

  MPN Colony Forming Units / gram sediment

Res‐A Sed  458  282 761 324 509 438

Res‐D Sed  4430  2180 12600 3770 4790 4660

 

During the sampling period, the overall geometric mean for the entire reservoir and the 

sediment samples were 13 CFU / 100 ml and 1400 CFU / 1 g respectively.  The risk 

posed to potential recreational users if the reservoir remained at the sampled 

concentrations is summarized in Table 11.   
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Table 11: Additional Risk of Gastroenteritis Associated with Kranji Water Quality - January 2009 

Activity  Age Relevant mean 

Concentration 

Wiedenmann 

Risk 

Swimming 
Adult 

13.3 CFU /100 ml 

water 

0.6% 

Non‐Adult <18 1.4% 

Kayaking 
Adult  0.3% 

Non‐Adult <18 0.7% 

Wading 

Adult 
1400 CFU /g 

sediment 

1.7% 

Mean Child < 6 2.9% 

95% Child < 6 5.8% 

 

Mean water concentrations are below the NOAEL found by Wiedenmann (2006), 

meaning that the reservoir is safe for swimming and kayaking.  However, the mean 

sediment concentration was significantly higher than the calculated NOAEL for 

sediment.  A review of the bacterial concentrations in Table 10 shows that the primary 

drivers of the high geometric sediment mean are the samples taken at location Res-D.  

Section 6.1.2 discusses the potential cause of the high sediment concentrations at that 

location. 

 

Since the water quality varies significantly with time, it can be useful to look at the 

possible range of risks associated with the Kranji Reservoir, and the risk curves 

produced by the two different concentration-response models.  Figure 16 shows the risk 

due to swimming in waters with different concentrations of Enterococci.  The solid lines 

represent the adult risk curves for the different types of recreational contact.  The units 

for swimming and kayaking are Enterococci per 100 ml of water, and the units for 

wading are Enterococci per gram of sediment.  The shape of the curves is governed by 

Equation 13 in Section 4.5.  The curves for kayaking and wading are shifted only by 

their respective ingestion rates from Table 6.  The dashed lines represent the calculated 

NOAELs that are discussed in Section 5.2.  
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Figure 16: Additional Risk of Gastroenteritis 

The risk curves for kayaking and swimming are very similar, which is to be expected 

since their ingestion rates vary by only a factor of two.  At any given concentration, the 

risk due to kayaking is approximately half that of swimming, except for higher 

concentrations when the maximum rate is reached.  The risk curve for wading is spread 

much further out, recognizing that the ingestion of sediment is much lower than that of 

water.  The risk curve for sediment is somewhat misleading however, since the 

concentration of bacteria per gram of sediment is usually much higher than the 

concentration of bacteria per 100 ml of water.  It is important to note that the geometric 

mean water concentration during the January 2009 sampling period was below the 

NOAEL for swimming and kayaking, but that the geometric mean concentration for 

sediment was not. 

 

5.2  Guidelines and Single Sample Maximums 

The guidelines for different activities are presented in Table 12.   Guideline geometric 

means were calculated using Equation 13 from Section 4.5.  The SSMs were calculated 

using Equation 9 as discussed in Sections 3.5.2 and 4.6. 
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Table 12: Guideline Geometric Means and SSMs 

Activity 
January Geometric 
Mean 

Guideline Geometric Mean 
(Enterococci CFU/100 ml) 

75% 
SSM 

Swimming ‐ Adult  13.3 Enterococci 
CFU/100ml 

25  73 

Kayaking ‐ Adult  51  150 

Activity 
January Geometric 
Mean 

Guideline Geometric Mean 
(Enterococci CFU/g) 

75% 
SSM 

Wading ‐ Adult 
1400 Enterococci 
CFU/g 

860  2500 

 

The guideline geometric means for swimming and kayaking are applicable to the water 

in the area of the reservoir that is made available for those recreational activities.  If 

PUB chooses to restrict recreational access to a subsection of the reservoir as 

recommended in Section 6.1.3 below, the guideline would apply to only the recreational 

area.  The sediment geometric mean guidelines need only apply to the areas of the 

reservoir where recreators are likely to have contact with sediment.  These areas would 

include the shore near docks and any wading areas.  However, this guideline would not 

need to apply to non-near-shore sediment since recreators would be unlikely to have 

contact with sediment at these locations.   

