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Introduction
An average American wastes approximately fifty gallons—an average family between 200 and 400 gallons—of clean water each day from washing his or her face in the morning to the long shower taken at night before climbing into bed. When designers are asked to design a septic tank for a new house, they must figure out an ideal capacity for the system. There’s nothing worse then buying a brand new house and after two loads of laundry and three showers there’s no more clean water left to wash the dinner dishes. Some designers use 100-150 gallons per bedroom as their standard. Research has shown that the number of bedrooms correlates with the average daily water use of a family statistically equivalent to 99%. [1]

 Septic tanks are being used today in areas where houses are dispersed and having pipe lines stretched such long distances would make centralized treatment plants impractical [2] and costly. On-site sewage systems, as septic tanks, are also being used in new homes where a central sewage system is available because infrastructure is unable to accompany housing demand. [3]. The water you see going into the drain in the kitchen, bathroom, and laundry room contains little particles that are bacteria and viruses, bits of food, grease, toilet paper, etc. The septic tank is designed to separate the water from all that “garbage” in order to recycle the water for future use. As much as eighty-five percent of all on-site sewage systems in the United States are septic systems.

A brief background account is always important to hear when encountering something so new to one but quite ancient to the world, as in the case of the septic tank. It can be traced back to the French in the 1870’s. The first systems to be utilized in the United States, closest in similarity to the ones still in use today, came about in the mid 1880’s. [4] It is surprising that as much as 85% of all on-site sewage systems, in this case septic systems [5], were created well over a century ago. They are proven to be efficient or else the United States would have found an alternative. Thus, we created our own model using some concepts of septic tanks.

Theory


Septic tanks are modeled on the principles of chemistry and chemical engineering. A septic tank is made of concrete or steel, buried underground where all the family’s wastewater goes after going down the drains inside the house. An average tank holds about one thousand gallons of water. Dirty wastewater flows into the tank at one end and clean water is pushed out the opposite end. Even with this model errors have been found in septic tanks that our unsuitable such as the sandy soils and high water levels. [6] The simplest septic tank is called a Cess pool, which is an underground pit, where some solids get digested and lingering fluid gets absorbed by the earth. [7]

Complex or sophisticated models include baffles, compartments, and some gas containers. Of course, the more baffles and compartments the septic tanks have, the cleaner the filtered water will be [8].The process in turn will be slower as the water will have a longer course to follow. Gas containers are placed over the top of the tank to collect air that always tends to go down the drains and the gases that are created along the path; thus, the clean water pipes won’t have any gaps of air. 


For this year’s Chemistry Olympics challenge, we had to create a liquid-liquid separated designed to be able to separate solutions of oil and water of differing concentrations. Our model is based on the concept of baffles as well as various chambers used in septic tanks. Some modifications were made in order to adapt it to our specific purpose of separating oil from water.


The model we created has a container above where the oil-water mixture is introduced. This is the first tank within a “septic tank model.” Its relatively high elevation in comparison to the rest of the model causes the solution to flow down on its own. Approximately midway down its path, there is a valve that makes it possible to manually stop the solution from going into the oil-water separating chamber. This separating chamber has an industrial double padding towel wrapped around a central pipe. The central pipe has hole drilled into it to allow the water to follow through. This is the second container in the septic tank where the baffles are placed. The separation process is enhanced with the use of a vacuum pump. The next container in the septic tank is replaced by the pipeline in our model. Here the mixture is separated. The clean water is collected in the glass flask which is airtight. The vacuum pump is turned off when the water stops flowing out. A small opening at the bottom of the second chamber allows the oil to be drained into a separate container included in our model to receive the oil. The procedure allows the separation of the two components of the initial mixture, into two separate containers.

Methodology


Our liquid- liquid separator model was designed to separate mixtures of two liquids of varying viscosities and of ratio. The viscosity in water is less which allows the water to go through first no matter how much the mixture is stirred.  Two mixtures can be created one to place in first and another as it goes along the pipes. Another method is to first place in the oil and then the water, which will still give the same results. We also predicted that the liquid of greater viscosity would most likely not even be able to pass through the finer substrate. This model was designed to be able to separate a mixture of oil and water based on their different viscosities, and not primarily their different polarities which accounts for the immiscibility of water and oil. 

