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ABSTRACT 

Wetlands containing aquatic plants have been found to economically provide a 

mechanism for improving the microbial and other quality of wastewater. The purpose of 

this study was to elucidate the effect of vegetation and sedimentation on the survival of 

enteric microorganisms in constructed wetlands. 

The first part of this study was designed to determine the effect of vegetation on 

the survival of Escherichia coli. Salmonella typhimurium, bacteriophage MS-2 and 

poliovirus in wetlands. The organisms were added to the water from six wetland 

systems, containing different aquatic plants. The wetland systems received either fresh 

water or secondary sewage. The presence of aquatic plants significantly increased the 

die-off of E.coli, S. typhimurium, bacteriophage MS-2, and poliovirus in fresh water and 

secondary sewage. Additional work on the survival of £. coli in non-sterile, filter 

sterilized, and autoclaved wetland water indicated that one of the plausible mechanisms 

of bacterial die-off in constructed wetlands is through increased microbial competition or 

predation. 

The next phase of this study investigated the survival of indicator microorganisms 

in wetlands similar to field conditions. E. coli, bacteriophage MS-2, and PRD-1 were 

added to tanks which were unvegetated or contained different aquatic plants. £. coli die-

off in unvegetated tanks was greater than the vegetated tanks. Temperature was found to 

be significantly correlated with the die-off of E. coli. Inactivation of bacteriophage MS-2 

in unvegetated tanks was also higher than the vegetated tanks. In contrast, PRD-1 

inactivation was greater in the vegetated tanks compared to the unvegetated tanks. 
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suggesting that the persistence of viruses in wetlands is dependent on virus type. Thus, a 

combination of unvegetated and vegetated wetland would probably result in the greatest 

reduction of microorganisms by the wetlands. 

The last phase of this study was to examine the relative occurrence and survival of 

indicator microorganisms and pathogens in the water column and sediments of two 

constructed surface flow wetlands. On a volume/wet weight basis the concentration of 

fecal conforms and coliphage in the water column and sediment was similar. Giardia 

and Cryptosporidium concentration in the sediment were one to three logs higher in the 

sediment compared to the water column. The die-off rates of all the organisms were 

greater in the water, except for Giardia muris. Giardia die-off in the sediment was 

greater than in the water column. These results suggest that sedimentation may be the 

primary removal mechanism for the larger organisms in surface flow wetlands. 

Overall, these studies suggest that vegetation, microbial competition or predation, 

temperature/sunlight, and sedimentation piay important roles in microbial reduction in 

constructed wetlands. The effect of vegetation on microbial survival appeared to be 

indirect, through increasing microbial competition. However, vegetation in constructed 

wetlands may offset the effect of temperature and sunlight, resulting in a longer survival 

of microorganisms. Thus a combination of non-vegetated and vegetated wetland would 

probably result in the greatest reduction of microorganisms from wetlands. Future 

experiments are needed to examine such combined wetlands. 
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INTRODUCTION 

Problem Pgfinition 

Bacteria are universally present in human feces. A number of these organisms are 

known human pathogens. Over 120 different types of viruses occur in human feces and 

urine. Protozoan parasites, such as Giardia lamblia and Cryptosporidium parvum, can 

also be present in domestic wastewater. These organisms can cause a variety of 

symptoms and diseases including diarrhea, nausea, vomiting, hepatitis, and meningitis. A 

potential public health threat exists if these pathogens survive in wastewater and find 

their way into potable water sources. 

Recently, attention has been focused on the ability of wetlands to enhance 

microbial water quality. There have been several studies on microbial water quality 

improvement using wetlands (Mandi et ai, 1996; Falabi, 1996; John, 1984; Karpiscak et 

ai, 1996; Gersberg et ai, 1987; Green et ai, 1997; Gearheart et ai, 1989; Gersberg et 

ai, 1989). While there have been many studies on the reduction of indicator and 

pathogenic organisms using vegetated wetlands, very limited data exists on the survival 

of microorganisms in wetlands, and the role of aquatic plants in pathogen removal is not 

clearly understood. Moreover, to date no studies have evaluated the occurrence and 

viability of indicator and pathogenic microorganisms in the sediments of constructed 

wetlands. To address these questions, the survival of Escherichia coli, Salmonella 

typhimurium. bacteriophage MS2, poliovirus and Giardia maris was studied in wetlands, 

which received potable water or treated sewage. In addition, comparative survival of 
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microorganisms in sediments from artificial wetlands and the water column were also 

studied. 

Literature Review 

What is a wetland ? 

Wetlands may be defined as those areas that are inundated or saturated by surface or 

groundwater at a frequency and duration sufficient to support a prevalence of vegetation 

typically adapted for life in saturated soil conditions. The term wetland includes a wide 

range of ecosystems from areas that are never flooded to areas that are deeply flooded all 

of the year. Areas that are not flooded may still be considered as wetlands because of 

saturated soil conditions where water is at or below the ground surface during part of a 

growing season. In 1979, the U.S. Fish and Wildlife service developed a definition that 

broadly recognizes wetlands as a transition between terrestrial and aquatic systems, 

where water is the dominant factor determining development of soils and associated 

biological communities and where, at least periodically, the water table is at or near the 

surface, or the land is covered by shallow water (Hammer, 1989). Specially, "Wetlands 

must have one or more of the following three attributes: 

1. at least periodically, the land supports predominately hydrophytes; 

2. the substrate is predominantly undrained hydric soil; and, 

3. the substrate is nonsoil and is saturated with water or covered by shallow water at 

some time during the growing season of each year." (Hammer, 1996). 
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Natural and Constructed Wetlands 

Natural wetlands are an ephemeral component of the landscape. Most wetlands 

occur in regions where rainfall exceeds water loss or where the water table is high 

enough to provide a saturated soil condition. Natural wetlands are dynamic, undergoing 

species compositional changes, seasonally and annually (Hammer, 1989). Artificial or 

constructed wetlands are designed manmade wetlands that simulate natural wetlands for 

human use and benefits. Typically, constructed wetlands are built for one or more of four 

primary purposes: creation of habitat, water quality management, flood control, and 

aquaculture (Kadlec and Knight, 1996). Constructed wetlands are increasingly viewed as 

an inexpensive alternative of conventional wastewater U-eatment systems. In developed 

countries they provide a secondary or tertiary treatment alternative before reuse or 

discharge. In developing countries or regions where conventional treatment systems are 

not economically feasible, constructed wetlands can provide a viable options for 

wastewater treatment. Besides water quality improvement, constructed wetlands also 

provide habitat for wildlife as well as recreational opportunities. 

Wetland Classification 

Natural Wetlands. Based on the salinity of water, natural wedands are classified in 

two major groups (Kadlec and Knight, 1996). These are: 

I. Freshwater wetlands. Those that are inundated with firesh water containing salinities 

less than 1,000 mg/L. 
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2. Saltwater wetlands. Those that are inundated with saline water (salinities greater than 

1,000 mg/L). 

Freshwater wetlands are classified into two major classes: 

1.1. Freshwater marsh. This type of wetland is dominated by emergent, herbaceous 

plant species adapted to intermittent to continuous flooding. Typical vegetation of a 

freshwater marsh is Carex spp., Cladium janaicense, Cyperus spp., Eleocharis spp., 

Juncus spp., Phragmitis communis, Scirpus spp., Typha spp., etc. 

1.2. Freshwater swamp. This type of wetland is dominated by tree species adapted to 

life in frequent to prolonged flooded conditions. Typical vegetation of freshwater 

swamp are Salix spp., Fraxinus spp., Pinus spp., Nyssa spp., Vaccinium spp., 

Cyrilla racemiflora, Acer rubrum, Alnus spp., Betula spp., Decodon verticillatus. 

Ilex spp., Larix larcina, etc. 

Saltwater wetlands are classified in two major classes: 

2.1. Salt marshes. Saltwater wetlands dominated by emergent, herbaceous plant species. 

Typical vegetation of a salt marsh is Distichlis spicata, Juncus roemerianus, and 

Spartina altemiflora, etc. 

2.2. Forested salt water or mangroves. Saltwater wetlands dominated by tree species 
(typically mangrove trees). 

The U.S. Fish and Wildlife Service (USFWS) has developed a classification system 

capable of encompassing and systematically organizing all types of wetlands and 

deepwater habitats for scientific purpose (Cowardin et ai, 1979). This classification 
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system provides hierarcai classes for wetlands with five large systems, 10 subsystems, 55 

classes, and 121 subclasses. 

Artificial or Constructed wetlands. Kadlec and Knight (1996) described four different 

types of constructed wetlands based on the purpose of the use of the wetlands. These are: 

1. Constructed habitat wetlands. Wetlands constructed to compensate for and help 

offset the rate of conversion of natural wetlands resulting from agriculture and urban 

development. 

2. Constructed treatment wetlands. Wetlands constructed to improve water quality. 

3. Constructed flood control wetlands. Wetlands constructed to provide flood control. 

4. Constructed aquaculture wetlands. Wetlands used for the production of food and 

fiber. 

Various terms are used in the literature to describe particular kinds of constructed 

wetlands for wastewater treatment. These include free water surface wetland, surface 

flow wetland, subsurface flow wetland, aquatic pond, vegetated submerged bed, reed bed, 

root zone method, rhizome method, floating aquatic plant system, multispecies wetland, 

and hyacinth treatment system (Water Words, 1992; Crites and Nolte, 1987; Reed et al., 

1980; DeBusk et al., 1989; Falabi, 1996; Manshadi; 1998, Thurston, 1997; Brown, 1994). 

The use of different terminology to define a particular type of constructed wetland for 

water quality improvement is often ambiguous and indicates the necessity of a standard 

classification system. The author proposes the following classification for constructed 
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wetlands built for the treatment of wastewater. Constructed wetlands can be classified 

into three major categories; 

1. Surface flow wetlands. Wetlands that have water above the substrate (typically soil 

or gravel). 

2. Subsurface flow wetlands. Wetlands where water surface is not exposed to the 

atmosphere but water flows horizontally through the substrate. 

3. Hybrid wetlands. Wetlands built by a combination of surface flow and subsurface 

flow wetlands. 

Surface flow wetlands can be further classified into five classes: 

1.1. Surface flow aquatic wetlands. Surface flow wetlands without the presence of 

plants. 

1.2. Surface flow emergent plant wetlands. Surface flow wetlands dominated by 

emergent plant species (herbaceous or tree species). 

1.3. Surface flow floating plant wetlands. Surface flow wetlands dominated by free 

floating plants. 

1.4. Surface flow submerged plant wetlands. Surface flow wetlands dominated by 

submerged plants. 

1.5. Surface flow multiple species wetlands. Surface flow wetlands dominated by more 

than one species of plants (floating, emergent, submerged, herbaceous or tree 

species). 
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Subsurface flow wetlands can be classified into three classes: 

2.1. Subsurface flow saturated wetlands. Subsurface flow wetlands without the presence 

of plants. 

2.2. Subsurface monoculture wetlands. Subsurface flow wetlands dominated by one 

plant species (herbaceous or woody tree species). 

2.3. Subsurface multiple species wetlands. Subsurface flow wetlands dominated by 

multiple plant species (herbaceous and woody plant species). 

Wetland Plants 

Natural wetlands are populated by different plant types adapted for growth in 

water or saturated soil conditions. Wetland plants have evolved many structural and 

physiological adaptations for survival in aquatic environments. Plants adapted to grow in 

aquatic environments are termed hydrophytes, which include both vascular and non

vascular plants, such as algae, mosses, herbs and woody plants. Filamental algal mats are 

sometimes a dominant component of the plant community in wetland systems (Kaldec 

and Knight, 1996). Vascular plants adapted to grow in an aquatic environment are 

known as macrophytes. Macrophytes differ firom algae through their internal 

organization into tissues resulting from specialized cells. A wide variety of macrophytes 

occur naturally in wetlands. The U.S. Fish and Wildlife Service has more than 6,700 

plant species on their list of wetland plant species in the United States (Kadlec and 

Knight, 1996). Sculthorpe (1969) lists over 1,000 species found entirely in aquatic 
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families. However, less than 1% of the available taxa have been utilized in wastewater 

treatment studies (Guntenspergen et ai, 1989), 

Herbaceous aquatic plants are divided into free floating and rooted forms. The 

rooted group is further subdivided into emergent, floating and submerged classes. 

Floating plant species include duckweed {Lemna spp.) and water hyacinth {Echhomia 

crassipes). Emergent plant species include cattail (Typha), bulrush (Scirpus), rush 

(Juncus) and sedges (Carex). 

Wetland plants help in the removal of contaminants, such as metals and nuuients, 

by direct uptake. Plants also provide the surface area and niche for microorganisms 

which results in a cooperative growth of plants and microorganisms. Much of the 

treatment process for degradation of organics is attributed to microorganisms living on 

and around plant root systems (Wolverton, 1989). Wetland plants are also shown to 

reduce the indicator and pathogenic microorganisms from wastewater in constructed 

wetlands (Thurston et ai, 1998; Karpiscak et ai, 1996). Several mechanisms may be 

involved in microbial reduction of pathogens in wetlands by aquatic plants. These 

include filtration, antibiosis, attachment, production antimicrobial substances, increase in 

microbial competition, etc. Plant species presently used in wetlands constructed for the 

treatment of wastewater are cattails (Typha spp.), rushes (Juncus spp.), and bulrushes 

(Scirpus spp.), sedges (Carex spp.), common reed (^hragmities australes), water 

hyacinth (Eichhomia crassipes), and duckweed (Lemna spp.). 
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Wetland Indigenous Microbial Communities 

Wetlands provide suitable environmental conditions for the growth and 

reproduction of microscopic organisms. Microbial populations in wetlands include the 

diverse flora of bacteria, flmgi, and algae that are important for nutrient cycling and 

pollutant transformation (Kaldec and Knight, 1996). Bacteria and fungi are the two most 

important groups of microorganisms in wetland treatment systems, primarily because of 

their assimilation, transformation, and recycling of chemical constituents present in 

wastewater (Kaldec and Knight, 1996). To chemically change an organic material such 

as pesticide or cellulose, microorganisms utilize an enzymatic or biological chemical 

process to 'bioconvert' a targeted substances (Hammer, 1989). This is one of the major 

function of a constructed wetland. Evidence of this phenomena consists of reduced 

biological oxygen demand (BOD) and chemical oxygen demand (COD) (Hammer, 1989). 

Many of the geochemical cycles are catalyzed by microbial processes. Nitrification and 

denitrification occur in wetlands due to the presence of nitrifiing and denitrifying 

bacteria. Mineralization of organic substances by indigenous microorganisms is an 

important process in the carbon cycle. 

Pathogens in Domestic Wastewater 

The four major groups of pathogenic microorganisms found in domestic 

wastewater are bacteria, virus, protozoan parasite and helminth (Bitton, 1994). Because 

the source of diese microorganisms is fecal matter, they are described as enteric 

pathogens. Many of these enteric pathogens can survive in the environment for a long 
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period of time and may cause a wide range of diseases, such as gastroenteritis, hepatitis, 

respiratory illness, paralysis, meningitis, skin rash, etc. 

Enteric pathogens are commonly associated with waterbome disease in the 

United States (Gerba and Rose, 1993). Between 1971 and 1985, 502 waterbome 

outbreaks of disease involving 111,228 cases of illness were reported in the United States 

(Craun, 1988). During 1989 and 1990, 16 states reported 26 outbreaks of waterbome 

disease from water intended for drinking. These outbreaks resulted in illness in an 

estimated 4,288 people (Herwaldt et ai, 1992). An estimated 17,000 persons became ill 

due to waterbome disease infections between 1991 and 1992 in the United States (Moore 

et ai, 1993). During 1993 to 1994, 30 disease outbreaks associated with drinking water 

were reported in the United States, affecting 405,366 people (Kramer, 1996). 

