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EXECUTIVE SUMMARY 

The goal of this study was to develop a system to determine the overall or 
environmental quality of coastal water sites based on the concentrations and kinds of all 
populations of (marine, terrestrial) which could be cultured using commercially available 
bacteriological media. The data collected on recovering marine bacteria could not be 
usefully applied because of limitations in the available information and technology to 
characterize marine water samples with regard to its marine bacterial populations. The 
commercially available bacteriological media to culture marine bacteria were not reliable 
in determining differences in marine bacterial populations in different coastal water sites 
with different levels of pollution. We obtained data that land-based pollution does not 
provide the limiting nutrient to allow maximum growth of marine bacteria. Other studies 
have shown that bacteriological culture media were capable of culturing only 1 % of all 
the marine bacteria in water samples. Moreover, there is evidence that the populations of 
marine bacteria in natural marine waters are so diverse that no one has yet to characterize 
the populations of all major groups of marine bacteria in any marine water environment. 

This study was successful in devising a simple system of classifying the overall 
quality of coastal water based on the concentrations of total terrestrial bacteria recovered 
on nutrient agar which is a reliable medium to selectively recover terrestrial bacteria. The 
concentrations of total terrestrial bacteria in coastal water samples were divided into six 
ranges which were used to classify coastal water into six classes of quality: excellent, 
good, fair, compromised, poor, very poor. A total of 48 coastal water sites representing 
38 recreational beaches, 9 harbors and 1 estuary on the island of Oahu were placed into 
these six classes. The six classes of coastal water quality represent the extent to which 
these coastal water sites received and were impacted by land-based pollution. Coastal 
water sites which receive discharges from streams and storm drains were most likely to 
be polluted. In contrast, coastal water sites which did not receive discharges from the land 
were less likely to be polluted. However, coastal sites with good circulation of water 
with the open ocean could minimized the impact of land-based pollution. Recreational 
beaches were typical examples of these sites. Coastal sites with poor circulation with 
open ocean waters were severely impacted by land-based pollution. Harbors and estuary 
were typical examples of these sites. 

In the system developed by this study, the concentrations of terrestrial bacteria 
recovered from coastal water sites were used as an index of water pollution because 
terrestrial bacteria is a good marker for land-based pollution. Based on the relative 
concentrations of terrestrial bacteria, each of the 48 sites selected in this study were 
ranked. The ranking of these 48 sites represented the extent of the impact of land-based 
pollution at these sites. The classification and ranking of the overall quality of the coastal 
water sites determined by this study closely matched the classification and ranking of the 
hygienic quality of water at these same sites by DOH. It should be noted that for the 
present study we monitored the water for total terrestrial bacteria and the results were 
used to classify the general quality of water. In contrast, DOH monitored their water for 
only one fecal indicator bacteria (enterococcus) and the results were used to determine 
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whether the water might be polluted with fecal borne pathogens. Taken together, these 
results indicate that terrestrial bacteria as detected in the present study and fecal indicator 
bacteria as detected by DOH appear to have a common source. This common source is 
land-based and is referred to as non-point source of pollution. 

Based on the results of this study the following two recommendations are made: 

1. There is a great need to develop better culture media to recover more groups of marine 
bacteria from natural marine waters. A study should be focused with this primary 
objective since completing this objective will enable more people to better characterize 
their marine water quality. Recognizing the current stated limitations and opportu.Pjties in 
this area of marine microbiology, the proposed study should integrate developing better 
culture media while at the same time characterizing the same water sample, as well as the 
bacteria recovered on culture media, with gene probe methods, cellular staining methods 
and enzyme assays to ideilify the different groups of marine bacteria and to verify the 
improvements in the development of a culture medium. 

2. Although this study resulted in a simple system to classify the general, environmental 
quality of coastal waters, the number of samples actually analyzed per coastal water sites . 
were small and should be increased to increase the confidence limit of this system. The 
terrestrial bacteria recovered from the different coastal water sites should be characterized 
and if possible identified to species. One obvious question to be answered is whether the 
terrestrial bacteria recovered in this study is the same enterococcus bacteria recovered by 
the DOH. 
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I. INTRODUCTION 

A. Importance of Coastal Water and Coastal Water Quality 

Coastal waters are important to man because they provide many of his basic needs 
such as food, transportation, recreation and aesthetic appeal. The usefulness of these 
coastal water activities is dependent upon maintaining the quality and productivity at 
these coastal water sites. However, as man intensifies the uses of these popular coastal 
water sites, the quality of water at these sites usually becomes poorer due to land-based 
pollution brought about by urbanization, which increases the volume and kinds of land
based poliution into these coastal waters. This is then often followed by a decline in the 
usefulness of that body of coastal water. 

B. The Traditional Approach to Assessing Water Quality 

The quality of nearshore marine waters has historically been defmed by the United 
States Environmental Protection Agency (USEPA) in terms of guidelines and water 
quality standards. For example, The Clean Water Act, passed by congress in 1972, 
mandated USEP A to establish nationwide ambient water quality standards and to have all 
states adopt the same water quality standards. As a result, US EPA published the Water 
Quality Criteria document (USEP A, 1986) identifying ambient levels of all pollutants as 
well as levels which may affect the health of people or the aquatic organisms living in 
that water environment. Each state was then requested to develop their own water quality 
standards based on this USEPA document. For the State of Hawaii, the Water Quality 
Standards are described in Chapter 54 of Hawaii Administrative Rules (DOH, 1992). 

The major goal of water quality standards and mandated monitoring of nearshore 
marine waters is to protect the health of people by ensuring that the quality of water at 
that site will not result in waterborne diseases to humans due to activities such as 
recreation (swimming), raising shellfish/other aquatic foods and boating. The primary 
source of waterborne diseases is human/animal feces or sewage. As a result, the water 
quality standards for these uses are based on concentrations of fecal indicator bacteria 
(fecal coliform, E. coli, enterococci). The reliability of these water quality standards 
which are based on fecal indicator bacteria has been debated for years. Between 1972 and 
1986, the USEP A established a national recreational water quality standard based on a 
monthly geometric mean of 200 fecal coliformll00 ml. After completing additional 
studies, USEPA (1986) concluded that the fecal coliform standard was not adequate and 
recommended that E. coli and enterococci be used to establish new and more reliable 
recreational water quality standards. For marine recreational waters, the USEPA 
recommended that the standard be set at a geometric mean of 35 enterococci/lOa ml. In 
the implementation of these federal water quality standards, Hawaii established 7 
enterococci! 1 00 ml as its marine recreational water quality standard (DOH, 1992). This is 
the most stringent recreational water quality standard in the nation. 
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When the standard for Hawaii's manne recreational beaches was 200 fecal 
coliform/I 00 mI, most of Hawaii's beaches met this standard. However, more beaches are 
not meeting the newer and more restrictive water quality standard of 7 enterococcill00 
ml. It should be noted that many of these same beaches would meet the USEP A standard 
of 35 enterococcillOO ml (DOH, 1994). Results from studies conducted at the University 
of Hawaii (Fujioka and Shizumura, 1985, Fujioka et aI, 1988, Hardina and Fujioka, 
1991,) have shown that fecal indicator bacteria used by USEP A to establish water quality 
standards are naturally present in the environment (fresh water streams, soil) of tropical 
islands (Hawaii, Guam) and moreover multiply in the soil environment of Hawaii 
(Fujioka and Byappanahalli, 1996). These results provide convincing evidence that the 
current USEP A water quality standards are not applicable to Hawaii and an alternative 
water quality standard based on concentrations of C. perfringens is much more 
appropriate for tropical island environments (Fujioka and Byappanahalii, 1996). In 
summary, there is a definite need to better assess the hygienic quality of coastal marine 
water in tropical islands in order to prevent waterborne diseases to humans. However, 
there is also a clear need to determine the overall or environmental quality of Hawaii's 
coastal water to determine which sites are being polluted by land-based discharges. 

