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Abstract 
 

Fecal contamination in water sources is measured and monitored by fecal indicator 

bacteria (FIBs) put in regulation under the recreational water quality criteria by the 

Environmental Protection Agency (EPA). This study tests for the extended survival and 

possible replication of FIBs in marine and freshwater environments and in laboratory 

microcosms. Three separate studies testing the survival of FIBs were performed in the 

length of this report. Beach sand and aquatic vegetation were collected from Waialae 

Beach Park, and were used in beach sand microcosms to test FIB survival and die-off 

under the influence of nutrient input from aquatic vegetation. The samples collected were 

divided into different sand microcosms with different vegetation nutrients in order to test 

their impact on the concentration dynamics of Enterococcus faecalis and Clostridium 

perfringens. A second study that tested the survival of FIBs in two freshwater ponds was 

performed at the University of Hawaii Krauss Hall pond and Japanese Garden Pond. The 

ponds were tested for the trophic level index (phosphorous, nitrogen and algae 

concentration) and enterococci and Escherichia coli concentrations in the span of five 

months. In addition to investigating the survival on the FIBs in the ponds, microcosms 

were set up in a controlled laboratory environment to test for die-off rate of enterococci 

and E. coli in three different trophic states: oligotrophic, mesotrophic, and eutrophic. All 

experiments performed during the study show that FIBs have a longer survival rate and 

replication when aquatic vegetation is present in the environment. The bacterium feed 

from the nutrients present in aquatic plants and use the vegetation as protective shields 

from environmental hazards such as UV light.  
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CHAPTER I – Survival of Fecal Indicator Bacteria (FIB) in Beach 

Sand with Nutrient Input from Aquatic Vegetation   

 

1.1  Introduction 

a. Fecal Indicator Bacteria (FIB)  

FIB (FIB) are used to detect contamination in fresh and coastal waters based on 

regulations under the Recreational Water Quality Criteria (RWQC) placed by the 

Environmental Protection Agency (EPA) in 1986 and updated in 2012. These regulations 

are based on scientific research on the relationship between FIBs and gastroenteritis 

illnesses (GI) derived from the water bodies in question (EPA, 2012). The EPA 

recommended the use of enterococci (ENT) for the regulation of marine and fresh 

recreational waters and Escherichia coli for the regulation of mainly fresh waters.             

Table 1 shows the EPA’s recommended geometric mean (GM) and the statistical threshold 

value (STV) criteria to protect recreational marine and fresh waters. 

            Table 1 - Recommended 2012 RWQC (EPA, 2012) 

Criteria Elements 
Estimated Illness Rate (NGI) 36 per 1,000 primary 

contact recreators 
Magnitude 

Indicator GM [CFU/100 mL] STV [CFU/100 mL] 
ENT – Marine and 

Fresh 35 130 

OR 
E. coli – Fresh 126 410 

Duration and Frequency: The water body GM should not be greater than the selected 
GM magnitude in any 30-day interval. There should not be greater than 10 % 
excursion frequency of the selected STV magnitude in the same 30-day interval.  

 

ENT, a group of gram-positive bacteria commonly found in feces of warm-blooded 

animals and humans, is the preferred FIB because of the positive correlation found in 
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studies of culturable ENT and gastroenteritis cases from contaminated beach water. These 

organisms are the primary targets to detect fecal contamination in water bodies because 

they are commonly found in human and animal feces. Although these bacteria do not 

normally pose a health threat, they’re an indicator of harmful pathogens that often co-exist 

with FIBs. ENT has a longer survival rate in coastal waters and environments than fecal 

bacteria, which in addition, make it easier to find. Although ENT have proven useful in 

water bacteriological quality regulation, it was set as a regulator by the EPA based on a 

limited number of studies performed in the 1970s and 1980s. In addition, these studies were 

performed solemnly on beaches that were affected by sewage treatment plants (Mote et al., 

2012).  

Clostridium perfringens (CP), a gram-positive anaerobic bacterium, is also used as an 

indicator organism as it is related to the existence of toxin genes in aquatic bodies 

(Mueller-Spitz et al., 2010). CP grows in the intestines of hot-blooded animals and has the 

ability to survive in the environment as spores. CP has been found to be the first reliable 

method to detect fecal contamination in the coastal areas of Hawai’i (Roger Fujioka, 2009). 

The table below summarizes the Hawaii’s Department of Health (HDOH) CP water quality 

standards (NRDC, 2012):  

  Table 2 - CP Water Quality Standards Established by HDOH  
CP Water Quality Standards based on exceeding ambient levels 
Water Body Magnitude 
Streams < 50 CFU/100 ml 
Coastal Beach Waters < 5 CFU/100 ml 
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b. Beach Contamination   

Hawai’i is well known for some of the best beaches in the world making the state a 

preferred tourist destination. These beautiful beaches are crowded on a daily basis with 

over 7 million visitors per year as well as many local residents (HTA, 2012). Because of 

the high number of beach goers, it is important for the state to maintain a healthy beach and 

coastal water environment. If beaches are not properly maintained and water quality exceed 

the criteria standards, this can result in unfortunate beach closures, as is the case in many 

beaches through the state of Hawai’i. In 2012, a total of 74 events of beach closures took 

place throughout the Hawaiian Islands, totaling 736 days of closures (NRDC, 2013). Figure 

1 shows the low number of beaches tested for microbial contamination, and yet, with only 

74 out of 470 beaches tested, a high number of closures occurred. 