Bacteria 

Bacteria are distributed ubiquitously in nature and have a wide variety of 

nutritional requirements. Many types of bacteria that colonize the human intestinal tract 

are harmless and are routinely shed in the feces. One group of intestinal bacteria, the 

coliform bacteria, has historically been used as an indication that an environment has 

been contaminated by human fecal matter. In addition, pathogenic bacteria, such as 

Salmonella and Shigella, are present in the feces of infected individuals. Thus, a wide 

variety of bacteria may be present in domestic wastewater. 

The main groups of bacteria found in wastewater are: Gram-negative 

facultatively anaerobic bacteria (e.g. Aeromonas, Plesiomonas, Vibro, Enterobacter, 

Escherichia, Klebsiella, and Shegalla), Gram-negative aerobic bacteria (e.g. 



20 

Pseudomonas, Alcaligenes, Flavobacterium, and Acinetobacter), Gram-positive spore 

forming bacteria (e.g. Bacillus spp.), Gram-positive non-spore forming bacteria (e.g. 

Arthobacter, Corynebacterium, Rhodococcus). 

Escherichia coli. Several strains of £. coli are found in the gastrointestinal tract 

of humans and warm-blooded animals. Most of these strains are harmless; however, 

several categories of E. coli carry virulence factors and can cause diarrhea. These are 

enterotoxigenic, enteropathogenic, enterohemorrhagic, and enteroinvasive strains 

(Levine, 1987). Approximately 2-8 percent of the E. coli present in water have been 

found to be enteropathogenic and are a cause of traveler's diarrhea (Bitton, 1994). 

Contaminated food and water are the important mode of transmission of this pathogen. 

Enterotoxigenic £. coli causes gastroenteritis with watery diarrhea accompanied by 

nausea, abdominal cramps, and vomiting. Enterohemorrhagic E. coli causes bloody 

diarrhea, particularly among children and older members of the community. 

Both enterotoxigenic and enterohemorrhagic E. coli have been found as causes of 

disease outbreaks due to contaminated water (Mathewson, 1998). During a 1989 and 

1990 survey of waterbome disease outbreaks in the United States, the etiological agent in 

one of the 26 outbreaks was enterohemorrhagic £. coli 0I57:H7, affecting 243 people 

(Herwaldt et al., 1992). During 1993 and 1994, one of the 14 outbreaks of gastroenteritis 

associated with recreational water was caused by E. coli 0157:H7 (Kramer et al., 1996). 

Salmonella. Salmonella belong to the family enterobacteriaceae. These are 

widely distributed in the environment. There are over 2,000 serotypes of Salmonella. 

They are one of the most predominant pathogenic bacteria in wastewater. Salmonellae 
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cause typhoid, paratyphoid and gastroenteritis in humans. Salmonella typhi is the 

etiological agent of typhoid fever. This pathogen produces an endotoxin that causes 

fever, nausea, and diarrhea and may be fatal if not properly treated by antibiotics. 

Salmonella typhimurium and Salmonella paratyphi are the species implicated in food 

contamination. These species can grow rapidly in foods and cause food poisoning. More 

than 30,000 reported cases of Salmonella poisoning are reported each year in the United 

States (Shiaris, 1985). Many members of the genus Salmonella, including S. typhi have 

caused waterbome disease outbreaks (Mathewson, 1998). During 1971 to 1996, out of 

371 outbreaks in groundwater systems, the etiological agent in 11 outbreaks was 

Salmonella (EPA, 1999). During 1993 and 1994, 30 disease outbreaks associated with 

drinking water were reported in the United States. One of the outbreaks was caused by 

S. typhimurium which resulted in illness in an estimated 625 people, 15 hospitalization, 

and 17 deaths (Kramer et ai, 1996) 

Enteric Viruses 

Viruses are obligate intracellular parasites. Viruses that replicate in the intestinal 

tract of human are referred to as human enteric viruses. There are over 140 types of 

enteric viruses known to infect humans. These include enteroviruses (poliovirus, 

coxsackievirus, echovirus, hepatitis A), reovirus, rotavirus, adenovirus, astrovirus, 

norwalk agent, and parvovirus (Gerba and Rose, 1993; Bitton, 1994). Enteric viruses are 

excreted in large numbers by infected individuals and are commonly isolated from 

domestic wastewater. These viruses are capable of causing a wide range of illnesses, 

including gastroenteritis, paralysis, aseptic meningitis, herpangia, respiratory illness. 
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fever, myocarditis, congenital heart disease, pericarditis, infectious hepatitis, skin rash, 

etc. 

Many studies have documented the presence of enteric viruses in raw and treated 

drinking water, wastewater and sludge (Berg, 1983; Straub, 1994; Puig, 1994). 

Enterovirus concentration in the secondary unchlorinated wastewater ranged from <2.9 to 

14.2 per 100 liters (Thurston, 1997). Enteric viruses are more resistant to disinfectants 

than vegetative bacteria. These viruses in the envirorunent pose a public health risk 

because they can be transmitted via the fecal-oral route through contaminated water and 

low numbers are capable of initiating infection in humans. 

Protozoan Parasites 

Parasites are present in the feces of infected persons; however, they may also be 

excreted by healthy carriers. Giardia lamblia and Cryptosporidium parvum are the 

primary species responsible for clinical illness in humans, and both have demonstrated 

the capability of being transmitted to humans from domestic or wild animals or other 

humans by a variety of routes including water (Current, 1987; Wolfe, 1992). Numerous 

outbreaks of giardiasis and cryptosporidiosis have been documented (Moore et ai, 1993; 

Kramer et ai, 1996; Herwaldt et ai, 1992). Giardia and Cryptosporidium form cysts 

under adverse environmental conditions, which are quite resistant to desiccation, 

starvation, high temperatures, and disinfection. Cysts are similar to viruses in that they 

do not reproduce in the environment, but are capable of surviving in the soil for months 

or even years, depending on environmental conditions. Because various species have 
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been identified in animals (e.g. cattle, swine, goats, sheep, dogs, cats, deer, muskrats, 

beavers), the environmentally resistant stages of these organisms are widespread in water. 

Giardia. Giardia lamblia is a flagellated protozoan parasite that causes giardiasis 

(Prescott et al, 1990). Giardia was first described by Anton van Leeuwenhoek in 1681, 

who discovered Giardia in his own feces and called them 'animalcules' (Dobell, I960). 

Giardia exist in two different forms: the environmentally resistant stage cyst and 

trophozoites. Humans become infected by ingesting the cyst. Once ingested, the high 

acidity in the stomach stimulates the cyst to excyst two trophozoites. The trophozoites 

attach to the epithelial cells of the upper small intestine and reproduce by binary fission. 

The adherence of the trophozoites to the cells flattens the villi which causes 

malabsorption and diarrhea by inhibiting absorption of water and nutrients (Despommier 

et al, 1995). In the intestine, cholesterol starvation stimulates the trophozoites to form 

cysts and pass back to the environment with feces. An infected person may shed up tol-

5 x 10® cyst per gram of feces (Jakubowski and Hoff, 1979; Lin, 1985). Once in the 

environment, the cysts can remain infectious for long periods of time under favorable 

environmental conditions. The incubation period of Giardia is about 1-8 weeks and 

causes diarrhea, abdominal pains, nausea, fatigue, and weight loss (Bitton, 1994). Wild 

and domestic animals can also be infected by Giardia. Beavers and muskrats are found 

to be infected by Giardia. Various domestic animals have also been found to be infected 

with Giardia, such as cattle, goat, sheep, pigs, cats and dogs (Erlandsen, 1995). 

Giardia is more resistant to disinfectants than enteric bacteria and viruses. At 5° C 

and pH 6.0 the Ct value (chlorine concentration, mg/L and time in min) of chlorine 
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disinfection of Giardia is 80 compared to 0.04 and 1.7 for £. coli and poliovirus 

respectively (Bitton, 1994). 

Sykora et al. (1991) studied the concentration of Giardia in raw sewage. The 

concentration of Giardia cysts in raw sewage varied from 560 to 14,000 per liter. There 

was a seasonal distribution of cysts, with the highest concentration in late summer and 

winter to early spring. Several studies reported the concentration of Giardia cyst in the 

influent of constructed wetlands, which received raw sewage or secondary unchlorinated 

sewage. The average concentration of Giardia cysts found in the influent of a pilot scale 

constructed wetland receiving domestic raw sewage in Arizona was 7,444 cysts/L 

(Quinonez, 1998). The average concentration of Giardia cysts in the influent of a 

constructed wetland, which received secondary unchlorinated domestic sewage, was 

found to be 15.6 cysts/L (Falabi, 1996). The average concentration of Giardia cysts in 

the influent of two constructed wetlands, which received unchlorinated raw and 

secondary wastewater in Arizona, were 257 and 61.6 cyst /L, respectively (Nokes, 1998). 

Although the usual mode of transmission of Giardia is the person-to-person route, 

it is recognized as one of the most common protozoans identified with waterbome 

disease outbreaks. The first documented outbreak of Giardia in the United States 

occurred at Aspen, Colorado during the winter months of 1965-1966. The well water 

was contaminated by sewage leaking from defective pipes (Moore et ai., 1969). There 

were 90 documented outbreaks of Giardia between 1965-1984 (Akin, 1986). 
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Cryptosporidium. Cryptosporidium parvum is responsible for infections in both 

humans and animals (Current, 1987; Rose, 1990). Tyzzer (1907) first described 

Cryptosporidium, identifying the organism in the epithelium of a mouse intestine. It was 

known to be an infectious agent for many animal species, calves, lambs, chickens, 

turkeys, mice, pigs, dogs, cats (Bitton, 1994), but it was not until 1976 that it was first 

described as a human pathogen (Nime et ai, 1976; Meisel et ai, 1976). The organism 

causes a profuse and watery diarrhea which is often associated with weight loss and 

sometimes nausea, vomiting, and fever (Current, 1988). The duration and the symptoms 

depend on the immunological status of the host. It can be persistent and potentially fatal 

in immunocompromised patients. The infective stage of this protozoan parasite is the 

oocyst, which is very resistant to adverse environmental conditions. Once ingested, the 

oocyst undergoes excystation and releases infective sporozoites. Cryptosporidium has a 

complex life cycle consisting of both asexual and sexual stages. 

Rose et al. (1988) studied Cryptosporidium oocyst concentrations in raw sewage 

and found an average concentration of 5,291 oocysts per liter. The presence of 

Cryptosporidium in surface and groundwater has also been reported. Cryptosporidium 

was found to be present in 65 to 87 percent of surface water samples tested throughout 

the United States (Rose et ai, 1991; LeChevallier et ai, 1991). One out of 18 

groundwater samples tested was found to be contaminated with Cryptosporidium (Rose 

et ai, 1991). The occurrence of Cryptosporidium in eight natural wetlands in Arizona 

has been studied. The concentration of Cryptosporidium ranged firom below detection 

level to 0.3 oocysts/ L with an average value of 0.06 oocyst/ L (Manshadi, 1998). The 
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average concentration of Cryptosporidium in the influent of two constructed wetlands, 

which received unchlorinated raw and secondary wastewater, were reported as 11.7/L 

and 61.6/L, respectively (Nokes, 1998). The average concentration in the influent of a 

constructed wetlands, which received unchlorinated secondary sewage, was reported as 

1.58 oocyst/ L (Falabi, 1996). 

Cryptosporidium is a well documented waterbome pathogen. The first 

documented outbreak occurred in 1984 in Texas (D'Antonio et ai, 1985), when a 

groundwater well was contaminated with sewage. Since then, there have been numerous 

Cryptosporidium outbreaks, the most notable being the Milwaukee outbreak in 1993, 

which infected over 400,000 people and killed more than 100 people (Mac Kenize et al., 

1994). 

Indicator Microorganisms 

The detection of pathogenic bacteria, viruses, and parasites requires expensive 

and time-consuming methods. Therefore, it would hardly be possible to include tests for 

all or even a meaningful representation of these pathogens in routine water quality 

surveillance (Grabow, 1996). Water quality monitoring programs therefore use indicator 

organisms to identify fecal pollution. Some of the important requirements of indicator 

organisms are: 

1. It should be a member of the intestinal microflora. 

2. It should be present whenever pathogens are present. 

3. It should be present at the same or higher numbers than the pathogen. 

4. It should be as resistant as pathogens to environmental conditions, and 
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5. It should be detectable by simple, rapid, and inexpensive methods (Grabow, 1996; 

Britton, 1994). 

Certain nonpathogenic bacteria occur in the feces of all warm blooded animals 

and can easily be isolated using simple techniques. The presence of these organisms 

indicates fecal contamination and possible presence of pathogens. The most commonly 

used indicators are coliform bacteria. The term 'total coliform' includes the aerobic and 

facultative anaerobic, gram-negative, non-spore forming, rod-shaped bacteria that 

ferment lactose with gas production within 48 hr at 35" C (APHA, 1989). These 

organisms have a long history in water quality assessment, mainly because of their 

association with fecal contamination and relatively simple and rapid detection (Grabow, 

1996). The total coliform bacteria include E. coli, Enterobacter, Klebsiella, and 

Citrobacter. In water treatment plants, total coliforms are one of the best indicators of 

the treatment efficiency of the plant (Bitton, 1994). Fecal coliform groups are part of the 

total coliforms, which are more closely related to fecal pollution. Fecal coliform bacteria 

are known as thermotolerent coliforms and ferment lactose at 44.5° C. This group 

includes £. coli and Klebsiella pneumonae. The presence of fecal coliforms indicates the 

presence of fecal contamination from a warm blooded animal. E. coli, a member of fecal 

coliforms is considered highly specific for the feces of humans and warm blooded 

animals (Grabow, 1996). A variety of other bacterial indicators has been used in water 

quality assessment, including fecal streptococci, Clostridium perfringens, Mycobacterium 

fortuitum, Pseudomonas aeruginosa. Staphylococcus aureus, Legionella spp., and 

Candida albicans (Grabow, 1996; Bitton, 1994). 
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The structure, composition, morphology and size of viruses differ fundamentally 

from those of bacteria. Also viruses are excreted only by infected individuals whereas 

coliform bacteria are excreted by all humans and warm-blooded animals and viruses are 

more resistant to disinfectants than coliform bacteria. Due to these differences coliforms 

are unreliable with respect to their use as indicators of virus. The number of viruses in 

most water environments are generally low and the test for viruses are relatively 

complicated, expensive and time consuming. Bacteriophages are similar in size, 

structure, morphology, composition and closely resemble human viruses (Grabow, 1996). 

They are more easily and rapidly detected in environmental samples and are found in 

higher numbers than enteric viruses in wastewater and other environments. Because of 

their constant presence in feces, sewage, and polluted waters, bacteriophages are also 

useful indicators of fecal pollution. Bacteriophages commonly used in water quality 

assessment include two groups of phages icnown as somatic and male-specific coliphage. 

Bacteriophages infecting coliforms are called coliphages. 