C. An Alternative Approach to Assessing Water Quality Problem 

The current USEP A approach to assess nearshore water quality takes a narrow point 
of view and is based entirely on the concentrations of one group of bacteria which is used 
to determine whether microbial pathogens, whose habitat is the instestines of warm
blooded animals, have polluted that coastal water. In this system, the nearshore marine 
water is simply viewed as a receiving medium. This approach ignores the presence of all 
other populations of microorganisms in the water which are involved in maintaining the 
ecological stability of coastal waters by cycling nutrients, by maintaining oxygen levels 
and by controlling the relative concentrations of the diverse groups of microorganisms by 
predator/prey and competition mechanisms. It should be noted that marine waters 
generally contain much lower concentrations of total bacteria than terrestrial waters 
because marine waters contain much lower concentrations of nutrients than terrestrial 
waters. However, much higher concentrations of total bacteria are found in coastal and in
land waters primarily due to increases in nutrient content resulting from land-based 
pollution (Cole et aI, 1988). Zobell (1946) was one of the first to report that it is the 
availability of nutrients which determines the concentrations of bacteria in coastal water 
sites. Pomeroy (1974) determined that a heterogeneous group of bacteria characterized as 
requiring oxygen (aerobic) and organic carbon (heterotrophic) for growth make up a very 
large and dynamic component of the biomass in the surface layers of the coastal and open 
oceans. Hence, it is the availability of nutrients in nearshore waters which determines its 
populations of heterotrophic bacteria. In this regard, some bacteria require low 
concentrations of nutrients for growth and are referred to as oligotrophs; whereas others 
require. higher nutrient levels for growth and are called copiotrophs (Kjelleberg, 
Hermansson, & Marden 1987). Lee and Fuhrman (1990) found considerable differences 
in the composition of the bacterial community in coastal waters and in the Sargasso Sea, 
and between seasons in coastal waters. These findings show that environmental 
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conditions such as water depth, temperature, salinity, as well as susceptibility to land
based pollution (nutrients) and flushing characteristics with open ocean waters are critical 
factors which determine the concentrations and types of bacterial populations at that site. 

In summary, coastal water conditions obey the principle of microbial ecology which 
states that the combination of all environmental conditions but especially nutrient levels, 
at a coastal water site will determine the concentrations and kinds of bacteria in that 
coastal water. Using this scientific principle, an alternative approach to assess the overall 
quality of coastal water can be devised based on the concentrations of the total (marine 
and terrestrial) heterotrophic bacteria in water samples from that site. The quality of water 
at coastal water sites should reflect land-based pollutant loads (fresh water, nutrients, 
toxic chemicals, fecal bacteria, terrestrial bacteria) and their impact on the populations of 
marine bacteria. 

II. PROJECT GOAL AND METHODOLOGY 

A. Project Goal 

The goal of this study is to develop an alternative system to determine the general or 
environmental quality of coastal water sites based on the concentrations and kinds of all 
bacterial populations (marine, terrestrial) which can be cultured using commercially 
available bacteriological media. The proposed system is based on the following three 
premises. First, that land-based pollution is the major source of contamination to affect 
the quality of water at coastal water sites. Second, that land-based pollution are sources of 
nutrients, toxic chemicals and terrestrial bacteria. Third, applicability of the principle of 
microbial ecology which states that it is the combination of all environmental conditions 
but especially nutrient levels, at coastal water sites which will detemine the 
concentrations and kinds of bacterial populations in that coastal water. Taken together, 
the total popUlations of marine and terrestrial bacteria in water samples at a coastal water 
site can be used as an index of pollution and a means to determine the environmental 
quality of water at that coastal site based on the impact of land-based pollution at that 
site. 

B. Project Experimental Design 

The experimental design of this study was to culture and enumerate the different 
groups of heterotrophic bacteria from water samples taken from various coastal water 
sites and to correlate the bacterial data with environmental conditions and other water 
quality parameters characterizing that water. The concentrations and kinds of bacteria 
recovered from water samples at different coastal water sites were used as an index of 
land-based pollution. It was assumed that a major impact of land based pollution was to 
add more nutrients to that coastal water and this will lead to higher concentrations of all 
groups of bacteria. The general or environmental quality of water at coastal water sites 
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were then classified based on the relative concentrations of bacteria at each coastal water 
site. 

For this study, coastal water sites are defined as bodies of water which are directly in 
contact with land. Primary examples include recreational beach sites, harbors, and 
estuaries. Water samples from coastal water sites were always collected approximately 
10-20 feet from land without the need of a boat. 

Since the experimental design to this study is novel, preliminary experiments were 
initially conducted to verify the reliability of certain tests and to verify the proposed 
scientific principles. The results from the preliminary studies will be used to plan the 
experimental design for the final phase of this study. Since this study will be conducted in 
phases, the specific objectives and methods used in each phase of the study will be 
described in the write up for each phase of this study. 

C. Methodology 

For practical reasons, only commercially available bacteriological media were used in 
this study. The use of commercially available bacteriological media has advantages and 
limitations. The advantage is that they have been prepared and pretested to recover 
selected groups of bacteria. The disadvantage in using commercially available media is 
that most of the commercially available bacteriological media have been prepared to 
recover terrestrial bacteria and only two commercially available media are available to 
recover and differentiate marine bacteria. As a result, bacteriological medium prepared 
for terrestrial bacteria were modified (e.g. addition of salts) and even incubated under 
different conditions (anaerobic vs. aerobic) as means to differentiate the groups of 
bacteria recovered on these culture media. The following seven bacteriological media 
were used in this study to culture the most likely groups of heterotrophic bacteria 
expected to be present in the coastal waters of Hawaii: 

1. Nutrient Agar (NA): A nutrient rich medium to culture all bacteria. However, this 
medium does not contain sodium, an essential nutrient for marine bacteria. As a 
result, this medium selectively cultures only for total terrestrial bacteria. 

2. Marine Agar (MA): An enriched medium with salinity matching that of seawater 
prepared to culture all groups of heterotrophic marine bacteria. 

3. Thiocitrate Bile Salts agar (TeBS ): A very selective medium prepared to recover 
vibrio group of marine bacteria. Vibrio is a specific genus of marine bacteria and 
many vibrio cause diseases in fishes and human. 

4. Trypticase Soy Agar (TSA). A medium prepared to recover · all groups of 
terrestrial bacteria but this medium will also culture some marine bacteria because 
it contains minimal levels of sodium. 
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5. TSA+ 6% NaC!. This medium supplemented with 6% NaCI is selective in 
recovering halophilic marine bacteria or the group of marine bacteria which grows 
on very high concentrations of salinity. 

6. R2A medium. This medium contains minimal concentrations of nutrients and is 
made to culture bacteria which generally requires low concentrations of nutrients 
and may not be able to grow when nutrients are too high. This medium does not 
contain sodium salts and therefore is specific for terrestrial bacteria. 

7. R2A+3.5% NaC!. This medium is supplemented with NaCI at concentrations 
simulating seawater. Thus, this medium is selective for marine bacteria with very 
low nutrient requirements. 