Materials


Our model LLS was built out of supplies that could be found in any hardware store. A tin can with a linoleum cone would direct the mixture to flow down the glass cylinder.  Once the liquid media was poured into the tin can, the on/off valve was opened, the mixture will flow down to the glass cylinder and the vacuum pump (115 VAC, 1.5 amps) was turned on. The pump then created a vacuum that pushed the liquid media through the glass cylinder which would go through the pipes. The on/off valve was installed so the mixture can be held within the tin can. Also the valve allowed the pressure that the vacuum produced to be balanced so the flask and/of the glass cylinder will not explode. From the glass cylinder it would allow the water to flow alone through the pipe line. The oil will stay behind by being absorbed by the Industrial Double Weight Pads we have placed on the center pipe. The water is then poured into a flask and the oil inside a beaker.
 

Data


To test our LLS model various test could be created to be able to test the ratio of both substances. The first test will test the ability of the LLS to separate a mixture of liquids by utilizing the fact that this mixture consisted of liquids of various viscosities. Each trial would be timed from the opening of the on/off valve to the completion of fluidizing the liquid media. Then, calculations would produce the numbers for the percent yield and efficiency of the liquid- liquid separator. 

Test 1 - Separation of Liquid/Liquid Media


This more complicated test consisted of passing two liquids of varying viscosities through the LLS and testing how the LLS is able to separate the two liquids based on their viscosities. The liquid/liquid mixture consisted of a mixture of vegetable/ olive oil, and water. Since one can argue that water would obviously pass through the LLS first since it would not mix with the oil and move to the bottom since water has a lower density that oil, the oil mixture only was added first. The LLS was then turned on, and the water was added. 


Although quite time-consuming, a qualitative look at the separation of the liquids showed dramatic results. Although the oil was the first to enter the separator since it was allowed to be pulled into the glass cylinder before the water was added, the water was first to exit the separator, followed by the oil mixture. This supported our hypothesis that oil and water could be separated not only because of their various densities, but rather by their resistance to flow.  Also, more water was able to pass through the separator, and a small fraction of the oil was lost within the Industrial towel. The video attached to this report goes through this trial with a narrated explanation of what is occurring during the trial.


Below is a table of collected information for the LLS’s performance regarding separation of liquid-liquid media.

	Test 1 – Collected Values

	Initial volume of oil 
	Initial volume of water
	Final volume of oil 
	Final volume of water
	Time to completion

	200 ml
	500 ml
	180 ml
	450 ml
	577 sec

	300 ml
	400 ml
	250 ml
	350 ml
	577 sec

	500 ml
	200 ml
	440 ml
	190 ml
	577 sec


The liquid-liquid separator was successfully able to separate the two liquids based on their viscosities as noted in the qualitative observations. Quantitatively, the LLS was able to purify a large percent of the water and oil. If these percents are assumed to be constant any remaining oil in the LLS would be the oil that would be pulled through in a following trial. All in all, the LLS was able to successfully separate an oil and water mixture.             
Results

	Test 1 – Calculated Values

	% of oil passed
	% of water passed
	Energy consumption

	90%
	90%
	0.02765 kWh

	83%
	87.5%
	0.02765 kWh

	88%
	95%
	0.02765 kWh



Test 2 yielded favorable results as well. Below is a table of the calculated values which includes the percent of oil separated, and percent of water separated after the contaminated water/oil mixture was passed through the LLS.


The percents of media that passed through the separator were rather successful because oil did not even get through the liquid-liquid separator while more water was able to pass through at almost a ratio of 3 units of water to 1 unit of oil. If more of the mixture had been passed through the LLS, we expected a continued separation of the oil and water at this ratio. Based on this test and on these observations we concluded that a LLS could very well be used to clean up water contaminated with oil (e.g. an oil spill in the ocean). Based on the same rate for a kilowatt-hour, running this test which was significantly longer in length would cost roughly .229 cents. 

Improving Efficiency


Based on the results of our tests, we realized that several changes could be made to our Liquid-Liquid Separator to improve its performance. Many of these upgrades were beyond our ability to implement them because of the lack of materials and sometimes just issues with safety.


Realizing that greater amounts of water produced a greater pressure that would aid the pump in pulling the water through the reactor, we figured that if we were able to seal the tin can after adding our media, and adding an increased pressure through another pump, the increase in pressure would push more media through the reactor yielding a greater percent yield in terms of liquid purified.


To also increase the percent of liquid purified, a stronger vacuum pump could be added to pull more liquid through the reactor. Although this type of equipment was readily available, our glass cylinder and flask could only handle 30 psi of negative pressure before it collapsed, so keeping safety in mind, we decided that there was nothing we could do in terms of improving efficiency on this front.