Reduction/Removal of Microorganisms by Wetlands 

Wetland ecosystems have the ability to remove pollutants through a variety of 

physical, chemical and biological processes occurring in the soil-water matrix and in the 

plant rhizosphere (Gersberg et ai, 1989). Removal of chemical pollutants by wetlands 

are well documented (Wolverton et ai, 1983; Karpiscak et ai, 1994; Rodgers et ai, 

1978; Kumar and Garde, 1990; Trivedy and Gudekar, 1987; Schreijere/a/., 1997). 
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Recently, attention has been focused on the ability of wetlands to efficiently 

reduce human pathogens from wastewater. There have been several studies published 

on microbial water quality improvement using wetlands, and many studies have been 

encouraging (Mandi et ai, 1996; John, 1984; Karpiscak et ai, 1996; Gersberg et ai, 

1987; Green et ai, 1997; Gearheart et ai, 1989; Gersberg et ai, 1989). John (1984) 

reported 99 percent removal of indicator bacteria (£. coli) from a water hyacinth covered 

lagoon in Malaysia. The lagoon system in this study was used to treat the effluents of 

natural rubber and oil palm industries. Karpiscak et ai (1996) reported 57 percent 

removal of total coliforms and 62 percent removal of fecal coliforms from a duckweed-

based wetland system. The authors also reported 98 percent reduction of Giardia cysts, 

87 percent reduction of Cryptosporidium oocysts and 38 percent reduction of coliphage 

by the same system. In a multi-species (bulrush, cattail, black willow, and cottonwood) 

wetland system, Karpiscak et al. (1996) found the reduction of total and fecal coliforms 

by 98 percent and 93 percent, respectively, Giardia and Cryptosporidium by an average 

of 73 percent and 58 percent, respectively, and enteric viruses by 98 percent. The 

duckweed wetland in this study was 65 m in length, 11.9 m in width, and 0.9 m in depth 

with an average flow rate of 55 L per minute. The multispecies wetland was 61 m in 

length, 8.2 m width, 0.6 m depth with an average flow rate of 58 1 per minute. Both 

wetlands received unchlorinated secondary wastewater. 

The removal of E.coli and total coliforms in a subsurface flow wetlands was 

investigated in a pilot experiment and field study at Leek Wootton, Warwickshire, 

England (Green et ai, 1997). Both pilot and field systems used reed beds with 5-10 mm 



30 

gravel medium and the systems received secondary effluents. Removals of E.coli and 

total coliforms were compared in both dry and wet weather. Removal of E.coli was 

about 1.5 to 2.1 log in dry weather. Removal of E.coli was 0.26 log to 1.02 log and 

removal of total coliforms was 0.31 log to 1.35 log in wet weather. 

The efficiency of removal/inactivation of total coliforms in a gravel based 

constructed wetland was examined by Gersberg et al. (1989). The wetlands were planted 

with bulrush and received primary municipal wastewater at a hydraulic application rate of 

5 cm/day. The mean concentrations of total coliforms in the influent and effluent were 

6.75 X lO' CFU/100 ml and 5.77 x 10^ CFU/100 ml with an overall removal of 99.1 

percent. Removal of total coliforms by the vegetated wetland was higher than the 

unvegetated wetland. Pathogen removal by these constructed wetlands was superior to 

conventional treatment processes, where typical reductions are about 90 percent 

(Miescier and Cabelli, 1982). Reduction of Salmonella in a marsh cell was 93 to 96 

percent with cell retention times of 23 to 52 hours (Gersberg et al., 1989). In a study at 

Santee, California the mean removal efficiency of bacteriophage MS-2 was nearly 99 

percent with mean inflow and effluent concentration of 3.13 x 10^ PFU/ml and 33 

PFXJ/ml, respectively (Gersberg et al., 1987). The wetland was 18.5 m in length, 3.5 m 

in width and 0.76 m deep with emergent vegetation of bulrush growing in gravel. 

Removal by vegetated wetland was higher than the unvegetated wetland. In another 

study, high concentrations of MS-2 were continuously seeded into an experimental marsh 

cell at Areata, California (Gersberg et al., 1989). The cells were clay-lined, 61 m long, 

6.1 m wide and 0.66 m deep and dominated by T. latifolia and 5. lacustris. The cell also 
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had several other plants including Hydrocotyle umbellata, Oenanthe saementosa, Roiripa 

nasturtium, Lemna spp. and Callitriche palustris. Bacteriophgae MS-2 removal 

efficiency ranged from 79 percent in April to 96 percent in August and September with a 

mean removal efficiency of 91.5 percent. Subcell nearest to the influent had the highest 

removal of bacteriophage. 

Ottoval et al. (1997) studied the removal of total coliforms, fecal coliforms and 

Enterobacteriaceae bacteria from constructed wetland in the Czech republic. Five 

constructed wetlands were used in this study. The reduction of total coliforms amounted 

to about 99 percent with the exception of one wetlands. The reduction of fecal coliforms 

ranged from 95.3 percent to 99.9 percent and the reduction of Enterobacteriaceae ranged 

from 94.7 percent to 99.5 percent. Ottoval et al. (1997) concluded that the lower 

reduction (85.9%) of total coliforms observed in the wetland could be due to the 

difference in vegetation as well as retention time. The wetland with the lower reduction 

rate was planted with Phalaris arundinacea and underground parts of these plants 

penetrated only to a depth of 20-30 cm as compared to 60-80 cm for Phragmites. As a 

result, this wetland could have been more anaerobic compared to the other wetlands. 

Anareobic conditions are reported to prolong fecal coliform survival in natural waters 

(Gray, 1989). 

A two-stage system for treating high-strength wastewater from an abattoir at 

Pachuca, Mexico was studied (Rivera et al, 1997). The system consisted of an anaerobic 

digester followed by a constructed wetland. The wetland had a horizontal subsurface 

flow through the root zone of Phragmites australis and the cattail Typha latifolia planted 
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in a gravel structure. The dimensions of the bed were 50 m long, 12 m wide, and 0.6 m 

deep. The mean removal efficiency for both total and fecal coliforms from this system 

for a one year period of study was greater than 99 percent. In a reed bed wastewater 

treatment system, Mandi et al. (1996) reported 93 percent removal of helminthes eggs 

from raw wastewater. These studies suggest that constructed wetlands result in 

significant reductions in enteric organisms similar to a wastewater treatment system. 

Several processes may be involved in the removal of enteric organisms from 

wastewater in wetlands. These include filtration through the subsU-ate and attached 

biofilm, absorption, sedimentation, aggregation, photolysis, oxidation, exposure to 

biocides excreted by plants, attack by lytic virus and bacteria, antibiosis, predation by 

nematodes, protozoa or ciliates, competition for nutrients, ultraviolet radiation, and 

natural die-off (Green et al., 1997; Gersberg et al., 1987; Decamp and Warren, 1989). 

While there have been numerous studies on the reduction of indicator and pathogenic 

bacteria using vegetated wetlands, the role of aquatic plants in pathogen removal is not 

clearly understood. 

Survival of Microorganisms in Wetlands 

Little is known about the survival of microorganisms in wetlands. A comparative 

survival of total and fecal coliforms was studied in a stable wastewater retention reservoir 

in Egypt (Dewedar and Bahgat, 1995). The water surface was covered with a dense film 

of Lemna gibba. Indigenous total and fecal coliforms isolated from natural populations 

were suspended in the water in dialysis sacs either exposed to sunlight or under the thick 
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film of Lemna gibba. Fecal coliform bacteria in sacs under the Lemna gibba did not 

decline during the period of the experiment. The authors concluded that the plants could 

be a source of nutrients as well as shelter where bacteria can proliferate. The survival of 

bacteriophage (F-specific coliphage, MS-2) and poliovirus in artificial wetlands was 

studied by Gersberg et ai., 1987. Bacteriophage and virus were applied in primary 

wastewater to artificial wetlands. The wetlands were planted with bulrush and reed (one 

bulrush and one reed). The hydraulic application rate was 5 cm per day. The mean 

inflow of F-specific coliphage was 3,129 PFU/ml and the mean of the wetland effluent 

was 33 PFU/ml in the vegetated wetlands. The mean outflow of an unvegetated wetland 

was 174 PFU per ml. Coliphage removal in vegetated wetlands was significantly higher 

than in the unvegetated wetlands. This result suggested the superiority of treatment by 

the vegetated wetland compared to the unvegetated wetland. Seeded bacteriophage MS-

2 and poliovirus were removed move efficiently than the indigenous F-specific 

bacteriophage. The removal of seeded bacteriophage MS-2 was 99.9 percent. The decay 

of the seeded MS-2 followed a first order kinetics with a decay rate of 0.025 to 0.028 

PFU per hour during the summer. The decay rate was lower (0.012 PFU per hr) during 

the winter months. 

Occurrence and Survival of Enteric Microorganisms in Sediments 

In a field study conducted along the Texas coast on the occurrence of total and 

fecal coliforms in estuarine water and sediments, it was observed that on a volume basis a 

larger number of these organisms were found in the sediment than in the overlaying 

water. Generally one to two logs more of these organisms on a volume basis were found 
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in the sediment than in the water (Gerba and Mcleod, 1976). Pommepuy et al. (1992) 

studied the density and survival of bacteria in an estuarine environment. A significant 

difference was observed between sediment and water concentration. Similar to the 

previous study, the numbers of fecal coliforms was one to two logs higher in sediment 

than in the overlaying water. Results from the previous study showed that E. coli is 

capable of utilizing nutrients adsorbed by estuarine sediments from areas where sewage 

effluents are being discharged as well as areas free from such pollution. Higher 

concentrations of coliforms and pathogenic enteric bacteria in the sediments than in the 

overlaying water was also reported in other studies (Hendrick, 1971; Rittenberg et al, 

1958; Van Donsel, 1971; Erkenbrecher, 1981). The density of bacteria in the sediment 

was on an average a couple to several orders of magnitude higher than the corresponding 

numbers in the water when compared on a volumetric basis (Erkenbrecher, 1981). In 

addition, the authors also reported spatial and temporal variations in total and fecal 

coliforms in water and sediment. 

Viruses can easily become adsorbed to soil and sediments (Gerba and 

Schaiberger, 1975, Gerba and Goyal, 1978). Gerba and Goyal (1978) studied the 

absorption of 27 different enteroviruses in different soil types. Of the 27 different 

enteroviruses tested, most of the viruses absorbed very well to a loamy sand soil, with 

more than 90 percent of the added virus adsorbing to the soil. However echovirus I, 12 

and 29 were adsorbed only 55 percent, 78 percent, and 14 percent, respectively. Virus 

adsorption in soil was dependent upon the strain of virus. Strains of echovirus adsorption 

to soil were less in the presence of sewage. Virus adsorption in soil in the presence of 
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sewage was similar to the adsorption in the presence of reverse osmosis water. The 

adsorption of virus in nine different soils was compared. A great deal of variability was 

found among the different types of soil. The nature of the soil is a major factor 

influencing the adsorption of virus. 

Studies have shown that many times more viruses exist adsorbed to sediment than 

in the overlaying water (Smith et ai, 1978), and sediments may play a role in the 

persistence of viruses in the marine environment (LaBelle and Gerba, 1979 ; Smith et ai, 

1978). Virus survival was found to be prolonged in the presence of marine sediments 

(Smith et ai, 1978). Sediment-bound virus can be resuspended to water, thus posing a 

potential public health threat. Little is icnown about the mechanism of how sediments 

prolong virus infectivity. Liew and Gerba (1980) studied the thermostabilization of 

enterovirus by estuarine sediments. Polioviruses type 1 survived longer in artificial 

seawater containing 12.5 percent (wt/vol) sediment than the water alone. In addition to 

prolonging virus survival time in the presence of sediment, the level of infectivity of 

virus in seawater containing sediment was at least one log higher than the seawater alone, 

suggesting that estuarine sediment protected enteroviruses against thermal inactivation. 

Other studies have shown that clay particles can exert some protective effect against heat 

inactivation of viruses (Bitton et ai, 1979). Digested sludge solids also protect 

polioviruses during heat treatment (Ward and Ashley, 1976a; Ward et ai, 1976 b). 

Particulate matter may exert a protective effect on the viruses. The effect of 

particulate on virus survival in seawater was studied by Gerba and Schaiberger (1975). 
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Presence of as little as 5mg/L clay particles caused a dramatic decrease in the loss of 

viruses titer, (i.e. reduced the inactivation of virus in artificial seawater). 

Currently no data exist in the literature on the concentration of indicator 

organisms and pathogens in the sediments and overlying water of constructed wetlands 

built for the purpose of wastewater treatment. Based on studies in the marine 

enviroimient, it is plausible that one of the mechanisms in the removal/reduction of 

microorganisms observed in constructed wetlands could be due to the sedimentation of 

the indicators and pathogens. The survival of indicators and pathogens in the sediments 

of constructed wetlands in also unknown. These questions were addressed in this 

dissertation. 
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Explanation of Dissertation Format 

The research reported in the appendices of this dissertation consists of three 

related experiments designed and undertaken by the candidate: I) The effect of wetland 

vegetation on the survival of Escherichia coli. Salmonella typhimurium, bacteriophage 

MS-1 and poliovirus. 2) Fate of indicator microorganisms and Giardia muris in 

constructed wetlands, and 3) The role of sedimentation in the persistence and removal of 

enteric pathogens in artificial wetlands. There are two advantages to using this format. 

Each candidate for the advanced degree in the Department of Soil, Water and 

Environmental Science is expected to submit original research to peer reviewed journals 

for publication. By using this format, these papers will essentially be ready for 

publication. 

Each of these papers represents the candidate's original dissertation research. 

Preparation and submission of the manuscripts were undertaken by the candidate. Drs. 

Gerba, Glenn, Karpiscak and Ms. Manshadi served as co-authors of the manuscripts. 
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PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the three studies. 

The first paper describes the experiments conducted to investigate the effect of 

wetiand vegetation grown in either fresh water or sewage on the survival of indicator and 

pathogenic microorganisms. Survival of the organisms in water collected from the 

wetlands was determined in the laboratory. Survival of £. coli, and bacteriophage MS-2 

in non-sterile, filter sterilized, and autoclaved wetland water was studied to examine the 

mechanism of microbial inactivation in vegetated wetlands. 

The second paper reports on experiments performed to investigate the fate of 

indicator microorganisms in unvegetated and vegetated wetlands under conditions 

designed to mimic artificial wetlands. The effect of vegetation and temperature on the 

persistence of indicator organisms was studied. In addition, the survival of Giardia in 

waters from different vegetated wetlands was also determined. 

The final paper evaluated the role of sediments in the persistence and removal of 

enteric pathogens in artificial wetlands. The relative occurrence of indicator 

microorganisms, Giardia and Cryptosporidium in the water column and the bottom 

sediments of two artificial wetlands was studied. The efficiency of recovery of indicator 

microorganisms, Giardia and Cryptosporidium, from the sediment of artificial wetland 

and effect of wetland sediment on the survival of indicator microorganisms and Giardia 

were also examined. 
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ABSTRACT 

Vegetated wetlands have previously been shown to result in an improvement of 

the microbial water quality of domestic wastewater. However, the mechanism of 

microbial reduction in these systems is not clearly understood. A study was conducted to 

examine the role of aquatic plants used in constructed wetlands on the survival of 

Escherichia coli. Salmonella typhimurium, bacteriophage MS-2 and poliovirus type 1 in 

six different wetland systems. Four small-scale wetland systems, receiving surface 

water, contained a combination of Typha domengensis, Iris laevigata, Calocasia 

esculenta, Lemna minor, and Elodea densa. Two other wetland systems, receiving 

secondary unchlorinated activated sludge treated sewage, contained Eichhornia 

crassipes, and Lemna minor. Fresh water and secondary sewage without the presence of 

any aquatic plants were used as controls. E. coli, S. typhimurium, bacteriophage MS-2 

and poliovirus were added to the waters collected from the wetlands and controls. The 

presence of aquatic plants significantly (p=<0.01) increased the die-off of both bacteria 

in fresh water and secondary sewage. E. coli decreased 3.4 log,o in six days in fresh 

water without the presence of plants compared to 4.7 to 5.3 log,o in water from wetlands 

which contained aquatic plants. S. typhimurium decreased 3.2 log,o in six days in the 

control compared to 4.2 to 4.2 log,o in water from wetlands with aquatic plants. No 

significant difference in the die-off of E. coli and S. typhimurium was observed in water 

from wetlands with different types of plants in freshwater. However, there was a 

significant difference (p=0.009) in the die-off of E. coli in water with aquatic plants when 

sewage was used. The presence of the plants significantly increased the inactivation of 
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MS-2 and poliovirus. Additional work on the survival of E. coli in non-sterile, filter 

sterilized, and autoclaved wetland water indicated that the plausible mechanism of 

bacterial die-off in constructed wetlands is through increased microbial competition or 

predation. 