 

Figure 1 - Beaches in the state of Hawaii tested for microbial contamination 

(NRDC, 2013) 
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The EPA’s recreational water quality criteria regulates coastal waters and protects the 

public from exposures to contaminated water, however, these criteria do not necessarily 

protect nor regulate the associated sands. Recent research has shown that indicator bacteria 

are able to survive in beach sands and therefore constantly contaminate beach waters by the 

intermittent wetting caused by coastal waves (Feng et al., 2010). It has been observed that 

indicator organisms are capable of longer survival times and reproduction by using sand or 

organisms such as algae, as a protective and nourishing reservoir. Beach sand can act as a 

shielding mechanism from sunlight and other bacterial eradicator factors (Yamahara et al., 

2012). Such findings question the ability to use these organisms as indicators of 

gastrointestinal illness causing pathogens and the potential risks to individuals who partake 

on beach activities, whether is swimming or simply sand contact.  

High colony numbers found during different research experiments of FIB present in 

beach water and sand, specifically ENT, can be attributed to in situ growth, land run off, or 

bacteria washed off from water during high tidal events (Hartz et al., 2008). These findings 

compromise the effectiveness of ENT bacteria as a FIB for water quality monitoring and 

regulation. The high presence of FIB in beach sand and beach water have developed a 

significant area of research with results that jeopardize the reliability on the EPA 

regulations regarding the use of ENT bacteria as a fecal indicator. The use of FIBs relies on 

the assumptions that these organisms do not survive outside of their hosts, being human or 

animal, for longer periods of time. Another important assumption is that FIBs do not grow 

in natural environments; however, research has encountered persistence and growth of ENT 

bacteria in natural environments such as soils, beach sands, and aquatic vegetation (Feng et 

al., 2010). 
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2.1  Objectives and hypothesis 

a. Objectives 

The objective of this study is to investigate how FIBs survive in marine beach sand in 

tropical environments using aquatic vegetation found in eutrophic water bodies as nutrient 

sources. Various studies have shown that beach sands contain high concentrations of FIBs 

that often exceed the FIBs regulation’s criteria (Halliday & Gast, 2011, Yamahara et al., 

2012). Understanding how and why these organisms have longer survival rates in sand than 

in water is vital to maintaining healthy beach and water environment. This study’s main 

purpose is to discern the environmental parameters that affect the survival of FIBs in water 

and sand focusing in the two preferred indicator bacteria, ENT and E. coli, and in the 

surrogate indicator, CP. The study documents the survival profiles of the selected FIBs in 

sand microcosms mixed with surrounding available vegetation used as nutrients for 

bacterial survival.  

b. Working Hypothesis 

It is expected that ENT and CP cells collected from beach sand samples will grow with 

time when plant tissue powder (PTP) from surrounding areas is fed to it as nutrients. 

However, if no PTP is given to bacteria, it is expected for the population to decrease with 

time and eventually die off. Therefore, plant vegetation, which usually results from water 

eutrophication, can contribute to ENT and CP survival in beach sands.  

c. Experimental Design 

i. Sampling Site –  

The sampling location for this study is the Waialae Beach Park located in the 

southeast part of the Island of Oahu (Figure 2). The beach receives discharge from 
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the Waialae stream that originates from the Palolo Mountain and receives urban 

runoffs from the southeastern part of the island. There have been a high number 

of recorded occurrences of fecal contamination in the Waialae beach, which 

appears to be due to the extensive runoff from the city. 	   

ii. Sample Collection –  

Backshore wet sand samples were collected from Waialae beach in the Kahala 

town of the island of Oahu (Figure 2). The beach samples were collected about 3 

meters from shore (21°16’ 6.73”N, 157°46’ 39.74”W) and about 5 centimeters 

from the top sand layer. A total of 400 grams of sand was collected and evenly 

distributed into 4 triplicate samples. In addition to sand samples, typical aquatic 

vegetation and on-shore plant leafs were also collected for characterization. 

  
Figure 2 - Sample Collection Location - Waialae Beach Park, Honolulu, HI  

 

iii. Moisture Content Test –  

The samples were collected approximately 10 feet from shore, therefore expecting high 

moisture content. Triplicate samples were used to measure the moisture content on day 0, 

confirming an average of 90% moisture as     Table 3 below show.  
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    Table 3 - Moisture Content measured on Day 0 

Dish	  
No.	  

