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ABSTRACT 

The purpose of this study was to determine the removal efficiency of natural systems 

for the reduction of enteric protozoa {Giardia and Cryptosporidium), and enteric viruses in 

wastewater. 

The first part of the study used bench-scale soil columns to determine the potential 

effectiveness of Soil Aquifer Treatment (SAT) for.the removal of Cryptosporidium oocysts 

and Giardia cyst firom treated wastewater. Sand and sandy loam were used to pack 18 to 

200-cm long columns. Results from this study showed that removal of oocysts increased 

as increasing length of the soil column. Although substantial removal of Cryptosporidium 

occurs (>99.99%) within 200 cm of soil, oocysts are likely to penetrate beyond this depth. 

Giardia was removed far below detectable levels, probably due to its larger size. 

The next phase of the project investigated the removal of pathogenic and indicator 

microorganisms from imtreated wastewater by a surface flow wetland, the importance of 

plants in wetlands, as well as the potential for groundwater contamination possed by 

pathogens with the use of constructed wetlands. This small-scale study was conducted in 

a large tank divided into two cells. Both cells were filled with sand and one cell was planted 

with bulrushes and the other was unplanted. About 90 percent of all microorganisms were 

removed by either of the systems. Neither Giardia nor Cryptosporidium were found to 

penetrate through the 2-m of sand in either the planted or unplanted cells. Lower numbers 

of viruses and bacteria were transported through the sand in the planted wetland cell versus 

the unplanted cell. This could indicate that vegetated wetlands are more likely to prevent 

microbial transport to groundwater. 
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The objective of the last part of this study was to determine the survival of 

Cryptosporidium oocysts in wastewater effluent applied to a constructed vegetated wetland, 

when exposed to and when protected from sunlight, and the effect of temperature during 

different seasons. Viability of Cryptosporidium oocysts was determined using the 

excystation technique. Results from this study indicated that sunlight and/or temperature 

play a significant role in the survival of Cryptosporidium. Thus, it was concluded that 

oocyst reduction in wastewater applied to wetlands can be enhanced by natural die-off due 

to the effects of temperature or UV irradiation in sunlight, and greater removal could be 

achieved if designing of wetland systems take into consideration such factors. 
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CHAPTER 1 

INTRODUCTION 

Problem Definition 

The high operational costs of conventional treatment systems required to achieve 

mandated levels of wastewater effluent quality has lead to a search for alternative 

wastewater treatment systems. In the arid regions where rain-fall is infrequent and water 

table elevations decline, wastewater reuse is becoming a realistic and practical option for 

water utilities. There is a need for practical and economical options for wastewater 

treatment in developing coimtries, where no wastewater treatment is currently practiced, or 

raw wastewater is discharged directly into surface waters, or used for water for irrigation 

of food crops. 

In the nineteen century, land application was the only acceptable method for the 

waste treatment and disposal of wastewater. This technique gradually slipped from used 

with the development of modem techniques for treating wastewater. More recently use of 

constmcted wetlands with respect to treatment of wastewater has emerged as a new 

development in the United States and Europe. These concepts could provide cost-effective 

treatment options and can be practical to use at almost any location throughout the world. 

This study was xmdertaken to assess the potential use of this system with respect to the 

reduction of microbial hazards in wastewater, as well as the transport of pathogens through 

the soil. 
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Literature Review 

Waterbome Giardia and Cryptosporidium 

Giardia. In 1681, Anton van Leeuwenhoek described Giardia lamblia for the first 

time. He discovered the Giardia motile trophozoites in a sample of his own stools, and 

called them "animalcules" (Dobell, 1960). Vilem Laml was credited with the full description 

of the trophozoite inl859, which he identified in the stools of various pediatric patients 

suffering diarrhea (Farthing, 1995). At the beginning of the 20th century, physicians really 

began to associate diarrhea with the presence of Giardia in feces. Fantham and Porter 

(1916) confirmed the infectivity of Giardia by oral administration of cysts to animals. Oral 

administration of the Giardia cysts was performed later in humans by Robert Rendtorff in 

1954. Waterbome giardiasis was first recognized in the United States in 1965, and by 1988, 

106 outbreaks had been reported. Giardia is now the microorganism most commonly 

associated with drinking water disease outbreaks when an agent can be identified (Craun, 

1992). The prevalence of Giardia in stool samples in the general population is one to 30 

percent (Benson, 1990). 

Giardia lamblia exists in two forms: the cyst and the trophozoite. The cyst is the 

infective stage, transmitted from one individual to another by water or food contaminated 

by feces (Fig. 1). Infection with Giardia takes place by ingesting the environmentally-

resistant stage (cyst). After ingestion, increased acidity in the stomach stimulates the cyst 

cytoplasm to differentiate into two motile trophozoites which attach themselves to the 

epithelial surface of the small intestine. Adherence to the cells flattens the villi, causing 

malabsorption and diarrhea by not allowing adsorption of water and nutrients (Despommier 
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et al., 1995). When trophozoites travel down the intestine, cholesterol starvation stimulates 

them to encyst and pass back into the environment. Once the cysts are in the environment, 

they can remain infectious for long periods of time under the right conditions. It has been 

estimated that the infectious dose of Giardia is as low as 10-25 cysts (Rendtorff, 1954), 

which makes low numbers in water a potential health threat. 

Human and animal waste can carry Giardia cysts into the environment. Beavers 

have been found to be infected with Giardia as well as muskrats. Prevalence of Giardia in 

these animals has been found to be as high as 95 percent. In addition, domestic animals 

such as cattle, goats, sheep, pigs, cats, and dogs can become infected with Giardia 

(Erlandsen, 1995). Although there is evidence that suggests that animal-source Giardia 

could potentially infect humans, to date no infections with Giardia lamblia in humans have 

been directly linked to an animal host. An individual infected with Giardia may shed on 

the order of 10' cysts per day, which may appear in the wastewater (Hibler and Hancock, 

1990). Run off from agricultural fields, broken sewer lines and deficiency or error in 

wastewater treatment may also contribute to the occurrence of Giardia in the environment. 
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Figure 1. Giardia infection 

(1) Cysts are ingested in food or water. (2) Trophozoites excyst in the small intestine. (3) 
Trophozoites live on surface of villi. (4)Trophozoites encyst in the small intestine. (5) Cysts 
pass to the environment in the feces. 
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Cryptosporidium. Description of Cryptosporidium was provided for the first time 

by Tyzzer (1907). He observed the parasites attached to the epithelial cells in histologic 

sections of a mouse intestine. Later, in 1955, Slavin recognized the pathogenic 

characteristics of the protozoan, when he established that Cryptosporidium caused diarrhea 

in turkeys (Slavin, 1955). Cryptosporidium as a cause of diarrhea in himians was first 

reported in 1976, when Nime et al. (1976) and Miesel et al. (1976) reported it in 

immunocompromised patients. Thus, Cryptosporidium species have been observed and 

described for many years, but awareness of their importance as a pathogen, first in animals 

and later in himians, has developed only over the last two decades. Gradually, it became 

recognized that Cryptosporidium could produce a short - term diarrheal illness in 

immunocompetent persons, but may also produce a much more serious and sometimes fatal 

illness in immunodeficient patients, such as those with Acquired Irxmmne Deficiency 

Syndrome (AIDS). In 1984, the first documented waterbome Cryptosporidium outbreak 

was reported (D'Antonio et al. ,1985). Since then, it has caused several very large outbreaks, 

the most well known being that in 1993, in Milwaukee, WI. This is the largest waterbome 

disease outbreak ever documented in the United States (MacKenzie et al, 1994). 

Infection with Cryptosporidium occurs as a result of ingestion of an environmentally 

resistant stage, referred to as an oocyst (Fig. 2). When oocysts are ingested, they undergo 

excystation, releasing infective forms called sporozoites, which invade intestinal epithelial 

cells. In the epithelial cells, the sporozoites undergo two asexual multiplications, which 

result in forms that further invade epithelial cells to become sexual parasites. Upon 

maturation, these sexual parasites release gametes, which undergo sexual reproduction to 
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fonn the infective oocyst. Oocysts are then released from the infected host (Despommier, 

et al., 1995). 

As in the case of Giardia, the infectious dose of Cryptosporidium is believed to be 

low. DuPont et al. (1995) determined that 20 percent of human immunocompetent 

volunteers ingesting just 30 oocysts became infected, although he found that the infectious 

dosejo was 132 oocysts. It has been estimated that.the prevalence of Cryptosporidium in the 

United States ranges from 0.3 to 4.3 percent (Ungar, 1990). In previous studies, Soave and 

Johnson (1988) reported that in the immunocompetent Cryptosporidium infection had been 

described in 26 countries, wdth a prevalence of 0.6 - 20 perecnt reported in western countries 

and 4-20 percent in developing countries; the infection is more conmion in children than 

adults. Published data from over 40 countries collated by Current and Garcia (1991) 

indicate that in the industrialized countries of North America and Europe, the prevalence 

rate was 1 - 3 percent, whereas in developing countries, prevalence rates ranged from about 

5 percent in Asia to about 10 percent in Africa. Among AIDS patients, cryptosporidiosis 

has a prevalence of 3 - 4 percent in the United States, up to 11 and 21 percent in the United 

Kingdom and France, respectively, and more than 50 percent in some African countries 

(Current, 1988; Current and Garcia, 1991). 

The range of mammalian species that can harbor Cryptosporidium seems almost 

limitless (Sterling, 1988). Studies have shown that 95 percent of the calves on a dairy in 

Arizona were infected. Epidemiological studies indicate that C. parvum is responsible for 

diarrheal disease in a broad range of mammals including man, enhancing the possibility of 

zoonotic transmission (Casemore, 1990). Cryptosporidium completes its life cycle within 
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a single host, and auto-infection occurs, ensuring that large numbers of infective oocysts are 

excreted (Smith, 1992). Oocysts from infected humans present in agricultural runoff and 

in muck and slurry in a watershed, and from indigenous wildlife, will contribute to the 

numbers of waterbome oocysts which are potentially infectious to man (Smith, 1992). 
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Figure 2. Cryptosporidium infection 

(1) Oocysts are ingested in food or water. (2) Sporozoites excyst in the small intestine. (3) 
Sporozoites attach to the epithelial surface of the mucosa. (4) Sexual reproduction results 
in a fertilized macrogametocyte. (5) Unsporulated oocyst is released from cell surface. (6) 
Oocysts are passed in feces. 
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Occurrence of Giardia and Cryptosporidium in water 

Sewage. The concentration of Giardia lamblia cysts found in raw wastewater varies 

from 560 to 14,000 per liter (Sykora et al, 1991). It has also been observed that there is a 

seasonal distribution of cysts occurs, where the highest concentrations typically occur in the 

late summer, and in winter to early spring. Casson et al., (1990) reported concentrations of 

cysts ranging from 642 to 3,375 cysts per liter in raw wastewater from two treatment plants 

in Pennsylvania and California, respectively. Raw sewage samples from five large 

populations in the Yukon, Canada were found to contain 26 to 3,022 Giardia cysts and 0 

to 74 Cryptosporidium oocysts per liter (Roach et al, 1993). These researches also 

observed a summertime peaking of Giardia cysts and occasionally Cryptosporidium 

oocysts. Madore et a/. (1987) had previoi^ly reported that raw sewage in Arizona contained 

Cryptosporidium ranging in number from 850 to 13,700 oocysts per liter. In a study, 

conducted by Rose et al (1986) the researchers found that oocysts in raw sewage averaged 

5,291 per liter. In a more recent study. Rose et al, (1996) reported average concentrations 

of Giardia of 3,900 cysts per liter in untreated wastewater, and 370 Cryptosporidium 

oocysts per liter. Concentrations of Giardia cysts and Cryptosporidium oocysts in treated 

wastewater (secondary effluent) have been reported to be as high as 161 and 24 per liter, 

respectively (Karpiscakera/., 1996). 

