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Executive Summary 
 
Hewletts Creek, in Wilmington, New Hanover County, North Carolina drains a large 
(7,436 acre) suburban watershed and as such is impacted by high fecal bacteria loads 
and periodic algal blooms from nutrient loading.  During 2007 a 7.6 acre wetland was 
constructed to treat stormwater runoff from a 589 acre watershed within the Hewletts 
Creek drainage.  A rain event sampling program was conducted in 2009-2010 to 
evaluate the efficacy of the wetland in reducing pollutant loads (fecal bacteria, nutrients, 
suspended solids and metals) from the stormwater runoff passing through the wetland.  
During the eight storms sampled, the wetland greatly moderated the hydrograph, 
retaining and/or removing 50-75% of the inflowing stormwater volume within the 
wetland.  Excellent removal of fecal coliform bacteria was achieved (based on “first 
flush”), with an average load reduction of 99% and overall concentration reduction of > 
90%.  Composite samples collected for six-hour periods during the events showed that 
particularly high (>90%) load reductions of ammonium and orthophosphate occurred, 
and lesser but still substantial reductions of total phosphorus (89%) and TSS (88%) 
loads were achieved.  Removal of nitrate was seasonally dependent, with lower percent 
removal occurring in cold weather and high percent (90%+) nitrate load removal 
occurring in the growing season when water temperatures exceeded 15C.  The 
wetland was least effective in removing organic nitrogen from waters passing through.  
Most metals tested had concentrations too low to be measured in inflowing and 
outflowing waters, except for zinc, for which an average load reduction of 87% was 
achieved.  Since the principal impairment in Hewletts Creek is fecal bacteria 
contamination, and a secondary problem is algal bloom formation (stimulated by 
nitrogen in this system), this constructed wetland appears to be very successful in 
reducing both concentrations and loads of these and other polluting substances to the 
receiving waters. 
 

Introduction 
 
Stormwater runoff, which is the rainfall-driven washing of substances (including 
pollutants) from the landscape into downstream water bodies, is considered to be one 
the most important sources of impairment to freshwater and estuarine water bodies in 
the United States (NOAA 1998; NRC 2009).  When rainfall exceeds the capacity of the 
local soils to infiltrate water, that amount which is not evaporated from the landscape or 
transpired by vegetation runs off the now-saturated soils downstream (as stormwater 
runoff) into the nearest body of water (Mallin 2009).  The conversion of the natural 
landscape to an urbanized one radically changes the hydrograph, which is the amount 
of runoff passing over the landscape or through a ditch or stream per unit time.  
Whereas in a forested area runoff is muted and spread out over time, in an urbanized 
area runoff volume is greatly increased and occurs as intense, erosion-causing flood 
peaks on the hydrograph.  One stormwater management challenge is thus to decrease 
runoff volume and smooth out the altered hydrograph to allow time for the landscape to 
process the stormwater. 
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 Pollutants entrained in stormwater runoff include suspended sediments and other 
solids; fecal microbes including bacteria, viruses and protozoans; organic and inorganic 
nitrogen and phosphorus; biochemical oxygen-demanding materials (BOD); metals; and 
various other chemical pollutants.  Urban and suburban stormwater runoff is sometimes 
captured and treated (at least in part) by wet detention ponds, while in too many 
situations such runoff flows freely into lakes, streams, estuaries and coastal ocean 
waters.  Such inflows of pollutants cause shellfish bed closures, swimming closures and 
warnings, nuisance or toxic algal blooms, low dissolved oxygen problems, and chemical 
contamination of aquatic organisms.  The second challenge for resource managers is to 
reduce the concentration and amounts (i.e. load) of the various pollutants in the 
stormwater runoff to protect downstream waters and human health. 
 
For several decades natural wetland areas have been utilized to treat polluted waters 
and have been demonstrated to remove high percentages of pollutants from raw or 
partially treated inflowing sewage effluents (Johnston 1991; Weisner et al. 1994; Gopal 
1999).  A variety of mechanisms within wetlands contribute to pollutant removal, 
depending upon the pollutant in question.  Suspended solids are removed primarily by 
settling, due to decreased flow caused either by basin topography (deeper areas 
enhance such settling) or baffling by emergent or submersed aquatic macrophytes 
(Gopal 1999; Davies and Bavor 2000; Knox et al. 2008).  Phosphorus (P) is removed by 
uptake by bacteria and the resident aquatic plants, soil adsorption and absorption, 
precipitation and incorporation of organic P into soil peat (Richardson 1985; Woltemade 
2000).  Richardson (1985) determined that increased P removal in wetlands is 
depended upon increased concentration of Al and Fe in the wetland sediments, and 
subsequent adsorption to those sediments.  Nitrogen removal occurs through settling of 
organic particles, uptake by macrophytes and algae, and especially by microbial 
denitrification (Weisner et al. 1994; Crumpton 1995; Woltemade 2000).  Denitrification is 
most effective when soils are anaerobic, organic carbon is available for use as a 
substrate, and there are multiple habitats provided by a mixture of aquatic plants and 
their roots (Weisner et al. 1994).  Additionally, ammonium can be nitrified to nitrate and 
then denitrified in wetlands (Woltemade 2000); and oxygen release by macrophytes 
roots into the rhizosphere may enhance this nitrification-denitrification process (Wiesner 
et al. 1994).    
 