Wt.	  of	  Dish	  
[g]	  

Wt.	  of	  Sand	  
(Wet)	  [g]	  

Wt.	  of	  Sand*	  
(Dry)	  [g]	  

Wt.	  of	  
water	  

Moisture	  
Content	  [%]	  

1	   1.1743	   11.1779	   10.2832	   0.8947	   8.94%	  
2	   1.1881	   11.3402	   10.4039	   0.9363	   9.22%	  
3	   1.1926	   10.4684	   9.6714	   0.797	   8.59%	  

* Wet sand was placed in oven at 105°C for 48 hours   
 

iv. Aquatic Vegetation –  

The aquatic vegetation and on-shore leaf samples collected were dried in an oven at 

105°C for 48 to 96 hours until completely dry. The dried samples were grinded to a powder 

form creating plant powder tissue or PTP. Three different PTPs were used in this studied, 

classified as follows: 

PTP 1 – Avrainvillea Amadelpha – Hawaii invasive algae (HBM, 2005)  

PTP 2 – Napaka Kahakai – Popular Hawaii beach plant (AH, 1997) 

PTP 3 – Mix of abundant debris on-site  

       
Figure 3 - Left to right – Avrainvillea Amadelpha (invasive Algae), Naupaka 

Kahakai, Mix of abundant debris on-site - Waialae Beach Park, Honolulu, HI  
 

These aquatic vegetation and on-shore leafs were subject to feed and 

forage analysis tests in order to characterize their nutrient composition (  

Table 4). Each PTP was then added to triplicate sand microcosms in order to 

study its effects on FIBs.  
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  Table 4 - Nutrient component Analysis 
Analysis	  	   PTP	  1	   PTP	  2	   PTP	  3	  

Crude	  Protein	  %	   3.84	   8.96	   3.56	  
Crude	  Fat	  %	   0.3	   3.84	   2.39	  
Neutral	  Detergent	  Fiber	  %	   56.23	   39.92	   63.63	  
Acid	  Detergent	  Fiber	  %	   76.35	   28.26	   47.14	  

 

v. Microcosm Set up –   

Four sets of sand microcosms were set up for this study, each set contains triplicates 

resurging in a total of 12 microcosms, 400 grams of sand samples each. The microcosms 

were set up as follows: 

Microcosm Nutrients Added 
1 (control) None 
2 PTP 1 
3 PTP 2 
4 PTP 3 

 

Forty grams (1/10th of sand sample weight) of PTP-1, PTP-2, PTP-3, were added to 

each corresponding sand microcosm triplicate and was completely mixed every time before 

sample recording. The microcosms were incubated in a humidity-controlled chamber 

(100% humidity) at 25 , static, and in the dark.  

Every four to five days the microcosm triplicates were thoroughly mixed with a sterile 

tongue depressor, weighted and tested for the following microbial analysis: E. faecalis, and 

Clostridium perfringens cultivable bacterial analyses. 

In order to analyze the microbial parameters, a sand extraction protocol was used where 

thirty grams of sand sample were added to 300 milliliters of autoclaved deionized (DI) 

water. This mixture was then hand shaken for two (2) minutes. Once the solution was 
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thoroughly mixed, it was put to rest for 30 seconds and then a pipette was used to extract 

the supernatant for microbial analysis.  

ENT quantification used the standard EPA Method 1600: ENT in water by membrane 

filtration using membrane-Enterococcus Indoxyl-β-D-Glucoside agar (mEI) was used 

(EPA, 2002). The standard calls for the use of mEI agar to quantify the ENT colonies. The 

agar was prepared prior to sampling and stored in a 4 °C incubator for up to two weeks. All 

petri dishes used for testing were marked with sample identification and volumes for later 

data analysis. Due to the high bacterial concentration in the samples serial dilutions to the 

supernatant were performed in order to measure the ENT concentration. Following the 

standard protocol, a sterile membrane filter was used to filter 30 to 40 mL of sample. Once 

the supernatant sample was fully filtered through the membrane sterile forceps were used to 

aseptically remove the membrane filter from the filter base and then rolled into the mEI 

agar plate to avoid the formation of bubble between the membrane and agar surface. Once 

all samples were processed, they were incubated at 41 ± 0.5°C for 24 hours. After 

incubation, ENT colonies were counted and recorded, and the number of ENT per 100 mL 

was calculated according to the following general formula:  

 
 

Clostridium perfringens was enumerated using the mCP agar method for Clostridium 

perfringens, Appendix C10- Ohio Water Microbiology Laboratory (Modified from the U.S. 

Environmental Protection Agency (1996) – Updated march 2013) (OWML, 2013). The 

standard calls for the use of mCP agar to quantify the CP colonies. The agar was prepared 

prior to sampling and stored in a 4 °C incubator for up to two weeks. All petri dishes used 
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for testing were marked with sample identification and volumes for later data analysis. Due 

to the high bacterial concentration in the samples serial dilutions to the supernatant were 

performed in order to measure the CP concentration. Following the standard protocol, a 

sterile membrane filter was used to filter 30 to 40 mL of sample. Once the supernatant 

sample was fully filtered through the membrane sterile forceps were used to aseptically 

remove the membrane filter from the filter base and then rolled into the mCP agar plate to 

avoid the formation of bubbles between the membrane and agar surface. After incubation, 

the plates were transferred to a fume hood and, using sterile gloves, the membranes filters 

with straw-yellow colonies were placed onto a cellulose pad saturated with NH4OH. After 

waiting approximately 15 seconds, positive colonies with magenta coloring and 1 to 2 mm 

in diameter were recorded and the colony-forming units per 100 mL of sample were 

calculated using the following equation: 

 

In addition to the microbial analyses performed to the microcosms, total organic carbon 

(TOC) and total nitrogen (TN) concentrations were also analyzed for samples collected at 

the beginning of the study (Day 0), half way to the study (Day 31) and at the end of the 

study (Day 63). TOC and TN analyses were performed using a Shimazu TOC/TN analyzer. 