The membrane filtration method as described in Standard Methods (APHA, 1992) is 
one of the most reliable and reproducible assay method to enumerate the different types 
of bacteria using different media. Although reliable, this method is costly in terms of 
supplies and labor. As a result, during the initial phase of this study, the more economical 
spread plate method was used to determine the concentrations of different bacteria. 
Concentrations of bacteria are given as colony forming units (CFU) per volume of sample 
assayed. 

D. Selection of Sites 

To-test the hypothesis as stated in the goal of this study, well characterized coastal 
water sites representing different ecosystems were selected. The only well characterized 
coastal water sites are the recreational water sites routinely monitored by the State of 
Hawaii, Department of Health (DOH), for fecal indicator bacteria. The concentrations of 
fecal bacteria in waters from recreational beach sites determine the hygienic quality of 
these waters or their suitability for swimming. The DOH list of recreational beach sites 
were used in the selection of sites used in this study. Additional sites were added based 
on the needs of this study. The location of all sites on the island of Oahu are shown in 
Figure 1 and listed below: 

5 



LEEW ARD COAST (EAST) LEEWARD COAST (WEST) 
SITE CODE SITE CODE 

Sand Island Beach (middle) SI#2 Yokohama Bay Beach YOK 
Alamoana Beach (Ewa side) AMl(e) Makua Beach MUA 
Alamoana Beach (Diamond Head side) AM I (d) Makaha Beach MAH 
Kahanamoku Beach KMU Pokai Bay Beach PBY 
Fort Derussey Beach FDI Lualualei Beach LUA 
Waikiki Beach WI Maili Beach MAl 
Kuhio Beach KB Nanakuli Beach NAI 
Queens Surf Beach QB Kahe Point Beach KHP 
Sans Sou chi Beach SAN Barbers Point Beach BPT 
Elks Club Beach ELK Ewa Beach EWI 
Waialae Beach WKA Iroquois Beach IRQ 
Black Point Beach BP 
HanaumaBay HBI NORTH SHORE 
Pearl Harbor (middle loch) PHB SITE CODE 
Ala Wai Canal AWl Sunset Beach SUN 
Honolulu Harbor HH Pupukea Beach PUK 
Kewalo Basin KW Waimea Beach (lifeguard station) WAI 
Keehi Lagoon KEL Waimea Beach (near river mouth) WA2 

Haleiwa Beach HAb 
WINDW ARD SIDE Haleiwa Harbor (near stream) HAs 

SITE CODE Haleiwa Harbor (near boat pier) HAh 
Kaneohe Beach Park KHE Kiaka Bay (Mokule' ia side) KIA(a) 
Waimanalo Beach WAL Kiaka Bay (channel mouth) KIA(b) 
Makapu'u Beach MKU Mokule'ia Beach MOK 
Sandy Beach SAB 
Blow Hole BWH POSITIVE CONTROL SITE 
Kaneohe Harbor (middle) KHI Manoa Stream (near UH-Manoa) MSI 
Kahana Bay (near boat pier) KAI 
Kahana Bay (near stream mouth) KA2 NEGA TIVE CONTROL SITE 

Kaaawa Shoreline HWY Open Ocean OCN 

E. Other Tests for Water Quality 

The following tests were also used to determine some correlative information on the 
general physical and chemical quality of water at the coastal water sites: 

1. Salinity as a measurement of marine water. 
2. Turbidity as a measurement of water clarity. 
3. pH as a measurement of gross changes in water chemistry. 
4. Orthophosphate as a measurement of nutrient level. 

6 



III. PHASE 1: EVALUATION OF CULTURE MEDIA TO CHARACTERIZE 
THE BACTERIAL POPULATIONS IN MARINE WATERS 

A. Objective and Experimental Design 

The key to meeting the goal of this study is the reliability of culture media to 
enumerate the different groups of heterotrophic bacteria from the various coastal water 
sites. The objective of this initial phase of the study was to evaluate the effectiveness of 
the commercially available bacteriological media to culture and enumerate the different 
bacterial popUlations recovered from selected coastal water sites. 

All seven of the bacteriological media as listed in Materials and Methods were 
evaluated to recover bacteria from the following four types of environmental waters: 

1. Recreational beaches: (a) Queens Surf Beach (QB), (b) Kuhio Beach (KB), 
(c) Black Point Beach (BP) 

2. Harbors: (a) Honolulu Harbor (HH), (b) Kewalo Basin (KW1) 
3. Estuary: Ala Wai Canal (A WI) 
4. Streams: (a) Manoa Stream (MS1), (b) Manoa upstream at Paradise Park (M2) 

(c) Manoa downstream at Kaimuki High School (MO), 
(d) Palolo upstream (M1) 

One-tenth (0.1) milliliter of water sample was spread ~lated onto each media and 
incubated at three different temperatures (25, 37, and 41 C) under both aerobic and 
anaerobic conditions for 24 hrs, 5 days, and 7 days. Total bacteria counts were 
determined and reported in CFU per 0.1 mlofwater. 

B. Results and Discussion 

The basic characteristics of the water obtained from the seven sites representing seven 
different bodies of water are summarized in Table la. The results confirm the low salinity 
of fresh water (Manoa Stream), the moderate salinity of estuary (Ala Wai) and the 
elevated salinity levels of coastal sites (harbors, beaches). The concentrations of bacteria 
in water samples from these same seven sites were also determined. Table 1 b summarizes 
the geometric mean concentrations of bacteria recovered using the different media and 
incubated at 25,37 and 41°C under aerobic conditions for 24 hours while Table lc lists 
the results after 7 days of incubation. Higher concentrations of bacteria (CFU/0.1 ml) 
were recovered in all the media tested after the 7 -day incubation period compared to 24 
hours, thus showing that fast growing and slowing groups of bacteria comprise the total 
marine populations. As expected, much lower concentrations of bacteria were recovered 
at 41°C as this temperature is selective for bacteria whose normal habitat would be the 
intestines of warm-blooded mammals or some soil bacteria. The concentrations of 
bacteria recovered at 25°C versus 37°C were similar, thus indicating that most of the 
bacteria which normaiiy multiply at the ambient temperature of 25°C are still capable of 
growing at 37°C. 
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The use of different media was generally successful in recovering different groups of 
bacteria. The relatively low recovery of bacteria from all water samples when TSA+6% 
NaCI was used indicate that halophilic bacteria or marine bacteria which can grow in very 
high concentrations of salts represented a minor fraction in these bodies of water. The 
low bacteria counts in nearshore sites when R2A medium was used and the increase in 
counts when 3.5% NaCI was added to R2A medium reflect the nutritional need of marine 
bacteria for sodium ions. Highest concentrations of bacteria in all media were recovered 
from water samples from Ala Wai Canal. This result supports the fact that this body of 
water is known to contain high concentrations of nutrients and has a continuous source 
of both terrestrial and marine bacteria. Higher concentrations of bacteria were recovered 
from Manoa Stream samples when terrestrial bacteriological media were used as 
compared to marine bacterial media. Conversely, higher concentrations of heterotrophic 
marine bacteria were recovered on the non-selective Marine Agar (MA), as compared to 
TCBS agar which is highly selective for vibrio group of marine bacteria. These results 
show that most of the heterotrophic marine bacteria in the coastal waters of Hawaii are 
non-vibrio group of bacteria. 