Biochemical oxygen demand (BOD) can be removed in wetlands by sedimentation, 
adsorption and microbial metabolism (Karathanasis et al. 2003; Knox et al. 2008).  
Fecal bacteria and other microbes can be removed from incoming water primarily by 
sedimentation; exposure to UV radiation, and also consumption by protozoans and 
other microbial predators (Stenstrom and Carlander 2001; Vymazal 2005).  Wetland 
vegetation has been demonstrated to provide much more efficient fecal microbe 
removal than bare sediments in ponds (Davies and Bavor 2000) likely by enhancing 
settling of fine particles and associated bacteria, and also by providing increased 
surface area and physical contact between the pathogens and plant roots and wetland 
substrate (Gerba et al. 1999).  Exposure of pathogens to antimicrobial vegetation-
produced exudates and exposure of anaerobes to the oxic layer produced by aquatic 
plants have also been proposed as removal mechanisms (Vymazal 2005).   Metals are 
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adsorbed most readily by organic (as opposed to inorganic) sediments, and some 
species, particularly the emergent cattail Typha latifolia are particularly effective in 
contributing to such removal (Pond 1995).  As such, constructed stormwater treatment 
wetlands have become a popular means of treating stormwater runoff.  Their pollutant 
removal efficacies, however, are highly variable.  Thus scientists, engineers and 
managers continually seek new data on wetland design and pollutant removal capacity.   
 
Hewletts Creek, located in the City of Wilmington, New Hanover County, North Carolina, 
is a 3rd order tidal creek draining an area of approximately 7,435 acres (3,009 ha).  It 
has a watershed population of approximately 21,350 and a mixed urban and suburban 
land use consisting of about 19% impervious surface area.  The creek is presently 
closed to shellfishing due to high fecal bacteria counts, primarily from non-point source 
runoff (Mallin et al. 2000).  While point source discharges are not permitted to use the 
creek as receiving waters, the creek has also suffered from pollution from sewage spills 
(Johnson 2005; Mallin et al. 2007; Tavares et al. 2008).  The creek also receives non-
point source nutrient loading and is prone to algal blooms, especially in its upper 
reaches (Mallin et al. 2004; Johnson 2005; Duernberger 2009).  A series of nutrient-
addition bioassay experiments demonstrated that nitrogen was the primary nutrient 
stimulating the blooms (Mallin et al. 2004).  Thus, excessive fecal bacteria and nutrient 
loading are both major pollution problems for this creek.  As such, City of Wilmington 
and New Hanover County planners and engineers, concerned citizens, and academic 
researchers targeted this system for stormwater pollutant reductions.  An important 
project devised to help mitigate stormwater inputs to Hewletts Creek was the purchase, 
design, and creation of a large wetland to help treat the runoff entering the south branch 
of the creek from an extensive suburban area. 
 
The land for the future JEL Wade Park Wetland (formerly known as the Dobo property; 
also known as the Bethel Road wetland) was purchased by New Hanover County, as 
suggested by the former New Hanover County Tidal Creeks Advisory Board.  A grant 
from the North Carolina Clean Water Management Trust Fund provided approximately 
$2.76 million for construction and monitoring, with New Hanover County providing 
$240,000 for design and permitting and the City of Wilmington providing $576,000 for 
construction and monitoring.   Construction occurred mainly in early 2007 with a 
dedication ceremony held on June 19, 2007.  Planting of a variety of wetland species 
(Appendix A) occurred in mid-2007, but due to general drought conditions prevailing in 
2007 and somewhat in 2008 and 2009, a dense vegetation cover did not occur until 
spring of 2010 following abundant early spring rains. 
 

Wetland Design 
 
The constructed wetland (JEL Wade Wetland, referred to as JELW) drains an area of 
approximately 589 acres (238 ha) consisting primarily of suburban development.  The 
wetland facility covers an area of approximately 11.5 acres (4.7 ha) consisting of 5.7 
acres (2.3 ha) of wetland, 1.9 acres (0.77 ha) of open water and 3.4 acres (1.4 ha) of 
uplands (Fig. 1).  The upland area contains outbuildings, picnic facilities and a 0.75 
miles (1.2 km) walking/jogging trail that encircles the wetland.  There is a small parking 
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lot of pervious pavement located in the southeast corner of the site.  The wetland was 
designed to treat the first inch of rainfall from the drainage basin (Dewberry & Davis, 
Inc. 2008).   
 
Stormwater runoff enters the facility at two points, designated within as Inflow 1 (IN1) 
and Inflow 2 (IN2 - Figure 1).  Inflow 1 is at the southwest corner of the site and consists 
of a double concrete box culvert that accepts 100% of the inflowing water from its 
drainage through to the wetland.  Each box of the culvert was seven feet wide and six 
feet high.  To determine flow into the wetland UNCW researchers fitted one side with a 
box weir, and the other side was dammed so all flow was directed over the weir (Figure 
2).  The weir itself is rectangular, 48 inches wide, and 12 inches from the bottom of the 
inflow channel to the bottom of the weir notch.  Inflow 2 (IN2) is a second, northern 
channel that provides inflow to the wetland through a lateral inflow diversion structure 
(Figure 3).  This structure diverts low flows into the wetland through a pair of 24 inch 
pipes, which are equipped with backflow prevention devices.  Flows in excess of the 
design flow are diverted over a concrete weir into a channel that bypasses the facility 
(Dewberry & Davis, Inc., 2008).   
 

 
 

Figure 2. Inflow 1 (IN1) double box culvert with one channel dammed and right channel 
fitted with rectangular weir. 
 
Water entering the wetland from both channels is directed into forebays.  As it passes 
through the wetland there are two concrete weirs (Figure 4) designed to drop the water 
level 6 inches (15 cm).  The flashboard risers within the weirs are designed to slowly 
draw down the water surface into the next segment (Dewberry & Davis, Inc. 2008).  The 
wetland is designed to hold water continuously, with two main channels meandering 
through the system at base flow conditions with water rising to extensive wetland 
coverage during rain and subsequent elevated flows (Figure 1).  The wetland is 
designed to contain and convey events up to the 100 year, 24 hr flood without 
overtopping the embankment surrounding the system. 
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Figure 3. Northern channel inflow structure (IN2) with lateral flow diversion structure, 
showing overflow channel in background. 

 

 
 

Figure 4. Concrete weir designed to drop water level as it passes through the wetland. 
 