3.1 Results 

a. Microbial Analysis 

Counts of ENT and CP in the microcosms were determined every 4 or 5 

days from the microcosms samples. Figures 4 – 5 show the bacterial 
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concentration in the microcosms over time. The data for all microbial analysis is 

shown in Appendix A. 

Culturable ENT results shown in Figure 4 describe the growth and 

subsequent die-off of the bacteria. Microcosms amended with PTP-2 and PTP-3 

showed the highest spike throughout the study length. In addition PTP-0 has the 

fastest die-off rate, which can be attributed due the lack of aquatic vegetation 

present in the sample and therefore no shield protection for the bacterium in it.  

 
Figure 4 – Average concentration of triplicate samples of ENT versus time in 

Waialae beach sand microcosms  
 

The behavior of CP shown in Figure 5 has a slightly higher growth of 

bacteria in microcosm PTP-0, PTP-1, and PTP-3 during days 12, 22 and 45. 

However, microcosm PTP-2 had a rapid decay, starting day 0. The cultivable CP 

shows to have different behavior compared to the cultivable ENT and the total 

bacteria counts. The data shows that CP has an opposite reaction to nutrients 

present in the microcosms, and that the control microcosm has the highest colony 

numbers. The CP bacteria seem to not use the nutrients in the aquatic vegetation 

therefore having a faster die-off rate than ENT.   
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Figure 5 - Average concentration of triplicate samples of ENT versus time in 

Waialae beach sand microcosms 
 

The bacterial analysis shows that cultivable ENT (Figure 4) increased in 

numbers from the start of the study to day 18, and then they started to decay until 

the end of testing on day 63. The increase in colonies was mainly observed in 

microcosm PTP-2 followed by PTP-3 and PTP-1. However, the control 

microcosm shows a faster die-off rate, which can be attributed to the lack of 

nutrients for bacteria to feed from. On the other hand, Clostridium perfringens 

had a different behavior that showed a faster die-off rate in the microcosms that 

had aquatic vegetation added to them, which describes a negative response of CP 

bacterium to the nutrients available from the aquatic vegetation.  

b. Biological and Chemical Analysis 

All microcosms were tested for Total Organic Carbon (TOC) and Total 

Nitrogen (TN). The TOC and TN were measured using a total organic carbon 

analyzer (SHIMADZU). All equipment was calibrated prior to testing the samples 

and all measurements were done following the manufacturer’s instructions.  
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Figures 6 through 8 show the above-described analyses in comparison to time of 

testing. The data for all analyses are shown in Appendix B.  

TOC was measured three times during the span of the study, at the 

beginning, half way through, and at the end. Figure 6 shown below describes the 

decrease of TOC in all three microcosms with PTP added to them. The most 

significant decrease is seen in P-2, followed by P-3 and then by P-1. P-0 does not 

show any change in TOC, which can be explained due to the lack of any 

vegetation or nutrients added to it.  

 
Figure 6 - Average concentration of triplicate samples of total organic carbon 

(TOC) versus time in Waialae beach sand microcosms 
 

Similar to total organic carbon in figure 6, total nitrogen (TN)  in figure 7 

was tested three times during the study (day 0, day 31, and day 63). Total nitrogen 

decreased in all three microcosms where PTP was added. The control microcosm 

(P-0) stayed mainly constant with a slight increase towards the end of the study. 

The decrease of total nitrogen correlates with the decrease of total organic carbon 

in all sample microcosms with vegetative nutrients added to them. The control 

microcosm’s total nitrogen stays constant throughout the test period due to the 

lack of change of nutrients in the sand.  
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Figure 7 - Average concentration of triplicate samples of total nitrogen (TN) 

versus time in Waialae beach sand microcosms 
 

4.1 Conclusion 
 

The microbial results from the beach sand and aquatic vegetation microcosms show a 

spike on growth on mainly microcosm PTP-2.  The spike and slower die-off rate on this 

microcosm can be attributed to the higher concentration of crude protein and crude fat 

present in Naupaka kahakai (Table 4). In addition to PTP-2 having a higher concentration 

of fat and oil, it also showed to release the highest amount of total nitrogen and total 

organic carbon present as shown in Figure 6 and Figure 7. The high concentration of 

nutrients aided the extended survival and replication of the FIB present in the microcosm. 