The level of purification could always be improved by adding several liquid-liquid separators in series with finer substrates theoretically the purification would increase, producing a more purified liquid.

Conclusion

Building the LLS gave us much appreciation of how the simple materials could be used to manipulate physical properties of certain compounds. The LLS could be used for more purposes then the simple one we constructed, but the designing of this simple model has sparked our curiosity to further research LLS. 

Test of Purity 


In order to determine if our liquid-liquid separator was adequate and has performed to its standards we can test it out with Cobalt Chloride. This is a chemical indicator for water. Originally the substance is blue but in the presence of water it turns pink because it forms a hydrate. The pink form is called cobaltous chloride hexahydrate. So we placed this paper within the oil extract and tested it for any water molecules present [9].  
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Experimental Procedure

1. Prepare your media. The LLS model has a limit to 1000 ml (1 liter) for the media being passed through the glass cylinder. Any combination of liquids and can be mixed to form the media that will be separated.

2. Make sure the on/off valve is on the off position and pour the media into the tin can. 

3. Once all the liquid media is in the can, the on/off valve can be turned on. This will allow the liquid media to pass through the glass cylinder (second chamber) and t start the separation process. The pump does not need to be turned immediately because since the can is elevated above the reactor it too provides pressure that pushes the liquid media.

4. Roughly five to ten seconds after the valve is opened, the pump should be turned on. This will create a vacuum in the flask and push the liquid media through the pipes. Filtered liquid media should begin to drop into the flask a short time after the pump is turned on.

5. The trial should be run until liquid does not drop into the flask or when the liquid in reactor is not flowing upwards. 

6. Then we go back to the second chamber to remove the screw at the bottom of the glass cylinder which will allow the oil to pour out into a separate container. This marks the end of the experimental run. 

7. The pump should be now turned off.

8. To wash out any excess liquid media in the reactor, the above procedure can be repeated, but only with water. With a significant amount of water, the reactor can be cleaned out for another trial.
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Section: Guest Commentary 

When a builder, a designer, and a regulator wonder how big the septic system for a house should be, they might approach the question from different points of view. The builder might wonder, "How big does it have to be to last through my warrantee period?" The designer might ask, "How much water are the people who are buying this house likely to use?" The regulator might ask, "If this house is filled to capacity with teenage obsessive-compulsive hand washers, how much water will they use?"

These points of view have fought it out in our political process and have shaped current environmental health laws. The result is that houses are not built with septic systems expected to last the life of the structure and much of the design criteria is based on water use averages (rather than worst-case scenarios), with a modest safety margin usually built in for unusual occupancy periods. What this essay will propose is a reasoned approach using statistics and measured data to design for water use flows. This approach will more evenly distribute public health risk and more fairly spread the financial burdens to builders across the different classes of single-family homes.

After years of regulatory evolution, most health jurisdictions size septic systems on the basis of 100-150 gallons per bedroom per day. Some builders, trying to minimize septic-system size so as to maximize house size on small lots, have adopted practices of building "dens," "bonus rooms," or "sewing rooms" that look suspiciously like bedrooms. This "three-bedroom mansion" phenomenon can be seen in any area where incomes are high and land is scarce.

The response of some regulators has been to require that any room that can be used as a bedroom be counted as a bedroom. This regulation is enforced regardless of the likelihood that these rooms will be used as bedrooms. The bedroom-definition dance has stirred up a great deal of frustration and animosity for builders and regulators alike. Just how important is quantifying the number of bedrooms to a good septic-system design?

The time has come to see if the linear-gallons-per-bedroom approach does an accurate job of predicting water use. We should, at the same time, find out if quantifying other physical aspects of houses will give us better water use predictions than does simply counting bedrooms. Below is a review of two studies done by Public Health-Seattle & King County and the Washington State Department of Health that can help answer these questions.

The Q1000 and H200 Studies 
In the Q1000 Study, the assessor's property records for roughly 1,000 houses served by sewers were matched with water records from 1994 to 1996 (Figure 1). Winter water use was isolated for each house (to minimize the influence of outdoor water use), and peak two-month periods and overall two-year winter averages were established for each house. The assessors records were used to establish the number of toilets and bedrooms, and the living-area square footage for each house.

Each of those three structural parameters was statistically correlated against the water averages. They were then run through multiple-regression analysis to establish the relative importance of each structural parameter in predicting water flows.