Keywords: Constructed wetland, wastewater, E.coli, S. typhimurium, bacteriophage 
MS-2, poliovirus, survival. 

Introduction 

Recently, attention has been focused on the ability of wetlands to 

efficiently reduce human pathogens from wastewater. There have been several studies 

published on microbial water quality improvement using wetlands (Mandi et ai, 1996; 

Falabi, 1996; John, 1984; Karpiscak er a/., 1996; Gersberg e/a/., 1987a; Green e/a/., 

1997; Gearheart et ai, 1989; Gersberg et ai, 1989). John (1984) reported 99 percent 

removal of coliforms, £. coli and streptococci, from a water hyacinth covered lagoon in 

Malaysia. Karpiscak et al. (1996) reported 57 percent removal of total coliforms and 62 

percent removal of fecal coliforms from a duckweed-based wetland system. The authors 

also reported a 38 percent reduction of coliphage from the duckweed pond. In a multi-

species (bulrush, cattail, black willow, and cottonwood) wetland system, Karpiscak et al. 

(1996) found total and fecal coliforms that were removed by 98 percent and 93 percent, 

respectively and enteric viruses by 98 percent. 
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The efficiency of removal/inactivation of total coliforms in gravel-based 

constructed wetlands was examined by Gersberg et al. (1989a). The wetlands were 

planted with bulrush and received primary municipal wastewater. The removal of total 

coliforms by the vegetated wetland was 99.1 percent. Reduction of Salmonella in a 

marsh cell was 93 percent to 96 percent with cell reduction times of 23 to 52 hours 

(Gersberg et at., 1989b). In a study at Santee, California the mean removal efficiency of 

bacteriophage MS-2 was nearly 99 percent. Removal by the vegetated wetland was 

greater than the unvegetated wetland (Gersberg et al., 1987a). In an another study, MS-2 

was continuously seeded into an experimental marsh cell at Areata, California dominated 

by T. latifolia and S. lacustris (Gersberg et al., 1989b). Bacteriophage MS-2 removal 

efficiency ranged from 79 percent in April to 96 percent in August and September with a 

mean removal efficiency of 91.5 percent. In another study, a vegetated wetland was 

shown to reduce the seeded MS-2 concentration by 98.3 percent (Gersberg et al., 1987b). 

Removal of total coliform, fecal coliform and Enterobacteriaceae from 

constructed wetlands was studied in the Czech Republic (Ottoval et ai, 1997). Five 

constructed wetlands were used in this study. The reduction of total coliforms amounted 

to about 99 percent with the exception of one of the wetlands. The reduction of fecal 

coliforms ranged from 95.3 percent to 99.9 percent, and reduction of Enterobacteriaceae 

ranged from 94.7 percent to 99.5 percent. Ottoval et al. (1997) concluded that the lower 

reduction (85.9%) of total coliforms observed in one the wetlands could be due to the 

difference in vegetation as well as retention time. The wetland with the lower reduction 

rate was planted with Phalaris arundinacea, and underground parts of these plants 
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penetrated only to a depth of 20-30 cm as compared to 60-80 cm for Phragmites. As a 

result, this wetland could have been more anaerobic compared to the other wetlands. 

Anareobic conditions are reported to prolong fecal coliform survival in natural waters 

(Gray, 1989). 

A two-stage system for treating high-strength wastewater from an abattoir at 

Pachuca, Mexico was studied by Rivera ei al. (1997). The system consisted of an 

anaerobic digester followed by a constructed wetland. The wetland had a horizontal 

subsurface flow through the root zone of Phragmiies australis and Typha latifolia 

planted in a gravel structure. The mean removal efficiency for both total and fecal 

coliforms from this system for a one year period was greater than 99 percent. 

None of the reported studies examined the mechanism of pathogen reduction in 

vegetated wetlands. The objective of this study was to assess the effect of different 

aquatic plants on the die-off of Escherichia coli. Salmonella typhimurium, bacteriophage 

MS-2 and poliovirus type 1 in wetlands in a controlled environment. 

Materials and Methods 

Organisms. Escherichia coli ATCC (American Type Culture Collection) 15597 and 

Salmonella typhimurium ATCC 23564 were used in this study. E. coli and S. 

typhimurium were confirmed by culturing them on selective media, mFc and Hektoen 

enteric agar, respectively (Difco, Detroit, MI) and a biochemical test using API-20E 

strips (Analytab Products, Inc., New York), Both E. coli and S. typhimurium inocula 

were prepared by centrifuging (1,000 x g for 10 min) late-log phase cultures grown in 
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tryptic soy broth (TSB; Difco, Detroit, MI) at 37° C. Bacterial cells were washed twice 

with sterile Tris buffered saline (Trizma base, Sigma Chemical, St. Louis, MO) solution. 

After the final wash, cells were suspended in the sterile buffer and diluted to a 

concentration of 2.5 x 10® to 5 x 10® CFU per ml. Mcfarland standard 0.5 was used as a 

reference of tubidity to achieve bacterial concentration of 2.5 x 10® to 5 x 10® CFU per 

ml. 

Preparation of stock MS-2 and poliovirus. Escherichia coii (ATCC 15597) was grown 

overnight in tryptic soy broth (TSB; Difco, Detroit, MI) at 37° C without shaking. This 

culture was used to inoculate fresh TSB. The inocula were incubated for 3-4 h at 37° C 

with continuous shaking to obtain an exponential growth of the bacteria. MS-2 (ATCC 

I5597B) was serially diluted in Tris buffer pH 7.4 (Trizma base; Sigma, St Louis, MO) 

to a concentration of 10^ PFU ml per ml. One ml of an exponential culture of £. coli and 

0.1 ml MS-2 were added to tubes of molten overlay agar (TSB with 1% agar) and 

mixed. The mixture was poured into tryptic soy agar plates (TSA; Difco). After 

incubating 24h at 37° C, 6 ml Tris buffer was added to the plates with confluent plaques 

and incubated for 2 hours at room temperature for separation and concentration of the 

phage particles. The liquid portion was pipetted out from the plates and centrifuged. 

The supernatant was centrifuged again, and the pellet was resuspended into sterile Tris 

buffered saline and stored at 4° C. The MS-2 stock was titrated prior to use in the 

survival experiments. Poliovirus type 1 (strain LSc-2ab) was obtained from the 
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American Type Culture Collection (Rockville, MD). The virus was propagated and 

titrated by plaque assay on the Buffalo Green Monkey (BGM) Kidney cells. 

Survival studies: fresh water wetland systems. Four small scale artificial wetlands 

were constructed at the Environmental Research Laboratory of The University of 

Arizona. The first wetland system (wetland I) was composed of three metallic tanks 

connected to each other. Each container holds approximately 200 gallons of water. 

Typha domengensis and Iris laevigata were grown in the first container. Rocks were 

used to provide mechanical support to the plants. Typha domengensis and Calocasia 

esculenta were grown in soil in the second container. The third container did not contain 

any plants. Non-chlorinated potable water (fresh water) was used as a water source and 

the water was continuously circulated between these three containers using a submerged 

pump. The plants were planted in January and grown for six months in this system. The 

second wetland system (wetland 2) was constructed using a plastic container with a 

capacity of holding 700 liters of water. Potable water was used as a water source and 

Lemna minor was grown in this container for six months. The third wetland system 

(wetland 3) was similar to die second wetland system, other than it contained three 

different plants, Typha domengensis, Lemna minor, and Elodea densa. The fourth 

wetland system (wetland 4) was built using a 200 liter plastic container and contained 

only Elodea densa, a submerged plant. The first wetland system was built in an open 

environment, and the second, third and the fourth wetlands were built inside a 

greenhouse. Plants were grown for six months in these wetlands. Samples 40 ml in size 
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were collected from each of these wetlands in sterile polypropylene centrifuge tubes. 

They were stored in an ice cooler and transported to the laboratory. The water samples 

were then inoculated with either £. coli or S. typhimurium at a concentration of 10® 

CFU/ml. Fresh water without the presence of any aquatic plants was used as a control. 

£. coli survival experiments were conducted in triplicate and S. typhimurium in duplicate 

at room temperature (23° C). After various periods of time a 0.3 ml sample was 

withdrawn from the tubes and 1:10 serial dilutions were made in Tris buffered saline. 

Survival of bacteriophage MS-2 and poliovirus were done in a similar matmer with water 

from two of the wetlands, (wetland I and wetland 2). The experiments were conducted 

in duplicate at room temperature. 

Survival studies: wetlands receiving sewage. Water samples were collected from the 

Pima County Ecosystem Research Facility (CERF) for the survival studies. This pilot 

scale facility is located adjacent to Roger Road Wastewater Treatment Facility, Tucson, 

Arizona, which is operated by the Pima County Wastewater Management Department. 

The facility receives secondary unchlorinated municipal wastewater. For our study, 

water from two of the six ponds (wetlands) were used. The first pond (wetland 5) 

contains water hyacinth {Eichhomia crassipes). The pond was 20 m in length, 8.2 m in 

width, and 0.6 m in depth, receiving wastewater at a rate of 58 I per minute. In the 

second pond (wetland 6) duckweed was the dominant aquatic plant. The pond was 65 m 

in length, 11.9 m in width, and 0.9 m in depth with a flow rate of 55 I per minute. The 

retention time of wastewater in these wetlands was approximately 4-5 days. Forty ml of 
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sewage was collected from these wetlands in sterile polypropylene tubes. The wastewater 

was stored in an ice cooler and transported to the laboratory and was inoculated with 

either E. coli, S. typhimurium, MS-2 or poliovirus at a similar concentration used in the 

survival study of the freshwater wetlands. Wastewater from the inlet was used as a 

control. The experiments were conducted at room temperature (23° C). 

Survival studies: sterile water. Water from the first freshwater wetland system 

containing aquatic plants Typha domengensis, Iris laevigata, and Calocasia esculenta 

was used. E. coli or MS-2 was added to a concentration of lO^CFU or PFU/ml to 40 ml 

of nonsterile, autoclaved or filter sterilized (pore size, 0.2 ^m) wetland water. The 

experiment was conducted at room temperature. 

Enumeration methods. E. coli was assayed by the spread plate method on mFC agar 

(Difco Laboratories, Detroit, MI). The plates were incubated at 44.5° C for 24 h. S. 

typhimurium was enumerated by plating on Hektoen enteric agar (Difco) and incubation 

at 37°C overnight. Heterotrophic plate counts were performed by spread plating samples 

on R^A agar medium (Difco). MS-2 was assayed by the double layer method described 

by Adams (1959). The host strain used for the assay was Escherichia coli, strain ATCC 

15597. Poliovirus was enumerated by the plaque assay method on Buffalo Green 

Monkey kidney (BGM) cells described by Starub et ai (1992). Determination of pH, 

turbidity and total dissolve solids was performed according to the procedures described 

in the Standard Methods for the Examination of Water and Wastewater (APHA, 1995). 
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Data analysis. Linear regression analyses were used to calculate die-off rates (log,o 

reduction per day) by the following equation: log,o Nt/No= -mx +b, where log,o NfNo is 

the ratio of the log,o value at time t (measured in days) to the initial log,o value (log No), 

X is the time in days, b is the intercept value, and m is the slope. Analyses of variance 

and regression analyses were performed using the SAS statistical software (SAS Institute 

Inc., Gary, NC, version 12). Spearman correlation was performed for non-normally 

distributed data (Cody and Smith, 1991). 

Results 

Survival studies: fresh water wetland systems. The survival of E. coli and S. 

typhimurium in water from wetlands and a non-vegetated control receiving fresh water 

are shown in Fig. 1 and 2, respectively. The presence of aquatic plants significantly 

increased the die-off of E. coli (p<0.01) and S. typhimurium (p<0,01) compared to the 

control. E. coli decreased 3.4 orders of magnitude in 6 days in fresh water without the 

presence of any aquatic plants. In the wetland containing plants E. coli decreased 5 log ,o 

in wetland 1, 5 logm in wetland 2, 5.3 log,o in wetland 3 and 4.7 log,o in wetland 4 in six 

days. S. typhimurium decreased 3.2 log,o in 6 days in the control compared with 4.8 

logio , 4,5 logio, 4.3 logio, and 4.19 log,o reduction in wetlands 1, 2, 3, and 4, 

respectively. The results suggest that the presence of aquatic plants in fresh water 

wetlands enhanced the die-off of both bacteria. However, no significant difference in the 

die-off of E. coli and S. typhimurium was observed between the wetlands containing 

different plants. The results in Table I show the physical and chemical characteristics 
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and heterotrophic bacterial count of the water samples. Spearman correlation analysis of 

these data showed that no parameters were significantly related to the die-off of E. coli in 

the survival studies. The die-off rates (log,o day ') of E. coli and 5. typhimurium are 

presented in Table 2. The data for the die-off rates of both bacteria fit the usual die-off 

model (logio Nt/No= -mx +b, where log,o Nt/No is the ratio of the logio value at time t, to 

the initial log,o value, x is the time in days, b is the intercept value, and m is the slope). 

The die-off of both bacteria in wetlands containing aquatic plants was higher compared 

to the control. The highest die-off of 1.07 log,o day ' for £. coli and 1.16 log,q day"' for S. 

typhimurium was observed in the multiple species wetland (wetland 1). 

Survival of MS-2 and poliovirus in wetlands receiving fresh water is illustrated 

in Fig. 3 and 4, respectively. Presence of aquatic plants significantly increased the 

inactivation of MS-2 (p=0.05) and poliovirus (p=0.002). No significant difference in 

virus inactivation was observed between wetlands containing different plants. Similar 

results were obtained for poliovirus. The inactivation rates are shown in Table 4. The 

inactivation of both MS-2 and poliovirus were higher in water from the vegetated 

wetlands compared to the control. 

Survival studies: wetlands receiving sewage. There was a significant difference 

(p<0.01) in the die-off of £ coli but not S. typhimurium in wetlands receiving sewage 

effluent (Table 3). E. coli decreased 5 logio and 5.2 log,o in 6 days in wetlands containing 

water hyacinths (wetland 5) and duckweed (wetland 6), respectively, compared with a 

3.9 iogio reduction in sewage. S. typhimurium decreased 6.1 log,o and 3.8 log,o in 6 days 
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in wetlands containing water hyacinth and duckweed, respectively, compared with a 4.6 

logio reduction in the control. The die-off rates of E. coli were higher (Table 3) in 

wetlands containing aquatic plants compared with the control. However, the die-off rates 

of S. typhimurium were higher (Table 3) in wetland 5 and slightly lower in wetland 6 

compared with the control. 

There was a significant difference (p=0.02) in the inactivation of MS-2 in the 

wetlands receiving secondary sewage. A greater rate of inactivation was observed in the 

wetland containing duckweed (Lemna minor) compared with the wetland containing 

water hyacinth {Eichhomia crassipes). However, poliovirus inactivation in these 

wetlands was not significantly different (table 4). 

Survival of E. coli and MS-2 in non-sterile, filtered and autoclaved wetland water. 

The survival of E. coli and MS-2 in non-sterile, filter sterilized, and autoclaved 

wetland water (wetland 5) is shown in Fig. 5 and 6, respectively. The survival of £. coli 

in both filter sterilized and autoclaved wetland water was similar and remained largely 

unchanged throughout the experiment. However, E. coli die-off was significantly 

greater in non-sterile wetland water, resulting in the decrease of 4.5 log,o in S days. The 

die-off of E. coli in non-sterile wetland water was similar to that observed in our previous 

experiments. These results indicate that bacterial die-off in the wetland could be due to 

microbial competition or predation. Persistence of MS-2 in non-sterile, filter sterilized 

and autoclaved water was different from that observed for £. coli. MS-2 was inactivated 

rapidly in both non-sterile and filtered water compared to the autoclaved water. These 
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results suggest that bacteriophage inactivation could be enhanced in wetlands due to the 

presence of microbial metabolites. It is plausible that the autoclave sterilization altered 

the chemical nature of the metabolites, resulting in a decrease in inactivation. 