In addition, the control microcosm PTP-0 showed a fast die-off rate, which is attributed 

to the lack of nutrients in the sand. The presence of nutrients from aquatic vegetation in 

the microcosms simulates aquatic nutrients present, and mostly in excess, in an eutrophic 

water body, which in turns accelerate the growth of FIB, defeating the indicator purpose 

of such organisms.  
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CHAPTER II – Effects of Water Eutrophication on Fecal Indicator 
Bacteria Survival  

 

1.1  Introduction 

a. Water Trophic States  

Water bodies can be classified into different trophic states, which measure 

the abundance of aquatic vegetation and aquatic animals. Water bodies can be 

classified into three different trophic states, oligotrophic, mesotrophic and 

eutrophic which are defined by the Trophic Level Index (TLI). The TLI is 

determined by the concentration of four different parameters, nitrogen, 

phosphorous, chlorophyll, and Secchi depth as shown in the table below (Ted 

Brown, 2012). 

   Table 5 - Trophic Level Index parameter concentrations  

Trophic Class Total 
Phosphorous 

Total 
Nitrogen Chlorophyll-a Secchi 

Depth (m) 

Oligotrophic Range 3 - 18 310 - 11600 0.3 - 4.5 5.4 - 28 
Mean 8 660 1.7 9.9 

Mesotrophic Range 11 - 96 360 -1400 3 - 11 1.5 – 8.1 
Mean 27 750 4.7 4.2 

Eutrophic Range 16 - 390 390 - 6100 2.7 - 78 0.8 - 7.0 
Mean 84 1900 14 2.4 

 Note: Units are µg/l (or mg/m3), except Secchi depth; means are geometric annual means (log 10) 
 

Low concentrations of total phosphorous and total nitrogen, and high 

levels of oxygen define an oligotrophic state. Oligotrophic water bodies have a 

low algal growth and low concentration of living organisms. Mesotrophic water 

bodies are defined by a neither low nor high concentration of nutrients. 

Mesotrophic water bodies stratify in the summer and the top layer contains algae. 

Oxygen concentration is high at the top surface and decreases with depth. 
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Mesotrophic lakes have the most variety of aquatic vegetation and animals 

amongst all three trophic states. These water bodies tend to have rare aquatic 

plants and fish.  

An eutrophic water body is rich in total phosphorous and total nitrogen 

with abundant aquatic plants and algae. Given the high amount of biomass 

produced in the water body, decomposition is high, causing an anoxic state in 

warm climates or during the summer. Algal concentration in a eutrophic water 

body is very high, transforming the water body to a green dark color and 

consuming a large percentage of the available oxygen, which in turn kills aquatic 

animal, therefore increasing the bacterial growth and survival.  

The algal concentration of water body is measured by the photosynthetic 

pigment existent, which is tested as chlorophyll-a. The higher the chlorophyll-a 

and nutrients concentrations, the lower the water quality, which can negatively 

affect recreational activities and inflict in high water rehabilitation costs (ESRD, 

2014). 

2.1 The Proposed Study 

a. Objectives 

The objective of this part of the study is to test the effects of high nutrient 

concentration and excessive aquatic plant growth, especially algae on 

bacteriological water quality. Studies have shown that eutrophication is one of the 

primary causes for poor fresh and coastal marine waters (Michael F. Chislock, 

2013). With a high concentration of nutrients and aquatic vegetation, a depletion 

of oxygen exists, therefore decreasing the fish population. With a decrease of 
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aquatic animals the bacterial population has a higher possibility for survival and 

reproduction. The increase of bacterial populations in eutrophic water bodies 

poses a threat to public health increasing the risk of gastrointestinal illnesses 

(Harold C. King, 1991). The study documents the microbial colonies of 

Escherichia coli and Enterococcus faecalis and the concentrations of nutrients, 

nitrate and phosphate, and chlorophyll-a in two test ponds at the University of 

Hawaii. In addition, a trophic state reactor was set-up to simulate all three trophic 

states and inoculated with E. coli and ENT. The objective of the reactor is to test 

for the bacterial die-off rate and the comparison of all three trophic states.  

b. Working Hypothesis 

Eutrophication is caused by the presence of high concentrations of nitrate 

and phosphate in a water body, which causes an increase of phytoplankton and an 

excess growth of aquatic vegetation. This upsurge of aquatic vegetation and its 

subsequent decay create a depletion of oxygen in the waters; therefore reducing 

animal population. The research hypothesis of this study is that eutrophic water 

bodies will contain higher concentration of FIBs and bacterial pathogens due to 

prolonged survival of enteric bacteria in such environment.  

c. Experimental Design 

i. Sampling Site –  

This portion of the study focused on testing two ponds for their eutrophic 

level. The two ponds tested are the Krauss Hall Pond (21°17' 49.23"N, 157°49' 

3.75"W) and East-West Center Japanese Garden Pond (21°17' 59.08"N, 157°48' 

50.34"W), both located at the University of Hawaii at Manoa campus. 
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The Krauss Hall Pond (KHP) was restored in 2004 after a damaging flood. 

The pond was restored with aquatic vegetation and fish; however, it is not 

regularly maintained. During the testing period (from January 2014 to present) the 

pond accumulated a significant amount of duckweed to the point that it is 

completely covered by it. Figure 8 below shows the location of the pond at the 

University of Hawaii (MCC). 