Results from these various studies demonstrate that raw sewage contains significant 

numbers of both protozoan parasites Giardia and Cryptosporidium.. 
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Svirface water. Cryptosporidium has also been reported to be present in 65 to 87 

percent of surface water samples tested throughout the United States, while Giardia has 

been shown to occur in 16 to 81 percent of the surface water (Rose et al, 1991; 

LeChevallier e/ a/., 1991). A study conducted by Rose et al. (1991) demonstrated that 

samples collected from rivers, lakes, reservoirs and springs that were used as sources of 

drinking water in 17 states of the United States were contaminated with Cryptosporidium 

and Giardia. Cryptosporidium oocysts were detected in 55 percent of the surface waters 

studied at an average concentration of 43 oocysts per 100 liters, while Giardia cysts were 

foimd in 16 percent of the samples at concentrations averaging 3 cysts per 100 liters. 

Results from this study also showed that both Giardia and Cryptosporidium occurred more 

frequently in water receiving sewage or agricultural discharges compare to pristine waters. 

LeChevallier et al. (1991) demonstrated that the source of water for 66 drinking water 

treatment facilities contained Cryptosporidium and Giardia in 87 and 81 percent of the 

samples collected respectively. Again, higher densities of cysts and oocysts were 

associated with water receiving industrial or sewage effluents. Average concentrations of 

Cryptosporidium and Giardia during this study ranged from 0.07 to 484 oocysts and 0.04 

to 66 cysts per liter, respectively. 

Groundwater. Several studies have determined the prevalence of Cryptosporidium 

and Giardia in ground sources. A study conducted by Rose et. at/. (1991) showed that about 

5.6 percent of grovmdwater sources was contaminated with Cryptosporidium. Hibler (1988) 

had previously found that 5 of 36 of springs, 2 of 40 of wells, and 5 of 16 of infiltration 
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galleries were positive for Giardia. Lisle and Rose (1995) listed 11 Cryptosporidium 

outbreaks of which 5 were associated with groundwater or springs. It has also been shown 

that five of nine outbreaks of giardiasis between 1991 and 1994 were associated v«th 

groundwater supplies (Moore et al., 1993; Krarruner, et al., 1996a). Recently, results from 

analyses of groundwater samples in 23 states in the United States, showed that 

Cryptosporidium was present in 5 percent of vertical wells, 20 percent of the springs, 50 

percent of the infiltration galleries and 45 percent of horizontal wells (Hancock, et al., 

1998). The same study also detected the presence of Giardia in one percent of vertical 

wells, 14 percent of the springs, 25 percent of infiltration galleries, and 36 percent of the 

horizontal wells. 

These studies demonstrate that, despite the belief that groundwater supplies were 

relatively pure sources of drinking water, transport through the ground of pathogenic 

microorganisms, Giardia and Cryptosporidium, can occur. 

Waterbome giardiasis and cryptosporidiosis outbreaks 

An etiologic agent is determined in about 50 percent of waterbome disease 

outbreaks reported each year in the United States. The most frequently identified pathogen 

in such outbreaks has been found to be Giardia lamblia (Craim, 1992). 

The waterbome transmission of Giardia was suggested as early as 1946, by an 

epidemiological investigation of an outbreak attributed to sewage contamination of a water 

supply in Tokyo (Davis and Ritchie, 1948). The first documented waterbome outbreak of 

giardiasis in the United States occurred at Aspen, CO; between December 1965 and January 
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1966. Approximately half of the water provided by the city came from wells and it was 

suggested that contamination of the wells from leaking sewer mains may have been the 

reason for the outbreak (Moore et ai, 1969). I n addition, Giardia lamblia cysts were 

isolated from the leaking sewage. The first recorded waterbome outbreak of giardiasis 

involving a filtered water supply occurred in Camas, Wash in 1976; it affected about 10 

percent of a population of 6,000 (Alkin, 1986). Camas used two water sources: mountain 

streams and deep wells. Giardia cysts were isolated from the raw water in two distribution 

systems storage reservoirs, apparently the watersheds for the surface water sources were 

contaminated. 

Waterbome outbreaks of giardiasis have occurred primarily in areas that have 

traditionally depended upon surface water sources free of human sewage and where water 

treatment has been minimal, consisting primarily of disinfection without filtration. 

Contaminated untreated groundwater, however, was determined to be a major cause of 

waterbome outbreaks (44%) for all types of water systems during a 61 -year period (Craim, 

1986). Between 1965 and 1984 there were 90 documented Giardia outbreaks with over 

23,776 cases of giardiasis (Alkin and Jakubowski, 1986). From 1985 to 1988, 12 more 

outbreaks were documented involving 1,910 cases (Levine and Craim, 1990). During 1989 

and 1990 Giardia lamblia was implicated as the etiologic agent for 7 of the 12 outbreaks 

in which an agent was identified. These outbreaks were all associated with ingestion of 

unfiltered surface water or surface-influenced groundwater (Herwaldt et al., 1992). For the 

2-year period 1992-1992 four outbreaks of giardiasis were documented, these affected an 

estimated 123 individuals (Moore, etal, 1993). In the period of 1993-1994, five outbreaks 
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of giardiasis affected 385 people and these outbreaks were associated with community water 

systems, three with surface water and two with well water (Krammer et al., 1996b). 

Cryptosporidium, while not as often documented as a cause of waterbome disease 

outbreaks as often as Giardia, it has been reported to cause some very large outbreaks. The 

first identified waterbome disease outbreak caused by Cryptosporidium in the United States 

was reported in Texas following the presumed contamination of an artesian well by sewage 

(D'Antonio et al., 1985). The second recorded outbreak in the United States occurred in 

Carrollton, GA, in 1987. In this outbreak the overall of infection rate was 40 persent, with 

an estimated 13,000 individuals affected. The public water supply implicated as the source 

of the outbreak. The suspected sources of contamination included runoff from cattle 

grazing areas and sewage overflow into river water which was used as the source water for 

the public potable water supply (Hayes et al, 1989). In 1991, 551 individuals of a 

population of 1,987 became ill at a picnic facility in Berks Coimty (Moore et al, 1993). 

Drinking water supplied by an on-site well was implicated as the source of the outbreak. In 

1992, a large outbreak occurred in Jackson County, OR (Leland et al., 1993). Investigations 

associated cryptosporidiosis with the drinking water system in the community. Mechanical 

and operational deficiencies at one of the city's water filtration plants, along with unusually 

poor raw-water supply conditions (because of low stream flow), were possible causes of the 

outbreak. There have been several reported additional cryptosporidiosis outbreaks (Solo-

Gabriele and Neumeister, 1996), the largest being the Milwaukee outbreak. This massive 

outbreak occurred in 1993, and was the largest waterbome outbreak documented in the 

United States. Approximately 403,000 people became infected (Mac Kenzie etal., 1994). 
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The water treatment plant drew water from Lake Michigan and Cryptosporidium oocysts 

apparently passed through the filtration system of one of the city's water treatment plants. 

The precise source of contamination was never identified; possible sources of 

Cryptosporidium included cattle wastes, slaughter-house waters, and human sewage (Mac 

Kenzie et al, 1994) 

The dramatic increase in the recording of waterbome cryptosporidiosis during the 

last decade could indicate that in the past, outbreaks caused by Cryptosporidium have been 

under recognized. The recent outbreaks emphasize the importance of protecting drinking 

water sources from the effects of wastewater and nonpoint sources of contamination. 

Removal of Cryptosporidium and Giardia by conventional wastewater treatment processes 

Wastewater treatment practice started in the beginning of the twentieth century 

(Bitton, 1994). Today, approximately 15,000 wastewater treatment plants have been 

constructed in the United States. These facilities are capable of treating about 37 billion 

gallons of either domestic or industrial wastewater per day, and approximately 75 percent 

of them perform secondary treatment or greater (Ouellete, 1991; Bitton 1994). 

Wastewater treatment includes preliminary, primary, secondary and tertiary or 

advanced treatment. Preliminary treatment consists of removal of debris and coarse 

materials. The processes of screening and sedimentation of debris is known as primary 

treatment. In secondary treatment, biological oxidation is carried out by activated sludge, 

trickling filters, or oxidation ponds; chemical processes (disinfection) are also used to treat 

wastewater (Bitton, 1994). Secondary treatment reduces organic matter and biological 
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oxygen demand from raw sewage up to 95 percent, and can produce effluent that can be 

used for irrigation. Tertiary or advanced wastewater treatment consists of filtration and 

chemical precipitation to further removal of BOD, organic matter, and nitrogen and 

phosphorous. 

Giardia cysts have been found to be removed during primary treatment by a 

maximal of only 0 to 53 percent (Casson et al., 1990). They also found that the biological 

treatment process (secondary treatment) reduced cysts by 98.6 to 99.7 percent. In another 

study conducted by Rose et al. (1996) reported Giardia cyst reduction by biological 

treatment (activated sludge) to be 93 percent. Reduction of Cryptosporidium oocysts during 

wastewater treatment ranged from 74 percent with secondary treatment and disinfection 

(Rose et al, 1986) to 79 percent following the inactivated sludge processes (Madore et al, 

1987). A laboratory simulation of this process demonstrated an 80 to 84 percent reduction 

in oocysts but those remaining in the effluent were capable of causing infection in mice 

(Villacorta-Martinez de Maturana et al, 1992). In a more recent study of the removal of 

Cryptosporidium in a full-scale water reclamation facility. Rose et al. (1996) found that 

oocysts were removed by 92.8 percent by biological treatment with activated sludge. 

Transport of microorganisms through soil 

It is assumed that soil acts as a living filter, with the potential for self-purification 

through biological processes, that reduce microbial concentrations when land application 

of sewage is practiced (Tim etal.,l9i%). On the other hand, observations in both the field 
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and laboratory have shown migration of microorganisms over significant distances through 

soil. 

Studies of the movement of microorganisms in soil have largely concentrated on 

bacteria and, to a lesser extent, viruses (Gannon etal., 1991; Huysman and Verstraete, 1993; 

Paterson et al., 1993). However, the potential for transfer of protozoan parasites to ground 

water following the application of wastewater to land has not been studied to a great extent. 

Movement of viruses through soil particles is influenced by adsorption due to their small 

size. Bacteria being larger than viruses, filtration and sedimentation also play a role in 

affecting their degree of movement within the soil profile (Bitton and Harvey, 1992; Tan 

et al, 1992). As in the case of bacteria, filtration and sedimentation are expected to affect 

the extent of movement of the larger protozoan cysts. Soil type has also been reported to 

affect the degree and rate of movement of microorganisms. Some studies indicate increased 

movement of bacteria and viruses through sand compared to soil (Bashan and Leovanony, 

1988). Others have reported that coarse soil fractions favor microorganism transport as 

opposed to fine soil particles (Tan et al, 1991). In addition, the explanation provided for 

the rapid movement of bacteria through soil is the presence of micropores, cracks, fractures 

or channels formed by plant roots in the soil (Thomas and Phillips, 1979). Abu-Ashour et 

al. (1994) sunimiarized the mechanisms that govern microorganism movement in soil, being 

migration by advection and dispersion, while being subjected to effects of filtration, 

adsorption, desorption, growth, decay and sedimentation. 

A study carried out by Mawdsley etal. (1996) demonstrated that C. parvum oocysts 
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were transported through 35-cm long soil columns, after simulation of rainfall. Mawdsley 

et al. (1996) concluded that it is likely that a combination of factors, including a natural 

filtering effect, predation, and loss of viability may interact to decrease the risk of ground 

water contamination. This investigation showed that the extent of leaching of this pathogen 

down through the soil was affected by soil type and that the degree of movement was less 

in silty loam cores, compared to clay loam or loamy sand soils. They did not attribute this 

difference of migration to the organic matter of clay content in the soil, but speculated that 

oocysts in silty loam soil were less prone to predation or were less readily degraded, 

compared to oocysts in clay or loamy sand soils. However, most of the retention of the 

oocysts was found to occur within the top few centimeters of soil. It has been suggested 

that straining (i.e. retention) of bacteria at the soil surface is a major factor in determining 

the extent of transport and as bacteria and other particles are strained out at the soil surface, 

they will, in tum, have a filtering effect (Gerba et al., 1975). Thus, Cryptosporidium 

retention at the upper sections of the soil could be due to its size and filtering may be the 

most important factor to affect movement in soil. More information on the movement of 

cyst-forming organisms is needed to predict distances required for these pathogens to enter 

land drains. 