The H200 Study did essentially the same thing as the Q1000 Study, but it used 200 houses served by septic systems and used water use figures from 2000-2001. Both studies are summarized, and their methods and findings are available, in a report posted at http://dave.glen.home.att.net.

Study Findings 

 HYPERLINK "http://web.ebscohost.com/ehost/detail?vid=3&hid=104&sid=f944d04f-31ab-4a86-816e-6a1b16d3903f%40sessionmgr108" \l "toc#toc" \o "Does the Number of Bedrooms Correlate with Average Water Use?  " Does the Number of Bedrooms Correlate with Average Water Use? 
The simple answer is yes — but not very well.

A quick statistical review may be appropriate at this point. "Correlation" measures the tendency of one set of numbers to rise or fall in relation to another set of numbers. The R² is a value that represents the percentage change in one variable that is related to the change in another variable. A perfect correlation would result in an R² of 100 percent, while totally unrelated variables would have an R² of around zero. Table 1 gives the R² values found in the Q1000 and H200 studies.

As one can see, the R² values are not very impressive. They are, however, statistically significant to 99 percent, and even the small differences between variables for the Q1000 Study are real. The positive bedrooms-to-water-use correlations mean that one can expect the average three-bedroom house to use less water than the average four-bedroom house. What one cannot expect is to be able to assign a monolithic gallon-per-bedroom value that is very useful in predicting water flows. These R² values basically say that water use and the number of bedrooms are related, but that water use cannot be well predicted in a linear manner.

Is There a Better Way of Predicting Flows? 
In both studies, square footage was better correlated with water use than was the number of bedrooms. Furthermore, in the H200 Study, statistical regression analysis showed that square footage was the only statistically significant predictor.

Should We Abandon Bedrooms for Living-Area Square Footage? 
This question is difficult to answer because of the great variation in the data within and between the studies (see Appendix B of the report at http://dave.glen.home.att.net). Unlike the H200 Study, the multiple-regression models for the Q1000 Study suggest that using bedrooms and square footage together will give higher correlations than either can provide alone. The contribution of toilets was not statistically significant to 95 percent in either of the multiple-regression models.

One road to improvement is to continue to size by number of bedrooms but to tie a house size limit to each bedroom design class. For instance, when bedroom design classes are defined in increments of 1,000 square feet, both studies show an improvement of correlation with water use over design classes based on number of bedrooms alone (Table 1). An example of this method is given under the heading Design Example at the end of the next section of this paper.

Suggested Course for Setting Septic Sizing Limits 

 HYPERLINK "http://web.ebscohost.com/ehost/detail?vid=3&hid=104&sid=f944d04f-31ab-4a86-816e-6a1b16d3903f%40sessionmgr108" \l "toc#toc" \o "1. Choose a Design Class on the Basis of Overall Correlations  " 1. Choose a Design Class on the Basis of Overall Correlations 
Currently "number of bedrooms" is the most popular "design class." Both of the studies discussed here suggest that square footage should be considered when houses are assigned to a class. The Q1000 Study supported using the number of bedrooms in conjunction with square footage.

2. Get Local Data for Each Design Class 
Pitkin County (Aspen), Colorado, conducted a similar water use study. Although that study also found that square footage had greater correlations with water use than number of bedrooms, the water use per class was considerably higher than in King County (see appendices A and D of the report at http://dave.glen.home.att.net). This difference indicates that, if possible, local data should be used. Many assessors' databases can now be accessed electronically, and many water districts can also provide billing information in compatible electronic form.

3. Choose an Acceptable Percentage of Compliance and Hold Each "Design Class" to It 
If all septic systems were designed for the worst water user, there would not be enough land in the world to fit them on. Select a goal for compliance (75 percent … 80 percent … 90 percent) and design to it. Make sure that each design class meets the same compliance goal so that the economic burden to the builder is justified across the board.

4. Choose a "Safety Factor" 
A two-year water-use average does not tell the true story about day-to-day flows from a house. The 1980 U.S. Environmental Protection Agency (U.S. EPA) onsite design manual states that for the vast majority of days, the flows from a house will be within 50-150 percent of the average water use of that house (p. 51). A 150 percent safety factor is often applied because of this statement. So, if one thinks a house will average 100 gallons per day and one chooses a 150 percent safety factor, the septic system should be designed for 150 gallons per day. (For more insights into safety factors, peak monthly flows, and peak daily flows, see Appendix C of the report at http://dave.glen.home.att.net.)