The East-West Japanese Garden pond (JGP) ranked number in a 2004 

Japanese Gardens in the United States Survey. The pond in the garden is treated 

on a regular basis and is house to a variety of fish. Figure 9 shows the JPG at UH.   

 
Figure 8 - Krauss Hall Pond – University of Hawaii at Manoa 
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Figure 9 - East-West Japanese Garden Pond – University of Hawaii at Manoa 

 
ii. Sample Collection –  

Samples were collected from the two tested ponds on a biweekly basis and 

tested immediately after collection for a length of five months. About 2 liters of 

water sample was collected from each pond in autoclaved plastic bottles and 

tested for FIBs (enterococci and E. coli), nutrients (TOC and TN) and algal 

concentration (chlorphyll-a). The samples were collected from the top surface 

layer of the ponds and each was distributed into two sterile beakers for duplicate 

samples. Pictures of the respective ponds, surrounding environment, water body, 

and samples collected during each collection date can be found in Appendix E.  

In order to analyze the microbial parameters, standard methods were used. In order to 

analyze for ENT, Method 1600: Enterococci in water by membrane filtration using 

membrane-Enterococcus Indoxyl-β-D-Glucoside agar (mEI) was used as described in 

Chapter 1 (EPA, 2002). In order to test for E. coli, Method 1603: Escherichia coli in water 
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by membrane filtration using modified membrane-thermo tolerant Escherichia coli agar 

(modified mTEC) as described below was used (EPA, 2009). 

In order to quantify E. coli bacteria, mTEC agar plates were prepared prior to testing 

and stored in 4 °C, and used within four weeks from the day of preparation as the protocol 

by the EPA describes. The petri dishes used for testing were marked with sample 

identification and volumes and serial dilutions were made to reduce the bacterial 

concentration in the samples. A sterile membrane filter was used to filter 30 to 40 mL of 

sample. Once the supernatant sample was fully filtered through the membrane, sterile 

forceps were used to aseptically remove the membrane filter from the filter base and then 

rolled into the mTEC agar plate to avoid the formation of bubble between the membrane 

and agar surface.  Once all samples were processed, they were incubated at 35 ± 0.5°C for 

2 hours, then the petri plates were transferred to a Whirl-Pak® bag which was properly 

sealed and the samples were placed in a test-tube rack in a 44.5 ± 0.2°C water bath for 22-

24 hours. After incubation was complete, the number of colonies was recorded and the E. 

coli concentration per 100 mL of sample was calculated using the following formula:  

 
 

Biological and chemical analyses were also performed for the water samples biweekly 

together with the microbial analysis. The following are the analysis performed: pH level, 

Quantitative Polymerase Chain Reaction pathogen quantification (qPCR), Total Oxygen 

Content, Total Nitrogen, Total Phosphorous, Chlorophyll-a Concentration 

 In order to test for qPCR, the samples were saved for later microfluidic 

qPCR pathogen quantification. 10 – 300 mL (depending on the amount of 
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particulate in the water samplers) were filtered through a Nuclepore Track-Etched 

membrane filter. The membrane was folded into quarters and inserted into a 

qPCR tube, an additional replicate sample was set aside to which 1 mL of 

glycerol was added. The glycerol acts a cryo protectant, which stops the water 

from freezing therefore preventing lysis (destruction of cells by disruption of the 

bounding membrane, allowing the cell contents to escape). The membranes were 

frozen at -20oC for later DNA extraction and qPCR quantification 

In order to test for the concentration of chlorophyll-a in the water samples a 

standard method was used:  ESS 150.1 – Chlorophyll Spectrophotometric (ESS, 

1991). For sample preservation and preparation 50 to 2000 mL were filtered 

through a 5-µm membrane filter, applying vacuum until the sample was dry. 

During the final phase of filtration 0.2 mL of MgCO3 suspension (1 g of 

magnesium carbonate in 100 mL of DI water) was added.  

Once the filtration was complete, the membrane containing the concentrated 

algal sample was placed in a centrifuge tube and 10 mL of aqueous acetone 

solution (90 parts reagent grade acetone mixed with 10 parts DI water). The 

centrifuge tube was then capped and placed in a dark box. This process was 

repeated until all samples were processed. Each sample was then sonified for 

about 20 second and the volume of each sample was brought to 13 mL with 

acetone solution. Once all samples were processed, they were placed in a dark 

box and incubated overnight at 4 °C. After incubation, the samples were 

thoroughly mixed and placed in a centrifuge for 20 minutes at 500 g. The cell 

extract was then transferred to a 1.0 cm cell and the absorbance at 750, 663, 645, 
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and 639 nm was measured using the multi wavelength mode on a 

spectrophotometer. Once all samples’ absorbance was measured, the turbidity of 

the samples was corrected by subtracting the absorbance at 750 nm from the 630, 

645, and 663 nm values. The uncorrelated chlorophyll-a concentration was 

measured by inserting the absorbance values in the following equation: 

 
Where F = dilution Factor (i.e., if the 663 abs is > 0.99 with the 1 

cm cell, dilute, re-analyze and insert the dilution factor in 
the equation) 

 E = the volume of acetone used for the extraction (mL) 
V = the volume of water filter (L) 
L = the cell path length (cm) 

iii. Microcosm set up –   
 

In addition to collecting samples from two ponds, laboratory microcosm 

reactors were set up to simulate three trophic states in a controlled environment. 