In the first series of experiments, all the media were incubated under aerobic 
conditions reflecting the aerobic condition of coastal water sites. However, some bacteria 
can multiply under aerobic and anaerobic conditions whereas some bacteria can multiply 
only under aerobic conditions. To enhance the differentiation of the bacterial popUlations 
multiplying in the different growth media, the objective of the next series of experiments 
was to incubate the growth media at 25, 37 and 41°C under aerobic and anaerobic 
conditions. For this experiment, water samples from only three different sites were 
selected: Honolulu Harbor (HH), Kuhio Beach (KB) and Black Point (BP) because these 
sites would be expected to have different inputs from land runoff and thus should support 
different concentrations of bacteria. 

The results (Table ld) show that bacterial levels recovered under aerobic conditions 
were not consistently higher than under anaerobic conditions and that the differences in 
the concentrations were not significantly different. These results suggest that most of the 
bacteria are facultative anaerobes and can multiply under both aerobic and anaerobic 
conditions. Thus, incubation of test media under anaerobic conditions did not enhance the 
differences in recovering different populations of bacteria from marine coastal waters. 
These results show that the concentrations of bacteria recovered from HH were generally 
higher compared to KB and BP at all the temperatures tested. This was especially 
apparent at 41°C supporting the observation that site HH is the most polluted of the three 
sites from terrestrial sources. 

Terrestrial sources of bacteria comprise the land-based pollutant load. Streams and 
storm drains are the most obvious sources of land-based pollution to marine waters. To 
evaluate the effectiveness of the group of media used in this study for recovering bacteria 
from land-based sources of pollution, water samples from Palolo and two Manoa Stream 
sites were analyzed for bacterial populations under aerobic conditions at 25,37 and 41°C. 
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The results summarized in Table 1 e show that very high concentrations of bacteria could 
be recovered from these fresh water stream sites when bacteriological media (NA, TSA, 
R2A) prepared to recover terrestrial bacteria were used. However, low concentrations of 
bacteria were recovered from these same samples when bacteriological media (TCBS, 
MA, TSA+6% NaCl, R2A+3.5% NaCl) suitable for marine bacteria were used. These 
results support the effectiveness of media devised to recover terrestrial bacteria. It should 
be noted that much higher concentrations of bacteria were recovered from the 
downstream Manoa Stream site when incubated at 41°C. One explanation of these results 
is that streams receive a greater concentration of bacteria from the intestines of warm 
blooded mammals as the stream flows to the more urbanized area. These results 
document that land-based run-off contribute large populations of bacteria to coastal 
waters. However, it must be remembered that most terrestrial bacteria do not survive well 
in marine water environments. 

C. Conclusion 

The intent of this phase of this study was to evaluate the effectiveness of 
commercially available bacteriological media to characterize the bacterial populations in 
coastal waters and the contribution of bacteria by land-based run-off. In general the 
commercially available bacteriological media performed as expected. Culture media 
designed to recover marine bacteria were successful in recovering marine bacteria and 
culture media designed to recover terrestrial bacteria were successful in recovering 
terrestrial bacteria. Streams which are major sources of land-based pollution were shown 
to contain very high concentrations of terrestrial bacteria and the concentrations of 
bacteria were shown to increase from upstream sites to downstream sites, reflecting the 
greater pollution load of stream as it flows toward the ocean. Bacteria which grow at 
41°C were characteristically more prevalent in stream waters than in marine waters and 
most likely represent bacteria whose origin are the intestine of warm-blooded animals 
(fecal bacteria) or from soil (spore forming bacteria). 

When marine water samples were analyzed (Table 1 b), higher concentrations of 
bacteria were recovered from more polluted sites (harbors, estuary) than from cleaner 
recreational water sites which are less impacted by run-off from the land. As expected, 
the highest concentrations of marine bacteria were recovered from Ala Wai Canal 
because this is an estuary which receives extensive land-based pollution. These results 
support the premise of this study that bacterial monitoring of coastal water sites can be 
used to categorize coastal water sites based on pollution load and higher nutrient levels. 
However, the bacterial concentrations from the five coastal water sites (Black Point, 
Kuhio Beach, Queen's Surf, Honolulu Harbor, Kewalo Basin) did not differ dramatically 
from each other suggesting that the nutrient concentrations at these five sites were not 
very different. Based on a sanitary survey, we concluded that Queen Surf Beach and 
Black Point Beach have little evidence of land-based pollution and should have low 
nutrient concentrations. These two sites were our control clean water sites. As a result, 
the low (13 CFU/O.l ml) concentration of total marine bacteria at Queen's Beach was 
expected (Table 1 b). However, the concentration of marine bacteria in water samples 
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from Black Point Beach was relatively high (132 CFU/O.l ml) as compared to the other 
sites (Kuhio Beach, Honolulu Harbor, Kewalo Basin) which are known to receive land
based run-off and had marine bacteria ranging from 79 to 174 CFU/O.l ml (Table Ib). 
One explanation for these results could be that land run-off in the form of shallow 
groundwater may be entering the Black Point Beach area. This is supported by the 
slightly lower salinity of water in the Black Point Beach sample (Table la) as compared 
to other marine coastal water sites. If a shallow groundwater source is entering the Black 
Point site, it may be a source of nutrients. 
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IV. PHASE 2: EVALUATION OF NUTRIENT CONTENT OF COASTAL 
WATER SITES BASED ON GROWTH OF SPECIFIC BACTERIA 

A. Objective and Methodology 

We previously postulated that different nutrient content at various coastal water sites 
would result in different populations of bacteria in these water sites. Although we 
obtained evidence for this, the method of simply using different growth media and 
growth conditions did not result in data which clearly correlated higher bacterial densities 
with sites expected to have higher nutrient content. Part of the problem may be due to the 
great diversity of bacteria and differences in their growth rates. The objective of phase 2 
of this study was to devise an experimental design to measure the effective concentration 
of all nutrients in a given water sample by its ability to support the growth of a single 
population of bacteria. This experimental design is based on the algal biostimulation 
assay for nutrients in water as described in Standard Methods (APHA, 1992). The theory 
of this test is that the growth of a given microorganism in a water sample is limited by the 
substance present in minimal quantity in respect to the need of that organism. This test 
was used to determine whether coastal waters have enough total nutrients to support the 
growth of common marine heterotrophic bacteria. 

For this phase of the study, water samples were obtained from Kuhio Beach, 
Honolulu Harbor, and Hanauma Bay because waters from these three sites represent 
coastal water sites with different uses and different levels of land-runoff pollution. These 
water samples were initially filter-sterilized to remove all known bacteria in the sample 
while allowing all the nutrients in the water to pass through the filter. A measured 
population (approximately 104 cells/ml) of E. coli, V alginolyticus and a non-vibrio 
marine bacterium were added to sterile flasks containing the filter-sterilized test waters. 
These flasks were covered with foil to keep out the light and were continuously stirred 
under laboratory conditions (24°C). Subsamples were taken daily over seven days and the 
samples analyzed for concentrations of bacteria using the spread plate and membrane 
filtration methods. E. coli was recovered using the membrane filtration technique on mFC 
medium and incubated at 35°C. V alginolyticus and the non-vibrio marine isolate were 
recovered using the spread plate method on TeBS and Marine Agar 2216 respectively 
and incubated at room temperature (24 ± 2°C) for 24 hours. 