59 

2 3 4 

Time (days) 

Fresh 
water 

' Wetland 1 

- Wetland 2 

- Wetland 3 

-Wetland 4 

Figure 1. Survival of £. coli in fresh water wetlands. The data are means of three 
replicates. 
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Figure 2. Survival of S. typhimurium in fresh water wetlands. The data are 
means 



Table I. Physical and chemical characteristics of wetland water. 

Wetlands PH Turbidity 
(NTU) 

Total dissolved 
solid (mg/L) 

Heterotrophic 
bacteria CFU/ml 

Fresh water control 7.3 0.2 590 1.3E+02 

Wetland 1 7.9 0.4 316 2.2E+05 

Wetland 2 7.7 0.8 447 2.1E+05 

Wetland 3 7.4 0.6 403 5.5E+04 

Wetland 4 6.9 1.4 189 NS 

Sewage control 7.4 1.9 307 7.4E+06 

Wetland 5 7.0 1.8 503 2.0E+06 

Wetland 6 7.4 2.9 493 7.7E+06 

NS= no sample 
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Table 2. Die-off rates (k) of E. coli and S. typhimurium in fresh water wetlands. 

Wetland E. coli die-off 
rates 
(log.n day-') 

R-square values S. typhimurium 
die-off rates 
(log.o day-') 

R-square 
values 

Fresh water 0.644* 0.952 0.435* 0.758 
control 

Wetland 1 1.070* 0.882 1.169* 0.845 

Wetland 2 0.897* 0.912 0.882* 0.789 

Wetland 3 0.931* 0.916 0.851* 0.801 

Wetland 4 0.726* 0.847 0.589** 0.605 

•p=<0.01, **p=<0.05 
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Figure 3. Persistence of bacteriophage MS-2 in fresh water wetlands. 
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Figure 4. Persistence of poliovirus in fresh water wetlands. 



65 

Table 3. Die-off rates (k) of E. coli and S. typhimurium in wetlands receiving 
sewage. 

Wetland E. coli die-off R-square values S. typhimurium R-square 
rates die-off rates values 
(log.n day •') (login day') 

Sewage 0.541* 0.811 0.648* 0.717 
control 

Wetlands 0.827* 0.910 0.902* 0.908 

Wetland 6 0.820* 0.848 0.613** 0.598 

*p=<0.01, **p=<0.05 
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Table 4. Inactivation rates (k) of MS-2 and poliovirus in wetlands receiving fresh 
water and sewage. 

Wetland MS-2 R-square values Poliovirus R-square 
inactivation die-off rates values 
rates (iog,o day') 

h (log.o day') 

Freshwater 0.214* 0.919 0.144* 0.765 
control 

Wetland 1 0.341* 0.683 0.361* 0.978 

Wetland 2 0.714* 0.953 0.454* 0.931 

Sewage 0.310* 0.989 0.363* 0.938 
control 

Wetland 5 0.232 0.755 0.375* 0.999 

Wetland 6 0.309* 0.967 0.282* 0.948 

*p=<0.0l, *»p=<0.05 
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Figure 5. Survival of E. coli in non-sterile, filter sterilized and autoclaved 
wetland water 
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Figure 6. Persistence of bacteriophage MS-2 in non-sterile, filter sterilized and 
autoclaved wetland water 
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Discussion 

Under natural conditions where aquatic plants are present, a reduction of total 

and fecal coliform bacteria has been reported by a number of previous studies (Thurston 

etai, 1998; Karpiscak e/a/., 1996; Gersberg, 1989b). Our results support these findings. 

In the present study when aquatic plants were present higher die-off rates for E. coli and 

S. typhimurium were observed in water from wetlands receiving fresh water. This may 

have been due to the increased competition for limited nutrients or trace elements with 

natural microorganisms, attack by lytic phage and bacteria or predation by nematodes, 

protozoa or ciliates. Predation is thought to play an important role in the removal of 

bacteria from wastewater in constructed wetlands (Mandi et ai, 1993; Green et ai, 1997; 

Decamp and Warrren, 1998). Mandi et ai, (1993) suggested predation by nematodes as 

an important factor in the removal of fecal coliforms from wastewater in macrophyte 

ponds. Bacteriovorous activity of protozoa (Green et ai, 1997) and cilliates like 

Paracmecium spp, Oxytrichids, Halteriain, Plagiopyla and Caenomorpha in wetlands 

was reported by Decamp and Wareen (1998). Bacterial growth can also be reduced by 

inhibitors produced by algae (Chrost, 1972; Chrost, 1975). 

Plants excrete photosynthate and other organic compounds through their roots. 

The high concentration of bacteria in the rhizosphere zone is well documented. It is 

thought that photosynthate and other compounds released by plants provide nutrients for 

the rhizosphere microorganisms resulting in their proliferation. The presence of aquatic 

plants in wetlands might create a nutrient rich environment m the rhizosphere zone, 

causing an increase in natural flora. The absence of microorganisms in both filter 
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Sterilized and autoclaved wetland water did not appear to affect the survival of E. coli. 

However, E. coli die-off was significantly greater in non-sterile wetland water, resulting 

in a decrease of 4.5 log,o in 5 days. These results indicate that a plausible mechanism of 

microbial die-off observed in the vegetated wetland systems could be due to biological 

antagonism or predation. A similar observation reported by Riser et al. (1985) indicated 

that seeded S. typhimurium grew rapidly in a sterile nutrient solution, whereas growth 

appeared to be suppressed in a non-sterile nutrient solution. The authors concluded S. 

typhimurium could not compete favorably with the normal flora. The heterou-ophic 

bacterial count in freshwater wetlands was 2-3 log higher than the control, but there was 

no marked difference in bacterial numbers between the wetlands receiving sewage. 

However, no significant correlation was found between the bacterial die-off and 

heterotrophic bacteria numbers. 

The reduction of bacteriophage and enteric viruses in vegetated wetlands has 

been previously reported (Karpiscak et al., 1996; Gersberg, 1987a, Gersberg, 1987b). 

Our experiments confirmed these results. MS-2 and poliovirus were inactivated at a 

greater rate in wetlands receiving freshwater. These results suggest that bacteriophage 

inactivation could be enhanced in wetlands due the presence of microbial metabolites or 

the presence of proteolytic substances released by microbes or plants. Certain bacteria 

release proteolytic enzymes, which are capable of destroying the protein capsid of the 

viruses, or may release other substances, which enhance virus inactivation (Cliver and 

Hermann, 1972). The presence of aquatic plants in vegetated wetlands may enhance 

rhizosphere bacterial populations, which might cause the inactivation of viruses. 
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Bacteria have been found to effect the persistence of MS-2 in groundwater (Yates et ai, 

1990). 

More than 150 plant species have been reported to contain virus inhibitory 

substances (Meyer et ai, 1995). The antiviral protein of Phytolacca americana (PAP) 

was found to inhibit the infectivity of plant viruses (Chen et ai, 1991). A plausible 

mechanism of virus inactivation in vegetative wetlands could be through the antiviral 

properties of aquatic plants. 

In wetlands containing sewage, a greater die-off of E. coli was observed when 

aquatic plants were present. However the die-off of 5. typhimurium was not 

significantly different between the wetlands. The die-off rates of E. coli and S. 

typhimurium were similar in the freshwater wetlands. However, The die-off rate of E. 

coli was greater in wetland 6 compared to S. typhimurium and the opposite was observed 

in wetland 5. 

There was no significant difference in virus inactivation in freshwater wetlands 

containing different aquatic plants. However, a significant difference in MS-2 

inactivation was observed in wetlands receiving secondary sewage. The wetland 

containing Limna minor, had a greater inactivation compared to the wetland containing 

Eichhomia crassipes. However, poliovirus inactivation in wetlands receiving sewage 

was not influenced by the presence of plants. The inactivation rates of both MS-2 and 

poliovirus in the fresh water wetland were greater than the wetlands receiving sewage. 

This may have been due to the fact that the inactivation of virus in vegetative wetlands 

might be specific to virus and plant species. Moreover, the turbidity of the sewage was 
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much higher than the water from freshwater wetlands. Particulate matter may exert a 

protective effect on the viruses in the wetlands. Presence of particulate matter was found 

to decrease the inactivation of virus in seawater (Gerba and Schaiberger, 1975). A 

plausible cause why poliovirus inactivation in sewage was not influenced by the presence 

of plants could be due to the presence of particulate matter and other organic matter in 

the sewage, which may exert a protective effect on the virus. 

Comparison of results with field studies. Several Held studies reported the reduction 

of indicator bacteria, bacteriophage and virus in vegetated wetlands (Karpiscak et ai, 

1996; Mandi et ai, 1996; John, 1984; Gersberg et ai, 1987b; Green et ai, 1997; 

Gersberg et ai, 1989b). All of these studies suggested the reduction of microorganisms 

in vegetated wetlands, but only a few performed a comparative study on the 

removal/reduction of microorganisms in the presence and absence of vegetation 

(Gersberg et al, 1987a; Quinonez, 1998). Removal of total coliforms and coliphage by 

vegetated wetlands was higher than the unvegetated wetland (Gersberg et al, 1989b; 

Gersberg et ai, 1987a). Our results suggest a greater reduction of bacteria and 

bacteriophage in the presence of aquatic plants. Greater die-off of E. coli and S. 

typhimurium were observed in water of vegetated wetlands. In contrast to our study, the 

survival of fecal coliform in a waste water retention reservoir containing Lemna gibba 

remained constant for 5 days (Dewedar, 1995). The experiment was conducted using 

dialysis sacs filled with a suspension of fecal coliform bacteria. Thus, the inoculated 

bactena were not in contact with the natural flora as well as not being exposed to natural 
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predators. The present study indicated that the use of membrane diffusion chambers to 

determine bacterial die-off in wetlands may not reflect actual conditions. The use of 

membrane diffusion chambers to determine bacterial die-off has also been previously 

criticized (Springthorpe et al, 1993). 

The removal of indicator bacteria, coliphage and enteric viruses in an unvegetated 

wetland cell was greater than the removal of the vegetated cell (Quinonez, 1998). The 

author concluded that exposure to sunlight in the unvegetated cell resulted in higher 

removal than from the vegetated cell. However, the difference observed was not 

statistically significant. In contrast to that study, our experiment was performed in a 

controlled environment, which suggested a statistically significant difference between the 

vegetated and unvegetated wetlands, indicating a greater die-off from the vegetated 

wetlands. Karpiscak (1996) reported a 98 percent and 93 percent reduction of total and 

fecal coliforms, respectively, from a multispecies wetland. The average retention time 

in that wetland was 3.8 days, indicating less than one log,o reduction of indicator bacteria 

per day. Quinonez (1998) reported an overall 90 percent (equivalent to one log ,o) 

reduction of indicator bacteria and coliphage in one to two days. Rivera et al. (1997) 

observed a greater than 99 percent (equivalent to 2 logio reduction) removal of fecal 

coliforms with a retention time of 1.7 days from a wetland planted with Phragmities 

australis. The die-off rates of £ xoli and S. typhimurium observed in our study ranged 

from 0.72 logio to 1.07 log,o day ' and 0.58 log,o to 1.16 log,o day ', respectively. The 

inactivation rates of MS-2 and poliovirus in our study was less than one log,q day '. The 

survival of bacteriophage and poliovirus in artificial wetlands was studied by Gersberg et 
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al. (1987a). Bacteriophage removal in vegetated wetlands was significantly greater than 

the unvegetated wetland. The results suggested the superiority of treatment by the 

vegetated wetland compared to the unvegetated wetland. The decay of the seeded MS-2 

followed a first order kinetics with a decay rate of 0.025 to 0.028 PFU per hour during 

the summer. The decay rate was lower (0.012 PFU per hr.) during the winter month. 

The decay rates observed in our study were roughly similar to the decay reported by 

Gersberg et al. (1987a). 

The present study suggests that biological antagonism such as predation, 

microbial competition, attack by lytic bacteria and phages, or modification of micro-

environment by microbial metabolism may play a significant role in the reduction of 

bacteria and virus in wetlands. However, other processes, such as sunlight, 

sedimentation, absorption and natural die-off are also likely to play an important role in 

bacterial die-off. Future studies are needed to determine the exact mechanism of 

microbial antagonism in wetlands. 
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Abstract 

Wetlands containing floating, emergent and submergent aquatic plants, and other 

water-tolerent species have been found to economically provide a mechanism for 

improving the quality of wastewater. An earlier laboratory study demonstrated that 

vegetation enhances the inactivation of microorganisms in water from wetlands. The 

present study examined the fate of indicator microorganisms in vegetated wetlands under 

field conditions. Additionally, the survival of Giardia muris in waters from vegetated 

and unvegetated wetlands was also studied. Escherichia coli, bacteriophage MS-2, and 

PRD-1 were added to tanks which were unvegetated or contained different aquatic plants 

used in constructed wetlands for wastewater treatment. Giardia cysts were placed in 500 

mL plastic beakers containing 300 ml of water from either vegetated or unvegetated 

tanks. E. coli and MS-2 die-off in unvegetated tanks was greater than in the vegetated 

tanks. Temperature was found to be significantly correlated with the die-off of £. coli. In 

contrast, PRD-1 inactivation was greater in the vegetated tanks compared to the 

unvegetated tanks, suggesting that the persistence of viruses in wetlands could be 

different for different viruses. Giardia muris inactivation was greater in water from the 

vegetated tanks compared to the unvegetated tanks. These results suggest that a 

combination of unvegetated and vegetated wetlands may result in a greater reduction of 

enteric microorganisms. 

Keywords: Artificial wetland, Escherichia coli, MS-2, PRD-1, Giardia, survival, virus, 

coliphage. 



80 

Introduction 

Recent studies on the removal/reduction of pathogens in wetland systems has 

focused attention on the use of wetlands for microbial water quality improvement. 

Wetlands have been found to reduce pathogen populations with varying but significant 

degrees of effectiveness (Mandi et ai, 1996; Falabi, 1996; John, 1984; Karpiscak et ai, 

1996; Gersberg et ai, 1987; Green et ai, 1997; Gearheart et ai, 1989; Gersberg et ai, 

1989). These studies reported the reduction of microorganisms fi-om vegetated wetlands, 

but only a few performed comparative studies on the reduction of microorganisms in the 

presence and absence of vegetation (Gersberg et ai, 1989; Quinonez, 1998). Gersberg et 

al. (1989) observed greater removal of indicator microorganisms from a vegetated 

wetland compared to an unvegetated wetland. In contrast, Quinonez (1998), observed 

greater removal of indicator microorganisms from an unvegetated wetland than a 

vegetated wetland, suggesting that factors other than vegetation may be involved in the 

reduction of microorganisms in the wetland. Little is known about the comparative 

survival of microorganisms in vegetated and unvegetated wetlands. Moreover, no known 

literature exists on the survival of Giardia in wetlands. 

Fecal coliforms (e.g. Escherichia coli) are often used as an indicator of the 

bacterial quality of water. Bacteriophages have been suggested as ideal indicators of 

human pathogenic virus contamination (Kott et ai, 1983) and as a model for studying the 

fate of human enteroviruses (Havelaar et al, 1984) as their size and structure closely 

resemble those of enteroviruses. Giardia muris is used as a model of human pathogen 
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Giardia lamblia for viability studies since previous studies with Giardia lamblia 

demonstrated that it gives inconsistent results with excystation varying from 2 to 96 

percent (Sauch, 1988). 