Water exits the wetland through the primary riser outlet structure (Figure 5).  The water 
normally exits through an 8 inch orifice PVC pipe with an elbow angled under the water 
and enters the outflow channel that eventually leads to Hewletts Creek.  If storm flows 
exceed design capacity then the water surface will stage up to the elevation of the 
primary concrete overflow weirs on the riser, and excess water will leave the facility 
through three 48 inch pipes leading to the outflow channel (Dewberry & Davis, Inc. 
2008). 
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Figure 5. Water exits from wetland through the primary outlet riser structure: note 
vertical rule on structure wall to measure water level. 

 
A broad variety of plant species were planted, including herbaceous plants, shrubs and 
woody species, ranging from aquatic to terrestrial in habitat (Figure 6).  The species list 
is found in Appendix A. 
 
Due to general drought conditions prevailing in 2007 with 35 inches of rain (State 
Climate Office of North Carolina) compared with the long-term Wilmington average of 
57 inches – Robinson 2005) growth was very slow.  In 2008 and 2009 annual rainfall 
was 52 and 51 inches, respectively (State Climate Office of North Carolina), still 
somewhat below average.  In January - April 2010, however, there were a series of 
substantial rain events and dense and diverse aquatic macrophyte and macroalgae 
communities developed (Figure 6). 
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Figure 6. Suspended solids are removed by settling enhanced by baffling by wetland 
emergent and submersed vegetation.  Additionally, enhanced physical contact between 
inflowing water and substrata improves bacterial removal through predation. 
 
To determine the storm water pollution removal efficacy of the JEL Wade wetland 
(JELW), the two inflow streams and one outflow stream were sampled during eight rain 
events: August 30, 2009, January 30, February 2, February 9, March 2, March 11, April 
21 and June 1, 2010.  At IN1, as mentioned, for the purposes of the study all flow was 
directed into one culvert fitted with the rectangular weir, where the water samples were 
collected.  Inflow stream number two (IN2) was sampled at the upstream opening of the 
two twenty-four inch diameter underwater pipes that carried the inflow storm water 
under the walking/bicycle path (Figure 7).  The outflow stream (OUT) was sampled as 
the water spilled through the PVC pipe built into the primary riser outlet (Figure 8).  We 
note that there is continuous drainage of water through the PVC pipe in the outfall riser, 
even during periods of no rain, thus water is continually moving through the wetland.  
Since inflows may be miniscule at times, some of this outfalling water is likely sourced 
from the upper groundwater table (i.e. base flow) and is presumably low in pollutants. 
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Figure 7. Paired 24-inch diameter pipes carry inflow into the wetland at IN2. 
 

 
 

Figure 8. Water exiting the wetland was sampled from the PVC pipe built into the 
primary riser outlet structure. 

 
Methods and Materials 

 
Determination of Rain Event Sampling 
Rainfall predictions were monitored using the National Weather Service.  Rainfall events 
expected to result in at least 0.5 inches of rain were sampled, with a maximum of 1.5 
inches.  We note that the wetland was designed to control up to a one-inch storm.  No 
more than 24 hours prior to the start of a rain event pre-rain data was collected 
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including water level at IN1 at the weir, the flow rate in each pipe at IN2 and the water 
level at OUT (see subsequent section Rainfall and Flow Volumes for details).  
 
Sample Collection 
Samples for the following parameters were collected and analyzed: total suspended 
solids (TSS), orthophosphate-P, total phosphorus (TP), ammonium-N, nitrate+nitrite-N 
(referred to hereafter as nitrate), total Kjeldahl nitrogen (TKN), cadmium, chromium, 
copper, lead, and zinc, fecal coliform bacteria and water temperature.  Total nitrogen 
(TN) was computed as TKN + nitrate.  All except for fecal coliforms and water 
temperature were composite samples collected over time.  Grease and oil were 
originally intended to be collected but could not be composited over time.  Sampling of 
each rain event started (time T0) when storm water began to enter JELW.  Elevated 
water level over the pre-rain level at IN1 (usually within the first hour of rain) was used 
to determine inflow from a rain event.  A 500 mL water sample was collected six times, 
one hour apart (T0,T1,T2,T3,T4,T5) at IN1 and IN2 and kept on ice.  Sampling at OUT 
began at T1 to allow storm water to pass through the wetland and begin exiting at the 
outfall and continued hourly until T6.  An original intention was to sample six times 
evenly over a 36-hour period but predicting how long the discharge would last made 
that scheme unrealistic in capturing peak discharge.  Increased discharge at OUT was 
indicated by water levels higher than the pre-rain water levels and occurred by T1.  At 
the end of a sampling event the 500 ml samples, which were kept on ice, were 
combined in acid-cleaned plastic one-gallon jugs for each site to form a single 
composite sample for each station.  Sub-samples from the jugs were taken for the 
various parameters and delivered to a North Carolina state certified contract chemical 
analysis laboratory.  Analytical methods used and reporting limits included: 
 
Total suspended solids  SM 2540 D  1.0 mg/L 
Ammonium   SM 4500 NH3-D 0.02 mg/L 
Nitrate    EPA 353.2  0.02 mg/L 
TKN    EPA 351.2  0.20 mg/L 
Orthophosphate  SM 4500 P-E  0.02 mg/L 
Total phosphorus  SM 4500 P B E 0.02 mg/L 
Cadmium   EPA 200.7  0.01 mg/L 
Chromium   EPA 200.7  0.01 mg/L 
Copper   EPA 200.7  0.01 mg/L 
Lead    EPA 200.7  0.01 mg/L 
Zinc    EPA 200.7  0.01 mg/L 
 