A total of four experiments using three bacteria and three water samples were 
completed. In the first two experiments, bacterial growth was monitored in filter
sterilized sea water from Kuhio Beach and Honolulu Harbor. In our last two experiments, 
the same experiment was conducted with filter-sterilized marine water from Kuhio Beach 
and Hanauma Bay. The low salinity standard phosphate diluent used in microbiology was 
satisfactory for E. coli but was unsatisfactory for marine bacteria. Therefore, 3.5% NaCI 
was added to the phosphate buffer and this buffer used to dilute the marine bacterial 
samples. 
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B. Results and Discussion 

The results of all experiments are summarized in Tables 2a, 2b, and 2c. The results 
show that E. coli remained viable over 7 days but did not multiply in water samples from 
Kuhio Beach and from Hanauma Bay. E. coli was added as an example of a terrestrial 
bacteria. The results obtained are consistent with the fact that the high salt concentrations 
in marine waters are known to be injurious to most terrestrial bacteria. However, the 
results show that E. coli is not immediately killed by the high salt concentration in sea 
water but that the high salt concentration merely prevents its multiplication. 

V alginolyticus is the predominant species of vibrio bacteria in Hawaii. V 
alginolyticus was observed to multiply in marine water samples but with variable growth 
patterns reflecting the changes in the quality of water when sampled on different days. 
Similar results were obtained for the non-vibrio bacteria. The approximate maximum 
yield of the three bacteria in the different water samples are plotted in Figure 2. The 
results show that E. coli did not multiply in marine water samples and therefore terrestrial 
bacteria do not play a role in utilizing the nutrients in marine waters. The two marine 
bacteria multiplied in the three marine water samples demonstrating that these three 
coastal water samples contain enough nutrients to support the growth of the two 
predominant types of marine bacteria in Hawaii. However, both bacteria multiplied to 
approximately the same extent in all of the three waters. Although the quality of the three 
marine water samples were expected to differ, the results from this experiment show that 
this method was not very sensitive in differentiating between the quality of water from 
the three sites. 

C. Conclusion 

The results of this phase of the study showed that terrestrial bacteria will not grow in 
marine waters and will not utilize the nutrients in marine waters. Marine bacteria will 
grow in marine waters but the growth of two marine bacteria in three sources of marine 
waters were similar and failed to show that the growth pattern of a single population of 
marine bacteria could be used to determine differences in the quality of the three marine 
water samples. The use of this test method points out a limitation in trying to correlate 
concentrations of nutrients with growth of bacteria because the growth of bacteria is 
controlled by the concentrations of the single limiting, essential nutrient and is not 
controlled by the concentrations of the nutrients which may be at much higher 
concentrations. These results are significant because it indicates that one cannot always 
rely on the relationship that increasing land-based pollution will quantitatively result in a 
corresponding increase in concentrations of bacteria in the water because the growth of 
bacteria is controlled by the limiting nutrient it requires to grow. In many cases this 
nutrient may be a form of carbon compound which it must metabolize in order to grow. 
This form of carbon nutrient is not likely to be quantitatively associated with the quantity 
of land-based pollution. 
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v. PHASE 3: CHARACTERIZATION OF COASTAL WATER SITES BASED 
ON CONCENTRATIONS OF MARINE AND TERRESTRIAL BACTERIA 

A. Objective and Experimental Design 

The objective of the last phase of this study was to analyze the quality of all the 
coastal water sites selected for this study based on the relative concentrations of total 
marine and terrestrial bacteria. For this phase of the study, water samples were obtained 
from 50 sites on Oahu (see Material and Methods) and analyzed for total marine bacteria 
on Marine Agar (MA), for vibrio group of marine bacteria on thiocitrate bile salts agar 
(TCBS), and for total terrestrial bacteria on Nutrient Agar (NA). 

Water samples were collected from the various sites in sterile l-L plastic (Nalgene) 
bottles. To increase the recovery efficiency of bacteria, the membrane filtration method 
was used. Various concentrations of water samples were filtered through a 0.45 urn 
millipore filter and incubated at room temperature (24 ± 2°C) for 3 days as a practical 
time to recover the fast and slower growing bacteria. All colonies on the filter were 
counted and the results reported in CFU per 100 ml of water. In order to maximize the 
recovery of terrestrial bacteria on NA, the filter funnel and the filter used to process the 
water samples were rinsed with 50 ml of sterile phosphate buffer to dilute out the residual 
salt from the seawater sample because high salts may interfere with terrestrial bacterial 
growth. Water samples assayed on MA and TCBS were not rinsed with 50 ml of sterile 
phosphate buffer since these media already contain high levels of salts. 

B. Results and Discussion 

A total of 50 water sites were analyzed for concentrations of marine and terrestrial 
bacteria. These included 48 coastal water sites from all sectors of the island of Oahu, an 
open ocean site and a stream site (Figure 1). Of 48 coastal water sites, 38 are recreational 
beaches, 9 are harbors, and 1 is an inland estuary. The two remaining sites represented a 
positive and a negative control sites. The positive control site was Manoa stream which 
represented a typical land-based source of pollution. The negative control site was an 
open ocean site which did not fit the definition of a coastal water since this site was not in 
direct contact with land and a boat was required to obtain samples from this site. 

The results of analyzing all water samples during this phase of the study are 
summarized in Table 3. The results show that the concentrations of marine bacteria 
recovered on Marine Agar and on TCBS agar varied considerably and did not correlate in 
any predictable pattern to known conditions (impact of land-based pollution) at the 
coastal water sites. Thus, the results did not support the theory that all coastal water sites 
can be categorized into relative nutrient water quality groups based on the concentrations 
of total number of marine bacteria. 
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In contrast, the results of analyzing the concentrations of terrestrial bacteria recovered 
on Nutrient Agar showed a good correlation with the known relative quality of water at 
the 48 coastal water sites. As a result, Table 3 was prepared by listing the water sites from 
the highest to the lowest concentrations of terrestrial bacteria. Used by itself, 
concentrations of terrestrial bacteria in water sites reflect the extent of land-based source 
of pollution at these sites. To simplify the classification of coastal water sites based on 
concentrations of terrestrial bacteria, six categories of water quality were determined 
using a system similar to that used by the Hawaii Department of Health (DOH, 1992) as 
their means to rate coastal waters based on fecal bacterial pollution. The six categories of 
general coastal water quality based on the impact of land-based pollution are as follows: 

Range of Concentration of 
Category of Water Quality Terrestrial Bacteria (CFU/IOO ml) 
1) Excellent Quality < 100 
2) Good Quality 100 - 499 
3) Fair Quality 500 - 999 
4) Compromise Quality 1,000 - 4,999 
5) Poor Quality 5,000 - 9,999 
6) Very Poor Quality > 10,000 

Based on the above classification system, coastal water sites with <100 total 
terrestrial bacteria per 100 ml of water are expected to be free of land-based discharges 
(streams, storm drains) and to be characterized by excellent circulation and flushing 
mechanisms with the ocean water. In contrast, coastal water sites with increasing 
concentrations of terrestrial bacteria are expected to be impacted more seriously by 
receiving discharges (streams, storm drains) from land and to have poorer means of water 
circulation and effective flushing mechanism with the open ocean. 

The results (Table 3) show that the concentrations of terrestrial bacteria was highest 
(74,4000 CFU/lOO ml) in water samples from the positive control site (Manoa Stream) 
and lowest (40 CFU/lOO ml) in water samples from the negative control site (open ocean 
site). The open ocean site selected for this study was located less than a mile offshore 
from Sand Island and therefore does not truly represent an open ocean site since land is 
still relatively close to this site. The low level of terrestrial bacteria recovered from water 
at this site may reflect some impacts from the land even at this site. It should be noted 
that larger volumes of sample and the membrane filtration method was used in this phase 
of the study to increase the sensitivity and reliability of the bacterial assay. Therefore, the 
concentrations of bacteria are reported as CFUIlOO ml in Table 3 as compared to 
CFU/O.l ml as tabulated earlier (e.g. Table 2). 

