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ABSTRACT 
 

 
 Contamination of surface water with fecal-derived human pathogens is of great concern 

to many coastal communities.  Stormwater runoff from developed areas can be a major source of 

fecal-derived pathogens.  To mitigate stormwater pollution in one of its creeks, the City of 

Wilmington constructed a stormwater wetland, named Bethel Wetland.  This wetland collects 

drainage from two residential streams with a combined basin of 590 acres and discharges into 

Hewletts Creek.   

 A year-long survey quantified the performance of Bethel Road Wetland in reducing fecal 

bacteria concentrations.  The water column was sampled at five flow-constricted locations on 26 

discrete events.  Sampling events were distributed throughout the year and coincided with a 

variety of seasons and flow intensities (base, peak, etc.). Results indicate that the two inflowing 

streams had geometric mean concentrations of 381 and 218 colony forming units (CFU) per 100 

mL.  Water exiting the Bethel Wetland had a geometric mean concentration of 97 CFU per 100 

mL.   

 The Average removal rate of fecal coliform bacteria for sampling events was 53%. This 

value is lower than removal values of 80-90 %typically reported for constructed wetlands.  

Turbidity was not correlated to fecal coliform concentration at any individual location.  Wetland 

stage was correlated to fecal coliform concentration at three of five sites and for the wetland as a 

whole.  Wetland stage and previous 72-hr rainfall were negatively correlated to removal of fecal 

coliform bacteria.  Retention time of water in the wetland during non-flood conditions was 

estimated at 37 hours. 

Vascular plants and filamentous algae in Bethel Wetland were abundant and found to 

harbor an average of 813 and 657 CFU per gram of wet weight, respectively.  Additionally, 
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incubation experiments investigated the impact of primary producers and nutrient levels on fecal 

coliform survival and growth.  Wetland water incubated with vascular plants and/or filamentous 

algae significantly increased the concentration of fecal coliform bacteria compared to the control.   

 A nutrient addition experiment indicated that the addition of dissolved inorganic 

phosphorous (P) and/or dissolved organic carbon (C) significantly increased concentrations of 

fecal coliform bacteria.  Increases from P additions were largest in incubations with primary 

producers, while increases from C additions were largest in incubations without primary 

producers.  Results from this experiment suggest that primary producers and dissolved nutrients 

affect the survival of FCB in complex ways, and that nutrient management plans may be 

beneficial to reduce fecal coliform concentrations in this wetland.
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INTRODUCTION 

Fecal bacteria reside in the digestive tract of warm blooded animals including humans and 

many domestic and wild animals.  Some of these bacteria are human pathogens that are 

transferred via the fecal-oral route.  The fecal-oral route of transmission often involves bodies of 

water for pathogen dispersal and prolonged viability. After excretion from a host, these bacteria 

enter local waterways through stormwater runoff, underground septic systems, and municipal 

sewer leaks.  Fecal bacteria can also enter local waterways during events like a 2005 municipal 

system spill of 3,000,000 gallons of municipal sewage in Wilmington, NC (Mallin et al. 2007).  

When fecal bacteria enter local waterways, they can persist in the water column and especially 

bottom sediments (Toothman et al. 2009).  Survival rates are largely determined by 

environmental factors including UV radiation and ambient temperature (Rozen and Belkin 

2001). Direct human contact and/or the consumption of shellfish from areas with elevated fecal 

bacteria concentrations are correlated with gastrointestinal illnesses, including Salmonella and E. 

coli poisoning (US EPA 2002).  

Fecal Coliform Bacteria 

 The concentrations of pathogenic fecal bacteria, and the inferred risk of contracting fecal 

related water borne illnesses, are monitored indirectly through indicator organisms called fecal 

coliform bacteria (FCB) (Clesceri et al. 1998).  FCB is composed of physiologically similar 

species from the genera Enterococcus, Escherichia, Klebsiella, Citrobacter, Enterobacter and 

others (Vymazal 2005).  These organisms are chosen as indicators because they originate from 

the same sources as the pathogenic bacteria, they have similar physiologies, and they are more 

safely and economically enumerated than specific pathogenic organisms.  The US EPA 

recommends the use of FCB to assess the risks of contracting water borne illnesses in bodies of 

freshwater (US EPA 2002).  
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In studies by Mallin et al. (2000; 2001), concentrations of FCB were significantly 

correlated with watershed population, percent developed area, and especially percent impervious 

surface of the watershed.  These factors have increased alongside rapid rates of development in 

southeastern North Carolina in recent decades.  Without more responsible development, fecal 

bacteria concentrations and their associated health risks may continue to pose a health hazard to 

the public and threaten economic development through shellfish and recreational water closures. 

Three interrelated terms are found in the literature to describe the persistence of FCB in the 

environment.  These three terms are survival, mortality, and removal.  Survival is the state of 

remaining alive and avoidance of death.  In microbiological investigations this implies the 

retained ability to form colonies.  Mortality is the inverse of survival.  Removal is used to 

describe the absence of viable organisms from a downstream area relative to an upstream one.   

Removal is the most descriptive of the three terms because it accounts for mortality as well 

as the processes of physical displacement from an area (Davies and Bavor 2000).  For example, 

fecal bacteria in wetlands may experience a displacement process like sedimentation to the 

wetland floor without necessarily experiencing mortality.  This study will use the term removal 

when describing results, but will refer to mortality and displacement when discussing theory.  

The mortality of fecal bacteria is largely determined by a variety of biotic and abiotic 

environmental factors.  In a review, Rozen and Belkin (2001) evaluated the influences of a dozen 

factors affecting the survival of enteric bacteria in seawater.  They indicated that UV radiation 

and temperature are the most important abiotic factors, while predation by protozoans is the most 

significant biotic factor.  Specifically, higher levels of UVB radiation as well as higher 

temperatures have a positive effect on mortality.   
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Rozen and Belkin (2001) also found that salinity was an important factor for the survival 

of E. coli, another bacterium with fecal origins.  Optimal survival occurred at a mixture of 25% 

seawater, and 75% distilled water.  Pure saltwater and pure distilled water incubations displayed 

survival of 8% and 60% respectively over a 48hr period, likely due to osmotic effects. 