5. Design limits Should Be Based on the Specific Flows of Each Design Class, the Percentage of Desired Compliance, and the Safety Factor 
If bedrooms are chosen as the design class and 75 percent compliance is desired, the average flows for the 75th percentile should be multiplied by the safety factor. Example: If the 75th percentile of four-bedroom houses averages 244 gallons per day, all four-bedroom houses should be designed for 244 x 1.5, or 366 gallons, per day.

6. Don't Be Too Conservative 
It is important to keep the measured water use averages in perspective by keeping the following points in mind:

· Much of the data taken from existing houses is based on houses that are not equipped with water-saving fixtures. New construction, with mandatory low-flow fixtures, can be expected to entail less flow than identical structures without them. It should be noted, however, that water flow reductions based on low-flow fixtures will probably result in higher-strength wastes entering drainfields. Design should take this likelihood into account.
By David Christensen, R.E.H.S. Corresponding Author: David Paul Christensen, Health and Environmental Investigator II, Public Health-Seattle & King County, 999 Third Ave., Suite 700, Seattle, WA 98104.
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Direct from CDC's Environmental Health Services Branch 

Editor's note: NEHA strives to provide up-to-date and relevant information on environmental health and to build partnerships in the profession. In pursuit of these goals, we will feature a column from the Environmental Health Services Branch (EHSB) of the Centers for Disease Control and Prevention (CDC) in every issue of the Journal.

EHSB's objective is to strengthen the role of state, local, and national environmental health programs and professionals to anticipate, identify, and respond to adverse environmental exposures and the consequences of these exposures for human health. The services being developed through EHSB include access to topical, relevant, and scientific information; consultation; and assistance to environmental health specialists, sanitarians, and environmental health professionals and practitioners.

EHSB appreciates NEHA's invitation to provide monthly columns for the Journal. EHSB staff will be highlighting a variety of concerns, opportunities, challenges, and successes that we all share in environmental public health.

Issues related to onsite wastewater systems are frequently among the top concerns of environmental health practitioners. Demographic, infrastructure, and land use trends show a likely continuation of this concern in the near future. Although the proportion of housing units with onsite systems has remained relatively constant in the United States over the last 30 years, at approximately 25 percent, about one-third of new homes are connected to onsite systems.

Rapid growth of rural and suburban fringe areas in some regions has led to more construction using onsite systems in higher-density areas. Although sewers may be feasible in some of these areas, onsite systems are often installed for new homes because infrastructure cannot always keep up with housing demand. Although the issue has not been specifically studied, concerns have been raised that a shift in the built environment from centralized sewer systems to onsite systems could potentially increase population exposure to wastewater contaminants.

In fact, although many of the practitioners who deal with onsite wastewater issues on a daily basis are in the field of public health, the body of literature on the public health effects of onsite systems is relatively small. Much of the literature about onsite systems is based in environmental engineering and soil science because these fields are closely involved in the design and construction of these systems. Health issues may arise, however, if onsite systems are improperly sited, designed, in stalled, or operated. A recent literature review by CDC found a limited number of outbreak investigations and epidemiological studies implicating problematic onsite systems as causes of disease. Although the relatively small number of studies limits analysis, some emerging trends indicate that the following factors have been associated with outbreaks related to onsite systems:

• intermittent use of drinking-water and wastewater systems, as in recreational settings or large temporary gatherings (e.g., fairs);

• installation of onsite systems in soil and geologic environments that are unsuitable (e.g., installation associated with a recent gastroenteritis outbreak in Ohio--see www.cdc.gov/nceh/ehs/Docs/NCEH%5fSouth%5fBass%5fIsland%5fFinal%5fReport.pdf); and

• extreme precipitation events such as those linked to hurricanes or other large storms.

These results suggest that design criteria for onsite systems should include factors such as intermittent use and extreme storm events. The existing published literature is insufficient to allow this conclusion to be stated with certainty, but further investigation appears worthwhile.

In addition, the public health effects from onsite systems may not be limited to actual illness but probably also include exposure to wastewater pathogens. An epidemiologic study in Canada found that people whose septic systems were sited closer to their wells experienced less gastrointestinal illness (Raina et al., 1999). The authors suggest that these residents might have acquired greater immunity to wastewater pathogens. Strauss and co-authors (2001) found that elderly individuals in rural areas who had relied on private wells for long periods of time showed lower rates of gastrointestinal-illness symptoms than did newer residents, possibly as a result of increased tolerance or resistance to enteric pathogens. Thus, exposure to wastewater pathogens may be more widespread than is commonly assumed, because such exposures do not always result in illness.