 

Final guidelines adopted by PUB should be based on the type of activities that PUB 

decides to allow and the area of the reservoir PUB opens to recreation.  For example, if 

PUB allows only kayaking, and entering and exiting the reservoir is allowed only from a 

floating dock, then the target concentrations would be a geometric mean of 51 

Enterococci CFU per 100 ml water, with no single sample greater than 150 Enterococci 

CFU per 100 ml water and no guideline concentrations would be needed for sediment.  

However, if the kayakers entered and exited the reservoir directly from the shoreline, 

then a geometric mean guideline of 860 Enterococci CFU per g of sediment with 

associated SSM of 2,500 Enterococci CFU per g of sediment would be appropriate.   

 

If the guideline concentrations were exceeded, then the risk of illness is unacceptably 

high, and the Kranji Reservoir would need to be closed for recreation until additional 
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sampling showed that Enterococci levels were below the guidelines.  During the 

January sampling period reported in this thesis, water Enterococci concentrations did 

not exceed the calculated geometric mean guidelines or SSMs for any type of activity.  

The Res-A sediment samples were also below guideline values, but the Res-D 

sediment samples were significantly greater than both the guideline Enterococci mean 

concentration and SSM for sediment.  
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6  Conclusions 

The goal of the Public Utilities Board is to use the Kranji Reservoir for recreational 

purposes.  To that end, it is necessary to determine appropriate guideline levels for 

bacterial water quality, single sample maximums for the sampling programs, and the 

area of the reservoir that is to be used for recreation.  Current fresh and marine water 

indicator bacterium standards in Singapore are set at 200 Enterococci per 100 ml, but 

there are no freshwater beaches that are open for recreation or monitored for quality at 

this time.  Suggested guidelines for use at Singapore freshwater bodies are based on 

potential exposure to water and sediment as well as the statistical distribution of 

reservoir bacterial concentrations.   

 

Based on the goals of PUB for the Kranji Reservoir, and by the analysis of water quality 

data provided by NTU (2008) and data measured during January 2009, portions of the 

Kranji Reservoir can be opened to use of the public for primary contact recreation.  

Geometric mean water and sediment quality guidelines from Sections 6.1.1 and 6.1.2 

are recommended as interim standards and a restricted recreational use area is 

recommended in Section 6.1.3. 

6.1  Suggested Guidelines 

The choice of a restricted area for recreation in the Kranji Reservoir is based on 

maximizing the recreational use of the Kranji while meeting the recommended water 

quality guidelines. 

6.1.1  Water Quality Guidelines and SSMs 

The recommended geometric mean Enterococci concentration for primary contact 

recreation is 25 Enterococci per 100 ml.  This represents a level that should result in no 

additional cases of gastroenteritis among recreational swimmers, and is equal to the no-

observed-adverse-effects level found by Wiedenmann (Wiedenmann et al. 2006).  This 

level is attainable for the reservoir recreational area recommended in Section 6.1.3.  

During the January sampling period the geometric mean for the recommended area of 

the reservoir in Figure 18 was 10 Enterococci per 100 ml.  The overall geometric mean 
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using all available sampling data is 7.3 Enterococci per 100 ml for the recommended 

recreational area.   

 

The single-sample maximum associated with the recommended guideline mean is 73 

Enterococci per 100 ml.  This represents a 75% upper confidence limit that the mean is 

below the guideline value.  The SSM was not exceeded during the January sampling 

period, and was only exceeded three times in the historical data for the recommended 

recreational area of the reservoir.   

6.1.2  Sediment Quality Guidelines and SSMs 

The recommended geometric mean Enterococci concentration for sediment is 860 

Enterococci per gram.  This level was exceeded by the geometric mean of all sediment 

samples taken from the Kranji during the January sampling period.    This level was not 

exceeded by the sediment samples taken at Res-A (Figure 14).  However, sediment 

Enterococci concentrations from the Res-D location were larger than the Res-A 

concentrations by an average of 5 times.  One possible reason for the much higher 

levels at Res-D is that it is located very close to a chicken farm located on the western 

shore of the reservoir.  More testing is needed to determine the variation of bacterial 

levels in the sediment.  It is possible that sediment levels near another chicken farm 

located on the land between sampling location TG and PS are also elevated, but this 

area is less important since there are no recreational facilities proposed in this area.  

Until more research has been done on the sediment variation, contact with bottom 

sediment through wading and entrances/exits to the reservoir should be restricted to the 

dashed shoreline area, or to floating docks in the rest of the reservoir. 