The trophic state reactor was set up with duplicate samples of each trophic state, 

Oligotrophic, Mesotrophic, and Eutrophic. The trophic states were replicated 

based on the nitrate and phosphate concentrations shown in   Table 5 - Trophic 

Level Index parameter concentrations. An aquatic growing bulb of 75 watts was 

installed above the reactors to evenly distribute the light across all bottles. The 

sample bottles of the reactor (6 bottles total, 2 per trophic state) were filled with 

300 milliliters of a BG-11 medium and the appropriate nutrients. Additionally, 

one milliliter of sample pond water from Krauss Hall Pond was added to each 

microcosm bottle sample to spike algal growth. The microcosm was kept at a 

constant temperature of 35-40 °C; the heat produced by the light evaporated small 
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amounts of the medium in the microcosm, which was re-filled to 300 mL every 2 

days. After 30 days from spiking the microcosms for algal growth, the sample 

bottles were inoculated with E. coli and ENT bacteria to observe the die-off in the 

three trophic states.   

3.1 Results 

a. Pond Water Testing 

i. Microbial Analysis 

ENT and E. coli bacterial counts were determined for samples collected every 

two weeks from the two different ponds used for sampling. Figure 10 and Figure 

11 below show the analysis of the bacterial growth versus the time. The sampling 

was performed for a length of 5 months (January-May, 2014). The microbial 

analysis data is shown in Appendix C.  

Figure 10 shows the growth of ENT in the months from January to May. 

Testing span two Hawaiian seasons, winter (November to April) and the summer 

(May to October). The average temperature during the winter months during 

daytime is 78 °F and the average temperature during the summer months is 85 °F 

(HTA, 2012). As the temperature in the environment and therefore pond water 

increases, the algal growth also increases, creating a more eutrophic environment 

and promoting the growth and longer survival of bacteria. The graph below shows 

a steady increase of ENT in both KHP and JGP as the summer months approach. 

The concentration of ENT colonies in the KHP is higher than that in the JGP 

given the lack of maintenance.  
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Figure 10 - Average concentration of duplicate samples of ENT versus time in 

KHP and JGP at the University of Hawaii at Manoa 
 

E. coli cultivable bacteria show a slight increase from January to May; 

however, the increase in colonies is not as noticeable as with ENT. The bacteria in 

the KHP stayed mainly constant during the first 2 months of testing, however, 

thereafter, there was a spike in growth followed by a fast die-off and then a rapid 

increase by the last testing in day 128 The decrease during day 112 can be 

attributed to a change of location within the pond for collection given the 

increased amount of duck weed present in KHP. The rate of increase and die-off 

can be seen in Figure 11.  

 
Figure 11 - Average concentration of duplicate samples of E. coli versus time in 

KHP and JGP at the University of Hawaii at Manoa 
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Bacterial increase in both ponds as the environmental and water temperature 

increases can be attributed to an increase in nutrients and algal growth in the 

water bodies, therefore making the ponds more eutrophic during the summer 

months than in the winter months. Although the culturable colonies of ENT were 

higher than the culturable colonies of E. coli, an increase in bacterial colonies is 

show from January to May, agreeing with the theory of an increase in bacterial 

survival in eutrophic water bodies.  

 

ii. Biological and Chemical Analysis 
 

In order to determine the trophic state of each pond, samples from the JGP 

and the KHP were tested for total organic carbon (TOC), total nitrogen (TN), total 

phosphorous (TP), and uncorrelated chlorophyll-alpha concentrations. The results 

are shown in Figures 12 through 15 and the data for these analyses can be found 

in Appendix D.  

Figure 12 below shows the analysis of the total organic carbon during the span 

of five months in both ponds in question, JGP and KHP. The results show a 

constant content of organic carbon with a slight decrease. As TOC comes from 

the decay of natural organic matter (NOM), the results show a constant decay of 

NOM in the ponds during the span of testing. According to the clean water act by 

the EPA, maximum TOC level for a source water is 4mg/L  (Ministry of 

Environment). Although neither pond is used as source water, the levels give an 

estimate of the acceptable levels of TOC in clean water. The average TOC level 

in the JGP is 4.84 mg/L and the average TOC level in the KHP is 18.92 mg/L  
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The average TOC value for JGP is slightly above the accepted value for 

source water, showing that the pond is fairly clean, however, the TOC average 

value for the KHP is well above standard values, showing a contaminated and 

poorly maintained pond.   