In laboratory studies, we have recentiy observed that the presence of aquatic 

plants, used in the constructed wetlands, significantly increase the die-off of indicator 

and pathogenic microorganisms in water from vegetated wetlands (Karim et ai, 1999, 

unpublished). The goals of this study were to assess the fate of indicator microorganisms 

in the presence of plants in small scale wetlands. Additionally, survival of Giardia muris 

in the water from vegetated wetlands was studied to determine the effect of different 

aquatic plants. 

Materials and methods 

Experimental system design 

The experiments were conducted at the Environmental Research Laboratory of the 

University of Arizona. Twelve plastic tanks with a water holding capacity of 150 L were 

lined in two rows. The tanks were filled with 130 L of dechlorinated tap water. Two 

different floating plants Eichhomia crassipes (water hyacinth), and Limna minor 

(duckweed), and an emergent plant Typha latifolia (cattail) were placed randomly in 

triplicate into the tanks, as shown in Fig.l, and were maintained inside a greenhouse. 

The plants were collected from the Constructed Ecosystem Research Facility and a 

natural wetland in Arizona and were grown for two weeks in the tanks, prior to the 

beginning of the experiment. No substrate was used in the tanks that had the floating 
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plants. Large stones were used as substrate in tanks that had the emergent plant Typha 

latifolia. Three tanks unplanted control did not have any plants. Escherichia coli, 

bacteriophage MS-2, and PRD-1 were added to the tanks to achieve a concentration of 

10^- 10® CFU or PFU/ml. Samples 40 ml in volume were collected from each of the 

tanks in sterile polypropylene tubes every 24 hrs for the E. coli survival experiment and 

after 0, 1, 2, 3, 4, 5, 8, 10, 12, 14, 18, 22 days for MS-2 and PRD-l. The samples were 

stored in an ice cooler and transported to the laboratory for analysis. The water was 

mixed using a submerged pump before every sampling. E. coli was assayed using mFC 

agar (Difco Laboratories, Detroit, MI). The plates were incubated at 44.5° C for 24 h. 

MS-2 and PRD-1 was assayed using the double layer method described by Adams 

(1959). The host strain used for the assay of MS-2 and PRD-1 was E. coli (ATCC 

15597), and Salmonella typhimurium (ATCC 23564), respectively. 

Preparation of E. coH stock. E. coli ATCC (American Type Culture Collection) 15597 

was used. E. coli was confirmed by culturing on mFC media (Difco, Detroit, MI) and 

biochemical tests using API-20E strips (Analytab Products, Inc., New York). £. coli 

inocula were prepared by centriftiging (1,000 x g for 10 min) late-log phase cultures 

grown in tryptic soy broth (TSB; Difco, Detroit, MI) at 37° C. Bacterial cells were 

washed twice with sterile Tris buffered solution (Trizma base; Sigma Chemical, St. 

Louis, MO). After the final wash, cells were suspended in the sterile Tris buffered saline 

and diluted to a concentration of 2.5 x 10^ to 5 x lO'' CFU per ml. 
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Preparation of stock MS-2 and PRD-1. Escherichia coli (ATCC 15597) was grown 

overnight in tryptic soy broth (TSB; Difco, Detroit, MI) at 37° C without shaking. This 

culture was used to inoculate fresh TSB. The inocula were incubated for 3-4 h at 37° C 

with continuous shaking to obtain a exponential growth of the bacteria. MS-2 (ATCC 

15597B) was serially diluted in Tris buffered saline (Sigma) to a concentration of 10^ 

PFU/ml. One ml log phase culture of £. coli and 0.1 ml MS-2 (concentration 10^ 

PFU/ml) were added to tubes of molten overlay agar (TSB with 1% agar) and mixed 

gently. The mixture was poured onto petridishes containing tryptic soy agar (TSA; 

Difco). After incubating 24 h at 37° C, 6 ml of Tris buffer saline was added to the plates 

with confluent plaques and incubated for 2 hours at room temperature for collection of 

the phage. The liquid portion was pipetted out from the plates and centrifuged. The 

supernatant was centrifuged again and the pellet was resuspended into sterile Tris 

buffered saline and stored at 4° C. The MS-2 stock was titered prior to use in the survival 

experiments. PRD-1 stock was prepared following the same procedure with the 

exception that the host for the PRD-1 was Salmonella typhimurium (ATCC 23564). 

Survival studies of Giardia muris, Giardia muris cysts (Shiwaji Ramaligam, Beaverton, 

OR) were produced in infected mice and were purified by density gradient centrifugation. 

Due to the high cost of Giardia cysts and possible biological hazard from the disposal of 

the large volume of seeded water, Giardia survival experiments were conducted in small 

volumes of water. Water from the experimental systems described above was used in 

this experiment. A 300 ml aliquot of water from the tanks was placed in 500-mi 
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polypropylene beakers. Cysts were placed into the beakers containing water from either 

the unplanted tank or from the tanks containing different plants. Cysts were between 

three to four days old at the time of the experiment and gave greater than 90 percent 

excystation. Cysts were added to a concentration of 10^ cysts/ml. Aliquots were 

periodically taken from the beakers and concentrated via centrifugation (1700 x g ) for 

determination of viability by excystation. The supernatant was aspirated off down to 0.2 

mL above the pellet. Next, 5 mL of prewarmed (37° C) reducing solution (1% 

glutathione, 1% L-cysteine-HCL and Hank's balanced salt solution; Sigma) and 5 mL of 

prewarmed (37° C) 0.1 M sodium bicarbonate (Fisher Scientific Co., Fairlawn NJ) were 

added to the pellet and incubated in a water bath at 37° C for 30 minutes. The cysts were 

then pelleted again and resuspended in 10 mL of chilled (4° C) trypsin-tyrode's (0.5% 

trypsin and tyrode's solution) solution and then centrifuged at 1050 x g for 10 min. The 

supernatant was aspirated off to no less than 0.2 mL above the pellet. A 0.3 mL of 

prewarmed (37° C) trypsin-tyrode's solution was added to the pellet and mixed by low 

speed vortexing. Samples of lO-^il were removed from each tube and placed in a 

hemocytometer (Baxter Health Care Corp, McGraw Park, IL). Samples were examined 

under 400 X magnification with a phase-contrast microscope (BH-2, Olympus, Japan). 

All experiments were conducted in duplicate. A detailed protocol for excystation can be 

found in the Guidance Manual for Compliance with Filtration and Disinfection 

Requirements for Public Water Systems Using Surface Water Source (U.S. EPA, 1991). 

Empty, partially excysted cysts and intact cysts were enumerated. The percentage 

excystation was calculated using the following formula: 
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Percent excystation = 
ECW + PET + IC 

Where: 

ECW = Empty cyst wall 

PET = Partially excysted trophozoites; IC = Intact cysts 



Figure 1. Experimental design. Plants were randomly placed into the tanks. 
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Results 

A summary of the £. coli die-off and bacteriophage inactivation rates is 

presented in Table I. E. coli die-off was greater in unvegetated tanks compared to the 

vegetated tanks (Fig.l). The die-off rate of £. coli in the unvegetated control was 1.7 

logioday"' compared to 1.5, 1.3, and 1.2 logioday ' in tanks that had duckweed, water 

hyacinth or typha, respectively. The inactivation of bacteriophage MS-2 in the 

unvegetated tank was also greater than the vegetated tanks (Fig. 2). The inactivation rate 

of MS-2 in the unvegetated tank was 0.49 log,oday"' compared to 0.15, 0.32 0.37 

logioday ' in tanks containing duckweed, water hyacinth and typha, respectively. 

However, the inactivation rates of PRD-1 in tanks containing aquatic plants were greater 

than the unplanted control  (Fig.  3) .  

The survival of Giardia in water from the vegetated and unvegetated tanks is 

illustrated in Fig. 4. Giardia die-off in water containing the aquatic plants was greater 

than the water from the unplanted control. The die-off rates of Giardia in the water of 

unvegetated and vegetated tanks containing duckweed, water hyacinth, and typha were 

0.11, 0.26, 0.34, and 0.15 log,oday ', respectively. Table 2 shows the water temperature, 

turbidity, total dissolved solid, pH and the heterotrophic bacterial count. The light 

intensity during the E. coli survival experiment ranged from 0.1583 x 10^ to 0.1709 x 10^ 

com. Spearman correlation coefHcients calculated for the log,o reduction per day and 

temperature are shown in Table 3. Water temperature was significantly correlated 

(r=0.31, p<0.05) with the die-off of E. coli. 
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Table 1. Die-off rates of E. coli, bacteriophage MS-2 and PRD-1 in wetlands 

Tanks E. coli R- MS-2 R- PRD-l R-
die-off square inactacti- square inactacti- square 
rate value vation rate value vation rate value 
logioday' logioday' log,oday' 

Unvegeta- 1.70 0.79 0.49 0.96 0.07 0.84 
ted 

Duckweed 1.48 0.91 0.15 0.94 0.004 0.003 

Water 1.34 0.96 0.32 0.94 0.12 0.91 
hyacinth 

Typha 1.15 0.98 0.37 0.95 0.15 0.91 
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Figure 2. Survival of E. coli in vegetated and unvegetated tanks. The data are 
means of three replicates. 
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Figure 3. Persistence of bacteriophage MS-2 in vegetated and unvegetated tanks. 
The data are means of three replicates. 
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Figure 4. Persistence of bacteriophage PRD-1 in vegetated and unvegetated tanks. 
The data are means of three replicates. 
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Figure 5. Survival of Giardia muris in vegetated and unvegetated tanks. The 
data are means of two replicates. 



Table 2. Physiochemical characteristics of wetland water. 
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Wetland pH Turbid TDS Water Water temperature 
ity mg/L temperature °C 

NTU "C (Bacteriophage 
(E.coli survival experiment) 
survival 
experiment) 

Unvegeta- 8.6 7.2 543 29-33 21-25 
ted 

Duckweed 7.4 2.7 593 28-32 21-25 

Water 7.4 13.1 946 24-28 21-24 
hyacinth 

Typha 6.7 37.6 690 25-29 21-25 



Table 3. Correlation coefficients for E. coli, bacteriophage MS-1, PRD-l with 
water temperature. 

Temperature 

E.coU 0.31' 
n=47 

MS-2 0.20 
n=86 

PRD-l 0.03 
n=118 

1= significant at 0.05 level 
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Discussion 

There is only a limited amount of information on the survival of microorganisms 

in wetlands. A number of previous studies have examined the reduction/removal of 

indicator microorganisms from vegetated wetlands (Karpiscak, 1996; Gresberg et al, 

1987), but only a few studies have been conducted on the relative efficiency of removal 

by vegetated and unvegetated wetlands (Gersberg et ai, 1989; Quinonez, 1998). The 

influence of aquatic plants on the survival of Giardia has not been previously studied. 

This study focused on the potential of the removal of fecal indicator microorganisms 

from vegetated and unvegetated wetlands. 

E. coli and bacteriophage MS-2 inactivation in the unvegetated control was 

greater than the vegetated tanks. A similar result was reported by Quinonez (1998), in a 

pilot scale constructed wetland consisting of two cells, one planted with bulrushes 

(Scirpus olneyi) and the other unvegetated bare sand supplied with raw sewage. Visible 

and UV light is known to be an important factor affecting the survival of enteric 

pathogenic bacteria in natural waters (Gameson and Saxon, 1975; Evison, 1988). Solar 

inactivation of fecal indicators has been previously reported (Fujoka et al.. 1981; Reed, 

1997), Shading by vegetation could reduce exposure from visible and UV light and 

prevent heating of the water by sunlight thus decreasing the rate of inactivation of enteric 

microorganisms. Such an effect could account for the difference in inactivation of E. 

coli and MS-2 in the unvegetated tank compared to the planted tanks. Fisher (1988) 

found that trenches containing sections of gravel planted with cattail (Typha orientalis), 

open water, and unplanted gravel exhibited the greatest removal of indicator bacteria 
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compared to the trenches that were completely vegetated. The author suggested that such 

results could be attributed to the combination of sedimentation and natural die-off 

supplemented by the effects of UV radiation in open water sections as well as higher 

temperatures. In the current study, the correlation between temperature and E. coli die-

off (Table 3) suggests that temperature plays a major role in the die-off of enteric bacteria 

in the wetlands. Similar results were also reported by Quinonez (1998). In contrast to 

the inactivation of E. coli and MS-2, greater inactivation of PRD-1 was observed in the 

presence of vegetation, suggesting that the inactivation kinetics for different viruses in 

vegetated and unvegetated wetlands could be different. 

Giardia muris survival was also greater in water collected from the vegetated 

tanks. Microbial antagonism has previously been reported as a factor on Cryptosporidium 

oocysts survival in natural waters (Chauret et ai, 1998). A plausible explanation for the 

increased inactivation of Giardia in water from the vegetated tanks could be due to 

microbial antagonism. Survival of Giardia in the present study was studied in the water 

from the vegetated and unvegetated tanks, not in the physical presence of plants. So the 

effect of shading by plants on Giardia survival was not assessed. 

This study found that temperature and possibly sunlight plays a significant role in 

the survival of E. coli and bacteriophages in wetlands. The present study, along with 

previous studies, suggests that a combination of unvegetated and vegetated wetland 

would possibly result in the greatest reduction of enteric microorganisms. 
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ABSTRACT 

Sedimentation is thought to be one of the mechanisms of microbial removal from 

wetlands used for wastewater treatment. This study compares the occurrence of enteric 

indicator microorganisms and pathogens in the water column and sediments of two 

constructed surface flow wetlands in Arizona. Additionally, the comparative survival of 

fecal coliforms, S. typhimurium, coliphage, PRD-1, and Giardia muris in the water 

column and wetland sediment were also studied. On a volume/wet weight basis the 

concentration of fecal coliforms and coliphage in the water column and sediment was 

similar. However, on a volume/dry weight basis the numbers were one to two orders of 

magnitude higher in the sediment. Giardia and Cryptosporidium concentrations were 

one to three logs greater in the sediment compared to the water column. The die-off rates 

of both fecal coliforms and S. typhimurium were lower in the sediment compared to the 

water column. The die-off rates of fecal coliforms in the water and sediment were 0.26 

logio day ' and 0.15 log,o day ', respectively. Indigenous coliphage and PRD-1 survival 

were also prolonged in the sediment. In contrast to bacteria and phages, Giardia die-off 

in the sediment was greater compared to the water column. The die-off rates of Giardia 

in water and sediment were 0.02 log,o day"' and 0.37 log,o day"', respectively. These 

results suggest that sedimentation may be the primary removal mechanism for the larger 

organisms in surface flow wetlands. 

Keywords: Artificial wetland, sediment, fecal coliforms. Salmonella typhimurium, 

Giardia muris, Cryptosporidium, PRD-1, 
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Introduction 

Municipal sewage is a complex mixture of organic and inorganic compounds of 

biological and mineral origin. Sewage may contain a variety of pathogens, which include 

bacteria, virus, protozoan parasites, helminths, and fungi (Straub et ai, 1993; Kadlec and 

Knight, 1996). Bacterial pathogens in wastewater include Salmonella typhi. Shigella 

spp.. Salmonella paratyphi and various species of Escherichia coli and Campylobacter. 

Members of the genus Salmonella are the most predominant pathogenic bacteria in 

wastewater (Bitton, 1994). Over 120 different viruses are excreted in human feces and 

urine, which could potentially be transmitted by water. Of the common protozoa that 

may be found in sewage, Giardia lamblia, and Cryptosporidium spp. are the most 

important in terms of waterbome disease in the United States. 