Based on our classification system, the quality of water at three coastal water 
locations (Ala Wai Canal, Kaneohe Beach Park, Haleiwa Harbor) are classified as "very 
poor quality" because they contain terrestrial bacteria with concentrations greater than 
10,000 CFU per 100 ml. These three sites are known to be seriously impacted by land 
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based pollution. Ala Wai Canal has the poorest water quality based on highest 
concentrations (CFUIlOO ml) of total marine (60,258), terrestrial (41,130) and vibrios 
(12,532). These results support the fact that Ala Wai Canal is essentially a drainage basin 
which receives substantial discharges from streams (Manoa, Palolo, Makiki) and 
numerous storm drains. Moreover, there is poor flushing of this body of water with open 
ocean water. The quality of water at Haleiwa Harbor is poor because of insufficient 
flushing of water with ocean water, as well as the impact of harbor activities and the 
discharge of water from the relatively large Anahulu River into this harbor. Kaneohe Bay 
Beach is also known to have poor water quality and is not used for swimming. The beach 
area is muddy and the water is often turbid because of the direct discharge of water from 
Kaneohe Stream. 

Three sites (Kahana Bay Beach, Kewalo Basin, Fort Derussey Beach) were classified 
as "poor quality". Kahana Bay receives discharge from Kahana Stream. Kewalo Basin 
has poor water circulation and houses many boats. Fort Derussey Beach receives 
discharge from a storm drain. It is significant that the quality of water at Fort Derussey 
Beach was also rated as poor by the DOH (1994) based on high concentrations of 
enterococcus. 

Ten sites were classified as having compromised quality and most of these sites were 
documented as receiving some land-based pollution such as discharges from streams and 
storm drains. For example, water samples from Keehi Lagoon contained 2,544 CFU/lOO 
ml of terrestrial bacteria. This high count reflected the influence of tributaries such as 
Moanalua and Kalihi streams which enter into Keehi Lagoon. An example of a swimming 
beach with compromised water quality was the Waikiki Beach Site. This is one of the 
most heavily-utilized recreational swimming locations. The source of terrestrial bacteria 
from this site most likely represents people and the terrestrial components (e.g. soil) 
which they bring into the water. 

Twenty nine sites were classified as fair or good quality and most of these sites were 
established recreational beach sites with little evidence of land-based pollution. Three 
beaches (Makapu'u, Sunset, Mokule'ia) were classified as excellent quality because the 
water samples from these sites contained less than 100 CFUIlOO ml of terrestrial bacteria. 
These same three beach sites were classified by the DOH as excellent sites based on the 
concentration of enterococcus per 100 ml of water (DOH 1994). 

c. Conclusion 

The first significant conclusion of this study was that determining the viable 
concentrations of the total and vibrio group of marine bacteria was not useful in 
classifying the coastal water sites. A review of the literature reveals that many previous 
studies have had difficulty in interpreting results when bacterial culture methods were 
used in attempts to characterize a body of marine water. The first limitation in using this 
approach is the fact that only two bacterial culture media for marine bacteria are provided 
by commercial companies. Thus, there has not been an improvement in developing 
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culture media to recover marine bacteria from marine waters for at least twenty years. 
Newer and more effective bacteriological media to specifically recover the different 
groups of marine bacteria is required. It is unclear why marine microbiologists have 
failed to make improvements in this area of research. A second reported limitation is that 
the culture media used to recover marine bacteria normally recovers only 1 % of the all 
the marine bacteria present in the water sample and detectable by physical (staining), 
physiological (enzyme) or genetic methods (Hofle, 1990; Paul, 1993). An explanation for 
this observation is that the marine environment is harsh for the growth of most bacteria 
especially in terms of providing essential nutrients. As a result, many marine bacteria 
have developed long term survival mechanisms by changing their cellular state whereby 
they are technically viable but cannot be cultured using available bacteriological culture 
media (Kjelleberg et aI, 1993). A third reported limitation is that the microbial population 
in marine environments is very diverse in terms of their genetic composition (species), 
their physiology and their nutrient needs (Witzel, 1990). As a result, different marine 
bacteria respond differently to changes in the marine water environment and the growth 
of many marine bacteria appear to occur sporadically (Carlucci, 1972; Kjelleberg and 
Hermansson, 1987; Kjelleberg et aI, 1993). 

The second significant conclusion of this study was obtained from the experiments 
conducted during phase 2, which provided evidence that the amount of growth of marine 
bacteria is not directly determined by the concentrations of total pollutant (nutrients) at 
their highest concentration, but by the concentration of the limiting nutritional 
component. In this regard, the limiting nutritional component for these marine bacteria is 
most likely some forms of metabolically usable carbon source. Moreover, land-based 
pollution may not be a good source of these limiting nutrients for marine bacteria. In 
summary, coastal water sites receiving land-based sources of pollution are probably 
receiving many of the same kinds of pollution (phosphate, nitrates), but the essential 
nutrients required by the different kinds of marine bacteria for multiplication are less 
uniform. Under these conditions, the growth of all marine bacteria in the coastal water 
site may not respond to land-based sources of pollution in direct response to the pollution 
load. It is probably for this reason that many studies cannot correlate the concentrations 
of some marine bacterial populations with measured amounts of standard nutrients such 
as phosphate, nitrogen and even dissolved organic carbon (Kirchman, 1990). More recent 
studies (Hofle, 1990; Paul, 1993) propose that understanding the role of marine 
microorganisms in the marine environment can be better addressed by non-cultural 
methods such as staining methods for physical cells, detection of different kinds of cells 
by cellular antigen tests, or the use of molecular probe methods to detect cellular DNA or 
DNA products. However, these methods also are limited because they do not measure the 
cells ability to multiply. It is clear that improvements in methods in marine microbiology 
are needed so that experiments can be designed to better understand the role of 
microorganisms in marine water environments. 

The third significant conclusion of this study is that we have successfully devised a 
way to index the pollution quality of water at all coastal water sites by determining the 
concentrations of terrestrial bacteria at these coastal water sites. Since pollution generally 
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enter coastal water as land-based sources, we used concentrations of terrestrial bacteria in 
coastal water as a.1l indicator of land-based pollution. This is based on the knowledge that 
the natural habitat or reservoir of terrestrial bacteria is land and soil. Thus, the greater the 
pollution load to a coastal water site, the greater the concentrations of terrestrial bacteria. 
It should be noted however, that the lasting impact of this land-based source of pollution 
at each coastal water site is dependent on conditions at that particular coastal water site. A 
coastal water site with good water circulation to transport away the land-based pollution 
will demonstrate minimal impact and water from this site will contain low levels of 
terrestrial bacteria. Many good recreational beaches would fit this description. Sites 
suitable for surfing often have good water circulation patterns and these sites may also 
maintain good general water quality. However, coastal water sites which are land-locked 
and have poor water circulation with the open ocean do not have the means to dilute and 
transport the pollutants away. As a result, these sites will demonstrate a high pollution 
index and that water from these sites will contain high concentrations of terrestrial 
bacteria. Harbors, lagoons, basins and estuaries would fit this description and will tend to 
have elevated concentrations of terrestrial bacteria. 