 

6.1.3  Recreational Area 

In order to provide for the safety of recreational users, the recreational use of the 

reservoir should initially be restricted to the designated recreational area in Figure 18.  

Additional areas of the reservoir should be opened to recreation if sampling 

demonstrates that bacterial levels in that area are in line with the main body of the 

reservoir.  The non-recreational area has historically presented significantly worse water 
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quality than the recommended recreational area.  When comparing the water quality 

data in the two areas, the recreational area exceeded recommended swimming single-

sample maximums only three times out of 65 samples, while the non-recreational area 

exceeded recommended single-sample maximums twelve times out of 70 samples.   

 
Figure 17: Recommended Recreational Areas 

By restricting recreation to the recommended area, the likelihood of the reservoir 

exceeding the recommended guideline values is much reduced, resulting in fewer water 

closures.  In addition, wading and entrance/exits to the water should initially be 

restricted to the dashed areas of shoreline, unless floating docks are used.  Shoreline 
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areas with a solid line represent locations where the sediment quality is possibly above 

guideline means.  The safe shoreline areas represent a conservative estimate.  More 

shoreline can be opened for use as additional sediment testing identifies safe areas. 

6.1.4  Sampling Program 

Water and sediment samples should be collected and analyzed for Enterococci 

concentration at least weekly to ensure the safety of recreational water users.  Samples 

should be taken at the southern end of the allowed recreational area in the Kranji 

Reservoir because the highest bacteria concentrations have been measured in the 

southern sections of the reservoir.  If the geometric mean or single-sample-maximum 

guidelines are exceeded, then the Kranji Reservoir should be closed to water recreation 

until additional sampling shows that the indicator bacterium concentrations have 

returned to safe levels. 

 

6.2  Point Source Control 

An obvious step to improve water quality in the Kranji Reservoir would be to institute 

controls on point sources into the reservoir.  An example of a possible point source that 

is close to planned recreational areas is the chicken farm on the western shore near 

Res-D.  The high sediment levels at Res-D may be attributable to the settling of 

bacteria-laden particles from the chicken farm.  The chicken farm currently has a 

sedimentation basin to treat its discharge, but it has not been properly maintained.  By 

requiring the farm to make improvements to the sedimentation basin such that it 

removes a significant amount of settleable particles, the sediment quality in the 

reservoir may improve.  Additional point sources are likely to be identified with further 

study. 

6.3  Further Study 

Two studies are recommended to fully characterize the risk to recreational users of the 

Kranji Reservoir.  The first recommended study is a DNA-based analysis of the 

Pathogen/Indicator Ratio of the Kranji Reservoir.  The second recommended study is to 

determine the risk levels in the reservoir associated with storm events. 
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6.3.1  Pathogen Indicator Ratio 

New methods of DNA analysis using quick polymerase chain reactions (QPCR) now 

make it possible to measure concentrations of different pathogens in the water directly.  

It is possible for a relatively short study to be performed on the Kranji Reservoir to 

determine the PIR directly, rather than through inference from other studies.  A PIR 

obtained for the Kranji Reservoir could also be used for other tropical freshwater bodies. 

6.3.2  Storm Event Risk 

Currently all water quality data for the Kranji Reservoir has been collected during dry-

weather flow.  The previous study by NTU (2008) only sampled the reservoir during dry 

weather, and the January 2009 sampling period took place during an exceptionally dry 

period.  There had been no storm events in the two weeks prior to the sampling period, 

and there were no storm events during the sampling period.  A study of the reservoir 

water quality after a storm event should be conducted to ensure that the safety of 

recreational users is not jeopardized.  NTU (2008) showed that storm flows from the 

catchment had significantly higher bacteria densities than dry weather flow, so there is 

an assumption that the reservoir will experience elevated bacterial counts after a storm.  