Fecal coliform sampling was designed to capture the “first flush” entering and leaving 
the wetland.  At one-hour following T0 (i.e. T1) during all rain events an increase in 
water level at the outfall structure was registered (compared with T0), thus it was 
assumed that T1 was receiving “first flush” waters at the outfall.  Single 200 mL water 
samples to be analyzed for fecal coliform bacteria were collected at each stream at the 
same time as the first composite sample was collected at that site (T0 for IN-1 and IN-2 
and T1 for OUT).  Upon collection at OUT the fecal bacteria samples were delivered to 
the contract lab.  During the rain events that were sampled on August 30, 2009 and 
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January 30, 2010, the fecal coliform bacteria analyses were done in the UNCW Aquatic 
Ecology Laboratory at the Center for Marine Science.  Fecal coliform bacteria 
concentrations were determined using a membrane filtration (mFC) method that utilizes 
a 24 h incubation time at 44.5 C and an enriched lactose medium (Method 9222-D - 
APHA 1995) 
 
Rainfall and Flow Volumes 
Rainfall was measured and recorded for T0-T6 using an Acurite® rain gauge mounted 
on a fence at the JELW wetland.  The durations of all rain events (i.e. time until 
cessation of increases in the rain gauge measurements) were less than the six-hour 
sampling period, with the single exception of the February 2 event, which increased in 
the final measurement.  Average rainfall for the eight sampled events was 0.72 + 0.32 
inches, with a range of 0.4 to 1.4 inches (Appendix B). 
 
Flow volumes were determined at each collection site based on the structural features 
of each site.  At the time of each sample collection, water height passing the weir was 
measured at IN1.  Flow volume at IN1 was calculated for T0-T5 by inserting the water 
level data into the following formula for a rectangular weir (Isco 2008).   
 

Q = 3.33(L – 0.2H) H1.5 
 

Where Q = flow rate, H = head on weir, L = crest length on weir (4 ft.), K = constant for 
CFS (3.33).  The six flow volumes were averaged to get a mean flow rate for the 
sampling event.   
 
Flow volume at IN2 was measured using a Flowmate® Model 2000 portable flow meter.  
The flow sensor was inserted into the cross-sectional center of each pipe at T0-T5 and 
the flow rate was recorded.  Each flow rate was multiplied by the area of the pipe 
opening to approximate flow volumes.  The two flow volumes (one for each pipe) for T0-
T5 were summed to get six flow volumes, which were averaged to get a mean flow 
volume for IN2.    
 
To obtain a standard curve for measuring outfall discharge, a series of measurements 
of outfall volume discharge through the PVC discharge pipe were made at different 
wetland water levels using timed filling of known-volume carboys.  Discharge 
measurements were made at water levels ranging from 1.5 to 2.7 ft., and all water level 
measurements made during the rain events ranged from 1.32 to 2.66 ft., thus the data 
from the curve were appropriate for event measurements.  These data were graphed 
and a standard curve with the following regression equation was fitted to the data.   

 
Discharge = 37.66(water level) – 39.40,  r2 = 0.92,  p < 0.001 

 
During rain event sampling wetland water level data were collected hourly and fitted to 
the regression to obtain discharge volume at each sample collection point.  For each 
rain event these discharge data were then averaged for an event mean discharge 
measurement.  Event specific rainfall and flow data are in Appendix B. 
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Statistical Analysis of Data 
We compared the combined pollutant loads (pollutant concentration per hour, averaged 
over the six-hour sampling event) from the two inflow stations to the outflowing pollutant 
loads to test for statistically significant differences in pollutant concentrations between 
pond input and output (i.e. pollutant removal efficacy).  The data were first tested for 
normality using the Shapiro-Wilk test.  Normally distributed data parameters (TSS, 
ammonium, nitrate, orthophosphate, TP and Zn) were tested using the paired-difference 
t-test, and non-normally distributed data parameters (TKN, TN, and fecal coliform 
bacteria) were tested using the Wilcoxon Signed Rank test.  In order to further 
understand wetland operation and function, correlation and regression analyses were 
used to compare meteorological factors (water temperature, rainfall amounts) with 
response variables such as nitrate removal and system water retention.  Statistical 
analyses were conducted using SAS (Schlotzhauer and Littell 1987).   
 

Results and Discussion 
 
Hydrological Features of the Wetland 
As mentioned, the rainfall events analyzed ranged for 0.4 to 1.4 inches.  For the eight 
events sampled, the combined inflow volume during the six hour sampling period was 
consistently greater than the outflow volume.  On average the percent incoming volume 
retained within the wetland averaged 63.1+10.6%, ranging from 50.3-74.5% (Appendix 
B).  Retention within the wetland comes from a combination of wetland filling, infiltration 
into the ground above the base flow elevation, evaporation, and plant uptake and 
transpiration.  We note that on 50% of the events sampled the water levels at the outfall 
had ceased rising, while on the other 50% of events increases in water level occurred at 
the six-hour mark.  Thus, export well over base flow will continue to be discharged from 
the wetland following the event; the key factor impacting the environment then will of 
course be pollutant concentrations in the outflow (see following sections).  Interestingly, 
there was a highly significant positive correlation between the amount of inflow retained 
in the wetland and the amount of rain that fell (r = 0.70, p = 0.0004).  Additionally, there 
was significant positive correlation between the amount of inflow retained in the wetland 
and water temperature (r = 0.45, p = 0.005).  The latter correlation is likely related to two 
important factors.  First, with increasing water temperature, evaporation from the system 
increases.  As an example, average evaporation rates on the North Carolina Coastal 
Plain increase by a factor of 2.3X between February and April (Robinson 2005).  
Second, as temperatures rise, plant growth and coverage increases, causing greater 
intake of water and increased transpiration of water vapor to the atmosphere.  
Regardless, even in cold temperatures the wetland served to substantially reduce and 
smooth the stormwater hydrograph.   
 