These results raise interesting questions that cut to the very core of how we conceive of public health. If people are being exposed to wastewater pathogens but do not get sick because of acquired immunity, are we protecting public health? What about newly emerging or re-emerging waterborne pathogens to which few or no individuals have built up immunity, or visitors to an area who have not acquired the immunity that long-term residents have? With more than 60 million people living in homes served by onsite wastewater systems in the United States, these questions surely deserve attention.

As a start, the Environmental Health Services Branch (EHSB) of CDC's National Center for Environmental Health (NCEH) has funded an external research study to further investigate potential links among onsite systems, exposure to wastewater pathogens, and health outcomes. Serologic responses to selected wastewater pathogens are being measured in study participants in an attempt to differentiate between exposures and actual health effects such as gastrointestinal illness. Results from this pilot project are expected within the next year. Additional work will be necessary, however, to further explore the possible public health effects of onsite systems, including potential effects from properly functioning systems. Such work is needed especially because some epidemiologic studies that have investigated health effects of onsite systems have not found any association between such systems and increased incidence or prevalence of wastewater-related illnesses.

To promote better awareness of issues related to onsite wastewater systems among local policy makers, CDC's Environmental Health Services Branch (EHSB) has also worked with the National Association of Local Boards of Health (NALBOH) to develop a guidance document titled Local Board of Health Guide to On Site Wastewater Treatment Systems (available at www.cdc.gov/nceh/ehs/Docs/Onsite%5fWastewater%5fNALBOH.pdf). However, more work is needed to characterize the public health effects from onsite wastewater systems and to continue disseminating this information to the public and to policy makers.
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Thanks to unchecked development a long America's coasts, disease-causing microbes are increasingly fouling beaches and shellfish beds 

America's stunning, sinuous coastlines have long exerted an almost mystical pull on the imaginations of the country's citizens. The irresistible attraction is perhaps best described by Herman Melville in the opening pages of Moby Dick: "Nothing will content them but the extremest limit of the land … They must get just as nigh the water as they possibly can without falling in." In recent years, millions of Americans have moved to coastal areas, particularly in the Southeast, to take advantage of their balmy climate, recreational opportunities and natural beauty. Unfortunately, rapid and poorly planned development is spoiling this beauty in a shocking way: a growing number of beaches and shellfish beds along the coast have been contaminated by disease-causing microorganisms coming from animal and human wastes.

According to a recent report by the Natural Resources Defense Council, in 2004 coastal states ordered 19,950 days of closures and pollution advisories affecting 1,234 ocean and freshwater beaches, or about one third of all the beaches regularly monitored by health officials. The total number of beach days covered by the regulatory actions was 9 percent higher than the total for 2003 (which, in turn, was 50 percent higher than the 2002 total, although that jump was partly caused by changes in federal monitoring rules). The reason for 85 percent of the closures and advisories was the detection of excessive counts of fecal bacteria in the beach waters.

Moving downstream with animal feces in storm water runoff or with human waste in sewage overflows and septic-tank leaks, the waterborne microbes can cause liver disease, respiratory infections and potentially fatal gastrointestinal disorders. Such illnesses are common in Third World countries with poor sanitation, but in the U.S. the problem stems from unwise growth, not poverty. The construction of so many homes, roads, shopping centers and parking lots has disrupted the natural drainage systems in coastal areas, and wastes that were once filtered by forests or wetlands are now regularly fouling marinas and beaches.

How can coastal states and communities reduce microbial pollution? The issue has led to conflicts pitting developers and pro-growth politicians against regulatory authorities, commercial and recreational shellfishers, surfers, swimmers, divers and conservationists. Fortunately, some innovative solutions are available. "Smart growth" strategies can restore polluted coastlines and provide economic benefits as well. Because frequent beach closures can dampen tourism and depress real estate values, the adoption of reasonable controls on coastal development would safeguard the shoreline economy as much as it would protect the public's health.

The Coastal Boom 
IN ITS 2004 Coastal Trends Report, the National Oceanic and Atmospheric Administration noted that 153 million Americans—or 53 percent of the country's population—lived in the counties bordering the seacoasts and the Great Lakes, which make up only 17 percent of the continental U.S. land area [see box on page 57]. What is more, another seven million people are expected to join the coastal population by 2008, and the total is seasonally expanded by hordes of vacationers. Large areas that used to be forests or farmland are being turned into resorts, residential subdivisions, strip malls, restaurants, office complexes and industrial parks. In the process, construction companies are draining wetlands and covering formerly vegetated soils with asphalt, concrete and housing materials.