Recently, attention has been focused on the ability of wetlands to reduce human 

pathogens in wastewater. Wetlands have been found to reduce pathogen populations 

with varying but significant degrees of effectiveness. There have been several studies 

published on microbial water quality improvement using wetlands (Mandi et al., 1996; 

Falabi, 1996; John, 1984; Karpiscak et al., 1996; Gersberg et ai, 1987; Green et al, 

1997; Gearheart e/a/., 1989; Gersberg ef a/., 1989). Karpiscak er a/., (1996) reported 

57 percent removal of total coliforms and 62 percent removal of fecal coliforms from a 

duckweed-based wetland system. The authors also reported 98 percent reduction of 

Giardia, 87 percent reduction of Cryptosporidium, and 38 percent reduction of coliphage 

by the same system. In a multi-species (bulrush, cattail, black willow, and cottonwood) 

wetland system, Karpiscak et al., (1996) found the reduction of total and fecal coliforms 
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to be 98 and 93 percent, respectively, Giardia and Cryptosporidium were reduced by an 

average of 73 and 58 percent, respectively, and enteric viruses by 98 percent. 

Sedimentation is one of the many processes (Green et al, 1997; Gersberg et al.. 

1987; Decamp and Warren, 1989) which may be involved in the removal of pathogens in 

wetlands. Several studies have found that coliforms, fecal coliforms, and Salmonella 

tend to concentrate in sediments (Gerba and McLeod, 1976; Hendricks, 1971; Van 

Donsel and Geldreick, 1971). Gerba and Mcleod (1976) observed higher numbers of 

coliforms and fecal coliforms in marine sediments compared to the overlaying water. 

Hendricks (1971) found approximately 90 percent Salmonella isolates in the sediments 

and showed a higher recovery from sediments than water. Van Donsel and Geldreick 

(1971), recovered 100 to 1000 times more fecal coliforms in river mud than in the 

overlying water. Bacteria can also survive longer in sediments than the overlying water. 

£. coli has been shown to survive longer in marine sediments than in seawater (Gerba 

and McLeod, 1976). The authors also showed that E. coli could grow in predator free 

marine sediments. Viruses associated with large particles soon leave a water column and 

settle into the bottom sediments, while viruses adsorbed on colloidal particles tend to stay 

suspended in the water for a longer time (Rao and Bitton, 1987). Suspended solids-

associated virus that settled out of the water column accumulates in a loose, fluffy layer 

over the compact bottom sediment. Sediment prolongs virus survival (Smith et al.. 

1978). Reduction of protozoan parasites {Giardia and Cryptosporidium) observed in 

wetlands (Falabi, 1996) was thought due to the sedimentation of parasites to the bottom 

of the wetlands. Thus, the bottom sediments of constructed wetlands could potentially 
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serve as a reservoir of human pathogens which could be released into the water column 

by storm or manmade events. The purpose of this study was to compare the occurrence of 

fecal coh'forms, coliphages, Giardia and Cryptosporidium in the water and sediments 

from a 10 year old constructed wetland. 

Materials and methods 

Study site. Wastewater and sediment samples were collected from the Constructed 

Ecosystem Research Facility (CERF) located in Pima County, Tucson, Arizona. The 

operation of CERF began in 1989 with the intention of studying the ability of constructed 

wetlands to be used for treatment of wastewater (Karpiscak, 1996). CERF receives 

secondary unchlorinated wastewater from the adjacent Roger Road Municipal 

Wastewater Treatment Facility. The facility has six raceways lined with 30 mil hyperlon. 

Water and sediment samples were collected from two of the six raceways. In one of the 

raceways water hyacinth {Eichhornia crassipes) was used as a floating macrophyte. The 

raceway was 20 m in length, 8.2 m in width, and 0.6 m in depth with a receiving flow of 

58 1 per minute. In the second raceway duckweed was used as a floating plant. The 

raceway was 65 m in length, 11.9 m in width, and 0.9 m in depth with a receiving flow of 

551 per minute. 

Study organisms: Salmonella typhimurium (ATCC 23564) was originally received 

from American Type Culture Collection and was confirmed by culturing them on 

selective media (Hektoen enteric agar; Difco, Detroit, MI,) and by using API-20E 
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(Analytab Products, Inc.) biochemical test strips. Salmonella typhimurium inocula was 

prepared by centrifuging (1,000 x g for 10 min) late-log phase cultures grown in tryptic 

soy broth (TSB, Difco, Detroit, MI, USA) at 37° C. Bacterial cells were washed twice 

with sterile Tris buffered saline (Trisma Base, Sigma Chemical, St. Louis, MO). After 

the fmal wash, cells were suspended in the sterile Tris buffered saline and diluted to a 

concentration of 2.5 x 10® to 5 x 10® CFU/ml. McFarland standard 0.5 was used as a 

reference of turbidity to achieve a bacterial concentration of 2.5 x 10® to 5 x 10® CFU/ml. 

Bacteriophage PRD-1 (ATCC 23564B) was grown in Salmonella typhimurium (ATCC 

23564). Log phase bacteria were used for preparing PRD-1 stocks using the double layer 

method (Adams, 1959). Giardia muris cysts (Shiwaji Ramaligam, Beaverton, OH) were 

produced in infected mice, purified by density gradient centrifugation and suspended in 

deionized water. 

Collection of water and sediment. Wastewater (IL) samples were collected at the 

surface in sterile plastic bottles. Sediment samples were collected with the aid of an 

Ekman dredge. The samples were kept in an ice-packed cooler and transported to the 

laboratory at the University of Arizona. Samples were kept at 4° C until assayed. The 

samples for fecal coliforms and coliphages were processed within 4 h after collection. 

The samples for Giardia and Cryptosporidium were processed within 24 h. Percent 

solids in the sediment was determined using the procedure described by Pepper et ai, 

(1995). 
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Microbial assay of field samples. Fecal coliform bacteria in wastewater samples were 

determined using the most probable number (MPN) technique according to the Standard 

Methods for the Examination of Water and Wastewater (APHA, 1995). Bacterial 

numbers in the sediment were determined by diluting 10 g of sediment into 90 mL of 

sterile deionized water. The sediment was stirred for 10 minutes and maintained in 

suspension by continual mixing of the sample before aliquots were passed for assay. EC 

broth was used for the detection of fecal coliforms. The results were presented as the 

number of colony forming units (CFU) per 100 mL of wastewater or 100 g of sediment. 

Coliphage were detected using the double layer method described by Adams 

(1959). Escherichia coli, strain ATCC 15597 (American Type Culture Collection, 

Roclcville, MD) was used as the host bacterium. Coliphage numbers in the sediment 

were determined by adding 10 g of sediment to 90 ml of 3% beef extract (Becton 

Dickinson Microbiology Systems, Cockeysville, MD). The sediment was mixed for 30 

min and serial dilutions were made by adding 0.3 ml of sample to 2.7 mL of Tris 

buffered saline (Sigma). Samples of 0.1 mL were vortexed with 1 mL of host bacterium 

(in the log phase) containing melted top agar. Selective mEndo agar (Difco) was used as 

the top agar to reduce the growth of the background bacteria that would make plaque 

visualization difficult. All sample dilutions were assayed in duplicate. Plaques were 

enumerated after 18 h and results were expressed as plaque forming units (FPU) per 100 

mL of wastewater or 100 g of sediment. 
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Efficiency of coliphage recovery from sediment. One ml of 10® PFU MS-2 stock was 

mixed with 10 ml of deionized water and 10 g of sediment was added and stirred for 30 

min. The mixture was then centrifiiged at 1000 x g for 30 min. The supernatant was 

aspirated off and assayed. A control (without sediment) was done at the same time and 

the bacteriophage absorption was determined by comparing the titer with the control. 

The pellet was eluted with 90 ml of 3% beef extract (Becton Dickinson Microbiology 

Systems, Cockeysville, MD) and recovery efficiency was assessed. 

Detection of Giardia and Cryptosporidium in water samples. Both Giardia and 

Cryptosporidium were determined simultaneously using an immunofluorescent method. 

Water samples were placed into 750-mL plastic centrifuge bottles and concentrated by 

centrifugation at 1050 x g for 15 min (CS-6 centrifuge, Bckman, Palo Alto, CA). The 

parasites were pelleted to the bottom and the supernatant was aspirated off without 

disruption of the pellet. The samples were then suspended 1:1 in 10% formalin. Af\er 

concentration, the samples underwent clarification by flotation. Not more than 1 mL of 

packed pellet was floated per centrifuge tube (Coming Coster Corporation, Cambridge, 

MA). Eluting solution of 20 ml (phosphate-buffered saline, 0.1% Tween 80 and 0.1% 

sodium dodecyl sulfate; Sigma, St. Louis, MO) was added and the sample was vortexed 

well and 30 ml of Percoll-sucrose (Sigma, St. Louis, MO) solution (sp. gr. 1.10) was 

carefully layered underneath the sample. The sample was centrifiiged at 1050 x g for 10 

min. The debris was pelleted to the bottom of the conical tube. The supernatant as well 

as 5 ml past the interface was collected using a 25 ml pipette. The sample was washed 
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by centrifligation with eluting solution and aspirated down to 5 mi (plus pellet). The 

samples were then labeled by an indirect staining procedure using fluorescent antibodies 

(Hydroflour ™ Combo Kit Strategic Diagnostics, Inc., Newark, DE). Positive and 

negative controls were run with every sample set to assure reagent performance. The 

filters were placed on glass slides and examined microscopically at 200-400X 

magnification (NH2, Olympus, Lake Success, NY). Giardia cysts and Cryptosporidium 

oocysts were identified on the basis of size, shape and immunofluorescence (APHA, 

1995). For those samples in which no cysts or oocysts were detected, the detection limit 

was calculated (Eq.l). 

Detection Limit calculation: 

<X/100 = [<1(100)] / FVR where; Eq. I 

F = volume of concentrate floated/total concentrate volume (ml) 

V= volume of original sample (L) 

R= volume of suspension filtered/interface volume (ml) 

Detection of Giardia and Cryptosporidium in sediment. A 20 ml aliquot of each 

sediment sample was processed for Giardia cysts and Cryptosporidium oocysts. The 

weight of the samples were recorded and the dry matter content was determined as 

described by Pepper et ai, (1995). Sediment samples were mixed with 30 ml of sterile 

deionized water. After homogenization, the samples were passed through a series of two 

sieves of gradually finer mesh (opening 2 mm, No. 10, Fisher Scientific Company, USA; 

300 ^m, No. 50. Gilson Company, Inc. Worthington, OH) to remove fibrous and other 
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large materials. The samples were then transferred to 750 ml plastic centrifuge bottles 

and concentrated by centrifiigation at 1050 x g for 10 min (CS-6 centrifuge, Beckman, 

Palo Alto, CA). The supernatant was aspirated off without disrupting the pellet. The 

cyst and oocyst containing pellet was then washed twice in deionized water. Elution 

solution was added to make a final volume of 20 ml. The sample was vortexed for 5 min 

and a 30-ml volume of Percoll-sucrose (Sigma) solution (sp. gr. 1.10) was carefully 

underlaid. The sample was centrifuged at 1050 x g for 10 min. The 20 ml as well as 5 

ml past the interface were collected with a pipette. The sample was washed by 

centrifugation with eluting solution and then aspirated down to 5 ml (plus pellet). Cysts 

and oocysts were detected by immunofluorescence by filtering 0.5 ml aliquots of the 

final concentrate through 5.0 jim pore size cellulose nitrate membrane filters (Nuclepore 

Corporation, Pleasanton, CA). The samples were then labeled by an indirect staining 

procedure and the cyst and oocyst numbers were determined. The results were reported 

as the total number of Giardia cysts and Cryptosporidium oocysts per liter of sediment 

and per kg of dry sediment. For those samples in which no cyst or oocyst was detected, 

the detection limit was calculated as described in Eq.l. 

Recovery of Giardia cysts from sediment. Giardia muris stock was obtained firom Dr. 

Shiwaji Ramaligam, Beaverton, OH and stored at 4° C. For efficiency studies, 20 ml of 

sediment were mixed with 1 ml of 10' Giardia stock. A 1 ml aliquot was removed and 

used as the control and the remaim'ng 20 mi were processed as described previously. The 

control was diluted with Tris buffered saline and counted. 
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Survival studies of indigenous microorganisms. Wastewater and sediment samples 

were collected from the duckweed pond. Sediment of 100 gm (wet weight) was mixed 

with 400 ml of pond water in 1 L sterile plastic bottles. Wastewater without adding any 

sediment was used as a control. The bottles were kept in the dark at room temperature 

(22.5° C). After various times, 0.3 ml samples were withdrawn from the bottles and 1:10 

serial dilutions were made in Tris buffered saline before assaying for fecal coliforms on 

mFC agar (Difco Laboratories, Detroit, MI) by the spread plate method. The plates were 

incubated at 44.5° C for 24 h. Fecal coliforms were confirmed by API-20E (Analytab 

Products, Inc., New York) biochemical test strips. The double layer method described by 

Adams (1959) was used to enumerate indigenous coliphages. Escherichia coli, strain 

ATCC 15597, was used as the host bacterium. All experiments were conducted in 

duplicate. 

S. typhimurium and PRD-1 survival studies. S. typhimurium was added to a 

concentration of 10^ CFU per mi in 500 ml wastewater with or without 20 percent 

sediment. S. typhimurium was enumerated by plating in Hektoen enteric agar (Difco). 

Incubation was done at 37° C for 24-48 h. PRD-1 was added to a final concentration of 

lO'PFUperml. 

Giardia muris survival studies. Giardia muris cysts were placed in one L plastic bottles 

containing wastewater or wastewater plus sediment (20%). Cysts were between three to 
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four days old at the time of the experiment and gave greater than 90 percent excystation. 

Cysts were added to a concentration of 10® cyst per ml to 200 ml of water or water plus 

sediment sample. A 30 ml aliquot was taken from each sample at the indicated intervals 

and Giardia cysts were concentrated for the determination of viability by excystation. 

Sediment samples were mixed with 20 ml of sterile deionized water. After 

homogenization, the samples were passed through a series of two sieves of gradually 

finer mesh (opening 2 mm, No 10, Fisher Scientific Company, USA; 300 ^im, No. 50. 

Gilson Company, Inc. Worthington, OH) to remove fibrous and other large materials. 

Samples were then collected into 50 ml sterile polypropylene tubes and centrifuged at 

1050 X g for 10 min. The supernatant was aspirated off The cyst suspension was washed 

twice in deionized water. After the second wash, the pellet was resuspended in 

approximately 15 ml of deionized water and carefiilly layered over 15 ml of 1 M sucrose 

contained in 50 ml plastic centrifiige tubes. The tubes were then centrifiiged at 600 x g 

for 10 min. During centrifligation, cyst and particles of similar density migrated to the 

interface layer, thereby separating the sucrose solution and the deionized water, while 

more dense particles passed through the sucrose solution to the bottom of the tube. The 

interface layer contaim'ng the cysts was aspirated into a collection flask using a pipette. 

This cyst containing solution was then washed an additional two times as described 

above. After the second wash, the supernatant was aspirated off down to 0.2 ml above 

the pellet. Next, 5 ml of prewarmed (37° C) reducing solution (1% glutathione, 1% L-

cysteine-HCL and Hank's balanced salt solution, Sigma, St. Louis, MO) and 5 ml of 

prewarmed (37° C) 0.1 M sodium bicarbonate (Fisher Scientific Co., Fairlawn NJ) were 
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added to the pellet and were incubated at 37° C for 30 minutes. The cysts were then 

pelleted again and resuspended in 10 ml of chilled (4° C) trypsin-tyrode's (0.5% trypsin 

and tyrode's solution) solution and then centrifiiged at 1050 x g for 10 min. The 

supernatant were aspirated off to no less than 0.2 ml above the pellet. A 0.3 ml of 

prewarmed (37° C) trypsin-tyrode's solution was added to the pellet and mixed by low 

speed vortexing. Then lO-ul samples were removed from each tube and placed in a 

hemocytometer (Baxter Health Care Corp, McGraw Park, IL). Samples were examined 

under 400 X magnification with a phase-contrast microscope (BH-2, Olympus, Japan). 