Removal of pathogens from wastewater by wetland systems 

Planted wetlands have been proposed as an altemative for municipal wastewater 

treatment. Only a few studies on the removal of pathogenic microorganisms in constructed 
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wetlands have been performed. A limited number of studies have examined the removal 

of indicator bacteria, and enteric pathogens, protozoan parasites, and enteroviruses. 

Mechanisms for the removal of microorganisms in wetlands have been suggested to be 

sedimentation, straining, sorption, and processes of microbial decay. Stalks of implanted 

reeds can enhance sedimentation and favor the reduction of larger-sized organisms (i. e. 

parasites) (Grimason et al., 1993), or provide sites for adsorption of small organisms such 

as viruses (Gersberg et al, 1987). 

Karpiscak et al. (1996) performed an investigation on the removal of indicator and 

pathogenic microorganisms from secondary sewage effluent by a multi-species plant surface 

flow wetland and an aquatic pond covered with duckweed. Results from this study showed 

a 93 percent reduction of fecal coliforms, 98 percent reduction of enteroviruses, while 

Giardia and Cryptosporidium were reduced by 73 and 58 percent, respectively. In the 

duckweed pond, fecal coliforms were reduced by 62 percent, Giardia by 98 percent and 

Cryptosporidium by 87 percent. Anotlier study conducted on a subsurface flow vegetated 

wetland, showed an 89 percent reduction of bacteriophages from secondary sewage efifluent 

(Gersberg et al, 1987). To date, no studies have been performed on the removal of 

pathogens from raw sewage by wetlands, and more information is needed to assess the 

potential of these systems for reducing the numbers of such microorganisms. 

Survival of Cryptosporidium in the environment 

Due to the robustness of the thick-walled transmissive stage, the oocyst, 
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Cryptosporidium has a high potential for transmission through water (Smith, 1992). 

Several factors could affect the survival of the oocyst while in the environment. 

Major factors causing detrimental impacts on the survival of oocysts are reported to be 

dessication, and temperatures above 60 °C or below -20 °C for 30 minutes (Tzipori, 1983; 

Anderson, 1985). Robertson e/a/. (1992) also reported that dessication of 

appears to be 1 GO percent lethal. They found that 2 hours of air drying at room temperature 

resulted in 97 percent inactivation, and that slightly longer periods of drying inactivated 

100-percent of the oocysts. It is thought, however, that Cryptosporidium oocysts can remain 

viable for long periods of time in water at low temperatures; because the infectious dose is 

believed to be low, low-level contamination of a water supply could result in infection. In 

addition, because of the resistance of Cryptosporidium to chlorine disinfection (Korich et 

al, 1990), oocysts are likely to remain viable in effluents from wastewater treatment 

facilities. 

Studies performed on the survival of Cryptosporidium oocysts in different kinds of 

water environments have shown that its survival varies depending on the environmental 

conditions. Robertson et al. (1992) monitored the survival of various isolates of C. parvum 

oocysts in different water types. They found that oocysts suspended in sea water and stored 

at 4°C in the dark decreased in viability by only 33 percent over a 3 5-day period. They also 

investigated viability of oocysts in river and tap water. Oocysts survived up to 176 days 

with a decrease in viability of 99 percent in both types of water. In addition, Robertson et 

a/. (1992) demonstrated that under laboratory models of the effectiveness of water treatment 

processes, even though concentrations of aluminum for prolonged periods of time caused 



30 

a significant increase in oocyst death, alum floccing at the pH, concentration, and contact 

time utilized by the water industry appear to have no impact on the viability of 

Cryptosporidium oocysts. Johnson et al. (1997) compared the survival of Giardia muris 

and Cryptosporidium in sea water and concluded that Cryptosporidium was able to survive 

longer than Giardia. Cryptosporidium oocysts suspended in sea water kept in the dark, 

survived up to 6 days with a 90 percent decrease in viability. They survived only 3 days in 

seawater exposed to sunlight. In comparison G. muris survived 72 hours in the dark as 

opposed to 3 hours in sunlight. Villacorta-Martinez de Maturana et al. (1992) conducted 

an investigation on a laboratory simulation of the activated sludge treatment process, and 

found that oocysts remaining in the wastewater effluent were viable and capable of causing 

infection in mice. 

Results from the various studies on survival of Cryptosporidium indicate that, with 

the exception of dessication and high temperatures, there is likelihood for prolonged 

survival in the environment. 
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Explanation of the Dissertation Format 

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

experiments designed and undertaken by the candidate: 1) transport of Cryptosporidium 

and Giardia through soil, 2) removal of pathogenic microorganisms by a constructed 

wetland receiving untreated domestic wastewater, and 3) inactivation of Cryptosporidium 

in treated wastewater applied to a constructed wetland. Each candidate for the advanced 

degree in the Department of Soil, Water and Environmental Science is expected to submit 

their original research to peer reviewed scientific journals for publication. The use of this 

format will have significant advantages because these papers will essentially be ready for 

publication. 

Each of the attached papers represent the candidate's original dissertation research. 

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

Gerba, Arnold, and Karpiscak served as coeditors of the manuscripts as well as participants 

in directing the candidates research. 
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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 brief summary of each of the three studies. 

The first paper describes experiments to investigate the removal of the pathogenic 

protozoa Cryptosporidium and Giardia from wastewater during soil-aquifer treatment 

(SAT). The effectiveness of SAT for Cryptosporidium oocysts and Giardia cysts removal 

from wastewater with different degrees of pretreatment was studied in bench-scale sandy 

soil columns. This experiment addresses the issue of simulating actual SAT as closely as 

possible in the laboratory to predict parasite removal by the soils under study. 

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

artificially constructed wetlands for enhancing the microbial quality of domestic wastewater. 

Removal of various organisms from raw sewage in a pilot scale constructed wetland is 

determined including indicator bacteria, bacteriophages, and the enteric pathogens Giardia 

cysts, Cryptosporidium oocysts and enteric viruses. The removal efficiency of a surface 

flow wetland planted with bulrushes compared to that of bare sand, the importance of plants 

in the removal process, and the potential for groundwater contamination by pathogens 

beneath the wetlands is described in the paper. 

The last paper evaluates some of the factors that could affect the survival of 

Cryptosporidium in constructed wetlands. This study consists of the assessment of the 
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effect of temperature and sunlight inactivation of Cryptosporidium oocysts in secondary 

sewage effluent applied to a constructed vegetated wetland. 
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ABSTRACT 

Cryptosporidium and Giardia are enteric parasites commonly associated with 

waterbome disease in the United States. Outbreaks associated with contaminated 

groundwater have been documented. This study investigated the efficiency of two different 

soil types (sand and sandy loam) to remove Cryptosporidium oocysts and Giardia cysts 

from wastewater of different quality. Soil columns of varying length (18 to 200 cm) were 

flooded with either primary, secondary or tertiary treated wastewater. It was necessary to 

add Cryptosporidium to the secondary and tertiary treated wastewater. The greatest removal 

of Cryptosporidium oocysts in the 18-cm sandy loam columns occurred from primary 

effluent, with indigenous oocysts being removed by more than 99 percent. Removal of 

seeded oocysts averaged 81.3 percent for secondary effluent, and 87.7 percent for tertiary 

effluent. Removal of seeded oocysts from secondary effluent in the 100-cm columns 

showed no significant difference between the two soil types, reductions averaged 99.97 

percent for sandy loam column, and 99.98 percent in sand column. Removal of indigenous 

Cryptosporidium in the 100-cm sandy loam column flooded with primary effluent was 

greater than 99 percent, no oocysts were detected in the column effluent. In the 200- cm 

sand column, oocysts were reduced by 99.994 percent. Greater than 99.9 percent of the 

Giardia cysts was removed in all columns, except in the 18-cm sandy loam column, which 

averaged 99.59 percent. 

Key words: Cryptosporidium, Giardia, groundwater, land application, removal. 

Soil Aquifer Treatment, soil, wastewater 
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INTRODUCTION 

Enteric protozoa such as Cryptosporidium and Giardia are commonly associated 

with waterbome disease in the United States (Gerba,1995). The parasite Cryptosporidium 

parvum is an important emerging microbial threat to the general population and specially 

to high risk groups (Goodgame et al, 1993). It has been associated with at least three 

waterbome outbreaks caused by contaminated groundwater (Solo-Gabriele and Neumeister, 

1996), and it has also been isolated from monitoring wells where land application of 

wastewater was practiced. 

Cryptosporidium shares several characteristics with Giardia, that promote the 

likelihood of waterbome transmission (Smith and Rose, 1990). Large numbers of these 

organisms may be excreted by infected individuals in environmentally resistant stages 

known as oocysts and cysts respectively, and thus may be present in wastewater. These can 

remain viable in the environment for long periods of time and be a potential source of 

infection. Cryptosporidium oocysts are smaller (4-6 ;im) than Giardia cysts (8-12 ̂ m) 

and are considerably more resistant to chlorine disinfection (Korich et al, 1990). Ozone 

disinfection has been shown to be effective inactivating oocysts (Korich et al., 1990) and, 

although use of this technology is increasing, it is not currently widespread (Laland et al, 

1993). Therefore, optimal practiced filtration treatment of at-risk water represents the only 

available in place barriers to prevent waterbome outbreaks of cryptosporidiosis (Leland et 

al, 1993). This is of particular concern because of the potentially fatal consequences of 

cryptosporidiosis for people with compromised immune systems. Treatment and filtration 
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of water lower the numbers of organisms in water (Korich et al, 1990; Madore et al, 

1987), yet Cryptosporidium oocysts can often be found at low levels in treated drinking 

water (LeChavalier et al, 1991). 

Raw sewage may contain high numbers of these organisms, up to 14,000 oocysts/L 

have been reported (Rose, 1986); and as many as 4,000 oocysts/L have been detected in 

treated sewage effluent (Madore et al, 1987). One study reported a reduction of oocyst 

concentration of 74-percent in wastewater with secondary treatment and disinfection (Rose, 

1986); another reported a 79-percent reduction using the activated sludge process (Madore 

e/ a/., 1987). Runoff from dairies and feedlots can contain similar or even higher numbers 

of organisms because of the prevalence of Cryptosporidium in livestock (Leland et al, 

1993). 

Instances of land application of sewage are increasing because this disposal 

treatment process removes some of the pollutants from the applied sewage, and constitutes 

a possible aquifer recharge source (Lance et al, 1982). Land application systems are 

designated and installed with the assumption that the soil can act as a living filter with the 

potential for self purification through biological processes that reduce microbial 

concentrations. However, disadvantages of land application may include degradation of 

quality of surface and groundwater through chemical and microbial contamination, and 

accumulation of heavy metals in soil (Jamal et al, 1993). Contaminated groundwater may 

cause almost half of the outbreaks of waterbome diseases each year in the United States 

(Craun, 1984). 
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Infiltration basins or Soil Aquifer Treatment (SAT) systems are by far the most 

widely used method of groundwater recharge (U SEPA, 1991). Because of their economical 

attractiveness and low maintenance, many SAT systems have been installed or are being 

considered in the United States and other countries throughout the world. SAT relies 

primarily on the percolation of treated wastewater through the vadose zone for the 

improvement of water quality. The mechanism of filtration, biodegradation, physical 

adsorption, ion exchange, and precipitation can be very effective in removing pathogens 

(Bitton and Harvey, 1992), and removal efficiencies for specific water quality constituent 

as a function of the type of soil (Bitton et al., 1974; Smith et al, 1985; Paterson et al., 

1993). 