 Temperature has a strong and negative effect on survival (Rozen and Belkin 2001).  Many 

experiments have shown that optimal temperatures for survival are not necessarily optimal 

temperatures for growth, the latter being much higher.  For this reason, samples taken from the 

field are stored on ice until final processing in order to reduce death in the interim. 

Nutrients have been shown to influence survival as well.  Carlucci and Pramer (1960) 

showed that E. coli survival increased with increasing concentrations of both organic and 

inorganic nutrients.  However, Rozen and Belkin (2001) state that while elevated nutrient levels 

allow E. coli to grow in saltwater, the absence of nutrients does not preclude colony formation.  

In a recent investigation near the intended study area, Toothman et al. (2009) found that 

experimental additions of bioavailable carbon in microcosms was correlated to higher fecal 

coliform concentrations compared to controls.    

Effects of Sediments 

The surface of suspended sediments offers a microenvironment for increased persistence of 

fecal bacteria.  Many studies have shown a significant correlation between FCB and turbidity 

(Schillinger and Gannon, 1985; Davies and Bavor, 2000; Kelsey et al. 2004) discharge and 

suspended sediments (Davis et al. 1977).  Suspended sediments are correlated with high FCB 

concentrations, in part, because they offer protection from UV radiation, starvation, and 

predation.   

Jeng et al. (2005) and Schillinger and Gannon (1985) conducted fractional filtration of 

suspended sediments in wetlands for FCB.  While Jeng et al. (2005) found that the majority of 
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FCB present were associated with particles 5-30 µm, Schillinger and Gannon (1985) found that 

nearly 85% of FCB were either associated with particles smaller than 5 µm or free floating 

(unattached).  These differing results suggest that local environmental conditions play an 

important role in FCB particle association.  However, both studies conclude that association 

between FCB and suspended solids is a central parameter to understanding the fate of fecal 

bacteria in wetlands.  Stenstrom and Carlander (2001) likewise state that the reduction of 

suspended particles seems to be a key factor in the removal of fecal bacteria from the water 

column.   

While settling particles may decrease water column concentrations of fecal bacteria, 

studies have found that fecal bacteria concentrations in sediments can be 10-10,000 times higher 

(Bai and Lung 2005, Toothman et al. 2009).   

Avau (2001) showed that associations between fecal bacteria and sediments do not always 

follow simplified models.  Avau’s work found that while smaller sediments may be ideal as fecal 

bacteria survival sites, their similar masses may preclude them from interacting frequently in an 

agitated system.  Therefore, it is possible that fecal bacteria may be associated with the larger 

particles more commonly than smaller particles under some conditions.    

Effect of Nutrients 

 Bacteria are capable of both organic and inorganic nutrient uptake from their 

environment.   The ratios of nutrients required by bacteria are different from most other 

organisms, most notably a lower Nitrogen (N) to Phosphorous (P) ratio (Makino et al. 2003).  

Kirchman (1994) found that heterotrophic bacteria were responsible for higher proportions of 

total inorganic P uptake relative to total inorganic N uptake.   

 Additionally, P is a common limiting nutrient for primary producers in freshwater 

environments.  Sundareshwar et al. (2003) found that increases in phosphate concentrations in 
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coastal environments resulted in bottom-up changes of primary production as well as the N and 

carbon cycles. 

Unlike oligotrophic and mesotrophic systems, aquatic environments that drain heavily 

developed areas have relatively high concentrations of bioavailable P in the water column and 

sediments, and thus may not be P limited (Toothman et al. 2009).  Toothman et al. (2009) found 

positive responses by fecal bacteria to experimental additions of inorganic phosphorus when 

ambient P levels were low, but no response when ambient levels were high.  

Effects of Primary Producers 

 Wetlands are typified by abundant submerged and emergent vegetation and algae. These 

primary producers affect removal rates of fecal bacteria in a variety of direct and indirect ways.  

Plant and algal surfaces increase survival of fecal bacteria by providing protection from sources 

of mortality like UV radiation and predation, as well as providing nutrients for growth. 

Conversely, plants and alga may decrease survival of fecal bacteria through a wetland by 

increasing hydraulic retention time, increasing net sedimentation and exuding bactericidal 

allelochemicals.  

Numerous studies document organic and inorganic leachates by plants in aquatic habitats 

(Karathanasis and Potter 2003, Huss and Wehr 2004, Ksoll et al. 2007, Vymazal 2005).  Ogbebo 

and Ochs (2008) found that allochthonous dissolved organic matter can be an important source 

of energy and nutrients for of heterotrophic bacterioplankton.  Macarthur et al. (1985) found that 

dissolved organic compounds from dead and living vegetation represented a significant fraction 

of the total organic import in streams draining oak forests and grasslands.  Because of their 

heterotrophic nature, such organic carbon sources may be an important source of nutrition for 

fecal bacteria. Similarly, in a study on Lake Michigan, Byappanahalli et al. (2003) found that the 
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green alga, Cladophora, harbored high densities of the heterotrophic bacteria Escherichia coli 

and enterococci, and may even support their growth.   

Plants and algae can influence the fate and distribution of sediments and particulate-bound 

heterotrophic bacteria.  According to Kadlec and Knight (1996), macrophytes play an important 

role filtering wetland water and promoting sedimentation.  In their model, particles flow past 

plant stems and leaves and particles stick to biofilms on macrophyte surfaces.  Additionally, 

Kadlec and Knight (1996) claims vegetation may shelter trapped sediments from resuspension. 

Similarly, flocculation can be stimulated by the production of mucilaginous organic matter from 

algal surfaces (Eisma et al. 1991). Barko et al. (1991) states that the most important mechanism 

in sedimentation is the reduction of turbulence while Hosokawa and Furukawa (1992) cites 

reduced water velocity. Both factors increase with the presence of submerged and emergent 

vegetation.   

 Vymazal (2005) provides additional reasoning for increased removal of fecal bacteria in 

the presence of vegetation.  First, higher oxygen concentrations caused by photosynthesis creates 

unfavorable conditions for fecal bacteria because they are not adapted to oxic environments.  