A study that examines how quickly the reservoir returns to safe levels after a storm 

should be conducted. 
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Appendix A ­ Raw Results 

Water Sample Results 

Date 
Sample 
Name Lat Long 

Sub-
Catchment

# Large 
Wells 

# Small 
Wells 

MPN 
Enterococci 

/ 100 ml 
19/01/09 26.1-44.2 26.112 44.28 Res A 14 3 19.7
20/01/09 26.1-44.2 26.112 44.28 Res A 1 1 2
21/01/09 26.1-44.2 26.112 44.28 Res A 3 0 3.1
22/01/09 26.1-44.2 26.111 42.278 Res A 5 6 11.5
23/01/09 26.1-44.2 26.111 42.278 Res A 3 1 4.1
19/01/09 25.9-44.5 25.957 44.51 Res B 4 0 4.1
20/01/09 25.7-44.5 25.766 22.549 Res B 5 0 5.2
21/01/09 25.7-44.5 25.766 22.549 Res B 9 9 19.8
22/01/09 25.9-44.5 25.94 44.534 Res B 5 4 9.4
23/01/09 25.9-44.5 25.94 44.534 Res B 9 1 10.9
19/01/09 24.7-43.7 24.748 43.731 Res C 7 9 17.2
20/01/09 24.7-43.7 24.72 43.76 Res C 5 1 6.3
21/01/09 24.7-43.7 24.726 43.754 Res C 11 7 20.2
22/01/09 24.7-43.7 24.755 43.727 Res C 13 4 19.5
23/01/09 24.7-43.7 24.755 43.727 Res C 10 2 13.2
19/01/09 24.7-43.5 24.792 43.534 Res D 7 5 12.8
20/01/09 24.7-43.5 24.73 43.5 Res D 9 1 10.9
21/01/09 24.7-43.5 24.73 43.5 Res D 21 11 41.4
22/01/09 24.7-43.5 24.732 43.504 Res D 15 1 18.7
23/01/09 24.7-43.5 24.732 43.504 Res D 9 1 10.9
21/01/09 23.7-43.4 23.746 43.499 TG 13 5 20.6
22/01/09 23.7-43.4 23.753 43.497 TG 26 8 47.4
23/01/09 23.7-43.4 23.753 43.497 TG 19 1 24.6
21/01/09 24.8-42.8 24.804 42.825 KK 5 6 11.5
22/01/09 24.8-42.8 24.8 42.822 KK 4 9 13.5
23/01/09 24.8-42.8 24.8 42.822 KK 8 3 11.9
21/01/09 23.9-44.0 23.926 44.005 PS 33 9 67.6
22/01/09 23.9-44.0 23.903 44.035 PS 13 7 23
23/01/09 23.9-44.0 23.903 44.035 PS 21 4 31.8
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Sediment Sample Results 

Date 
Sample 
Name Lat Long 

Sub-
Catchment 

# Large 
Wells 

# Small 
Wells 

MPN 
Enterococci 

/ 100 ml 
Proportional 

Dry Wt 

Wt 
Sediment 

Tested 
(g) MPN/gram

19/01/09 26.1-44.2-S 26.112 44.28 Res A-S 11 2 14.5 0.33 33 458.3
20/01/09 26.1-44.2-S 26.112 44.28 Res A-S 5 6 11.5 0.43 31.63 281.7
21/01/09 26.1-44.2-S 26.112 44.28 Res A-S 15 8 27.2 0.38 29.84 760.6
22/01/09 26.1-44.2-S 26.111 42.278 Res A-S 9 0 9.8 0.32 30.79 324.4
23/01/09 26.1-44.2-S 26.111 42.278 Res A-S 9 11 22 0.45 29.28 508.5
19/01/09 24.7-43.5-S 24.792 43.534 Res D-S 38 22 119.4 0.28 29.37 4,426.7
20/01/09 24.7-43.5-S 24.73 43.5 Res D-S 18 48 87.8 0.42 29.92 2,183.1
21/01/09 24.7-43.5-S 24.73 43.5 Res D-S 48 22 298.7 0.25 30.08 12,633.9
22/01/09 24.7-43.5-S 24.732 43.504 Res D-S 23 42 93.8 0.26 30.16 3,768.6
23/01/09 24.7-43.5-S 24.732 43.504 Res D-S 44 10 125.9 0.28 29.81 4,792.7
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Appendix B – All Water Data for Statistical Analysis 