The effectiveness of SAT for Cryptosporidium oocysts and Giardia cysts removal 

from wastewaters provided with different degrees of pretreatment was studied in bench-

scale soil columns. Removal of indigenous oocysts and cysts and additional seeded 

formalin inactivated oocysts from effluent were determined to compare the effectiveness 

of removal by different soils from wastewaters of different quality. 

MATERIALS AND METHODS 

Wastewater 

Primary, secondary, and tertiary sewage effluents were obtained from the Roger Road 

Treatment Plant in Tucson, AZ. Primary effluent was withdrawn directly from primary 

settling tanks. Secondary treatment consisted of a biotower-activated sludge process 
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followed by chlorination at a dose of approximately 6.45 mg/L. It was dechlorinated with 

0.5 mL of 55m M sodium thiosulfate per liter (4.35 mg/L) of wastewater prior to column 

application. Tertiary treatment consisted of filtration of the secondary effluent through 

pressure filters of mixed media. 

Indigenous levels of both Giardia cysts and Cryptosporidium oocysts were 

analyzed in primary, secondary, and tertiary effluents. One-liter samples were collected for 

each of the three types of effluents and, quantification of these organisms was performed 

using the immimofluorescence technique (Rose et al, 1988). Low levels of 

Cryptosporidium were foimd in secondary and tertiary wastewaters, ranging from 4 to 6 

oocysts/L. Giardia cysts detected in secondary effluent ranged from 10 to 72 cysts/L, and 

they were below the detection limit of one per liter in tertiary effluent. Higher levels of both 

Giardia cysts and Cryptosporidium oocysts were detected in primary effluent, ranging from 

800 to 1,000 cysts/L and 40 to 60 oocysts/L, respectively. 

Because of the low concenfrations of naturally occurring Cryptosporidium oocysts, 

secondary and tertiary effluents were spiked with higher numbers of formalin inactivated 

oocysts before they were applied to the columns. Although live oocysts would have been 

preferred, safety reasons dictated that formalin inactivated oocysts be used. 

Soil column construction and operation 

Soil columns were constructed and operated by The University of Arizona 

Environmental Engineering Department. Columns were 7 cm in diameter, 18 cm, 100 cm 
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or 200 cm in length of the soil profile. 

The design for the soil columns is shown in Figure 1. The columns were made of 

3/8-inch acrylic tubes, 3.0-inch inside diameter and were equipped with ports at five soil 

depths for measurement of the soil water tension, redox potential, and dissolved oxygen 

content. Columns were packed uniformly with the soil. A quartz disc was used to seal the 

top of the column while allowing light transmission of wavelengths >300|im to simulate the 

field, promoting development of algae on the soil surface. Light exposure was regulated 

by an automatic timer set for 12 hours per day. Effluent was applied to the column 

headspace via foil wrapped glass tubing (to minimize changes in the wastewater quality 

prior to column application) connected to a glass burette, providing a constant hydraulic 

head (approximately +1.5 ft) to each column. Effluent was stored in plastic jerricans at 4°C 

and supplied to the columns using peristaltic pumps. A recycling system was designated 

to reuse the excess water firom the head space that was provided to maintain the constant 

head. All columns were operated at 25°C. 
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Figure 1. Flow diagram for operation of columns. Applied hydraulic head is provided 
by a separate burette for each column. Column tops are exposed to artificial 
light for 12 hours per day. 
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The columns were packed with either sandy loam or sand soils. The sandy loam 

contained 95 percent sand and 5 percent silt and clay. The sand consisted of 99.3 percent 

coarse sand and 0.7 percent silt and clay. Three 18-cm colunans were packed with sandy 

loam obtained from the Sweetwater Underground Storage and Recovery Soil Aquifer 

Treatment Facility in Tucson AZ. Each of these was flooded with either primary 

(containing only indigenous oocysts and cysts), secondary, or tertiary effluent. The last two 

c o n t a i n e d  f o r m a l i n  i n a c t i v a t e d  C r y p t o s p o r i d i u m  a t  c o n c e n t r a t i o n  o f  a p p r o x i m a t e l y  1 x 1 0 ^  

oocyst/L added to the low levels of indigenous oocysts and cysts. Two 100-cm colimins 

were packed with sandy loam. Each of them was flooded with either primary effluent 

containing indigenous oocysts, or secondary effluent containing indigenous cysts and 

artificially seeded inactivated oocysts. A third 100-cm column was packed with sand 

obtained from the Agua Fria River located in Phoenix, AZ, which was flooded with 

secondary effluent also containing indigenous cysts and seeded oocyts. In all cases oocysts 

were added to the secondary effluent to achieve a final concentration of approximately 1 x 

10" oocysts/L. Only one 200-cm column packed with Agua Fria River sand was used. 

Secondary effluent containing indigenous cysts and 1 x IC seeded oocyst/L was also 

applied to this colimm. 

Columns were operated by alternating wet and dry periods. The columns were 

flooded for five days and dried for five days. The wet cycles were stopped when infiltration 

rates decreased to less than one meter/day. 

Experiments were repeated twice for each column, so that results obtained were 

averaged for two five-day flooding periods. 

Cryptosporidium and Giardia 

C. parvum oocysts (unpurified) in the feces of infected calves were received from 

the University of Idaho. Oocysts were purified with sucrose density gradient centrifiigation 

and concentrated by centrifiigation to a final titer of approximately 1 x 10® oocysts/L. 
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Oocysts were stored in a 10 percent formalin solution at 4''C until needed, which were used 

to spike the wastewater. 

Monoclonal primary antibodies specific for Cryptosporidium oocysts and Giardia 

cysts were obtained from Meridian Diagnostics, Inc. (Cincinnati, OH). Goat anti-mouse 

immunoglobulin M (heavy chain) labelled with fluorescein isothiocyanate (FITC) were 

obtained from Kikegard and Perry Laboratories, Inc. (Gautherburg, MD). Primary 

antibodies were stored at 4° C as recommended by the manufacter and secondary antibodies 

were stored at -20 °C in 1:10 dilutions in 0.5-mL volumes, thawed and diluted as working 

solutions. 

Columns were flooded with wastewater during five days (wet period). One-liter 

influent and effluent samples were collected every day of the wet period, except for the 200-

cm long sand column from which 3-L effluent samples were collected (increasing the 

detection limit to 0.3 oocyst (cyst)/L while in the rest of the columns the detection limit was 

one oocyst (cyst)/L. The parasites were concentrated by centrifugation at 1,600 x g for 15 

min. The final pellet was resuspended in a 10 percent formalin solution. Oocysts and cysts 

were clarified by flotation in a 1.24 g/mL sucrose solution. The final reconstituted pellet 

was filtered through 1.2-(am pore size membranes, and stained with 0.5 mL of primary 

antibodies (Meridian Diagnostics, Inc.) properly diluted, following the addition of FITC-

labelled secondary antibodies. Excess antibodies were washed with phosphate saline 

solution and the membranes were moimted on coverslips as described elsewhere (Rose et 

al., 1988). The samples were observed by UV-light microscopy at 200x magnification. 
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Based on the fluorescence, size and shape, Cryptosporidium oocysts and Giardia cysts were 

identified and enumerated following the criteria described by Rose et al., (1988). Daily 

column influent and effluent measurements were converted into C/Co (effluent/influent) and 

percent removal [100(1-C/Co)]. 

RESULTS 

A summary of the removal of Cryptosporidium oocysts in each column is presented 

in Table 1. The greatest percent removal of indigenous oocysts in the 18-cm sandy loam 

columns was observed from primary effluent. The average removal of Giardia cysts was 

2.92 logio (99.59 %) during the five-day flooding periods, with complete removal (to levels 

below one per liter) at the end of the five-day period (Table 2). Similar results were 

observed in the removal of indigenous Cryptosporidium oocysts (Figure 2). Average 

through-column attenuation resulted in a 1.7 logio (>99 %), and no oocysts could be 

detected in effluent from the column throughout the five-day flooding period. 

Removal of seeded Cryptosporidium oocysts averaged 0.81 logjo (81.3 %) for 

secondary effluent (Figure 3), and 0.96 logjo (87.8 %) for tertiary effluent (Figure 4). 

Levels of indigenous Giardia cysts detected in secondary effluent averaged 48 cysts/L and 

complete removal occurred throughout the wet period with no detection of cysts in the 

column effluent at any time (Table 2). All results represent mean values for two five-day 

flooding periods. 

Removal of seeded Cryptosporidium oocysts from secondary effluent was evaluated 
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for the 100-cm Agua Fria sand and Sweetwater sandy loam columns. Averages of two five-

day cycles were analyzed for both soil types. Results suggest that Cryptosporidium removal 

efficiency was independent of soil type. Agua Fria sand showed an average reduction of 

4 logio (99.98%) over the one-meter soil column (Figure 5), and Sweetwater sandy loam 

reduced oocystnumbers by 3.8 logio (99.97%) over the same distance (Figure 6). Reduction 

of Giardia cysts was 2.4 logio in both soil types (>99 %) with concentration below the 

detection limit in the column effluent throughout the five-day flooding period (Table 2). 

Initial concentrations of cysts averaged 24/L in this secondary effluent. 

Removal of indigenous Cryptosporidium oocysts and Giardia cysts from primary 

effluent in the 100-cm sandy loam column was also evaluated. Indigenous Cryptosporidium 

oocyst concentrations in primary effluent ranged from 100 to 160 oocyst/L, and indigenous 

cyst concentrations ranged from 960 to 1200 cysts/L. Average removal efficiency was 

determined for one five-day cycle. In this experiment, the oocysts were reduced by at least 

2.18 logio (>99%), to below the detection limit of one oocyst/L (Figure 7), and cysts were 

reduced by 3.1 logio (>99.9%). Again, indigenous oocysts and cysts were not detected in 

the coliram effluent. 

Reduction of seeded Cryptosporidium oocysts from secondary effluent in the 200-

cm long sand column was 4.1 log,o (>99.99%). Average of two six-day flooding periods 

is shown in Figure 8. Indigenous Giardia cyst levels averaged 29 cysts/L and complete 

reduction was observed through the entire wet cycle (Table 2). 
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Figure 2. Removal of Cryptosporidium oocysts from primary effluent by an 18-cm long 
sandy loam column. 
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Figure 3. Removal of Cryptosporidium oocysts from secondary effluent by an 18-cm 
long sandy loam colimm. 
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Figure 4. Removal of Cryptosporidium oocysts from tertiary effluent by an 18-cm long 
sandy loam column. 