Second, root excretions from certain macrophytes have been shown to have antimicrobial 

properties that may lead to direct mortality.  In his review, Vymazal (2005) found that two 

important factors determining the success of wetlands for fecal bacteria removal were the 

presence of diverse and abundant vegetation. 

Stormwater Wetlands  

Stormwater wetlands have been constructed in many developed nations to reduce a wide 

variety of pollutants entering local waterways (Davies and Bavor 2000).  In a review of 26 

surface flow constructed wetlands from across the world, Vymazal (2005) found average 

removal of FCB of 85.6%.   
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Factors that are important to the removal of fecal bacteria in oceans likely dominate the 

wetland environment as well.  These factors include UV radiation, salinity and temperature 

shock, starvation, and protozoan grazing (Belkin and Rozen 2001).  However, the greater 

availability of fine sediments and plentiful plants/algae, the possibility of desiccation, and 

shallower average depths are notable differences of the wetland environment.   

Many studies show a strong correlation between bacterial indicator organisms and the 

incidence of rainfall and rainfall intensity in the wetland environment (Duncan 1999).  High 

discharge into a wetland not only increases fecal bacteria loading, but also decreases hydraulic 

residence time through a system.  Shorter residence times result in reduced exposure of FCB to 

their sources of removal, thereby reducing total removal efficiencies.  Additionally, increased 

discharge can resuspend wetland sediments along with adsorbed FCB, further elevating FCB 

concentrations in the water column.   

Site Description 

 Bethel Wetland was completed in late 2007 as a stormwater treatment wetland at 3500 

Bethel Road in Wilmington, NC.  The wetland is located in the center of James E.L. Wade Park 

which was inaugurated in January 2009.  The park includes a biking trail encompassing the 

wetland and serves as a popular destination for visitors and wildlife. It is situated just east of the 

intersection of South College Road and South 17th Street in New Hanover County, North 

Carolina, and is approximately five miles southeast of downtown Wilmington, NC. The wetland 

has approximate central coordinates of 34° 10’ 42” N and 77° 52’ 43” W.   

Dewberry and Davis Inc. of Raleigh, NC designed and constructed the wetland and park.  

They utilized 12 of the 17 total acres of James E.L Wade Park for a freshwater wetland 

consisting of submerged and emergent vegetation.  The remaining 5 acres were established as a 

recreational park.  Bethel Wetland was designed to treat runoff from a 1” rain event. 
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 To create the wetland, two nearby streams were rerouted to flow into the site.  The 

wetland is designed to remove a variety of suspended and dissolved pollutants from these two 

creeks. Combined, the streams represent discharge from 500 acres of medium-density residential 

land.  The more southern creek was designated as Stream1, the northern creek as Stream2. 

Stream1 flows from an existing settling pond approximately 100 meters upstream of the wetland 

boundary, while Stream2 had no such existing feature.  

 Inflowing water from both creeks enters the wetland from the west.  These entry points 

have been designated as Inflow1 (IN1) and Inflow2 (IN2) for Stream1 and Stream2, respectively.  

Upon entering the wetland, IN1 and IN2 each encounter a relatively deep settling pond, 

designated Settling Pond1 and Settling Pond2, respectively.  Dimensions of Settling Pond1 are 

approximately 25 meters long, 20 meters wide and 1.5 meter average depth in non-flood 

conditions. Dimensions of Settling Pond2 are 30 meters long, 10 meters wide and 1.5 meter 

average depth.  Calculated total volumes are therefore 750m3 and 450m3 for Settling Pond1 and 

2 respectively.   

The settling ponds in this wetland were designed to retain 80% of inflowing suspended 

solids.  These ponds are anticipated to fill with solids to half of total pond volume and require 

dredging every 15 years (Dewberry and Davis, internal document 2003).  

Weirs are located at the end of each settling pond.  The weirs are designated END1 and 

END2, downstream of IN1 and IN2 respectively.  These features are illustrated in Figure 2.  

Total weir notch length is 1.5 meters at each location.  At moderate stage of 2.0 feet, the 

discharge from each weir is approximated with the aid of a Flo-Mate Portable Velocity Meter: 
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Figure 1. Map of Greater Wilmington, NC, with Bethel Wetland watershed highlighted in yellow 
and Bethel Wetland in black. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 



 

10 

 

Discharge from weir at END1= (1.5 m wide  x 0.04 m head x 0.6 m/s) = 36L/s 

Discharge from weir at END2= (1.5 m  wide x 0.03 m head x 0.5 m/s) = 22.5L/s 

 Downstream of END1 and END2 are relatively shallow, sinuous streams bounded by 

emergent vegetation.  These streams merge in the approximate geographic center of the wetland 

to form a broad, shallow flat with submerged and emergent vegetation that continues until the 

eastern edge of the wetland.  Here, wetland water is discharged through a PVC drainage pipe, 

designated OUT.   

Volume estimates for the entire Bethel Wetland at a moderate stage of 2.0 feet have been 

approximated by combining data from satellite imagery with ground-based depth measurements.  

Two volumes have been approximated.  An upper-end estimate is made by applying the 66th 

percentile depth to a conservatively high water surface area, while the lower-end estimate applies 

the 33rd percentile depth to a conservatively low water surface area.  Actual total volume at 2.0 

foot stage very likely falls within this range of 3,200 m³ and 7,700 m³.   

 
High Estimate (From satellite image in Fig. 3.) 
 
Upstream of Bridge:          60 m x 75 m x 1.0 m = 4,500 m³ 
Downstream of Bridge:  + 80 m x 40 m x 1.0 m = 3,200 m³ 

    = 7,700m³ 
 
Low Estimate (From satellite image in Fig. 4) 
 
Upstream of Bridge:          360 m x 10 m x 0.5 m = 1,800 m³ 
Downstream of Bridge:  + 250 m x 11.2 m x 0.5 m = 1,400 m³ 

    = 3200 m³ 
 

A non-exhaustive review of conspicuous plant and animal species present at Bethel 

Wetland are listed in Table 1. Various frogs and snakes were also seen but not identified.  