Pollutant Reduction 
There are two ways of determining efficacy of the wetland in pollutant removal.   
Examining the changes in parameter concentrations between inflowing waters and 
outflowing waters provides a comparison that has a basis in legal water quality 
standards, as these are typically based on pollutant concentrations.  However, when 
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there is more than one inflow (as in JEL Wade) concentration-based statistical 
comparisons of inflowing and outflowing waters can be somewhat equivocal due to 
different concentrations (and loads) entering the system.  Thus, another approach is to 
determine the combined flow-based pollutant load that enters and compare with the 
flow-based pollutant load that exits the wetland.  This has two benefits: first, one can 
combine the loads from the two inflow areas to make a statistical comparison between 
inflow and outflow, and secondly it gives an idea of the amount of pollution that actually 
leaves the treatment wetland and enters the downstream receiving waters. 
 
Changes in Pollutant Concentrations through the Wetland 
The major and most consistent pollutant in Hewletts Creek has been fecal bacteria 
loading (Mallin et al. 2000; Mallin et al. 2007).  The geometric mean fecal coliform 
counts entering the wetland during eight rain events well exceeded the North Carolina 
human contact standard of 200 CFU/100 mL, as did the median concentrations, and 
maximum counts were in the thousands (Table 1).  Geometric mean and median counts 
leaving the wetland were well within safe contact standard; however we do note that 
there was one anomaly – an unusually high outfall count of 31,000 CFU/100 mL in the 
June 2010 sample (Table 1).  This occurred in a 1.4 inch rain event, outside of the 
designated one-inch rainfall treatment design of the wetland.  We do reiterate that fecal 
coliform samples were only collected once during the six-hour event (first flush), so 
there are no assurances of similar removal rates during the duration of the event.  
However, overall the wetland appeared very effective at reducing fecal coliform 
concentrations.   
 
There is no ambient North Carolina standard for total suspended solids (TSS).  Based 
on our laboratory’s sampling experience, stream concentrations exceeding 25 mg/L are 
unusual for the Coastal Plain.  There were a few exceedences of that number in 
inflowing waters, but overall TSS concentrations were not excessive entering the 
wetland.  TSS concentrations leaving the wetland were low at all times (Table 1).  There 
are no ambient water quality standards for nutrients in North Carolina.  However, 
published research (Mallin et al. 2004) has demonstrated that concentrations of 
inorganic nitrogen entering tidal creek waters in excess of 50 g-N/L can lead to 
significant increases in algal biomass (and eventual algal bloom formation).  
Concentrations of both ammonium and nitrate in the two inflows were both well above 
those experimentally-derived guidelines (Table 1), while concentrations exiting the 
wetland were far lower.  Concentrations of total nitrogen were considerably reduced 
through the wetland as well (Table 1); however, the degree of nitrogen reduction (or 
lack there of) and its consistency are much more complex and will be explained further 
in a subsequent section of this report discussing load changes.  Orthophosphate 
concentrations entering the wetland at IN1 were generally low, while they approached 
experimentally-derived (Mallin et al. 2004) problematic concentrations of 100 g-P/L at 
IN2 (Table 1).  Orthophosphate concentrations leaving the wetland were low at all times 
(Table 1).  Average total phosphorus at IN2 was 3X that of IN1, but concentrations were 
greatly reduced in passage through the wetland (Table 1). 
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With the exception of zinc, there were generally very low concentrations of the targeted 
metals in the inflowing (and outflowing) waters.  Concentration of chromium, copper and 
lead only exceeded the analytical detection limit on one of seven sampling occasions, 
and concentrations of cadmium were undetectable at all times (Table 1).  However, zinc 
was present in all samples.  There is a North Carolina ambient water standard of 50 
g/L for zinc, which was exceeded on two occasions at IN2, but on no occasions at IN1.  
Concentrations of Zn exiting the wetland were well below standard on all sampling 
occasions (Table 1). 
 
A long-term water quality monitoring station is maintained by the UNCW Aquatic 
Ecology Laboratory downstream in the south branch of Hewletts Creek (Station SB-
PGR), the branch which is fed by the treated wetland runoff.  Average long-term nitrate, 
ammonium and orthophosphate concentrations at SB-PGR were 107 g-N/L, 38 g/-
N/L and 9 g-P/L, respectively (Mallin et al. 2004).  Thus, the treated stormwater runoff 
had lower concentrations of nitrate, and similar concentrations of ammonium and 
orthophosphate as the receiving creek waters.  Overall, for the targeted pollutant 
parameters, the JEL Wade wetland served to reduce average or median pollutant 
concentrations in inflowing waters to concentrations either well below legal water quality 
standards, or below or near experimentally-derived nutrient concentrations levels of 
concern.   
 
Ancillary Fecal Coliform Data 
Additional fecal coliform bacteria concentration data were collected by UNC Wilmington 
graduate student Yossi Shirazi on a number of occasions, both wet and dry periods, 
during 2009.  The data overall show 81% and 43% reductions in geometric mean fecal 
coliform counts occurring between IN1 and OUT, and IN2 and OUT, respectively (Table 
2).  Considering geometric mean and median fecal coliform counts, the decrease at the 
outfall from IN1 was considerably greater than from IN2 (Table 2).  On 11 of 12 
occasions fecal coliform counts decreased between 50% and 98% between IN1 and 
OUT.  However, on six of 12 occasions there were increases in fecal bacteria counts 
between IN2 and OUT, but on five of these six occasions inflowing bacteria counts were 
very low (Table 3).  We also note that on two days when the inflowing fecal bacteria 
concentrations were very high (even though there was high percent removal) the counts 
exiting the wetland did exceed the North Carolina standard of 200 CFU/100 mL (Table 
2).  These ancillary fecal coliform data show that when there are elevated counts 
entering the pond there are large decreases in concentration in passage through the 
pond.  When there are low counts in the inflows there is little change in numbers 
through the pond.  Overall, geometric mean and median counts at IN1 were notably 
higher than those at IN2, and percent reductions in concentrations were likewise higher 
for the IN1 counts (Table 2). 
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Table 1. Summary statistics of pollutant parameter concentrations in stormwater 
entering and leaving the wetland.  Data presented as mean + standard deviation / 
median / range (for fecal coliform bacteria data are presented as geometric mean / 
median / range, n = eight storm sampling events). 
______________________________________________________________________ 
 