49 

100000 

lOOOOl • 

100 

99.98 

99.96 _ 

(9 in 100 

99.94 5 

99.92 

Time (Days) 
Influent 

Effluent ;! 
I I 

% Removal 11 

Figure 5. Removal of Cryptosporidium oocysts from secondary effluent by a 100-cm 
long sand column. 
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Figure 6. Removal of Cryptosporidium oocysts from secondary effluent by a 100-cm 
long sandy loam column. 
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Figure 7. Removal of Cryptosporidium oocysts from primary effluent by a 100-cm long 
sandy loam column. 
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Figure 8. Removal of Cryptosporidium oocysts from secondaiy effluent by a 200-cm 
long sand column. 
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Table 1. Removal of Cryptosporidium oocysts by sandy loam and sand. Average for two 
five-day flooding periods calculated for each column 

Wastewater Column Soil type Influent Effluent % 
type length concentration concentration Removal 

(cm) (oocysts/L) (oocysts/L) 

Primary 18 Sandy loam 160 0 >99 

100 Sandy loam 141 0 >99 

Secondary 18 Sandy loam 506 94.6 81.3 

100 Sandy loam 47,166.7 13 99.97 

100 Sand 47,541.6 10.5 99.98 

200 Sand 11,978.6 0.737 99.994 
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Table 2. Removal of indigenous Giardia cysts by sandy loam and sand. Averages for 
two five-day flooding periods calculated for each column 

Wastewater Column Soil type Influent Efiluent % 
type length concentration concentration Removal 

(cm) (cysts/L) (cysts/L) 

Primary 18 Sandy loam 1,478 6 99.59 

100 Sandy loam 1,268 0 >99.9 

Secondaiy 18 Sandy loam 48 0 >99 

100 Sandy loam 24 0 >99 

100 Sand 30 0 >99 

200 Sand 29 0 >99 
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Many studies have investigated movement of both bacteria and viruses in soil, but 

not much is known about movement of protozoal cysts. It is expected that the type of waste 

can influence transport of pathogens in soil, organic compounds could compete with viruses 

for adsorptive sites (Dizer et al, 1984). In addition, because of their larger size, bacteria 

and protozoan movement could also be affected by filtration and sedimentation effects 

(Gannon et al.,l99\\lan.et al., 1992). Soil type has also been found to govern the extent 

of movement of microorganisms, such as bacteria and viruses. Several studies have 

reported increased movement of these organisms in coarse as opposed to fine soil fi-actions 

(Tan et al., 1991), and in sandy as opposed to clay soils (Bitton et al, 1974). Due to their 

large surface areas and negative charge, clay and organic matter are the major soil 

component providing adsorption sites for bacteria and viruses (Reddy ef a/., 1981). There 

has been some disagreement in the use of repacked versus intact soil columns, because 

repacked soil cores should not be considered as representative of intact soil profile (Smith 

et al, 1985). Other possible problems with repacked cores are thought to be wall effects, 

where water could flow preferentially along the core wall (Hekman et al., 1995). However, 

repacked cores provide a homogeneous environment with which to study the effect of 

individual soil variables on microbial movement (Gannon et a/., 1991; Trevors et al., 1990). 

In this study we observed greater removal of Cryptosporidium oocysts from primary 

effluent compared to secondary and tertiary effluents in the 18-cm sandy loam columns. 

This suggests that organic matter content in primary wastewater effluent could enhance 
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clogging and filtration of the microorganisms. However, the occurrence of Giardia cysts 

in the same 18-cm column still could be due to possible wall effects. This, however, could 

be minimized with increasing soil profile, so that no cysts were detected in effluent from 

100-cm and 200-cm long columns. Another factor influencing the occurrence of 

Cryptosporidium oocysts in the percolate in columns flooded with secondary and tertiary 

effluents could be organism density in the wastewater. Since higher concentrations of 

seeded oocysts were used in secondary and tertiary effluent, it could be more likely for 

oocysts to be detected. 

When increasing soil column length, an increase in Cryptosporidium oocyst 

reduction from secondary effluent was also observed in sandy loam column; however no 

significant difference in removal compared to the sand column in same size (100 cm) was 

observed. The results suggest the protozoa were equally removed by both soil types. 

Previous research has shown that Cryptosporidium and Giardia occur in some 

groundwater (Rose et al, 1991; Hibler, 1988). A recent study reported the occurrence of 

Cryptosporidium in 5 percent and Giardia in 1 percent of the vertical wells tested across the 

United States (Hancock et al., 1998). Some laboratory studies of soil columns have 

indicated potential groundwater contamination with Cryptosporidium (Mawdsley et al, 

1996). Mawdsley et al. monitored the movement of Cryptosporidium through 35-cm soil 

colirams using simulated rainfall and intact soil cores. These researchers foimd that 

although Cryptosporidium oocysts were retained by about 72 percent in the top 2 cm of soil, 
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and approximately 13, 8 and 5 percent of the oocysts were found at 10,20 and 30 cm depths 

respectively; leaching of the pathogen down through the soil did occur. 

The present study results agree with Mawdsley's and indicate that although removal 

of oocysts increase as increasing soil profile, movement of Cryptosporidium over 200 cm 

of soil can occur. This indicates that contamination of groundwater with Cryptosporidium 

is likely to occur despite a deep water table. In contrast, movement of Giardia cysts does 

not occur to a great extent due to its larger size. 
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ABSTRACT 

Wetlands containing floating, emergent and submergent aquatic plants, and other 

water-tolerant species have been found to economically provide a mechanism of enhancing 

the quality of domestic wastewater. The use of constructed wetlands for the removal of 

indicator bacteria (total and fecal coliforms), coliphages, protozoan parasites {Giardia and 

Cryptosporidium) and enteric viruses was investigated. A pilot scale constmcted wetland 

consisting of two cells, one planted with bulrushes and the other implanted bare sand were 

used to compare their pathogen removal efficiency from raw sewage. Overall more than 

90 percent of all microorganisms were removed by either of the two systems with a 1 to 2 

day retention time. Removal of all microorganisms was greater from the surface flow in the 

unplanted cell than in the planted cell. Enteric viruses, coliphages, and indicator bacteria 

were found to penetrate 2 m below the surface, although concentrations were reduced by 

greater than 99 percent in both cells. Less virus penetration into the sand occurred in the 

planted wetland versus the implanted wetland. Water temperature was found to be the most 

important factor in the removal of enteric bacteria and viruses, while turbidity reduction was 

related to Giardia removal. These results demonstrate that significant reductions of 

pathogenic microorganisms can occur in constructed wetlands receiving untreated domestic 

wastewater with only a 1-2 day retention time. 

Key words: bulrush, coliforms, constructed wetlands, Cryptosporidium, Giardia, 

groundwater, raw sewage, viruses 
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INTRODUCTION 

Recent documentation on wetland systems for wastewater quality improvement has 

focused attention on the capability of constructed wetlands systems to remove a wide 

variety of waterbome pollutants (Hammer, 1989; Gilles, 1990; Dortch, 1992; Millin and 

Heritage, 1992; Moshiri, 1993; Reed et al., 1995; Kadlec and Knight, 1996; Karpiscak et 

al., 1996). Numerous studies have shovwi effectiveness of wetlands for the treatment of 

domestic wastewater for reduction of biochemical oxygen demand, suspended solids, 

phosphorous, and nitrogen (Dewadar and Bahgat, 1995; Karpiscak et al., 1996). Thus, the 

wetland concept has become, an attractive cost-effective wastewater treatment alternative 

compared to conventional treatment or tertiary treatment process. However, information 

on reduction of pathogenic microorganisms in artificial wetlands is limited. Only a few 

studies have investigated the fate of indicator bacteria and enteric viruses in wastewater 

applied to wetland systems (Gesberg et al., 1987; Gesberg et al., 1989; Reed et al., 1995). 

The two major types of constructed wetlands are subsurface flow (SSF) and free 

water surface (FWS) or surface flow systems. Surface flow systems are those with plants 

grown in soil or other median in visible water typically 0.15 to 0.6 m in depth, while the 

subsurface flow configuration include systems where the wastewater is below the surface 

level and there is a little if any visible water. The SSF constructed wetlands have achieved 

wide acceptance in northern European rural communities for treatment of raw municipal 

effluent (Cooper, 1990). Utilization of cattails, Typha spp.; reeds, Phragmites spp.; or 

bulrush, Scirpus spp. as the dominant plant species is common in most of the constructed 



65 

wetlands in the United States (Reed et al., 1995). Dense stands of emergent vegetation are 

utilized to encourage sedimentation, straining, sorption, nitrification, denitrification and 

processes of microbial decay in wetland environment. 

The goals of this study were to assess the removal of pathogenic and indicator 

microorganisms from untreated wastewater by a surface flow wetland, to determine the 

importance of plants in the removal process, and to asses the potential for groundwater 

contamination by pathogens beneath the wetlands. 

MATERIALS AND METHODS 

Wetland construction and operation 

The pilot-scale study was conducted in a large dual cell steel tank. One cell of the 

tank was planted with bulrushes (Scirpus olneyi) while the other cell was implanted. The 

tank was installed at the Constructed Ecosystems Research Facility (CERF), a joint project 

of the Pima Coimty Wastewater Management Department and The University of Arizona's 

Office of Arid Lands Studies in Tucson, AZ. The steel tank was built of 1/8-inch steel, and 

meassured 9.1 m long, 3.0 m wide, and 2.12 m high (Ellman, 1997). A dividing wall 

separated the tank into parallel cells, the planted and the control (bare sand) cells, each 1.52 

m wide. The retention time averaged 1 and 2 days for the surface flow of planted and 

unplanted cells, and 10 and 15 days for the subsurface flow of planted and unplanted cells, 

respectively. The tank was set on a 0.2-m sand bed and sloped about one percent (Figure 

1). Following sand blasting, the steel tank was painted with three 6-mm thick coats of 
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Valspar 32-D-7PWR paint. This coating was used to prevent rusting of the tank (Ellman, 

1997). 

The substrate used was a well-sorted mortar sand (grain size: 96.7, 1.3, and 1.9 

percent sand, silt and clay, respectively). To minimize preferential flow tlie substrate was 

added in 0.15 m lifts and compacted to a uniform bulk density (1.45 g/cm^ dry bulk 

density), until the tank was filled to a depth of 1.5 m. To further insure adequate drainage, 

the sand was applied on top a 0.15 m layer of 38.1-76.2 mm diameter river rock, which 

lined the floor of both wetland and control cells (Ellman, 1997). 

The water source was a sewer main carrying municipal raw sewage to the Roger 

Road Wastewater Treatment Plant in Tucson, AZ. The incoming raw wastewater was 

pumped firom the sewer main into an elevated surge tank, firom which it drained by gravity. 

A stainless steel impeller connected to a gear motor prevented clogging in the pipeline as 

effluent passed from the surge tank into a series of two 1.8 m diameter settling tanks to 

remove large solids. L-shaped 38.1 mm diameter pipe connections passed partly clarified 

wastewater from one tank to another and then into the wetland and control cells. Effluent 

from both cells exited through separate surface drains. Subsurface flow from both cells 

could be also collected from separate drain pipes located at the bottom of each cell. 

Discharge from both surface and subsurface drains were collected in two 2.44 m diameter 

stock tanks, and sump pumps retumed the effluent back to the sewer main where it 

continued on to the Roger Road Wastewater Treatment Facility (Ellman, 1997). 



67 

Sample collection 

Collection of samples started one year after planting of the bulrush (April 1996) to allow 

for growth of a dense bed of vegetation within the planted cell. Samples were collected 

between April 1996 and February 1997. Six sampling points were selected along the 

system: (1) influent, raw wastewater; (2) effluent from the two settling tanks; (3) effluent 

from the cell planted with bulrush; (4) effluent from the bare sand control cell; (5) 

subsurface effluent from the bulrush cell; and (6) subsurface effluent from the unplanted 

control cell. Samples were collected approximately every two weeks, however, because of 

operational difficulties, no samples were collected in June or August. 

Three-liter samples were collected at sites 1, 3 and 4, while at sites 5 and 6 10-L 

samples were collected for analyses of enteroviruses. One-liter samples for parasites 

{Giardia and Cryptosporidium) were collected at sites 1 to 4 and 5-L samples were 

collected at sites 5 and 6. Total and fecal coliform bacteria were determined from 50 mL 

samples and 50 and 100 mL samples were also used to determine coliphage concentration. 

The samples were transported on ice to the laboratory for analyses immediately after 

collection. 

Sample processing 

Enteric virus samples were concentrated by filtration using 1 MDS Virozorb filters 

(CUNO, Meridian, CT), following elution from the filter with 50 mL of 1.5% beef extract, 

and quantification was performed by observation of c3^opathic effects on cell culture media 

(BGM cell line) as described in Standard Methods for Examination of Water and 
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Wastewater, 19th Ed. (APHA, 1995). Giardia and Cryptosporidium samples were 

concentrated by centrifugation to pellet the cysts and oocysts, then the concentrated samples 

were clarified by flotation using a sucrose solution (specific density 1.24). Staining with 

specific monoclonal antibodies (Meridian Dianostics, Inc. Newakr, DE) for identification 

of cysts and oocysts was performed according to procedures described by Rose et al. (1989). 