Submerged algae include the filamentous algae genera Zygnema, Spirogyra, and the cyanophyte, 

Lyngbya. Euglena and many species of diatoms were also seen in microscope slides. 
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Figure 2.  Bethel Wetland in 2007 with sampling locations, before completion of construction. 
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Figure 3. Image of Bethel Wetland taken October 2009 used for High Estimate. Notice 
pedestrian bridge spanning the wetland, right of center.  
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Figure 4. Image of Bethel Wetland taken October 2008 used for Low Estimate. 
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Table 1. Conspicuous species observed in and around Bethel Wetland.  

Grouping Common Name Scientific Name 
Avian Belted Kingfisher Megaceryle alcyon 

 Fish Crow Corvus ossifragus 
 Great Blue Heron Ardea herodias 
 Osprey Pandion haliaetus 

 Red Tailed Hawk Buteo jamaicensis 
 Wood Duck Aix sponsa 

Reptile Yellow Belly Slider Trachemys scripta 
Fish Largemouth Bass Micropterus salmoides 

 Freshwater Bream Lepomis sp. 
Land Plant Buttonbush Cephalanthus Occidentalis 

 Pussy Willow Salix Discolor 
 Loblolly Bay Gordonia Lasianthus 
 Chinese Tallow Triadica sebifera 
 Black Willow Salix Nigra 
 Wax Myrtle Myrica Cerifera 
 Live Oak Quercus Virginica 

Submerged/Emergent Plant Sago Pondweed Potamogeton pectinatus 
 Eurasian Water milfoil Myriophylum spicatum 

 Pickerelweed Pontederia cordata 
 Cattail Typha Latifolia 
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HYPOTHESES 

 
HØ1: Geometric mean concentrations of FCB do not exceed the 200 CFU/ 100mL North 

Carolina standard for recreational waters at any sampling location.   
 
 
HØ2: Concentrations of FCB are similar at all sampling locations. 
 
 
HØ3: Concentrations of FCB have no relationship to wetland stage and 72 hr previous rainfall. 
 
 
HØ4: Removal efficiencies in the settling ponds are equal to the removal efficiencies in the 

remainder of the wetland. 
 
 
HØ5: The presence of vascular plants and filamentous algae in wetland water incubations will 

have effect on concentrations of FCB. 
 
 
HØ6: The addition of P only, C only, and PC to wetland water incubations, with or without 

primary producers, will have no effect on concentrations of FCB. 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

16 

 

METHODS 

Sample Collection 

Sampling of Bethel Wetland began in February 2009 and ended in October 2010.  During 

this period, inflowing and outflowing water was sampled on 26 events.  Neither sampling dates 

nor circumstances were predetermined, but they did happen to coincided with rain and inter-rain 

periods.  Ten sampling events occurred in winter, three in spring, six in summer, and seven in 

fall.  On July 17, 2009 a turtle shell was lodged in the drainage pipe at location OUT, artificially 

restricting flow and greatly elevating wetland stage.  Data from this event have been omitted. 

To investigate removal efficiency of FCB in the wetland, water samples were collected in 

sterile 500 mL glass bottles at the five  locations described above (IN1, IN2, END1, END2, 

OUT).  An extension arm was used to collect water several feet from the shore bank where 

appropriate.  Samples were transported to lab on ice and processed within 6 hours of collection.  

Quantification of FCB was conducted by the membrane filtration technique and reported as 

colony forming units (CFU) /100ml (Clesceri et al. 1998).  This technique includes requires 

selective growth media and a 24 hr incubation at 44.5° C. 

 For each sampling event, wetland stage at location OUT was recorded.  Additionally, 

turbidity was measured on most sampling events at all locations.  Turbidity was determined with 

a nephelometry-based DRT-15CE Portable Turbidimeter and is reported in nephelometric 

turbidity units (NTUs). Historical rainfall information describes precipitation observed at the US 

Climactic Data Center’s Wilmington 7 SE location.  This data set was obtained through the US 

National Climatic Data Center’s Imagery and Publication Center.  

To estimate the removal efficiencies for indicator organisms during their passage through 

Bethel Wetland, FCB concentration at OUT was divided by the average concentrations from IN1 

(southwest corner) and IN2 (northwest corner) for each event.  The individual removal 
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efficiencies from each event were averaged to yield overall removal efficiency for Bethel 

Wetland.   

 The discharge rates at locations END1 and END2 were measured on 9 events, and were 

found to be of similar magnitudes to each other.  Flow at one location never exceeded twice the 

flow at the other location, and the average difference in flow was less than 10%. Because 

outflow rates from the settling ponds were found to be similar, sites IN1 and IN2 were assumed 

to have equal flow volumes for all events. The removal efficiencies attributable exclusively to 

the settling pond feature were determined by dividing FCB concentrations at END1 and END2 

by IN1 and IN2, for ponds 1 and 2 respectively.  Mean removal in this study is calculated from 

individual removal averages, not the mean inflows and outflow. 

Average residence time for water in the wetland was approximated by the volume/flux 

formula (Millero 2005) 

T= V/D 
 
Where: 
T= Hydraulic residence time in the wetland 
V= Total volume of water in the wetland 
D= Discharge of water at the outfall 
 
This equation assumes a steady state condition.  Residence times were approximated for 

each settling pond, as well as the entire wetland. 

Association with Sediments 

To determine the nature of association between FCB and sediments in Bethel Wetland, 

two proxy analyses were conducted.   First, turbidity values were sampled concurrently with 

FCB concentrations in the water column. FCB concentrations trending higher with increasing 

turbidity values would suggest greater degree of association between suspended sediments and 

FCB. 
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Second, removal efficiencies of FCB in the settling ponds were compared to removal 

efficiency downstream of the settling pond. High average removal rates in the settling ponds 

relative to the wetland as a whole would suggest sedimentation as an important factor in FCB 

removal, and that FCB are highly associated with settleable particles.  

Association with Primary Producers  

 To determine the extent of association between FCB and primary producers in Bethel 

Wetland, two major groups of submerged primary producers were selected for analysis: 

submerged vascular plants and filamentous alga.  Throughout the 2009-2010 sampling period, 13 

samples of each type of primary producer were analyzed for concentration of FCB per gram of 

wet vegetation.  The amended membrane filtration technique by Byappanahalli (2003) was used.  

Primary producers were collected by hand at location IN1 and were gently shaken in ambient 

wetland water to remove debris. Samples were then held out of water for approximately 10 

seconds to shed excess water before being placed into individual, sterile 500mL glass bottles.  