Parameter  Inflow 1 Inflow 2  Outflow Percent change 
          IN1  IN2 
______________________________________________________________________ 
 
TSS   9.8+10.5 15.2+7.2  4.1+1.2 -58.2  -73.0 
(mg/L)   7.0  15.7   3.5  -50.0  -77.7 
   3.0-35.5 7.0-26.0  3.0-6.0 
 
Ammonium  229+128 143+65  43+32  -81.2  -69.9 
(µg/L)   240  130   25  -89.6  -80.8 
   40-460 40-240  10-90 
 
Nitrate+nitrate 123+42 159+39  66+46  -46.3  -58.5 
(µg/L)   130  160   60  -53.8  -62.5 
   60-180 100-220  10-140 
 
TKN   1,088+1,129 713+344  463+130 -57.4  -35.1 
(µg/L)   650  550   400  -38.5  -27.3 
   400-3,800 400-1,300  300-700 
 
Total nitrogen 1,210+1.109 871+374  529+114 -56.3  -39.3 
µg/L   800  680   520  -35.0  -23.5 
   560-3,870 560-1,520  400-750 
 
Orthophosphate 20+21  93+25   13+5  -35.0  -86.0 
(µg/L)   10  90   10  -0.0  -88.9 
   10-70  70-140  10-20 
 
Total phosphorus 59+44  150+53  43+41  -27.1  -71.3 
(µg/L)   55  145   35  -36.4  -75.9 
   20-160 90-260  10-140 
 
Fecal coliforms 605  437   42  -93.1  -90.4 
(CFU/100 mL) 532  755   19  -96.4  -97.5 
   46-23,000 28-12,000  42-31,000   
 
Cadmium  all concentrations were below analytical detection limit 
 
Chromium*  0.250+0.707 0.250+0.707  0.250+0.707 
(µg/L)   0  0   0 

 15



   0-2.000 0-2.000  0-2.000 
 
Copper*  0.375+1.061 0.625+1.768  1.875+4.224 
(µg/L)   0  0   0 
   0-3.00 0 0-5.000  0-12.000 
 
Lead*   0  0.125+0.354  0 
(µg/L)   0  0   0 
   0-0  0-1.00   0-0 
 
Zinc   14.125+7.562 44.125+11.000 11.000+6.803 -22.1 -75.0 
(µg/L)   13.500 37.500  14.500  +7.4 -61.3 
   0.000-26.00 26.000-74.000 0.00-15.000 
______________________________________________________________________ 
*Parameter concentrations above the analytical detection limit were only seen on one 
out of seven sampling occasions for these three metals. 
 
Table 2. Addition fecal coliform bacteria concentrations collected during spring - fall 
2009 (Yossi Shirazi, M.S. Thesis data, UNC Wilmington), data as colony-forming units 
(CFU)/100 mL, from 100 mL samples filtered. 
______________________________________________________________________ 
    
Date   Inflow 1 Inflow 2     Outfall           Percent change 
                  IN1       IN2 
______________________________________________________________________ 
     
2/26/2009         5         1   2  -60%         +100% 
2/27.2009       47         3   5  -89%           +67% 
3/2/2009     107     208         341          +219%           +64% 
4/15/2009       87       56           12  -86%            -79% 
5/27/2009  4,000  4,000         228  -94%            -94%  
6/17/2009  1,000  4,000         500  -50%            -88% 
6/30/2009     215       88           79  -63%            -10% 
7/17/2009     200       30           33  -84%           +10% 
7/29/2009     450       10           16  -96%           +60% 
8/12/2009       45         1   5  -89%          +400% 
8/27/2009     300     500           28  -91%  -94% 
9/8/2009  1,000     500         157  -84%            -68%  
     
Average     587     809         114  -53%              +31% 
St. deviation  1,119  1,513         161 
Geometric mean    191       63           36  -81%           -43% 
Median     208       72           31  -65%           -58% 
______________________________________________________________________ 
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Changes in Pollutant Loads through the Wetland 
The presence and functioning of the wetland led to major decreases in fecal coliform 
bacteria loads passing through the wetland during the first flush (Table 3).  Geometric 
mean and median removals overall were 99.9% and 95.8%, respectively, while for the 
eight individual events sampled removals ranged from 38% to over 99%, with the single 
anomaly of a 102% increase in load in the June 2 sample.  The overall reductions were 
not statistically significant, however, either due to the anomalous June measurements 
or the general inherent high variability in the fecal coliform data.  The highest decreases 
in fecal coliform loads were achieved during periods of warmest water temperature, 
including August 2009 and the period March 11 through June 2, when water 
temperatures exceeded 15C.  Settling of particle-associated bacteria will occur in all 
temperatures; however, it is presumed that during warmer periods there may be 
increased abundances of protozoans grazing on the fecal bacteria.  Additionally, the 
presence of more vegetation in warmer periods (Figure 6) provides additional 
substrates that will increase physical contact between fecal bacteria and predators 
(Gerba et al. 1999).  Finally, if algae or macrophytes produce antimicrobial substances 
as has been hypothesized (Vymazal 2005) such producers will be more abundant in 
warmer temperatures (see Figures 9 and 10). 
 

 
 
Figure 9 (left panel). Wetland photographed in February 2010 showing brown, sparse 
vegetation.  Figure 10 (right panel). Wetland photographed in April 2010 showing 
abundant green diverse vegetation growth. 
 
As mentioned earlier, TSS concentrations entering the wetland were low; nonetheless 
significant reductions in TSS loads passing through the wetland were achieved.   
Settling within the wetland likely occurred primarily in the forebays (Figures 1 and 6).  
Overall mean and median TSS load reductions of 88.5% and 89.7%, respectively, were 
achieved (Table 3).  During periods of highest TSS loading into the wetland, removal 
rates as high as 98.8% were accomplished (June 1 event), while in periods of low inflow 
TSS concentrations were low (i.e. <10 mg/L) and there were reductions of 60-80%. 
 