Total and fecal coliform bacteria samples were processed by spread plating and membrane 

filtration techniques on selective media (m-endo and mFc agar) according to the Standard 

Methods for Examination of Water and Wastewater, 19th Ed. (APHA, 1995). Coiiphages 

were detected by the double-layer agar technique method described by Adams (1959), and 

additional assays by a modified single-layer technique (100 mL of 2X trypticase soy broth 

+ 1.5% agar, 5 mL of Escherichia coli strain ATCC 15594 culture added and 100 mL water 

sample) were performed to analyze 100-mL samples for sites 5 and 6 (subsurface flows). 

Determination of pH, turbidity, and temperature was performed according to 

procedures described in Standard Methods for the Examination of Water and Wastewater 

(APHA, 1995). Wetland influent and effluent microorganism concentrations were 

converted into C/Co (effluent/influent) and percent removal for surface and subsurface 

flows was determined using the formula [(1-C/Co)100]. 

Arithmetic averages of percent removal and correlation coefficients for turbidity, 

temperature, and the microorganism removals were determined by using Microsoft Exel 

version 5.0. 
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bulrush planted 
in sand 

sand 

.5 m 

2.1 m 

9.15 

Figure 1. Wetland with plants growing in sand and unplanted sand control cell. 
Sampling sites: (1) influent, (2) effluent from.the two settling tanks, (3) effluent 
from the cell planted with bulrush, (4)effluent from the bare sand control cell, (5) 
subsurface effluent from the bulrush cell, and (6) subsurface effluent from the bare 
sand control cell. 
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RESULTS 

A summary of the average microbial concentrations are presented in Table 1. Table 

2 shows average percent removal for each microorganism studied from the surface flow of 

planted versus unplanted cell and the degree of reduction as a percent beneath the two cells 

(subsurface flows). About 40 percent of all microorganisms were removed in the two 

settling tanks (site 2) prior to entering the wetlands cells (planted and control), vwth the 

greatest removal occurring for indicator bacteria and Giardia cysts. Overall, about 90 

percent of all microorganisms were found to be removed from the surface flows of both 

cells (sites 3 and 4). The removal of indicator bacteria, coliphages and enteric viruses, 

however in the surface flow of the implanted cell was greater compared to the removal from 

the planted cell. These differences did not appear to be statistically significant. The 

removal of Giardia and Cryptosporidium seemed to be slightly greater in the surface flow 

from planted cell versus flow from the unplanted cell, but again these differences were not 

statistically significant. No Giardia or Cryptosporidium were detected in the subsurface 

drains from either the planted or unplanted cells. Indicator bacteria, coliphages, and enteric 

viruses were detected in the water flowing from the surface beneath both cells. Greater 

penetration of organisms appears to have occurred beneath the unplanted cell. The removal 

of the organisms was similar beneath the cell planted with bulrush (site 5), exceeding 99.99 

percent in all cases. The greatest difference in removal was found for coliphages and enteric 

viruses, which showed 2-log difference in the reduction from the subsurface water flows of 

the planted versus the unplanted cell. 
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Table 1. Average microbial concentrations at each sampling point along the constructed 
wetland. 

Sampling sites 

Micro
organism 

1 
(Influent) 

2 
(Effluent 

from settling 
tanks) 

3 
(Surfacee 

ffJuent 
from bulrush) 

4 
(Surface 

effluent from 
bare sand) 

5 
(Subsurface 

eflluent 
from bulrush) 

6 
(Subsurface 

effluent from 
bare sand) 

Total 
conforms 
(CFU/IOO mL) 

2.8 E+8 1.3 E+8 2.8 E+7 1.6 E+7 1.1 E+4 5.3 E+4 

Fecal 
conforms 
(CFU/IOO mL) 

7.5 E+7 3.6 E+7 6.0 E+6 3.7 E+6 2.7 E+3 1.8 E+4 

Giardia 
(cysts/L) 

7444 4329 226 351 0 0 

Cryptospor
idium 
(oocysts/L) 

140 93 4 11 0 0 

Enteric 
virtues 
(MPN/L) 

175 NS 15 7 0.02 2 

Coliphages 
(PFU/mL) 

6365 4170 836 530 0.22 26 

NS=no sample 
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Table 2. Average percent removals of pathogenic and indicator microorganisms by the 
constructed wetland. 

Sampling sites 

2 
(Effluent 

from settling 
tanks) 

J 

(Surface 
effluent from 

bulrush) 

4 
{Surface 

effluent from 
bare sand) 

5 
(Subsurface 

effluent 
from bulrush) 

6 
(Subsurface 

effluent from 
bare sand) 

Total 
coliforms 

56.6 ± 
17.9 

89.8 ± 
4.8 

94 ± 
4.2 

99.99 ± 
0.007 

99.97 ± 
0.02 

Fecal 
coliforms 

52.1 ± 
10.2 

91.1 ± 
4 

94.8 ± 
2.6 

99.99 ± 
0.003 

99.9 ± 
0.01 

Giardia 
cysts 

45 ± 
7.6 

97.1 ± 
1.5 

95.3 ± 
2.4 

>99.9 >99.9 

Cryptospor 
-idium 
oocysts 

35.1 ± 
7.9 

96 + 
1.5 

92.7 ± 
2.8 

>99 >99 

Enteric 
Viruses 

NS 91.4± 
4.1 

96 ± 
2.7 

99.99 ± 
0.008 

99 ± 
0.7 

Coliphages 33.2 ± 
12.6 

86 + 
5.8 

91.3 ± 
5.4 

99.99 ± 
0.003 

99.6 ± 
0.2 

NS=no sample 
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Table 3 shows water temperature, turbidity, and pH data obtained during the sampling 

period. Correlation coefficients calculated for removal of microorganisms in surface flow 

for both raceways and temperature and turbidity are shown on Table 4. Correlation for the 

removal of Giardia cysts and turbidity (p=0.01) was observed for both raceways. 

Temperatures ranged from 17 to 26 and 26 to 36 °C for sites 3 and 4 (planted and unplanted 

surface flows), respectively. Correlations between percent removal of microorganisms and 

temperature were: total coliforms (p=0.05), fecal coliforms (p=0.01), enteric viruses 

(p=0.05); and coliphages (p=0.05). 



Table 3. Water temperatiire, turbidity, and pH ranges during the wetland study. 

Sampling sites Temperature (°C) Turbidity (NTU) pH 

1 20-29 67-109 6.8-7.4 

2 20-29 61-89 6.9-7.3 

J 16-26 55-74 6.8-7.4 

4 26-36 59-76 7.0-7.7 

5 17-24 12-20 6.8-7.3 

6 18-26 38-67 6.7-7.3 
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Table 4. Correlation coefficients for effluent turbidity, temperature, and removal of the 
microorganisms in surface flows 

Turbidity Temperature 

Total coliforms 0.37 0.46' 

Fecal coliforms 0.36 0.6P 

Giardia 0.57- 0.37 

Cryptosporidium 0.40 0.35 

Enteroviruses 0.25 0.47-

Colophages 0.32 0.46-

'p=0.05 

=;>=0.01 
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DISCUSSION 

There is only a limited amount of information on the reduction of pathogenic 

microorganisms in domestic wastewater applied to wetlands. A number of previous studies 

have examined the reduction of indicator bacteria by constructed wetlands (Reed et al., 

1995), but only a few have been performed on the fate of enteric protozoan parasites or 

enteroviruses (Karpiscak et al., 1996; Gersberg, 1987). This study focused on the potential 

for removal of different groups of enteric pathogens and their subsurface transport beneath 

a pilot scale wetland receiving raw sewage. 

Sedimentation is probably the primary mechanism for the removal of 

microorganisms in the settling tanks (prior to the wetland). Previous studies have shown 

that sedimentation accoimts for the reduction of pathogens and settleable solids. Grimason 

et al. (1993) found that the majority of Cryptosporidium oocysts and Giardia cysts were 

removed in the first of a series of oxidation ponds receiving raw wastewater, as opposed to 

the last ponds receiving the treated effluent. The author suggested that adsorption of 

oocysts and cysts onto settleable solids in the untreated wastewater may enhance 

sedimentation (Grimason et al., 1993). Such effect could also contribute to the removal of 

bacteria and viruses in the tanks within the current study. 

Rhizomes and submerged stalks of implanted reeds can enhance sedimentation by 

barring some parasite (helminth) egg's outflow (Mandi et al., 1996). Removal of the larger 

organisms {Giardia and Cryptosporidium) during this study was higher in the planted 

surface flow cell compared to removal of smaller-sized organisms (bacteria and viruses). 
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In addition, removal of cysts or oocysts occurred to a greater extent in the surface flow of 

the planted cell versus bare sand control cell. This may indicate enhancement of 

sedimentation or adsorption by the presence of plants in the system. Plants may also lower 

the flow rate allowing more time for microorganism reduction. Correlation found between 

Giardia cyst removal and turbidity (p=0.01) suggests that cysts and turbidity were removed 

synergistically along the wetland system possibly due to cyst-particle association within the 

wastewater. 

On the other hand, shading by vegetation could reduce exposure from UV light and 

prevent heating of the wastewater by sunlight thus decreasing the rate of inactivation of 

microorganisms. Such effects could account for the difference in removal (slightly greater) 

of bacteria and viruses in the surface flow of the unplanted cell as opposed to the planted 

cell. F isher (1988) found that trenches containing altemating sections of gravel planted with 

cattails (Typha orientalis), open water, and unplanted gravel exhibited the greatest reduction 

in indicator bacteria compared to reduction in trenches completely vegetated. He 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, correlations between temperature and the removal of 

total coliforms (p=0.05), fecal coliforms (p=0.01), enteroviruses (p=0.05), and coliphages 

(p=0.05); suggests that temperature plays a significant role in pathogen die-off within the 

wetlands. Viruses in particular are more rapidly inactivated at higher temperatures. 

No protozoan parasites were found in either subsurface flow sampling sites. 
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suggesting that sand filtration is effective in their removal. However, the occurrence of 

bacteria and viruses indicates that two meters of sand was insufficient to remove them. 

Differences in the removal of coliforms and viruses (coliphages or enteroviruses) in planted 

and unplanted raceway subsurface flows observed in this study suggests enhanced removal 

due to the presence of plant roots. This fact indicates that the use of vegetated wetlands 

may be more likely to prevent microbial transport into groundwater even though it was 

found that vertical water movement through the 2-m sand took 10 days versus 15 days 

within the planted cell and the unplanted cell, respectively (Ellman, 1997). Root-substrate 

complexes and associated biofilm may have high capacity for filtration and adsorption of 

viruses (Gersberg et al., 1987). They conducted a study of subsurface flow vegetated 

(bulrush) beds with a retention time of 5.5 days, and found that the aquatic plants had a 

greater effect on bacteriophage removal in wetlands when compared to unvegetated gravel 

beds. He concluded that the aquatic plants may serve to stimulate virus removal either 

through adsorption and filtration by the root system or because of rhizosphere interactions 

that could have been antagonistic to bacteriophage survival. Results from our study agree 

with those of this study, and show that, even though plant roots within the substrate increase 

hydraulic conductivity (increase flow rate), greater removal of microorganisms in 

subsurface flow may be due to the presence of bulrush plant roots. 

This study found that temperature played a significant role in the reduction of enteric 

bacteria and viruses in the wetlands and that less penetration of these organisms occurs 
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beneath wetlands planted in bulrush. One to two day retention times resulted in almost 90 

percent removal of all pathogens. Greater reductions would likely be achieved with longer 

retention times. 
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ABSTRACT 

Cryptosporidium parvum is an emerging pathogen found in raw or treated 

wastewater. The purpose of this study was to assess the potential survival of 

Cryptosporidium oocysts within a constructed wetland used to treat secondary treated 

(activated sludge) wastewater. Oocysts were suspended in secondary wastewater effluent 

collected from a constructed wetland and were either exposed to sunlight or held in the 

shade. Three different experiments were conducted during different seasons at temperatures 

ranges of 16 to 22°C, 25 to 30°C and 36 to 42°C. Results showed that both sunlight and 

temperature play significant roles in the inactivation of oocysts. These factors should be 

taken into consideration in the design of constructed wetlands built for the treatment of 

wastewater known to contain Cryptosporidium. 
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INTRODUCTION 

Waterbome cryptosporidiosis has recently emerged as an important public health 

problem (Addiss et al., 1995). Several waterbome outbreaks of cryptosporidiosis via water 

intended for drinking have been documented in the United States since 1984, and some of 

them have occurred because of sewage contamination (Solo-Gabriele and Neumeister, 

1996). In addition, there have been outbreaks caused by Cryptosporidium due to exposure 

to recreational waters (MMWR,1990; Krammer et al, 1996). Sewage may contain 

significant concentrations of Cryptosporidium oocysts (the environmentally resistant stage) 

and may remain viable and potentially infectious in the envirorunent for some periods of 

time. As a zoonotic microorganism, Cryptosporidium is able to infect man as well as other 

animals (Dubey et al, 1990), and both animal and human wastes could be associated with 

transmission by water (Solo-Gabriele and Neumeister, 1996). 