Subsamples from each of the two groups of primary producers were weighed and placed in 

sterile 15-mL centrifuge tubes. Phosphate-buffered dilution water was added until 10 mL total 

volume.  These centrifuge tubes were vigorously shaken by hand for two minutes and 

centrifuged briefly at 2000 rpm in order to dissociate FCB from the algal surface.  Filtration was 

then conducted as in Clesceri et al. (1998).   

Incubation Experiment 

An incubation experiment was conducted on six different dates to determine the impact of 

submerged vascular plants and filamentous algae on the survival and growth of FCB. 

Additionally, these experiments incorporated nutrient additions to aid in determining nutrient 

limitation.  Live plant and alga samples were collected at location IN1.  Samples were gently 

shaken in ambient wetland water to remove organic debris (Figure 5) and were held out of water 
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for approximately 10 seconds to shed excess water before being placed into sterile 500mL glass 

bottles. Vascular plants were represented by a combination of sago pondweed (Potamogeton 

pectinatus) and Eurasian water milfoil (Myriophylum spicatum). Filamentous algae were 

represented by multi-species mats dominated by Spirogyra and Zygnema.  The cyanophyte, 

Lyngbya, was present in many samples, but in low concentrations. In the laboratory, samples 

were divided evenly by weight into four subsamples.  The weight of each sub-sample was 

consistent within each trial, and ranged between 4.2 – 10.0 grams. 

 The experimental set-up had two primary producer conditions and a control as well as 

three nutrient treatments and a control. The 3x2x2 set-up consisted of three possibilities for 

primary producer (Water Only, Plant, Algae); two possibilities for P (P addition, no P addition); 

and two possibilities for C (C addition, No C addition)   Concentration of P added (as K2HPO4) 

was 100 mg/L, and the concentration of C (as sucrose) added was 1,000 mg/L.  The 12 bottle 

design is illustrated in Table 2.   

The subsamples were incubated with 200 mL of wetland water for 24 hours under ambient 

laboratory conditions with bottle tops screwed on loosely to allow gas exchange.  Samples were 

initially shaken gently to allow all plant matter to be immersed in liquid, but were otherwise 

undisturbed. At the beginning and end of the 24 hr incubation periods, 5 mL aliquots were 

extracted from each bottle and processed for FCB as in Clesceri et al. (1998).  
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Table 2. The 3x2x2 experimental design for nutrient addition incubations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Water Only Plant and Water Algae and Water 

Water  + P Plant and Water +P Algae and Water + P 

Water  + C Plant and Water + C Algae and Water + C 

Water  + PC Plant and Water + PC Algae and Water +PC 
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Statistical Analysis 

 Data were statistically analyzed using JMP Version 9.0 developed by SAS Institute.    

FCB concentrations in the water column were not normally distributed, and were normalized 

with a logarithmic transformation.  Removal efficiency percentages were Arcsin transformed for 

normality.  Paired t-tests were run on all sampling locations to determine significance of 

relationships between site and FCB concentration.  One way ANOVA was applied to stage and 

turbidity to determine if either was significantly related to FCB at any site.  Changes in FCB 

concentrations over the 24hr incubations were converted into growth/decay rates.  The doubling 

times derived from these rates were used in statistical analyses rather than the percentage change. 

Two-way ANOVA was applied to these incubation experiments to test for the effects of nutrient 

addition and primary producer on FCB growth rates, individually as well as in combination. The 

Two-way ANOVA was necessary to test for interactions between different experimental 

combinations of nutrient and primary producer variables.   
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Figure 5. Myriophyllum spicatum before and after removing detritus. 
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RESULTS 

Field Data 

Hydraulic residence time in the two settling ponds, the post settling pond area, and all of 

Bethel Wetland at stage 2.0 feet were estimated as follows: 

Settling Pond 1 = (750,000 L / (36 L/s)) * (hr/3600s) = 5.8 hr 

Settling Pond 2 = (450,000 L / (22.5L/s)) * (hr/3600s) = 5.6 hr 

Post Settling Ponds = (5,000,000 L / (45L/s)) * (hr/3600s) = 30.8 hr 

Bethel Wetland = (Avg. Settling Ponds + Post Settling Ponds) = 36.5 hr 

Average concentrations of FCB at sites IN1, IN2, and OUT were 890, 833 and 519 colony 

forming units (CFUs) per 100 mL, respectively.  Geometric mean concentrations of FCB were 

368, 218 and 97 colony forming units (CFUs) per 100 mL, respectively.  IN1, IN2 and OUT 

exceeded the North Carolina contact standard of 200 CFUs/ 100mL on 64%, 48%, and 40% of 

the 25 sampling events, respectively.  Results from sampling events are summarized in Table 2.  

Data for each sampling event are found in the Appendix. 

FCB concentrations were significantly correlated with wetland stage at locations IN2 

(p=0.0261; df=24), END2 (p=0.0013; df=13) and OUT (p=0.0002; df=24), but not IN1 

(p=0.2760, df=24) nor END1 (p=0.0724; df=17). These results are displayed in Figures 6 and 7.  

FCB concentrations were significantly correlated with previous 72hr rainfall at each site, as well 

as for the entire wetland (p=0.0006; df= 102) as can be seen in Figure 8.    

Removal Efficiency 

Overall average removal for the 25 sampling events was 53% with standard deviation of 

52%.  Over the sampling  period, FCB concentrations at OUT were significantly lower than 

averaged IN1 and IN2 concentrations (Paired-t test, p<0.0001, df=24).The concentration of FCB 

flowing into the wetland was higher than the concentration flowing out of the wetland on 84% of 
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events.  Total removal efficiencies of 50% or more were achieved on 72% of events, while 

removal rates of 90% or more were achieved on 24% of events.  

While total removal efficiency averaged 53%, the upstream and downstream sections of 

the wetland achieved significantly different removal rates (Paired t-test, p=0.0002, df=13).  