 
Figure 12 - Average concentration of duplicate samples of Total Organic 

Carbon (TOC) concentration versus time in KHP and JGP at the University of 
Hawaii at Manoa 

 
Total nitrogen analysis shows a slight decrease in values during the span of 

the study as shown in Figure 13. According to table 5, trophic level index 

parameter concentration, the JGP classifies as a mesotrophic water body, 

borderline eutrophic. The KHP shows a high amount of nitrogen, hence 

classifying as a highly eutrophic water body. Although the levels of total nitrogen 

decrease in the summer months, the JGP and KHP remain mesotrophic and 

eutrophic respectively. The average TN levels for the JGP and KHP are 1.33 

mg/L and 2.75 mg/L respectively.  
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Figure 13 - Average concentration of duplicate samples of Total Nitrogen (TN) 

concentration versus time in KHP and JGP at the University of Hawaii at 
Manoa 

 
Figure 14 below shows the total phosphorous concentration in the ponds 

tested. The average TP level for the JGP and the KHP are 0.32 mg/L and 1.66 

mg/L respectively. The average levels of both ponds show high levels of 

phosphorous concentration and classify both JGP and KHP as eutrophic water 

bodies. The graph below show and increase of TP in KHP during the summer 

months, however, the JGP concentration stays fairly constant, with a slight spike 

between days 90 and 120 which can be attributed to a raise in environmental and 

water temperature.  

 
Figure 14 - Average concentration of duplicate samples of Total Phosphorous 

(TP) concentration versus time in KHP and JGP at the University of Hawaii at 
Manoa 
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Chlorophyll-a analysis illustrated in Figure 15 shows a higher concentration of 

algae in KHP as expected based on the green surface present and the high 

amounts of duckweed. The JGP shows a decrease in chlorophyll-a during day 28; 

however, the levels are fairly constant during the rest of the span of testing. The 

average level of chlorophyll-a in the KHP is 490 mg/L and the average level in 

the JGP is 27.38 mg/L. 

 

 
Figure 15 - Average concentration of duplicate samples of Uncorrelated 

Chlorophyll-a versus time in KHP and JGP at the University of Hawaii at 
Manoa 
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b. Controlled Trophic Reactor 

The results from testing both ponds at the University of Hawaii show a higher 

concentration of fecal indicator bacterium at eutrophic water bodies. Due to this 

finding, a trophic reactor was set up to test for the die-off of ENT and E. coli in 

the three different trophic states bodies. The results for the microbial die-off 

analysis and chlorophyll-alpha concentrations are shown in Figures 16 through 

18, and the data for such results can be found in Appendix C and Appendix D. 

Pictures taken during the testing period of the reactor are included in Appendix 

E.  

i. Microbial Analysis 

The reactor samples were inoculated with Escherichia coli and Enterococci 

faecalis and tested every 24 hours for bacterial die-off and tested for a span of 6 

days since inoculation. The nitrogen, phosphorous, and light sources were kept 

the same through the period of testing. Figure 16 below show the die-off rate of 

ENT versus time. The oligotrophic reactor started with higher ENT concentration 

than the mesotrophic and eutrophic, however, the die-off rate was much faster as 

expected. On the other hand, the eutrophic reactor had the slowest ENT die-off 

rate with the highest number of colonies present during the last day of testing.  
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Figure 16 - Average concentration of duplicate samples of ENT versus time in 

controlled reactors 
 

The graph below shows the E. coli die-off rate from day 0 to day 6. The 

results show a similar trend than the ENT analysis. The eutrophic reactor shows a 

longer survival time for E. coli as expected with the hypothesis of this study. The 

longer bacterial survival in the eutrophic reactors can be attributed to the higher 

amounts of algal present, which can be used as a protective reservoir.  

 
Figure 17 - Average concentration of duplicate samples of E. coli versus time in 

controlled reactors 
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ii. Biological and Chemical Analysis 

Chlorophyll-a concentrations were analyzed 26 days prior to inoculation (day 

-26), the day of inoculation (day 0), and day 6. The result is shown in Figure 18 

and the data can be found in Appendix D. The figure below shows the algal 

concentration in the reactors measured through chlorophyll-a analysis. The results 

show that the eutrophic reactor has an increase of algal concentration from day 0 

to day 6. The values for the mesotrophic and oligotrophic values decreased 

slightingly during the testing period.  

  

 
Figure 18 - Average concentration of duplicate samples of Uncorrelated 

Chlorophyll-a versus time in reactors 
 

4.1 Conclusion  
 

Biological and chemical analyses from the ponds at the University of Hawaii 

suggest that the Krauss Hall pond is a eutrophic water body and the Japanese Garden 

Pond can be considered a mesotrophic water body. The microbial analyses show a 

higher concentration and survival rate of fecal indicator bacterium in the eutrophic 

water body than that present in the mesotrophic water body. This results lead to the 
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testing the bacterial die-off rate in the controlled trophic reactors. The results of the 

reactor show a slower die-off rate in the eutrophic water body, showing a higher 

concentration of bacteria present.  

The results from all three experiments (beach sand microcosms, pond testing, 

trophic reactor) in this study suggest that FIB have a longer survival time and are 

capable of replicating when aquatic vegetation is present in their environment. The 

bacteria use the nutrients as sustenance and the aquatic plants such as algae as a 

protective shield from environmental parameters such as UV radiation. This results 

prove that fecal organisms are capable of surviving for long periods of time in 

eutrophic water bodies therefore defeating their role as indicator bacteria.  
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