Some studies on Cryptosporidium detection in raw sewage have shown 

concentrations of 5,291 to 13,700 oocysts per liter (Rose, 1988; Madore et al, 1987). 

Reduction of Cryptosporidium oocysts concentrations during various wastewater treatment 

processes range firom 74 to 79 percent for secondary treatment (Rose et al, 1986; Madore 

et al, 1987). A laboratory simulation of this process demonstrated an 80 to 84 percent 

reduction in oocysts, however, the remaining oocysts in the effluent were still capable of 

causing infection in mice (Villacorta-Martinez de Maturana et al, 1992). A more recent 

study on removal of Cryptosporidium in a fiill-scale water reclamation facility. Rose et al 

(1996) found that secondary (activated sludge) treatment removed 92.8 percent of the 

oocysts. Oocysts still may remain viable after wastewater disinfection because of their 



86 

resistance to chlorine (Korich et al, 1990). Further treatment of these effluents in 

constructed wetlands may result in up to an additional 90-percent reduction of oocysts from 

levels found in secondary wastewater effluent (Karpiscak et al., 1996). Studies have shown 

that Giardia and Cryptosporidium can survive several days to months in lake and river 

water (DeRegnier et al, 1989; Robertson et al, 1992). Robertson et al (1992) also found 

that about 67 percent of Cryptosporidium oocysts-in seawater remained viable afiter 35 days. 

Results from another study conducted by Johnson et al (1997) demonstrated that Giardia 

cysts suspended in seawater were not able to survive for prolonged periods of time. Giardia 

muris was found to survive up to 72 hours in the dark compared to less than 3 hours in 

seawater exposed to sunlight. In comparison, Cryptosporidium oocysts survived longer 

than Giardia cysts. Ninety percent of the Cryptosporidium oocysts in seawater were 

inactivated in 5.5 to 6 days in the dark, and 3 days when exposed to sunlight. To date, 

information on the survival of Cryptosporidium oocysts in wastewater applied to wetlands 

is not available. 

Techniques used for assessing the viability and/or infectivity of Cryptosporidium 

oocysts include in vitro excystation, exclusion or inclusion of the vital dyes and infectivity 

in animal models. Simultaneous dual labeling with 4', 6-diamino-2-phenylindole (DAPI) 

and propidium iodine (PI) has been found to correlate to in vitro excystation (Campbell et 

al., 1992). However, other studies have shown that the dye assay may overestimate the 

proportion of oocysts in a sample that are capable of initiating infection (Jenkins et al. 
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1997). These researchers concluded that excystability (i.e., sporozoite metabolic activity) 

per se did not control dye uptake by the oocysts and that, the dye permeability assay should 

be viewed as a test of oocyst wall permeability rather than one of oocyst metabolic activity. 

Campbell et al. (1992) data indicated a strong correlation between DAPI+ PI- oocysts and 

excystation efficiency. In contrast, Jenkins et al (1997) results suggested strongly that the 

majority of DAPI- PI- oocysts were capable of excystation; and infectivity experiments 

showed evidence of a connection between DAPI- PI- oocysts and infectivity as well. 

Jenkins et al. (1997) concluded that it is a misconception to assume that uptake of DAPI is 

connected to an oocyst metabolic process. Excystation is considered a conservative measure 

of viability (Labatiuk et al., 1991). 

We have recently studied the removal of Giardia and Cryptosporidium from raw 

sewage in a surface constructed wetland planted with bulrush and removal in an adjacent 

unplanted raceway (Quiiionez et al., 1998). Both raceways removed cysts and oocysts by 

about 90 percent. However, differences in temperature and shading on the planted raceway 

compared to sunlight exposure in the unplanted raceway suggested that there may be some 

impact in viability. The objective of the current study was to determine, during various 

seasons of the year, the survival of Cryptosporidium oocysts at different temperature in 

secondary effluent applied to wetlands, when exposed to sunlight and when protected from 

sunlight. Survival of Cryptosporidium was studied in secondary effluent and compared to 

survival in phosphate-buffered saline solution (PBS, pH 7.4). The excystation technique 

was used to detect viability of Cryptosporidium in the secondary effluent. 
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MATERIALS AND METHODS 

The secondaiy effluent used in this study was obtained from a surface flow 

constructed wetland containing water hyacinth (Echornnia crassipes) located at the 

Constructed Ecosystem Research Facility in Tucson, AZ. The turbidity of the water ranged 

10 to 15 nephelometric turbidity units and the pH 7.3 to 7.6 during the time of the study. 

This system and the water quality characteristics are described in Karpiscak et al. (1996). 

The water samples were collected undemeath the plants. The unchlorinated secondary 

effluent was placed into two 1000-mL polypropylene beakers to a volume of500 mL. Each 

beaker was inoculated with 10® oocysts (4-6 day old and gave greater than 90-percent 

excystation) to yield a final concentration of 10^ oocysts per mL. The beakers were placed 

on the roof of a building at the main campus at the University of Arizona. One sample was 

exposed to direct sunlight and the other was covered with opaque (brown paper). All 

experiments were conducted in duplicate and were performed at different seasons during 

the year. One experiment was performed in July when the temperature of the wastewater 

during the day reached up to 36-42''C. The second experiment was conducted in October 

and the highest temperature of the wastewater was 25-30°C. The last experiment was 

performed in January when water temperature reached 16-22°C. Sunny days were chosen 

to ensure there was a difference between the samples exposed to sunlight and those that 

were not. Beakers were placed on a stir plate to gently mix the samples and aliquots of 10 

mL were collected every 24 hours from the beakers and analyzed for viability using the 

excystation procedure. Aliquots were concentrated by centrifugation (1,700 x g) and the 
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oocysts (pellet) were clarified on Sheather's flotation media (sucrose, sp. grav. 1.24) to 

remove debris contained in the sample. Flotation was performed by mixing the pellet with 

20 mL of PBS. The pellet suspended in PBS was vortexed and overlayed on 25 mL of 

Sheather's media in a 50 mL conical centrifiige tube. The sample was centrifiiged at 1,050 

X g for 10 min. The supematant and the interface were collected and further concentrated 

by centrifugation at 1,700 x g for 10 min. Oocysts were resuspended in 100 fiL of 1M HCl 

(Campbell et al., 1992) in a 2-mL polypropylene conical centrifuge tube with a screw cap 

(VWR Scientific, West Chester, PA), and incubated in a water bath at 37°C for 1 hour 

(pretreatment). After pretreatment oocysts were washed twice with one mL of Hank's 

Balanced Salt Solution (Sigma, St. Louis, MO). Resuspended oocysts in 300 |iL of PBS 

were mixed with an equal volume of excystation media: 0.5% trypsin, 1.5% taurocholic acid 

(Sigma, St. Louis, MO) in PBS followed by incubation at 37°C in a water bath for two 

hours. Aliquots of 10 |aL were removed from each tube and placed in a hemathocytometer 

and examined under 40X magnification with a phase-contrast microscope (BH-2, Olympus, 

Japan). Intact oocysts (four sporozoites), partially excysted oocysts, empty shells and free 

sporozoites were counted and percent excystation was calculated as: #shells + 

#partials/#shells + #partials + #full oocysts x 100. Positive controls were run along with 

the samples in each experiment. Percent excystation for each sample was adjusted 

according to the percent-excystation of the positive control. 



Table 1 shows the sun and shade inactivation rates as percent per day of 

Cryptosporidium oocysts in secondary effluent and PBS. Cryptosporidium oocysts 

survived longer in shade compared to samples exposed to sunlight. Results showed that 

temperature and/or sunlight play a significant role in inactivation of oocysts. Three 

experiments were performed in duplicate during different seasons at temperatures ranging 

16 to 22, 25 to 30, and 36 to 42°C, respectively. Differences in inactivation were found 

when the wastewater was exposed to sunlight compared to samples covered at all 

temperature ranges. The oocysts were inactivated at a rate of 35.2 percent per day in 

sunlight versus 7.9 percent in shade in secondary effluent when the experiment was 

performed at 16 to 22°C (Figure 1). Thus, in wastewater exposed to sunlight, 99.9 percent 

of the oocysts were inactivated in 3 days, compared to 90 percent in 11 days when the same 

experiment was carried out in shade. Similar results were observed when higher 

temperatures were studied. In sunlight, 34 percent of the oocysts were inactivated per day 

as opposed to 11 percent in the shade at 25 to 30°C (Figure 2) and, 50 percent versus 24.9 

percent inactivation per day at 36 to 42°C in the sun and shade, respectively (Fig 3). Percent 

inactivation per day of oocysts suspended in secondary effluent either in sun or shade also 

increased as temperature increased. Inactivation rates (percent per day) in samples exposed 

to sunlight was observed to increase from 35 to 50 percent when temperature varied in 

ranges of 16 to 22 and 36 to 42''C, respectively. However, no change in inactivation rate 

was detected at ranges 16 to 22 and 25 to 30°C (Table 1). Percent inactivation per day of 
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oocysts suspended in PBS was always found to be lower compared to inactivation in the 

wastewater. However, a major difference was observed at temperatiares ranging from 36 

to 42°C, where inactivation in PBS was higher than inactivation in wastewater in samples 

exposed to sunlight (100% versus 50%) (Table 1). 
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Table 1. Sun and shade inactivation rate of Cryptosporidium oocysts in secondary effluent 
or phosphate buffered saline at different temperatiire 

Inactivation rate (% per day) 

Water 
temperature 
(°C) 

Secondary 
effluent 

Phosphate 
buffered 
saline 

1 6 - 2 2  

Sun Shade 

35.2 7.9 

27 3.9 

25-30 

Sun Shade 

34.4 11 

25.7 5.8 

36-42 

Sun Shade 

50 24.9 

100 26 
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-2-sun 
-2-shade 
-PBS-sun 
-PBS-shade 

0 1 2 3 4 5 6 7 8  9  1 0 1 1  1 2  1 3  1 4  1 5 1 6  1 7  1 8  1 9  2 0 2 1  2 2 2 3 2 4  

time (days) 

Figxire 1. Sun and shade inactivation of Cryptosporidium oocysts in secondary effluent and 
PBS at temperature 16 to 22°C. Inactivation in; secondary effluent in sunlight (2-
sun), secondary effluent in shade (2-shade), phosphate buffered saline in sun (PBS-
sun), and phosphate buffered saline in shade (PBS-shade). 
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Figure 2. Sun and shade inactivation of Cryptosporidium oocysts in secondary effluent and 
PBS at temperature 25 to 30°C. Inactivation in: secondary effluent in sunlight (2-
sun), secondary effluent in shade (2-shade), phosphate buffered saline in sun (PBS-
sun), and phosphate buffered saline in shade (PBS-shade). 
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time (days) 

Figiare 3. Sun and shade inactivation of Cryptosporidium oocysts in secondary effluent and 
PBS at temperature 36 to 42°C. Inactivation in: secondary effluent in svmlight (2-
sun), secondary effluent in shade (2-shade), phosphate buffered saline in sun (PBS-
sun), and phosphate buffered saline in shade (PBS-shade). 
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DISCUSSION 

Sunlight and/or temperature appear to play a significant role in the survival of C. 

parvum in wastewater. Oocysts held in samples exposed to sunlight were inactivated faster 

than oocysts in samples protected from direct sunlight (shaded). As temperature increased 

either in wastewater or PBS held in the shade, inactivation rates also increased. This may 

indicate temperature inactivation or effect of increased microbial activity being detrimental 

to the survival of the oocysts. However, when the temperature increased to 36 to 42°C, 

inactivation in PBS increased (100% per day) compared to inactivation in the wastewater 

(50% per day) held under sunlight. This indicates that inactivation of oocysts in more turbid 

samples (wastewater) may be due to a greater extent to temperature, and that protection 

from UV light due to turbidity can occur. On the other hand oocyst inactivation in PBS can 

be due to the synergistic or combined effect of UV light and temperature. 