The resulting landscape is dominated by impervious surfaces—parking lots, roads, sidewalks, rooftops and construction sites compacted by heavy equipment—that do not let water soak through. When it rains, the water flows over these surfaces, picking up animal feces and other pollutants and washing them into drainage ditches or storm drains, many of which lead directly to urban lakes, coastal creeks or beach areas. Whereas sewage treatment plants remove harmful bacteria and other contaminants from their effluent, storm water runoff is usually untreated. Because this runoff emanates from a wide area rather than a single source, it is classified as nonpoint source pollution. The Environmental Protection Agency has stated that this type of pollution is the leading remaining cause of water-quality problems in the U.S.

Storm water runoff carries fertilizers, pesticides, heavy metals and petrochemicals, but it is the disease-causing microbes—the bacteria, viruses and protozoa derived from feces—that pose the principal threat to human health. A single gram of dog feces, for example, contains an estimated 23 million bacteria. (And for certain particularly hazardous bacteria, as few as 10 organisms can cause an infection.) Urban and suburban watersheds receive a steady influx of manure from domestic animals such as dogs and cats and from wildlife such as raccoons and squirrels. In vegetated areas, rainwater and runoff trickle through the soil, which cleanses the water of fecal bacteria and viruses, as well as many other pollutants. In contrast, impervious surfaces accumulate pollutants during dry periods and funnel high concentrations of the contaminants downstream when it rains.

The problem is particularly worrisome along the coast because the microbes pollute shellfish beds and areas used for recreation. Shellfish are primarily filter feeders, meaning that they strain large volumes of seawater through their bodies to concentrate food material such as microscopic algae. But they also concentrate the potentially harmful organisms that are present in the water. If humans consume raw or poorly cooked shellfish from waters contaminated with fecal microbes, they run the risk of contracting gastroenteritis (a disease characterized by vomiting, diarrhea and stomachache) as well as more severe, life-threatening illnesses.

To protect shellfish consumers, state agencies are required to post signs in polluted shellfish beds notifying the public that harvesting clams, mussels or oysters there is illegal. The U.S. Public Health Service has set a nationwide safety standard for shellfish beds using measurements of fecal coliform bacteria, a broad category of microorganisms found in the intestines of humans and animals. Shellfish cannot be harvested from the area if the geometric mean of the bacterial counts in 30 sets of samples is higher than 14 colony-forming units (CFU) per 100 milliliters of seawater. (A geometric mean is a type of average that minimizes the effects of outlying values.) In 1995, which was the last time NOAA compiled a national shellfish register, harvesting was restricted or prohibited in 31 percent of the country's shellfish-growing areas. The agency reported that urban runoff was the most commonly cited source of the pollution invading shellfish beds.

More recently, my laboratory at the University of North Carolina, Wilmington, analyzed data from five coastal North Carolina counties and found a strong correlation between human population growth and the closure of shellfish beds. In 1984, when 352,125 people lived in the five counties, 35,275 acres of shellfish waters were closed; by 2003, the combined population had risen to 501,596 and the closed acreage had grown to 42,304.

Microbial pollution also poses a serious danger to people involved in common recreational activities such as swimming, surfing, wading, diving, snorkeling, waterskiing and boating. If fecal organisms contaminate a lake, stream or seashore, anyone in the water risks infection by microbes entering through the mouth, nose, eyes or open wounds. Some of the illnesses caused by water contact include gastroenteritis, conjunctivitis (eye infections), cellulitis (skin irritations such as swimmer's itch), ear infections, respiratory infections and more serious diseases such as hepatitis and Guillain-Barré syndrome, an inflammatory disorder of the peripheral nerves that can induce paralysis. Some of the waterborne bacteria that can cause these health problems are Escherichia coli, Clostridium perfringens and various species of Enterococcus, Aeromonas, Campylobacter, Salmonella, Shigella and Yersinia. Among the many waterborne disease-causing viruses are hepatitis A and Norwalk; the pathogenic protozoa include Cryptosporidium, Entamoeba and Giardia.

Don't Drink the Water 
IN RECENT YEARS, several of these microbes have triggered severe disease outbreaks in the U.S. and Canada. In 1993 Cryptosporidium protozoa infected the Milwaukee drinking water system, leading to more than 100 deaths and 400,000 illnesses. In 1999 an outbreak of Escherichia coli and Campylobacter resulted in two deaths and 116 illnesses among fairgoers in New York's Washington County after they drank water contaminated by runoff from a cattle barn. In 2000 residents of Walkerton, Ontario, fell victim to infections by E. coli and Campylobacter that caused 2,300 illnesses and seven deaths, mostly among the elderly and infants. Again, the contamination was traced to microbe laden runoff from a cattle feedlot that entered the town's water supply.