Cysts that were seeded into wastewater (control) were also processed using the same 

method. All experiments were completed in duplicate. A detailed protocol for 

excystation can be found in Guidance Manual for Compliance with Filtration and 

Disinfection Requirements for Public Water Systems Using Surface Water Source (U.S. 

EPA, 1991). 

Results 

The number of fecal coliforms in wetlands containing duckweed and water 

hyacinth is shown in Tables 1 and 2, respectively. On a wet weight basis the number of 

fecal coliforms in the sediment of the duck weed pond was slightly lower than the water 

column. However, on a dry weight basis of the sediment the number is larger in the 

sediment than in the water column. The number of fecal coliforms in the sediment of the 

hyacinth pond was slightly greater than in the water colimm. The number was 1 to 2 

logio greater on a dry weight basis of the sediment. The number of coliphage in the 
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wetland containing duckweed and water hyacinth is presented in Tables 3 and 4, 

respectively. The number of coliphage in the water column and sediment was a similar 

order of magnitude on a volume/wet weight basis. However, on a dry weight basis the 

number of coliphage was 1 to 2 log,o greater in both wetlands. The concentration of 

Giardia in the sediment was two to four orders of magnitudes greater in both wetlands 

(Table 5 and 6). Similar to Giardia, larger numbers of Cryptosporidium were found in 

the sediment than the overlaying water. Generally, from 1 to 3 logn, greater 
» 

Cryptosporidium numbers were found in the sediment than in the water column (Table 7 

and 8). Percent recovery of fecal coliform, coliphage, Giardia and Cryptosporidium are 

presented in Tables 9, 10, 11 and 12, respectively. The mean recovery of fecal coliforms, 

coliphage, Giardia and Cryptosporidium were 98.6, 34.2, 29.3 and 78.3 percent, 

respectively. 

The survival of indigenous fecal coliforms and seeded S. typhimurium in water 

and sediment are illustrated in Fig. I and Fig. 2 respectively. The survival of both fecal 

colifoms and S. typhimurium were similar. The die-off of both bacteria was lower in the 

presence of sediments. The mean reduction of fecal coliforms after 14 days in water and 

sediment was 3.78 log,o and 2.15 logio, respectively. The reduction of 5. typhimurium in 

water and sediment were 4.16 log,o and 3.39 log,o, respectively. The die-off rates of fecal 

coliforms in water and sediment were 0.26 log,o day"' and 0.15 logio day"', respectively 

(Table 13). The survival of indigenous coliphage and seeded PRD-1 in the water column 

and sediment are illustrated in Fig. 3 and Fig.4, respectively. Coliphages were reduced 

by 3.16 logio in water in 10 days compared to 1.26 logio in sediment. The persistence of 
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coHphage was longer in the presence of sediment. After 30 days a 2.15 log,o reduction 

occurred in the presence of sediment (Fig. 2). The inactivation rate of both coliphage and 

PRD-I in sediment was lower compared to water (Table 13). The inactivation rate of 

coliphage in water and sediment was 0.40 Iog,o day ' and 0.10 log,o day ', respectively. 

The results suggest that sediment prolonged the survival of both bacteria and phage in the 

bottom of the wetlands constructed for the purpose of wastewater treatment. The 

survival of Giardia in water and sediment is presented in Fig. 5. Giardia survival in the 

sediment was found to be opposite of what was observed in cases of bacteria and phages. 

Giardia reduction in the water and sediment was 0.03 log,o and 1.81 log,o, respectively. 

The die-off rate of Giardia in sediment was greater than the die-off rate in water. The 

die-off rate in water and sediment was 0.02 logio day'' and 0.37 log,o day ', respectively, 

suggesting that the wetland sediment environment is unfavorable for the survival of 

Giardia. 
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Table 1. Occurrence of fecal coliforms in the water column and sediment of the 
duckweed pond. 

Date MPN/100 ml of 
water 

MPN/100 gm of 
sediment (wet 
weight) 

% Solids MPN/100 gm of 
sediment 
(dry weight basis) 

12/26/98 5.0 X 10" 5x 10' 5.0 1.0 X 10' 

12/27/98 1.7 X 10" 8x 10' 13.5 5.9 X 10" 

12/31/98 1.6 X 10" 3x 10' 5.0 6.0 X 10" 

Mean 2.7 X 10" 5.3 X 10' 7.6 7.3 X 10" 

Table 2, Occurrence of fecal coliforms in the water column and sediment of the 
water hyacinth pond. 

Date MPN/100 ml of 
water 

MPN/100 gm of 
sediment (wet 
weight) 

% MPN/100 gm of 
Solids sediment 

(dry weight basis) 

12/26/98 2.4x10" 

12/27/98 1.3 X 10" 

12/31/98 1.7x10' 

Mean 1.2 x 10" 

1.1 x 10" 

5.0 X 10" 

8.0 X 10' 

23 X 10" 

3.5 

3.0 

5.0 

3.8 

3.1 X 10' 

1.6x10® 

1.6x10' 

6.9 X10' 
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Table 3. Occurrence of coliphage in the water column and sediment of the 
duckweed pond. 

Date PFU/100 ml of 
water 

PFU/100 gm of 
sediment (wet 
weight) 

% Solids PFU/100 gm of 
sediment 
(dry weight basis) 

12/26/98 5.9 x 10' 

12/27/98 1.7x 10' 

12/29/98 2.4x 10' 

Mean 3.3 x 10^ 

1.5 X 10' 

7.5 X 10' 

4.4 X 10' 

1.4 X 10' 

5.0 

13.5 

7.0 

8.3 

3.0 X 10' 

5.5 X 10' 

6.2 X 10^ 

1.2 X 10* 

Table 4. Occurrence of coliphage in the water column and sediment of the water 
hyacinth pond. 

Date PFU/100 ml of 
water 

PFU/100 gm of 
sediment (wet 
weight) 

% Solids PFU/100 gm of 
sediment 
(dry weight basis) 

12/24/98 3.5x 10' 

12/27/98 5.1 x 10' 

12/29/98 1.7x 10' 

Mean 3.4 x 10^ 

3.5 X 10' 

1.3 X 10' 

9.0 X 10' 

8.5 X 10' 

3.5 

3.0 

6.0 

4.1 

1.0 X 10' 

4.3 X 10' 

1.5 X 10' 

2.2 X10' 
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Table 5. Occurrence of Giardia cysts in the water column and sediment of the 
duckweed pond. 

Date Giardia in water 
column/ L 

11/23/98 2.8 x 10' 

12/01/98 1.7 X 10^ 

12/04/98 1.8x 10' 

Mean 1.3 x 10' 

Giardia in 
sediment/ L 

2.6 X 10' 

1.6 X lO' 

2.1 X 10^ 

8.4 X 10' 

% Solids Giardia in 
sediment/Kg 
(dry weight) 

4.0 

3.7 

4.0 

3.9 

6.9 X 10' 

4.5 X 10' 

5.3 X 10® 

2.1 X 10' 

Table 6. Occurrence of Giardia cysts in the water column and sediment of the 
water hyacinth pond. 

Date Giardia in water Giardia in 
column/ L sediment/ L 

% Solids Giardia in 
sediment/Kg 
(dry weight) 

11/30/98 95.2 

12/01/98 <5.4 

12/04/98 <55.5 

Mean 95.2 

1.1 X 10" 

9.5 X 10' 

2.3 X 10" 

1.4x10' 

3.5 

4.0 

4.5 

4.0 

3.0 X 10' 

2.4 X 10' 

5.2 X 10' 

3.5 X10' 
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Table 7. Occurrence of Cryptosporidium oocysts in the water column and sediment 
of the duckweed pond. 

Date Cryptosporidium Cryptosporidium in % Solids Cryptosporidium 
in water column/ L sediment/ L in sediment/Kg 

(dry weight) 

11/23/98 14.5 <2.1x10^ 4.0 <5.8x10'' 

12/01/98 29.4 2.3x 10^ 3.7 6.5x10' 

12/04/98 <23.25 <2.3 x 10^ 4.0 <6.1 x 10' 

Mean 21.9 2.3 x 10^ 3.9 6.5 x 10' 

Table 8. Occurrence of Cryptosporidium oocysts in the water column and sediment 
of the water hyacinth pond. 

Date Cryptosporidium Cryptosporidium in % Solids Cryptosporidium 
in water column/ L sediment/ L in sediment/Kg 

(dry weight) 

11/30/98 47.6 4.5x 10^ 3.5 1.2x10^ 

12/01/98 <5.43 2.3 x 10^ 4.0 6.1 x 10' 

12/04/98 <55.5 <2.5x10^ 4.5 5.8x10' 

Mean 47.6 3.4x10^ 4.0 4.0x10' 
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Table 9. Percent recovery of fecal coliforms from sediment. 

Initial titer CFU Final titer CPU Percent recovered 

1.51x10' 1.65x10' 109.5 

1.41x10' 9.83x10' 69.5 

1.29x10' 1.51x10' 117.0 

Mean 98.6 

Table 10. Percent recovery of coliphage from sediment. 

Initial titer Final titer Percent recovered 

3.22 X 10® 8.79 x 10^ 27.3 

1.94x10® 1.03x10® 53.3 

5.40x10® 1.19x10® 22.0 

Mean 34.2 
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Table 11. Percent recovery of Giardia cysts from duckweed pond sediment. 

Seeded sediment 
Giardia/lO ml 

Final titer GiardiallO ml Percent recovered 

1.0 X 10' 5.4 X 10^ 54 

1.6 X 10' 3.9 X 10^ 24 

1.1 X 10' 1.1 X 10^ 10 

Mean 29 

Table 12. Percent recovery of Cryptosporidium oocysts from duckweed pond 
sediment. 

Seeded sediment Final titer of Crypto/20 Percent recovered 
Crypto/2Q ml ml 

1.7x10" 1.6x10' 94 

9.3x10^ 1.4x10' 100 

1.6x10' 6.6x10^ 41 

Mean 78 
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Figure 1. Survival of indigenous fecal coliforms in sediments from artificial 
wetland vs. water column. Data are mean of duplicate experiments. 
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Figure 2. Survival of S. typhimurium in sediment vs. water column of the 
artificial wetland. 
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Figures. Survival of indigenous coliphage in sediment vs. water 
column of the artificial wetland. 
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Figure 4. Survival of bacteriophage PRD-1 in sediment vs. water column of the 
artificial wetland. 
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Figure 5. Survival of Giardia muris in sediment vs. water coiunm of the 
artificial wetland. 
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Table 13. The die-off rates of fecal coliforms, S. typhimurium, coliphage, PRD-1 and 
Giardia in the water and sediment of the artificial wetland. 

Microorg 
-anisms 

Water Sediment 

Log reduct R-square p value Log reduct R-square p value 
ion/day ion/day 
Log,0 day' Logio day' 

Fecal -0.256 0.899 0.0001 -0.151 0.986 0.0001 
colifonn 
S. typhim -0.345 0.769 0.0019 -0.312 0.916 0.0001 
urium 
Coliphage -0.397 0.983 0.0001 -0.107 0.867 0.0008 

PRD-1 -0.198 0.865 0.0008 -0.054 0.930 0.0001 

Giardia -0.029 0.490 0.187 -0.370 0.861 0.022 
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Discussion 

Several processes may be involved in the removal of microorganisms by 

wetlands. Sedimentation is thought to be one of the mechanisms in the removal process. 

In this study we examined the relative occurrence and survival of fecal indicator 

microorganisms and pathogens in the water column and sediments of two constructed 

wetlands. 

On a volume/weight basis the number of fecal coliforms and coliphage in the 

water column and sediment were not significantly different. However, on a dry weight 

basis of the sediment, the numbers in the sediment were generally higher by one to two 

orders of magnitude. Several studies have found that coliforms, fecal coliforms, and 

Salmonella tend to concentrate in sediments (Gerba and McLeod, 1976; Hendricks, 1971; 

Matson et ai, 1978; Erkenbrecher, 1981). All of these experiments were conducted in 

water that contained no plants. In contrast, in the constructed wetlands used in this study, 

the water was covered with either duckweed or water hyacinth to which the 

microorganisms could attach. Filtration and attachment of microbes in the plant root 

surfaces is thought to be one of the processes in microbial reduction in wetlands (Gerba 

et ai, 1998; Gersberg, 1987). It is plausible that the microbial attachment to the root 

surface reduces the settling of bacteria and viruses in constructed wetlands. This could 

explain why we did not observe a large difference in numbers of fecal colifoms and 

coliphage in the water column and sediments. Moreover, most of the previous studies 

were conducted in seawater and estuarine sediments. The high salt concentration and 

relatively clear seawater compared to wastewater might cause a difference in the settling 
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of bacteria and viruses and thus their accumulation in sediment. In contrast, Giardia and 

Cryptosporidium concentrations were two to three orders of magnitude greater in 

sediment compared to the water column. Giardia and Cryptosporidium are much larger 

compared to bacteria and viruses, which may have resulted in a greater degree of settling. 

Karpiscak et ai, (1996) studied the reduction of indicator microorganisms and parasites 

from a multi-species subsurface flow wetland and the duckweed pond used in this study. 

Removal of Giardia and Cryptosporidium from the multispecies wetlands was 73 and 58 

percent, whereas the reduction from the duckweed pond was 98 and 89 percent, 

respectively. The greater numbers of Giardia and Cryptosporidium in sediments suggest 

that sedimentation may be the primary removal mechanism of Giardia and 

Cryptosporidium observed in wetlands. 

The die-off of fecal coliforms and S. typhimurium was less in the sediment 

compared to the water column. A similar result was reported by Gerba and McLeod 

(1976) in marine sediments. The authors reported that £. coli survived longer when 

sediment was present than in the seawater alone. The authors also reported that E. coli 

could grow in the presence of sediment. The longer survival of fecal coliforms in the 

wetland sediment could be due to the greater content of organic matter present in the 

sediment. Coliphage and seeded PRD-1 also survived for longer periods of time in the 

presence of sediments compared to the control. Previous studies in the estuarine 

environment found that virus survival was prolonged in the presence of marine sediments 

(Smith et ai 1978; Labelle and Gerba, 1982). Laboratory studies demonstrated that 

sediment was capable of protecting poliovirus type 1 from the inactivating effects of 
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microorganisms, heat, salt and temperature (Labelle and Gerba, 1982; Liew and Gerba, 

1980). The observed lower inactivation rates of coliphage and PRD-l in sediment 

compared to the water column in the wetland sediment could be due to the protective 

effect of sediment on phages. Future studies are needed to examine the survival of 

human viruses in the sediments of constructed wetlands. 

The survival of Giardia was adversely affected in the presence of sediment. The 

high concentration of Giardia cysts and Cryptosporidium oocysts found in the sediment 

were analyzed microscopically only for presence/absence with no measurements for 

viability or infectivity. It appears that at least Giardia does not survive long periods of 

time in the bottom sediments of artificial wetlands. To our knowledge no published 

literature exists on the survival of Giardia in sediments. A few survival studies suggest 

that temperature plays an important role in the survival of Giardia (Deregnier et ai., 

1989; Johnson, 1996). Biological antagonism is thought to be a mechanism of 

Cryptosporidium oocyst survival in natural waters (Chauret, 1998). A plausible 

explanation of greater reduction of Giardia in the sediment could be due to biological 

antagonism or the presence of organic substances, which enhanced die-off of the 

protozoan parasites. Future studies are necessary to study the effect of sediments on the 

survival of Cryptosporidium. 

This study demonstrated that sediments of artificial wetlands, built for the 

purpose of wastewater treatment, accumulate significant concentrations of pathogens, 

indicating that sedimentation is one of the mechanisms involved in the reduction of 

pathogens from artificial wetlands. Sedimentation of pathogens in vegetated wetlands 
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appears to be size related with higher sedimentation of larger particles. Wetland 

sediments prolong the survival of bacteria and virus but not parasites. 
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