Previous research has assessed thermotolerance of Cryptosporidium oocysts. 

Blewett (1989) observed a 92 percent reduction in viability (assessed by excystation) on 

exposure of oocysts to a temperature of 55°C for 5 minutes. In a laboratory evaluation of 

thermophilic (SS^C) aerobic digestion and sludge pasteurization at 55°C, 2 and 24 hours, 

respectively, were foimd to be effective for inactivating Cryptosporidium oocysts 

(Whitmore and Roberton, 1995). Also oocyst viability decreased by approximately 80 

percent following 3 days exposure to mesophilic digesting sludge or 5 days exposure to 

distilled water at the same temperature (35''C). 

The increased inactivation of oocysts in samples exposed to sunlight indicated that 
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UV light could be an important factor for survival of Cryptosporidium oocysts in the 

environment. These findings are important to consider in the design and construction of 

wetlands for wastewater quality improvement. Fisher (1988) found that such alternating 

planted and unplanted sections in trenches reduced bacteria to a greater extent than in 

completely planted trenches. Thus, alternating open and plant covered areas may enhance 

parasite reduction, by maximizing the amount of sedimentation, adsorption, UV radiation 

exposure as well as increased temperatures that are reached in constructed wetlands. 
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APPENDIX 4 

SOIL COLUMN STUDY DATA 



Table I. Eighteen-cm sandy loam column Cryptosporidium data. 

1 Indigenous Cryptosporidium, primary effluertt 

Day 1 1| 21 3| 4 51 

INFLUENT (oocyst / L) | 201. 601 60 60 201 

EFFLUENT (oocysUL) 0| 01 0 0 01 

C/Co oi 01 0 0 01 

% Removal 100| 1001 100 100 1001 

1 i 
1 

Indigenous Cryptosporidium, primary effluent 

Day 11 21 3 4 51 

INFLUENT oocyst/L 801 601 40 60 601 
EFFLUENT oocyst/L Oj 01 0 0 01 

C/Co 01 01 0 0 01 

% Removal | 100| 1001 100 100 1001 

1 ! 
Seeded Cryptosporidium, Secondary effluent 

Day 1 21 3 4 51 

INFLUENT oocyst/L 850 1000 740 500 2801 

EFFLUENT oocyst/L 2001 250 1601 20 81 

C/Co 0.2352941 0.25 0.2162161 0.04 0.028571' 
% Removal 76.470591 751 78.378381 96 97.14286! 

i i 
Seeded Cryptosporidium, secondary effluent 

Day 11 21 31 4 51 

INFLUENT oocyst/L 2801 4601 3801 300 2701 
EFFLUENT oocyst/L 1001 1201 901 58 401 

C/Co 0.3571431 0.26087: 0.2368421 0.1933331 0.148148. 

% Removal 64.285711 73.91304: 76.315791 80.666671 85.18519^ 

i i i 
Seeded Cryptosporidium. tertiary effluent 

Day 1 11 2! 31 4 5; 

INFLUENT oocystrt. ' 3601 4041 612i 316 2901 

EFFLUENT oocyst/L 471 701 38| 16 32 i 
C/Co 0.1305561 0.1732671 0.062092| 0.050633 0.1103451 

% Removal 86.944441 82.67327 ! 93.790851 94.93671 88.96552: 
1 ! 

Seeded Cryptosporidium, tertiary effluent j 

Day I 11 2\ 3| 4 5; 

INFLUENT oocyst/L i 640} 5201 4401 380 2301 

EFFLUENT oocyst/L 1001 1121 401 40 18! 

C/Co 0.156251 0.2153851 0.0909091 0.105263 0.078261 

% Removal 84.3751 78.46154 . 90.909091 89.473681 92.17391' 

: 1 
' : 



Table 2. Eighteen-cm sandy loam column Giardia data. 

! 1 1 i 1 1 
Indigenous Giardia, primary effluent | 1 

Day 1| 21 3 4 5i 
INFLUENT (cysl/L) i 14401 11401 5401 1420 1000 
EFFLUENT (cyst/L) 1 601 01 01 0 0 
C/Co ! 0.041667! 0| 0 0 0 
% Removal 95.833331 1001 100 100 100 

1 ! 
1 1 1 1 

Indigenous Giardia, primary effluent 1 
Day 11 2 1 3 4 51 
INFLUENT (cyst/L) 24001 19401 1560 1640 16001 
EFFLUENT (cyst/L) 01 01 0 0 ol 
C/Co 0| 01 0 0 0 
% Removal 1001 100! 100 100 100 

i 1 1 1 
! i 1 • : 
1 Indigenous Giardia, secondary effluent 

Day 1! 2 1 31 4 51 
INFLUENT (cyst/L) 46| 501 371 59 481 
EFFLUENT (cyst/L) 0| 0| o| 0 01 
C/Co 01 01 0| 0 01 
% Removal 1001 1001 1001 1001 100 

! ! ! 1 1 
' ' I ' l l  
! Indigenous 6/ard/a, secondary effluent i i 

Day i 11 21 31 41 51 
INFLUENT (cyst/L) , 541 42 701 261 481 
EFFLUENT (cyst/L) 01 Oi 01 01 01 
C/Co i 01 01 01 01 01 
% Removal 1001 100 1001 1001 1001 

1 ! ! i 1 
! ! 1 ; i i 

i ! ! ! i 
1 i ! 1 : 

i • • ^ 1 i 
1 i 1 ' i i 
i • 1 ; ! 1 

! i : : : 1 

i • ; : ' i 
1 1 : i 1 i 
1 ' 1 1 1 i 



Table 3. One hundred-cm sandy loam, primary effluent column data. 

1 Indigenous Cryptosporidium, primary effluent 1 

Day 11 2 3 4 5| 

INFLUENT oocyst/L 148| 127 142 147 184 

EFFLUENT oocyst/L 01 0| 0 0 0 

C/Co 01 01 0 0 0 

% Removal 1001 lool 100 100 100 

1 1 

1 1 
Indigenous Cryptosporidium, primary effluent 

Day 11 2 3 4 5 

INFLUENT oocyst/L 1241 1431 100 127 1681 

EFFLUENT oocyst/L 01 0 0 0 0 

C/Co 01 0 0 0 01 

% Removal 100| 100 100 100 1001 

1 ! 

! 1 
Indigenous Giardia, primary effluent 

Day i! 2 3 4 5 
INFLUENT cyst/L 12001 1338 1294 1300 1260 

EFFLUENT cyst/L 01 0 0 0 0 

C/Co 01 0 0 0 0 

% Removal 100i 1001 100 100 100 

1 ! 1 1 
i 1 1 1 1 
1 Indigenous Giardia, primary effluent 1 

Day 11 2 4 5! 

INFLUENT cyst/L 12881 1340 1400 1060 1200 

EFFLUENT cyst/L Oi 0 0 0 01 

C/Co 01 0 0 0 01 

% Removal 100| 100 100 100 1001 

1 1 i 
i 1 1 

! 

! i 
; 1 

1 i 1 
1 i i 
! ' 1 
! ' 

1 ^ 1 i 1 
1 : i i i 1 
1 ' i 1 1 ! 
1 ! i ! i 1 
i ' ! 1 I i 



Table 4. One hundred-cm secondary effluent column data. 

Seeded Cryptosporidium, secondary effluent 1 | 

Agua Fria Sand column (average two cycles) 

Day 1 2 3| 4 5| 6 

INFLUENT oocyst/L 48000 48000 47500 49000 500001 45000 

EFFLUENT oocyst/L 24 4 8 4 4 0 

C/Co 0.0005 8.33E-05 0.000168 8.16E-05 0.00008 0 

% Removal 99.95 99.99167 99.98316 99.99184 99.992 100 

Seeded Cryptosporidium, Secondary effluent 

Sandy loam column (average two cycles) 

Day 1 2 3\ 4 5 6 

INFLUENT oocyst/L 45000 45000 49000 50000 45000 49000 

EFFLUENT oocyst/L 44 14 12 4 4 0 

C/Co 0.000978 0.000311 0.0002451 0.00008 8.89E-05 0 

% Removal 99.90222 99.96889 99.975511 99.992 99.991111 100 

1 

1 
Indigenous Giardia, Secondary effluent 

Agua Fria Sand column (average two cycles) 

Day 1 2 3 4 5 6 

INFLUENT cyst/L 24 31 28 36 481 70 

EFFLUENT cyst/L 0 0 0 0 0 0 

C/Co 0 0 0 0 0 0 

% Removal 100 100 100 100 100 100 

! 

! 

Indigenous Giardia, Secondary effluent 1 

Sandy Loam column (average two cycles) 1 

Day 1 2 3 4 5| 6 

INFLUENT cystfl. 38 38 28 40 42| 110 

EFFLUENT cystrt. 0 0 0 0 01 0 

C/Co 0 0 0 0 0| 0 

% Removal 100 100 100 100 1001 100 



Table 5. Two hundred-cm sand column data. 

Seeded Cryptosporidium, secondary effluent 1 

Day 11 2 3 4 5 61 7 

INFoocyst/L 120001 12500 11000 100001 15000 141001 10000 

EFFoocyst/L 2 0 1 0 0 01 0 

C/Co 0.000167 0 9.09E-05 0 0 0| 0 

% Removal 99.98333 100 99.99091 100 100 1001 100 

I j 
1 1 

Seeded Cryptosporidium, secondary effluent 

Day 1 2 |  3 |  . 4  5 6 7 

IN oocyst/L 124001 139001 10000 11000 10400 130001 12400 

EFFoocysl/L 4 1| 1 0.331 0.33 0.331 0.33 

C/Co 0.0003231 7.19E-05I 0.0001! 0.00003| 3.17E-05 2.54E-05I 2.66E-05 

% Removal 99.967741 99.99281 99.991 99.9971 99.99683 99.997461 99.99734 

1 ! 1 
I 

Seeded Cryptosporidium. secondary effluent 1 
Day 1 2| 3| 4 5 6| 7 

INFoocyst/L 9100 100001 11000 12000 9500 116001 10000 

EFFoocyst/L 1.3 0.61 4 • 0 0 1| 0 

C/Co 0.000143 0.00006 0.000364 0 0 8.62E-05I 0 

% Removal 99.985711 99.9941 99.96364 100 100 99.991381 100 

1 
1 1 
1 1 

Indigenous Giardia, secondary effluent 

Day 11 2| 3| 4! 5 61 7 

iNFcyst/L i 291 101 181 301 211 191 33 

EFFcyst/L i 0| 01 01 01 0| 01 0 

C/Co 0 Ol 01 ot 01 01 0 

% Removal 100 100 100 1001 100| 1001 100 

1 ; 
1 1 

Indigenous Giardia. secondary effluent [ i 
Day 1| 2| 31 41 5! 61 7 

INF cyst/L 381 43i 19| 31 i 721 191 24 

EFF cyst/L 0| 0 0| 0| 01 01 0 

C/Co 0| 0 01 01 0| 01 0 

% Removal 1001 1001 1001 1001 100| 1001 100 
1 ! i 1 i 

i ! 
i 1 1 
! 1 1 
! 1 1 1 
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