The system we devised is simple and is based on determining the viable 
concentrations of total terrestrial bacteria populations from coastal water samples 
utilizing a single bacteriological medium (Nutrient Agar) which is selective for terrestrial 
bacteria. In this regard, the membrane filtration method is required and rinsing of the 
processed filter as well as the funnel to remove residual salts from marine water samples 
were shown to be critical. The concentrations of terrestrial bacteria were divided into six 
categories (excellent, good, fair, compromised, poor, very poor), reflecting the 
environmental quality of coastal water quality. Using this classification system, we were 
able to rank each of the 48 coastal water sites of Oahu with regard to the extent by which 
they were impacted by land-based pollution. It is significant that the ranking of the 48 
coastal water sites based on general or environmental water quality was very similar to 
the ranking of these same sites based on the concentrations of fecal bacteria as reported 
by DOH (1994). In this regard, the DOH has for years been trying to determine the 
source of fecal pollution at these coastal water sites because the USEP A assumes that 
sewage is the primary source of these fecal indicator bacteria. However, studies 
conducted in Hav/aii (Fujioka et aI, 1988; Hardina and Fujioka, 1991) and elsewhere 
(Kebabjian, 1994) indicate that land-based pollution more commonly referred to as non
point source pollution is a major source of fecal indicators entering coastal waters. The 
method as developed in this study will be valuable in assessing the sources and extent of 
pollution at different coastal water sites. 
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Figure 1. Map of sampling site locations on the island of Oahu 
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Figure 2. Maximum concentration of V. alginolyticus, non-vibrio marine bacteria, and E. coli 
recovered in filter-sterilized water from Kuhio Beach, Hanauma Bay, and Honolulu 
Harbor. (NOTE: A decrease in E. coli concentration was observed for Honolulu 
Harbor after the initial seeding.) 
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Table la. 
Average concentration of orthophosphate, salinity, turbidity, temperature, and pH in water samples from seven different sites. 

Salinity Turbidity Temperature 
SITE CODE N P04 (mgll) (ppt) (NTU) pH 

Black Point BP 3 0.047 31.8 1.07 8.32 

Kuhio Beach KB 3 0.029 34.7 2.01 8.31 

Queens Surf Beach QB 2 0.044 34.4 2.04 ND 
Honolulu Harbor HH 3 0.031 35.0 1.63 8.34 

Kewalo Basin KW 2 0.041 33.4 1.30 ND 

Ala Wai Canal AWl 2 0.042 27.4 1.69 ND 

Manoa Stream-U.H. MSI 2 0.069 0 1.5 ND 

Table lb. 
Geometric mean concentrations of various groups of heterotrophic bacteria recovered from water samples 

on 7 media at 3 different temperatures after a 24-hr incubation period. 

CFUfO.1 ml on Following Culture Media 

TEMP. SITE CODE N TCBS MA NA TSA TSA+6% RlA 

Black Point BP 3 11 132 <1 10 1 <1 

Kuhio Beach KB 3 7 79 2 9 6 2 

Queens Surf Beach QB 2 1 13 <1 3 <1 <1 

25°C Honolulu Harbor HH 2 18 174 <1 4 <1 <1 

Kewalo Basin KW 3 7 86 2 4 <1 2 

Ala Wai Canal AWl 2 29 264 11 61 7 71 

Manoa Stream-U.H. MSI 2 <1 42 138 147 <1 185 

Black Point BP 3 5 102 <1 2 2 1 

Kuhio Beach KB 3 3 73 2 9 15 6 

Queens Surf Beach QB 2 2 24 I 2 2 I 

37°C Honolulu Harbor HH 3 4 87 I 3 5 4 

Kewalo Basin KW 2 1 31 4 4 17 5 

Ala Wai Canal AWl 2 17 >300 30 64 207 196 

Manoa Stream-U.H. MSI 2 I 19 273 192 I >300 

Black Point BP 3 <1 <I <1 <I <1 2 

Kuhio Beach KB 3 <I 4 <I 3 2 <I 

Queens Surf Beach QB 2 <1 I I <I I <I 

41°C Honolulu Harbor HH 3 I I I 4 2 2 

Kewalo Basin KW 2 <1 45 <I 2 2 <I 

Ala Wai Canal AWl 2 I 122 12 8 26 13 

Manoa Stream-U.H. MSI 2 I 7 17 38 2 51 

NOTE: N = number of samples 
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Table Ic. 
Geometric mean concentrations of various groups of heterotrophic bacteria recovered from water samples 

on 7 media at 3 different temperatures after 7 days incubation. 

CFUfO.t ml on Following Culture Media 

SITE CODE N TCBS MA NA TSA TSA+6% R2A 

Black Point BP 1 18 >300 1 32 3 3 

Kuhio Beach KB 1 4 102 3 65 93 29 

Queens Surf Beach QB 1 5 30 3 4 <1 2 

Honolulu Harbor HH 1 31 >300 14 5 11 3 

Kewalo Basin KW 1 11 >300 6 3 29 26 

Ala Wai Canal AWl 1 64 108 >300 >300 >300 178 

Manoa Stream-U.H. MSI 1 <1 126 200 >300 21 >300 

Black Point BP 1 14 >300 <1 <1 25 1 

Kuhio Beach KB 1 5 >300 2 22 106 8 

Queens Surf Beach QB 1 2 10 2 7 4 3 

Honolulu Harbor HH 1 12 58 1 5 9 1 

Kewalo Basin KW 1 <1 157 7 2 50 12 

Ala Wai Canal AWl 1 >300 >300 12 21 >300 43 

Manoa Stream-U.H. MSI 1 <1 16 132 68 6 >300 

Black Point BP 1 <1 1 <1 1 1 1 

Kuhio Beach KB 1 <1 34 <1 6 32 1 

Queens Surf Beach QB 1 <1 4 2 4 1 2 

Honolulu Harbor HH 1 1 3 1 1 2 <1 

Kewalo Basin KW I <1 1 5 <1 18 <1 

Ala Wai Canal AWl 1 1 41 4 2 66 25 

Manoa Stream-U.H. MSI 1 1 18 27 18 <1 57 

NOTE: N = number of samples 
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52 
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Table ld. 
Geometric mean concentrations of various groups of heterotrophic bacteria from selected sites recovered on 

7 media at 3 different temperatures under aerobic and anaerobic conditions after 5 days. 

AEROBIC CFU/O.l ml on Following Culture Media 

SITE CODE N TCBS MA NA TSA TSA+6% RlA 

Black Point BP 2 18 177 3 36 18 4 

Honolulu Harbor HH 2 39 >300 6 64 38 19 

Kuhio Beach KB 2 12 110 4 38 7 5 

Black Point BP 2 6 >300 2 8 10 12 

Honolulu Harbor HH 2 12 273 3 3 38 12 

Kuhio Beach KB 2 3 86 6 6 55 10 

Black Point BP 2 <I 7 4 8 17 5 

Honolulu Harbor HH 2 <I 88 4 65 101 5 

Kuhio Beach KB 2 <I 2 2 1 5 3 

ANAEROBIC CFU/O.l ml on Following Culture Media 

SITE CODE N TCBS MA NA TSA TSA+6% RlA 

Black Point BP 2 21 43 6 64 6 2 

Honolulu Harbor HH 2 33 103 3 64 30 8 

Kuhio Beach KB 2 19 100 2 20 7 2 

Black Point BP 2 3 5 2 3 4 3 

Honolulu Harbor HH 2 10 21 2 15 15 3 

Kuhio Beach KB 2 2 14 I 6 3 2 

Black Point BP 2 I 10 8 8 33 4 

Honolulu Harbor HH 2 14 83 7 34 140 II 

Kuhio Beach KB 2 I 4 I I I I 

Table Ie. 
Geometric mean concentrations of various groups of heterotrophic bacteria from selected sites 

recovered on 7 media at 3 different temperatures under aerobic conditions after 5 days. 