The wetland was very effective in reducing the ammonium load as the storm water 
passed through the wetland, achieving mean and median reductions of 91.8% and 
93.4%, respectively (Table 3).  Ammonium load reductions were high (87-98%) under 
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all events sampled.  Ammonium reduction likely occurred by uptake by macrophytes 
and algae, and especially by microbial denitrification (Weisner et al. 1994; Crumpton 
1995; Woltemade 2000), which is most effective when soils are anaerobic, organic 
carbon is available for use as a substrate, and there are multiple habitats provided by a 
mixture of aquatic plants and their roots (Weisner et al. 1994).  Such a diverse 
macrophyte community is present in this wetland.  The wetland was less effective in 
reducing the TKN load from inflowing waters (Table 3).  A further analysis indicates that 
the composition of the TKN (which is organic nitrogen plus ammonium) changes during 
passage through the wetland.  Entering the wetland, the TKN was on average 72% 
organic nitrogen, while the TKN leaving the wetland was 90% organic nitrogen.  
Considering the organic N component alone, on average 70% of the load was retained 
in the wetland, with a range of 47-96% over the eight events.  Thus, while ammonium 
was very effectively retained, the organic nitrogen component was less so.  The impact 
of organic nitrogen on downstream waters should depend on whether it is labile or 
recalcitrant (difficult to utilize or break down).  Labile organic nitrogen, such as urea, can 
be readily taken up by algae and bacteria (Antia et al. 1991; Mallin et al. 2001).  If, 
however, the predominant organic nitrogen faction is recalcitrant it may simply be 
carried downstream into coastal ocean waters.  An analysis by Dafner et al. (2007) 
found that the predominating form of nitrogen reaching coastal ocean waters in this 
region was organic nitrogen, and was apparently not utilized by estuarine algae and 
bacteria.  Changes in total nitrogen passing through the wetland were similar to that of 
TKN (Table 3) because TN was largely comprised of organic nitrogen rather than the 
readily plant-available ammonium or nitrate.  Reductions in ammonium, TKN and TN 
were all statistically significant.  As mentioned, algal production in Hewletts Creek is 
principally limited by nitrogen.  As such, ammonium was very effectively removed in the 
wetland and nitrate was very effectively removed in the growing season (see below), 
and reduction of these plant-available forms of nitrogen should reduce algal bloom 
frequency in the downstream receiving waters of Hewletts Creek. 
 
The overall percent reduction in nitrate load was statistically significant (Table 3) but 
removal rates showed a distinct pattern associated with increasing water temperature 
(Figure 11).  During early 2010 (January-early March) the decrease in nitrate load 
between the inflowing and outflowing waters ranged from 68-83%.  During this period 
water temperatures were less than 12 C.  In mid-March temperatures rose rapidly, and 
once they exceeded 15C, large (90-97%) reductions in nitrate load were accomplished 
in the wetland (Figure 11).  This may be due to at least two reasons. First, the increase 
in water temperatures likely stimulated growth in denitrifying bacteria, which would 
increase nitrate loss.  Secondly, the temperature increase is probably a good proxy for 
increased plant growth.  Rich and diverse growths of macrophytes and macroalgae 
were apparent beginning in March (compare photos from February and April 2010, 
Figures 9 and 10).  Increased plant growth will also increase nutrient uptake, 
accomplishing greater nitrate removal in this fashion.  For the period January – June, 
2010, there was a highly significant relationship (Figure 11) between the two variables 
yielding the following regression equation: 
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Percent increase in nitrate load reduction = 0.236(water temperature) + 61.2, 
r2 = 0.71, p < 0.001 

 
We note that in the August 30, 2009 rain event temperatures were high, but there was a 
more moderate nitrate load decrease of 86%, but we also note that vegetation in the 
wetland was still relatively sparse compared with spring 2010. 
 
The wetland very effectively reduced the orthophosphate load in the waters passing 
through, achieving average and median reductions of 93.0% and 94.3%, respectively 
(Table 3).  Loss of phosphate in wetlands occurs from settling of phosphate that is 
associated with suspended soil particles, adsorption to soils in the wetland, uptake by 
algae and macrophytes, and utilization by bacteria (Richardson 1985; Woltemade 
2000).  From January-June 2010 there was a strong positive correlation (r = 0.52, p < 
0.001) between increasing water temperature and orthophosphate load reductions, with 
consistently high (>93%) removal from early March on.  Reduction of total phosphorus 
was slightly lower, with overall mean and median reductions in load of 89.2% and 
87.7% (Table 3).  Removal rates over time were variable, ranging from 55% in April to 
98% removal in June 2010, with no clear seasonal or temperature trend.  The organic P 
component of TP in the inflowing waters averaged 47%, and ranged from 21% to 59%.  
In the outflowing waters organic P averaged 54%, and ranged from undetectable to 
92% of TP.  Thus, there was excellent removal of orthophosphate by the wetland, and 
good removal of TP, with organic P the principal form less readily removed within the 
wetland.  Reductions in orthophosphate and TP loads were both statistically significant. 
 