Average removal efficiency in the upstream settling ponds was 7.9%, while average removal 

efficiency for the downstream section of the wetland was 42.3%.  The settling ponds did not 

result in significantly lower FCB concentrations (Paired t-test, p=0.0760, df=13). The post 

settling pond area, however, did significantly reduce FCB concentrations (Paired t-test p=0.0012, 

df=13). A comparison of settling pond and post settling pond removal efficiencies is shown in 

Figure 9. 

The overall removal efficiency of FCB was negatively correlated with wetland stage (p 

=0.0002; df= 24), indicating higher stages resulted in lower removal efficiency.  On sampling 

events with wetland stage less than 2.5ft, reduction of FCB averaged 75% (n=18), while at 

wetland stages greater than 2.5 ft, reduction averaged -4% (n=7).  Similarly, removal efficiency 

was negatively correlated to previous 72 hr rainfall (ANOVA, p=0.0032, df= 24). 

Primary Producers  

FCB were present on vascular plants on 12 of 13 analysis dates.  FCB were also present on 

filamentous algae on 12 of 13 analyses.  While the analyses yielding the absences of FCB did not 

occur on the same date, they both occurred in summer.  For comparison, only 6 of the 13 total 

analyses occurred during the summer.   

Vascular plants and filamentous algae harbored similar concentrations of FCB on a wet 

weight basis.  On vascular plants, FCB averaged 813 CFUs per gram of wet weight with a range 

of 10 to 3,560 CFUs.   Filamentous algae harbored an average of 657 CFUs per gram of wet 
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weight with a range of 34 to 3,520 CFUs.  The difference in FCB associated with the two groups 

of primary producers was not significant (Paired t-test, p=0.1999, two-tailed t-test).  

Suspended Sediments  

Turbidity was measured on 15 sampling events. Turbidity was low relative to the North 

Carolina freshwater standard of 50 NTU.  Values in Bethel Wetland ranged from 4.1 to 13.6 

NTU.  Average turbidity at IN1 and END1 were 5.9 and 6.6 NTU, respectively.  Average 

turbidity at IN2 and END2 were 8.3 and 8.9 NTU, respectively.  Average turbidity at OUT was 

7.7 NTU.  No significant correlation existed between turbidity and FCB concentration at any of 

the five sample locations within the wetland.  However, for the entire wetland, concentrations of 

FCB displayed a significant and negative relationship to turbidity (ANOVA, p=0.0006, df=64). 

Incubation Experiment  

The 24-hr nutrient addition incubations showed a wide range of results depending on 

treatment.  In wetland water only, the addition of C alone (+C) and the addition of C and P in 

combination (+PC) supported average increases in FCB concentration of 10% and 77%, 

respectively. The addition of P (+P) as well as the control resulted in average decreases in 

concentration of 41% and 49%, respectively.   

Incubations with vascular plants and filamentous algae responded in a similar pattern to 

each other but different from incubations without primary producers. Both primary producers 

supported FCB increases in +P and +PC treatments, but decreases in +C and control treatments.  

Specifically, FCB concentrations in incubations treated with +P increased 200% and 149% for 

vascular plants and filamentous algae, respectively. In +PC treatments, FCB concentrations 

increased 437% and 505% for vascular plants and filamentous algae, respectively.  Average 
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percent change and growth constants for all treatment and condition combinations are given in 

Table 4.  Note the high standard errors for these data.  

 For the complete experimental model, primary producer type and each nutrient addition 

were found to be significant variables.  According to an effect likelihood ratio test, primary 

producer type (p=0.0206), P (p<0.0001), and C (p=0.0046) were all significant variables.  

According to a Tukey test, there was no significant difference in the means of either 

primary producer treatment. However, the difference between mean growth coefficients was 

most dissimilar between vascular plants and no primary producer (p= 0.1000) followed by 

filamentous algae no primary producer (p=0.2110), while vascular plant and filamentous algae 

were the most similar (p= 0.9225).  According to ANOVA, the presence or absence of nutrient 

addition was a significant variable for both P (p<0.0001) and C (p=0.0099) treatments. 
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Table 3. Summary of results from sampling events at Bethel Wetland.  (Units are CFUs/100mL 
except for Stage, in feet) 

 

 

 

 

 

 

 

  

Site IN1 END1 IN2 END2 OUT Stage 

Mean  920 740 833 858 519 2.18 

Geometric Mean 381 360 218 200 97 N/A 

Min. 35 40 10 3 5 1.3 

Max. 4,000 2,610 5,400 5,640 6,8160 4.0 

N= 25 17 25 14 25 25 
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Figure 6.  FCB concentrations at sites IN1 and IN2 as a function of Stage. (Trendline and 
correlation coefficient are for IN2 only; IN1 p=0.276, df=24; IN2 p=0.026, df=20). 
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Figure 7. FCB concentration at site O as a function of stage (p=0.0002, df=24) 
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Figure 8. Removal efficiency of FCB for the entire wetland as a function of previous 72 Hr                 
rainfall (p=0.0032; df=24). 
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Figure 9. Removal rates of FCB in Settling Ponds compared to remainder of wetland (p=0.0020, 
df=13) 
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Figure 10. Removal efficiency as a function of wetland stage (p<0.0001; df=24). 
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Figure 11. Concentration of FCB at all sites as a function of turbidity. Trendline and significance 
correspond to data from all sites (p=0.0006; n=64).  
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Table 4.   

a) Average percent change of CFU from initial for incubation experiment.  (Error 
values represent one standard deviation, n=6) 

 b) Growth constants (K) for nutrient addition experiment where time (t) equals 1 day 

 

a. 

 
H20 

(A)
 Vascular 

(B)
 Filamentous 

(A,B)
 

Control 
-49.0±16.3% -10.5±60.9% -34.3±31.2% 

P 
-41.3±30.4% 200.1±347.2% 149.4±357.9% 

C 
9.9±75.0% -8.4±103.7% -21.1±80.7% 

P/C 
76.8±146.7% 436.5±585.8% 504.8±550.7% 

 

 

b. 

 

 

 

 

 

 

 

 

 

 

 

 
H20 Vascular Filamentous 

Control 
-0.673 -0.111 -0.420 

P 
-0.533 1.099 0.914 

C 
0.094 -0.088 -0.237 

P/C 
0.570 1.680 1.800 
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DISCUSSION 

Field Data 

Both inflows exhibited a study-long geometric mean exceeding the North Carolina 

standard of 200 CFU/100mL for recreational waters.  While not designated as a recreational 

waterway, children and pets were observed recreating in the wetland on multiple occasions.  