CFU/O.l ml on Following Culture Media 

SITE CODE N TCBS MA NA TSA TSA+6% RlA 

Palolo upstream M1 I <1 98 146 150 12 >300 

Manoa upstream M2 I <I 86 >300 52 6 >300 

Manoa downstream MO I 1 218 >300 >300 14 >300 

Palolo upstream MI I <I 21 20 30 <I >300 

Manoa upstream M2 I <I 19 36 53 <I >300 

Manoa downstream MO 1 I 60 117 >300 5 >300 

Palolo upstream MI 1 <I 2 2 6 <I 3 
Manoa upstream M2 1 <I 3 I 29 <I 8 

Manoa downstream MO I <I 41 53 >300 3 >300 

NOTE: N = number of samples 
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38 

25 
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RlA+3.S% 

41 
77 
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V. alg;nolyticus 

6/28/95 
7/6/95 
7/13/95 
7/19/95 

Non-vibrio 
6/28/95 
7/6/95 
7/13/95 
7/19/95 

E. coli 
6/28/95 
7/6/95 
7/13/95 

V. alginolyticus 
7/13/95 
7/19/95 

Non-vibrio 
7/13/95 
7/19/95 

E. coli 
7/13/95 

TIME (hr) 
V. a/ginolylicus 

Non-vibrio 
E. coli 

NOTE: ND = no data 

Concentration of Vibrio alginolyticus, non-vibrio marine bacteria, and E. coli (CFUll 00 ml) in fil ter-sterilized 
ocean water from Kuhio Beach after incubation at 24±2°C under laboratory conditions. 

TIM E (hr) 
0 2 6 24 48 72 96 120 

18200 7300 1000 22800 590 59000 7200 ND 
18000 ND ND 230000 510000 112000 95000 17000 
17600 ND 530 760000 1210000 1220000 1160000 1820000 
7400 ND 2350 4300 3400 10800 4200 18900 

0 2 6 24 48 72 96 120 
73000 170000 145000 620000 2100 ND ND ND 
58000 111000 157000 1360000 1150000 940000 710000 ND 
70000 ND 155000 127000 137000 197000 430000 320000 
52000 ND 62000 57000 55000 80000 143000 90000 

0 2 6 24 48 72 96 120 
196 204 228 132 96 ND ND ND 
280 424 300 240 296 256 108 80 
212 196 220 184 160 120 75 54 

Table 2b. 
Concentration of Vibrio alginolyticus, non-vibrio marine bacteria, and E. coli (CFU/lOO ml) in filter-sterilized 

ocean water from Hanauma Bay after incubation at 24±2°C under laboratory conditions. 

TIM E (hr) 
0 2 6 24 48 72 96 120 

16600 ND 40 43000 47000 91000 37000 29000 
9300 ND 2220 20800 21100 34000 95000 17800 

0 2 6 24 48 72 96 120 
60000 ND 76000 58000 235000 870000 840000 670000 
69000 ND 77000 177000 124000 88000 17000 21000 

0 2 6 24 48 72 96 120 
196 208 168 148 148 128 65 188 

Table 2c. 
Concentration of Vibrio alginolyticus, non-vibrio marine bacteria, and E. coli (CFU/IOO ml) in filter-sterilized 

ocean water from Honolulu Harbor after incubation at 24±2°C under laboratory conditions. 

0 2 6 24 48 72 96 120 
102000 200 ND 74000 880000 139000 102000 21000 
340000 89000 94000 75000 880000 940000 680000 ND 

364 320 292 148 248 240 96 74 

144 172 
ND ND 
ND ND 
ND ND 

21700 2400 

144 172 
ND ND 
ND ND 
ND ND 

100000 ND 

144 172 
ND ND 
ND ND 
ND ND 

144 172 
ND ND 

50000 1700 

144 172 
ND ND 

101000 56000 

144 172 
ND ND 

144 172 
ND ND 
ND ND 
ND ND 



Table 3. 
Geometric mean concentration of total vibrio (TCBS), heterotrophic marine (MA) and terrestrial bacteria (NA) 
from selected sites around the island of Oahu after 3 days incubation at 24 ± 2°C under laboratory conditions. 

SITES CODE N TCBS MA NA CLASSIFICA TION 

Manoa Stream MSI 1 10400 331200 744000 

Ala Wai Canal AWl 3 12532 60258 41130 VERY POOR 

Haleiwa Harbor (near stream) HAs 2 2389 87116 24531 

Kaneohe Beach Park KHE 2 10662 59383 11699 

Kahana Bay (near stream mouth) KA2 2 3773 29597 8982 

Kewalo Basin KW 3 7709 53912 7788 POOR 

Fort Derussey Beach FDI 2 3571 29589 5769 

Kahana Bay (near boat pier) KAI 2 3786 24738 4063 

Kiaka Bay (channel mouth) KIA(b) 1 13600 53600 3040 

Pearl Harbor (middle loch) PHB I 432 8800 2640 

Keehi Lagoon KEL 2 28079 14120 2544 

Honolulu Harbor HH 3 2103 5726 1955 COMPROMISE 

Ewa Beach EWI 2 8821 47611 1697 

Kahanamoku Beach KMU 2 2437 19099 1672 

Nanakuli Beach NAI 2 2337 17928 1175 

Waikiki Beach WI 4 6320 15388 1167 

Makaha Beach MAH 2 4532 15294 1009 

Yokohama Beach YOK 1 3200 5760 992 

Pokai Bay Beach PBY 2 4939 14198 985 

Waimea Beach (ifeguard station) WAI 2 2769 43828 919 

Waimea Beach (near river mouth) WA2 2 4467 41306 916 

Kuhio Beach KB 4 10566 22349 884 

Elks Club Beach ELK 2 4947 11569 866 

Alamoana Beach (Diamond Head side) AMl(d) 2 2618 11784 781 FAIR 

Maili Beach MAl 2 4031 14751 755 

Black Point BP 2 4036 12736 706 

Waialae Beach WKA 2 3458 23089 699 

HanaumaBay HBI 2 11121 15839 684 

Kaaawa shoreline HWY 2 1473 18998 611 

Queens Beach QB 3 3297 7495 535 

Lualualei Beach LUA 2 5769 20079 528 

Haleiwa Beach Park HA(b) 2 4343 33699 496 

Sans Souchi Beach SAN 2 3455 11419 489 

MakuaBeach MUA 1 3200 7640 412 

Kahe Point Beach KHP 2 4074 12079 409 

Haleiwa Harbor (near boat pier) HAh 2 3798 18452 374 

Iroquios Beach IRQ 2 2944 23515 354 

Pupukea Beach Park PUK 2 7362 41395 347 GOOD 

Waimanalo Beach WAL 2 3888 6180 325 

Alamoana Beach (Ewa side) AMI(e) 2 1590 10657 321 

Kaneohe Harbor (middle) KHI I 1400 5480 256 

Barbers Point Beach BPT 2 6510 17559 237 

Blow hole BWH 5 6785 22534 168 

Sandy Beach SAB 1 4480 16400 168 

Sand Island (middle) SI#2 2 3990 10342 151 

Kiaka Bay (ocean side) KIA(a) 1 3520 11600 104 . 

Mokule'ia Beach MOK 2 4342 12158 88 

Makapu'u Beach MKU 2 8468 21354 79 EXCELLENT 

Sunset Beach Park SUN 2 4502 12924 50 

Open Ocean OCN 2 83 595 40 
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