Health officials measure the concentrations of various indicator bacteria to assess the danger from waterborne pathogens, especially along beaches. When the bacterial counts get too high, the authorities issue polluted-water advisories or close beaches to swimming and other recreational activities. The EPA recommends that states use Enterococcus bacteria as the safety indicator for ocean and bay water. Under the EPA's standards, seawater is considered unsafe if the geometric mean of five Enterococcus samples collected within 30 days is greater than 35 CFU per 100 milliliters or if any individual sample is above 104 CFU per 100 milliliters. In freshwater, the EPA limits on mean concentrations are 33 CFU per 100 milliliters for Enterococcus and 126 CFU per 100 milliliters for E. coli. These standards, however, may be too lax. The EPA has estimated that swimming in seawater with the maximum acceptable counts will cause 2 percent of bathers to fall ill.

Up the Creek 
RESEARCHERS HAVE BEEN studying the environmental damage caused by impervious surface coverage since the late 1980s, but my laboratory was the first to examine the effects on fecal bacterial counts. We focused on New Hanover County, a rapidly growing area in North Carolina. From 1990 to 2000 the county's population increased by 25 percent, and it is expected to rise another 31 percent by 2020. My research team has studied the water quality of six urbanizing tidal creeks in the county for the past decade. We collected and analyzed more than 1,000 samples of fecal coliform bacteria and E. coli taken throughout the creeks and looked for correlations between the bacterial counts and various demographic and landscape attributes of the creek watersheds.

We found that the average fecal coliform counts were generally higher in the creeks with more people and with a larger percentage of developed land in their watersheds. But the bacterial counts were most strongly correlated with the prevalence of impervious surfaces. In Futch Creek—where impervious surfaces covered only 7 percent of the surrounding land—the average coliform count was 12 CFU per 100 milliliters, but in Bradley Creek—where asphalt and concrete blanketed 22 percent of the watershed—the count was more than seven times higher [see box on page 58]. The correlation between E. coli abundance and the percentage of impervious surface in the watershed was also very strong. Ours was not an isolated finding: A. Fred Holland, Denise M. Sanger and their colleagues at the South Carolina Department of Natural Resources later reported a significant correlation between fecal coliform counts and impervious surface coverage in the watersheds of 22 tidal creeks in the Charleston metropolitan area.

The results suggest that storm water runoff from developed areas may have a multiplier effect on bacterial concentrations downstream. The abnormally high flows coming from large parking lots or subdivisions may erode the drainage ditches and stream banks, bringing suspended sediments into the water. These sediments are also readily washed off construction sites where the soils have been stripped of vegetation. The suspended sediments and other particles cloud the receiving waters. (The degree of cloudiness is called turbidity.) What is more, the sediments, particularly clays; can physically and chemically bind with pollutants such as ammonium, phosphate, metals, and fecal bacteria and viruses.

Binding to soils protects bacteria from ultraviolet radiation that would normally kill the organisms. Bacteria can also obtain carbon, nitrogen and phosphorus nutrients from the soil particles, and the microbes can hitch long-distance rides as they travel downstream with the sediments. In our study of the tidal creeks in New Hanover County, we found a highly significant correlation between turbidity and the abundance of fecal coliform bacteria. Other studies performed in the Chesapeake Bay, western Florida, the Mediterranean coast and Australia have yielded similar findings.

The sediments lying at the bottom of shallow coastal waters are also a reservoir for fecal bacteria and other microbes. A research team led by Lawrence B. Cahoon, my collaborator at U.N.C. Wilmington, has found high concentrations of disease-causing organisms—including fecal coliform bacteria, enterococci and streptococci—in tidal creek sediments. The microbes can survive for extended periods in the sediments because they are protected from ultraviolet radiation and have ready access to nutrients. And because the tidal creeks are generally shallow, agitating the sediments at the bottom can suspend enough bacteria in the water to exceed the safety standards for human contact. Windy conditions or wading children and pets can easily pollute the water just by kicking up the creek's muddy bottom. Furthermore, our students have found high concentrations of fecal microbes in the sediments near several public boat ramps; such ramps are ubiquitous and heavily used in the coastal regions of the Southeast.
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