According to the 200 CFU/100mL level, inflowing water was not suitable for primary human 

contact on the majority of sampling events, but outflowing water was in compliance for the 

majority of events.   

Removal Efficiency  

Overall FCB removal was lower than expected.  Removal averaged 53% for all events. 

This value compares to an average of 85% in a review of 26 surface-flow constructed wetlands 

across the world (Vymazal 2005).  The relatively modest average removal efficiency reported 

here was heavily influenced by the four negative removal efficiencies that coincided with 

sampling events with high wetland stage. 

Removal showed a strong relationship to previous rainfall and wetland stage.  If only 

events with previous 72 hr rainfall of 1” are considered (the designed specification for Bethel 

Wetland) average removal rate was 65% (n=16).  Events with previous 72 hr rainfall totals 

exceeding 1” averaged 32% removal (n=9).  Similarly, if only sampling events of stages <2.5 

feet are considered, overall removal averaged 75%. 

There are several possible explanations for the low removal efficiency in this study relative 

to Vymazal’s average of 85% (2005).  Perhaps most importantly, the average inflowing 

concentration of FCB in Vymazal’s surveyed wetlands was 4.770000 x 106 CFU/100 mL, or 

approximately 10,000 times higher than those in Bethel Wetland.  Another possible explanation 

for relatively poor removal efficiency is that Bethel Wetland is a relatively young system.  
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Physical and biological processes may operate at highest efficiencies as mature systems.  

Overtime, biological communities and physical characteristics shift, resulting in altered 

ecological relationships, a process referred to as succession. In a wetland study by Mitsch et al. 

(2005), long term trends in retention rates of nitrate, sediment and total phosphorus were 

observed during the first ten years following construction.   

Furthermore, Bethel Wetland is a recreational area that attracts local citizens, their 

domesticated animals as well as wildlife.  The domesticated animals and wildlife have been 

observed depositing fecal matter directly into the wetland and on the flood banks.  O’Keefe et al. 

(2005) estimate that fecal output per dog averages 100–200 grams per day, containing 2.3 x 107 

CFU per gram. O’Keefe et al. (2005) claim that dog and cat feces combined can be a major 

component of fecal contamination in urban stormwater runoff.  Fecal matter deposited in Bethel 

Wetland and the flood banks can enter the wetland through streamlets during rain events and 

bypass the inflows.  This shortcutting phenomenon artificially reduces apparent removal rates.   

Lastly, evapotranspiration can elevate concentrations of fecal bacteria without requiring a 

change in absolute numbers of fecal bacteria.  At stage of 2.0 feet in fall months, inflowing water 

was estimated at 58.5 L/s, while outflowing water was estimated at 45L/s.  Assuming a steady 

state and no groundwater influence, this implies evapotranspiration removed approximately 25% 

of water volume under these conditions, concentrating pollutants by a similar magnitude. 

In a concurrent analysis of the same wetland by Mallin et al. (2010) that sampled only 

stages <2.7 feet, removal was found to be 92% (n=8).  This removal rate was calculated from the 

geometric mean from each site, whereas the values presented here are calculated from the 

arithmetic mean removal from each event. Furthermore, Mallin et al. (2010) collected grab 

samples according to a ‘first flush’ regimen for FCB, where inflows are sampled at the beginning 
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of a rain event, and the outflow shortly thereafter. Calculating data from this study with the 

methods used in Mallin et al. (2010), and including only events with stages of <2.7 feet, mean 

removal in this study is 78% (n=18) compared to 92% in Mallin et al. (2010).  

Primary Producers 

 The concentration of FCB on primary producers averaged approximately two orders of 

magnitude higher than in the water column when compared on a volumetric basis.  This is 

similar to findings by Whitman et al. (2003) and Ksoll et al. (2007).  Ksoll et al. (2007) showed 

that E. coli inoculated in periphyton persisted for weeks and acted as a source of fecal bacteria to 

the water column.  

 Concentrations of fecal bacteria on primary producers may be even higher than those 

found in upper sediments.  Toothman et al. (2009) found concentrations of FCB in upper 

sediments averaging 89.5 CFU per cubic centimeter of sand in a tidal creek near Bethel Wetland.  

This is roughly an order of magnitude lower than the averages for vascular plants and 

filamentous algae at 813 and 657 CFU per cubic centimeter of algae (assuming 1 gram wet 

weight of algae is equal to one cubic centimeter), respectively.  It should be noted, however, that 

the many sites studied in Toothman et al. (2009) have lower background concentrations of FCB 

than Bethel Wetland.  

Suspended Sediments 

The low TSS loads and turbidity levels at the inflows suggest that relatively little 

suspended sediment entered the wetland.  Low TSS loads (median values of approximately 10 

mg/L) were also found by Mallin et al. (2010) in their concurrent study of the same wetland.   

The low TSS concentrations resulted in low absolute rates of sedimentation in Bethel Wetland 

(Author, unpublished data).  As fecal bacteria are often associated with settleable solids 

(Stenstrom and Carlander 2001; Jeng et al. 2005), low sedimentation rates deprived the system 
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of a highly effective method of removing FCB.  Reduced construction activity, related to the 

financial crisis of 2008-2009, may also partially explain the low sediment yields.  

The negative relationship observed between turbidity and FCB concentrations (Figure 11) 

is contrary to established wetland science.   Due to the low concentration of suspended solids, as 

well as the prevalence of organic matter in the wetland, turbidity was likely indicative of colored 

dissolved organic matter rather than sediments. Therefore, turbidity was a poor indicator of 

suspended sediments, but may have been a better indicator of dissolved organic matter. 

Further evidence suggesting that settling is not the dominant mechanism for FCB removal 

in Bethel Wetland is the relatively small contribution to FCB removal by the settling ponds.  The 

two settling ponds exhibited average removal efficiencies of only 7.9% while the remainder of 

the wetland resulted in average removal efficiency approximately five times greater, at 42.3%.  