IDENTIFIER MPN/100ml 
Res-A-01/23/09 4.1 
Res-A-01/22/09 11.5 
Res-A-01/21/09 3.1 
Res-A-01/20/09 2 
Res-A-01/19/09 19.7 
Res-B-01/23/09 19.8 
Res-B-01/22/09 5.2 
Res-B-01/21/09 10.9 
Res-B-01/20/09 9.4 
Res-B-01/19/09 4.1 
Res-C-01/23/09 13.2 
Res-C-01/22/09 19.5 
Res-C-01/21/09 20.2 
Res-C-01/20/09 6.3 
Res-C-01/19/09 17.2 
Res-D-01/23/09 10.9 
Res-D-01/22/09 18.7 
Res-D-01/21/09 41.4 
Res-D-01/20/09 10.9 
Res-D-01/19/09 12.8 
ST 1-09/15/05 4.1 
ST 1-07/26/06 2 
ST 1-09/04/06 4.1 
ST 1-10/02/06 1 
ST 1-12/18/06 200.5 
ST 1-01/22/07 73 
ST 1-02/05/07 18.5 
ST 1-03/19/07 20.7 
ST 1-04/23/07 25.9 
ST 1-05/21/07 3 
ST 1-06/05/07 23.9 
ST 1-07/09/07 63 
ST 1-08/20/07 122.3 
ST 3-09/15/05 1 
ST 3-09/29/05 4.1 
ST 3-10/12/05 3 
ST 3-11/16/05 4.1 
ST 3-06/19/06 4.1 
ST 3-07/26/06 3.1 
ST 3-09/04/06 4.1 
ST 3-10/02/06 2 
ST 3-11/16/06 1 
ST 3-12/18/06 34.4 
ST 3-02/05/07 6.2 
ST 3-04/23/07 2 
ST 3-05/21/07 1 

IDENTIFIER MPN/100ml 
ST 3-06/05/07 2
ST 3-07/09/07 10
ST 3-08/20/07 107.1
ST 4-09/15/05 2
ST 4-09/29/05 5.1
ST 4-10/12/05 5.1
ST 4-11/16/05 1
ST 4-06/19/06 5.1
ST 4-09/04/06 3
ST 4-10/02/06 11.1
ST 4-12/18/06 11.1
ST 4-01/22/07 10
ST 4-02/05/07 4.1
ST 4-03/19/07 1
ST 4-04/23/07 2
ST 4-05/21/07 1
ST 4-06/05/07 1
ST 4-07/09/07 73
ST 4-08/20/07 67
JUNC-09/15/05 4.1
JUNC-07/26/06 5.2
JUNC-09/04/06 2
JUNC-10/02/06 1
JUNC-12/18/06 200.5
JUNC-01/22/07 20
JUNC-02/05/07 39.1
JUNC-03/19/07 22.2
JUNC-04/23/07 53.5
JUNC-05/21/07 12.7
JUNC-06/05/07 31.7
JUNC-07/09/07 199
JUNC-08/20/07 62.2
KK-01/23/09 11.9
KK-01/22/09 13.5
KK-01/21/09 11.5
KK-09/15/05 14.5
KK-09/29/05 1
KK-10/12/05 3.1
KK-11/16/05 1
KK-07/26/06 8.4
KK-09/04/06 2
KK-10/02/06 7.5
KK-11/16/06 6.4
KK-12/18/06 200.5
KK-01/22/07 20
KK-02/05/07 6.2

IDENTIFIER MPN/100ml 
KK-04/23/07 15
KK-05/21/07 7.5
KK-06/05/07 15.3
KK-07/09/07 134
KK-08/20/07 54.4
PS-01/23/09 31.8
PS-01/22/09 23
PS-01/21/09 67.6
PS-09/15/05 38.4
PS-09/29/05* 770.1
PS-10/12/05 7.4
PS-11/16/05 8.4
PS-07/26/06 12.1
PS-09/04/06 16.9
PS-10/02/06 9.9
PS-11/16/06 11.1
PS-12/18/06 200.5
PS-01/22/07 84
PS-02/05/07 25.6
PS-04/23/07* 1986.3
PS-05/21/07 1
PS-06/05/07* 1553.1
PS-07/09/07 10
PS-08/20/07 177.5
TG-01/23/09 24.6
TG-01/22/09 47.4
TG-01/21/09 20.6
TG-09/15/05 13.4
TG-09/29/05 9.8
TG-10/12/05 14.3
TG-11/16/05 8.5
TG-07/26/06 4.1
TG-09/04/06 22.6
TG-10/02/06 8.7
TG-11/16/06 8.7
TG-12/18/06 200.5
TG-01/22/07 10
TG-02/05/07 24.3
TG-04/23/07 218.7
TG-05/21/07 49.7
TG-06/05/07 43.9
TG-07/09/07 41
TG-08/20/07 22.5

*  Outlier – removed 
before final analysis.