Removal rates from the settling ponds and the post-settling pond area trended together and were 

significantly correlated, suggesting that environmental factors enabled them to both perform 

well, or both perform poorly, as can be found in Figure 8.  

Estimated hydraulic residence times for the two wetland sections were roughly 

proportional to the five-fold difference in removal efficiencies. Of the total 37.5 hour residence 

time, the settling ponds were responsible for an average 5.7 hours, while the post settling pond 

was responsible for 30.8 hours. The seemingly time dependent nature of removal suggests that 

mortality rather than physical displacement from the water column is the primary contributor to 

lower FCB concentrations (Davies and Bavor 2000).   

On the other hand, negative removal efficiencies from events with high flow suggest 

sediments and/or primary producer act as sources for FCB under certain conditions.   

Byappanahalli et al. (2003) has suggested that primary producers may act as a sink for fecal 
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bacteria during periods of low flow, and a source during periods of high flow. Net positive 

resuspension of solids from the bottom sediments and/or dissociation of bacteria from primary 

producers may explain the negative removal rates of FCB in Bethel Wetland during periods of 

high flow (Schillinger and Gannon 1985; Jamieson et al. 2005).    

While concentrations of FCB at IN2 and OUT were correlated with stage, concentrations at 

IN1 were not (Figure 6 and Figure 7). IN1 may have diverged from other locations because IN1 

is fed by a pond just upstream from the wetland. This pond suppresses the variability in flow 

rates into IN1 relative to IN2, and may therefore yield a poor relationship between overall 

wetland stage and flow.  In periods of low stage, average water velocities within the wetland are 

reduced and residence time is increased.  Increased residence time allows for the prolonged 

interaction of fecal bacteria with the various sources of mortality. Considering the shallow 

average depth of the wetland (<1.0 m) and low turbidity levels, UV radiation is likely an 

important contributor to fecal bacteria mortality (Rozen and Belkin 2005). 

Incubation Experiments 

 FCB exhibited concentration decreases in all conditions without the addition of nutrients 

following after the 24hr incubation period.  However, in +C, +P, and especially +PC treatments, 

FCB displayed increased survival and even growth.  Bioavailable phosphorous and carbon 

appear to be limiting factors for growth of FCB in Bethel Wetland.  It is important to note that 

the concentration of P added in experimental additions (100 mg/L) is orders of magnitude higher 

than typical ambient P levels of 0.1 mg of total phosphorous/L, according to Mallin et al. (2010). 

Toothman et al. (2009) found similar results in experimental additions of C and P in water 

samples from a nearby creek.   

 In incubations without primary producers, FCB responded more positively to +C than to 

+P.  In plant and algae incubations, FCB transitioned from predominantly C limited to 
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predominantly P limited.  It appears that in both primary producer conditions, FCB switched 

from being C limited to P limited.   In microcosm experiments, Huss and Wehr (2004) found that 

the rooted macrophyte, Vallisneria, had a positive effect on heterotrophic bacterial densities 

through release of DOC and P. However, they found only weak evidence to suggest macrophytes 

influenced bacterial growth directly through release of dissolved organic carbon (DOC).  They 

propose that macrophytes may have an indirect effect on bacteria by suppressing   

phytoplankton, a collection of organisms typical for high DOC leakage. Primary producers 

suppress phytoplankton through shading, nutrient depletion or allelopathy.  

Conclusion 

Bethel Wetland had a measurable and overall positive impact on water quality by reducing 

FCB concentrations during the study period. These results are not necessarily indicative of future 

performance of the wetland, as the system is likely to change as it matures through ecological 

succession.  Data from this study suggest that retention time is an important determinant for 

removal efficiency.  Therefore, engineers should strive for long retention times in future projects.  

Data also suggest that increased runoff of P and organic C may lead to higher FCB 

concentrations.  Managers of the system should consider implementing nutrient management 

practices in the wetland drainage basin, with particular consideration to P.  Lastly, detailed 

economic analysis should be performed to determine if the cumulative benefits of this wetland 

are justified by the monetary costs of this constructed system.  
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APPENDIX 

Date 
Prev 72 hr 

rain 
I1 I1 end I2 I2 end O 

% reduction 

total 
Stage 

2/26/09 0 50 No Data 10 No Data 20 33 1.90 

3/2/09 1.59 107 No Data 341 No Data 208 7 2.80 

4/15/09 0.39 87 No Data 56 No Data 12 83 1.40 

5/27/09 1.79 4000 No Data 4380 No Data 228 95 1.60 

6/17/09 2.5 1090 No Data 3620 No Data 460 80 1.50 

6/30/09 0 215 No Data 88 No Data 79 48 2.40 

7/17/09* 0.36* 155* No Data* 30* No Data* 33* 64* 4.2* 

7/29/09 0.02 450 No Data 135 No Data 16 95 1.50 

8/12/09 0.55 45 85 10 No Data 5 82 1.30 

8/27/09 0.04 60 62 370 No Data 10 95 1.70 

9/8/09 1.25 1220 560 625 No Data 157 83 2.00 

9/29/09 1.36 1620 620 156 No Data 61 93 2.80 

10/9/09 0 450 300 208 300 58 82 1.50 

11/12/09 4.1 3040 2610 5400 5640 6160 -46 4.00 

11/19/09 0.08 3870 1990 100 90 270 86 2.00 

12/3/09 3.43 1740 2450 1710 3490 3080 -79 3.60 

12/8/09 0.08 260 160 210 110 50 79 3.10 

12/16/09 0.29 1490 1240 325 85 420 54 1.40 

1/8/10 0.04 590 400 90 70 30 91 1.90 

1/12/10 0 146 101 5 3 5 93 1.40 

1/19/10 1.95 370 490 150 60 100 62 2.40 

1/22/10 0.69 150 200 140 290 260 -79 2.80 
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2/1/10 0.57 35 40 230 175 55 58 2.00 

2/6/10 1.63 155 185 905 780 550 -4 3.30 

3/11/10 0.11 1520 1680 1510 840 650 57 2.40 

3/18/10 0 230 150 60 80 30 79 1.90 

Average 0.90 920 740 833 858 519 53 2.18 

Geo 

Mean 

 

381 360 218 200 97 
  

*Data from this date has been omitted from all calculations. 
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