The concentrations of most metals were below detection limits and thus not applicable 
to further analysis.  However, as mentioned zinc was always present in measureable 
quantities and decreases in Zn loads through the wetland were statistically significant 
(Table 3).  Mean and median Zn load reductions were 87.7% and 85.2%, respectively. 
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Table 3. Summary statistics of pollutant parameter loadings in stormwater entering and 
leaving the wetland.  Data presented as average pollutant load per hour for the six-hour 
sampling event; last column is percent change between combined inflow and outflow, 
showing average and median percent increase or decrease for the eight sampling 
events. 
______________________________________________________________________ 
 
Parameter  Inflow 1 Inflow 2 Combined inflow Outflow %  
______________________________________________________________________ 
 
TSS   1,224,313 3,540,012 4,764,325  549,880       -88.5* 
(mg/hr)                   -89.7 
 
Ammonium  45,016 29,675 74,691  6,135          -91.8** 
(mg/hr)                   -93.4 
 
Nitrate+nitrite  25,044 31,174 56,218  9,636          -82.9** 
(mg/hr)                   -84.4 
 
TKN   303,334 131,010 434,344  61,555         -85.8** 
(mg/hr)                   -78.9 
 
TN   328,378 162,185 490,562  71,191         -85.5** 
(mg/L)                    -78.9 
 
Orthophosphate 5,691  20,629 26,319  1,840          -93.0** 
(mg/hr)                   -94.3 
 
TP   15,760 34,232 49,992  5,405          -89.2** 
(mg/hr)                   -87.7 
 
Fecal coliforms 1.04 x 109 9.58 x 108 1.23 x 1011  5.61 x 107    -99.9 
(CFU/hr)                   -95.8 
 
Zinc   3,214  9,669  12,883  1,582           -87.7** 
(mg/hr)                    -85.2 
______________________________________________________________________ 
Note – Cadmium had no values above the reporting limit, and chromium, copper and 
lead all only had data above the reporting limit on a single date.  Therefore, those four 
metals are not included in this table. 
*Outflow load significantly different from inflow load at p < 0.05 
**Outflow load significantly different from inflow load at p < 0.01 
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Figure 9. Increase in nitrate removal from inflowing stormwater with 
water temperature increase in JEL Wade wetland during 2010.
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Conclusions 
 
For the designated treatment capacity of the wetland (one-inch rainfall events) the 
constructed JEL Wade wetland effectively served to reduce and smooth the stormwater 
hydrograph, greatly reduce pollutant concentrations in the stormwater, and greatly 
reduce pollutant loads carried out of the wetland to receiving waters.  Pollutant (fecal 
bacteria, TSS, nutrients and zinc) concentrations in water exiting the wetland were 
reduced to levels indicative of unpolluted waters, based on North Carolina water quality 
standards and literature values.  While treatment efficacies for some pollutants (nitrate, 
orthophosphate) were highest in warmer weather, in cold temperatures substantial 
reductions in pollutants (and stormwater volume) were also realized.  Hewletts Creek, 
as well as other tidal creeks in this area has been polluted by fecal bacteria (Mallin et al. 
2000), and also demonstrated to be sensitive to inorganic nitrogen loading which leads 
to algal bloom formation (Mallin et al. 2004).  This constructed wetland treats 
stormwater runoff from approximately 8% of the Hewletts Creek watershed, and has 
been demonstrated to be especially effective in reducing fecal bacteria and inorganic 
nitrogen loads that would otherwise reach and pollute the main creek. 
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Appendix A. Plant species planted within JEL Wade wetland. 
______________________________________________________________________ 
 
Alnus serrulata smooth alder – deciduous shrub 
Acorus calamus sweet flag - grasslike 
Aronia arbutifolia red chokeberry – deciduous shrub 
Carex (species mix) - sedges 
Carpinus caroliniana ironwood – deciduous tree 
Cephalanthus occidentalis buttonbush – deciduous shrub 
Cornus foemina swamp dogwood – deciduous tree 
Chamaecyparis thyoides swamp dogwood – deciduous shrub 
Crategus viridus green hawthorn – deciduous tree 
Cyrilla racemiflora titi – evergreen shrub 
Eupatorium spp. semaphore thoroughwart – fleshy flowering herb 
Helianthus angustifolius swamp sunflower – flowering herb 
Hibiscus moscheutus rose mallow or marsh mallow – flowering herb 
Hibiscus coccineus scarlet rose mallow – flowering herb 
Ilex glabra  inkberry – evergreen shrub 
Ilex verticillata common winterberry – deciduous shrub 
Itea virginica Virginia sweet-spires – deciduous shrub 
Iris fulva - copper iris - flowering herb 
Iris virginica – southern blue flag – flowering herb 
Juncus coriaceous leathery rush - rush 
Juncus effusus soft rush - rush 
Kosteletskya virginica seashore mallow – flowering herb 
Leersia oryzoides rice cutgrass - grass 
Myrica cerifiera wax myrtle – evergreen shrub 
Nyssa biflora swamp tupelo – deciduous tree 
Nuphar luteum spatterdock – fleshy herb 
Peltandra virginica arrow arum – fleshy herb 
Pinus palustris  longleaf pine - evergreen tree 
Pontederia cordata pickerelweed – fleshy herb 
Quercus laurifolia laurel oak – deciduous tree 
Quercus michauxii swamp chestnut oak – deciduous tree 
Quercus virginiana live oak – evergreen tree 
Sambucus canadensis common elderberry – deciduous shrub 
Schoenoplectus tabernaemontani softstem or great bulrush - sedge 
Sparganium americanum eastern burr-reed - grasslike 
Saggitaria lancifolia bull-tongue arrowhead – fleshy herb 
Saururus cernuus lizard’s tail – flowering herb 
Taxodium distichum bald cypress – deciduous tree 
Veronia novaboracensis New York ironweed – flowering herb 
Viburum nudum southern wild raisin – deciduous shrub 
Zizaniopsis miliacea giant cutgrass - grass 
______________________________________________________________________ 
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Appendix B. Rainfall and sampling event characteristics for the JEL Wade constructed 
wetland pollutant removal efficacy project.  Inflow and outflow data are event averages 
per hour over six hours. 
______________________________________________________________________ 
     
Date  Water temperature Rainfall Comb. inflow Outflow      % of inflow 
   (C)  (inches) (L/hr)  (L/hr)      exiting system 
______________________________________________________________________ 
8/31/2009   NA  0.55  164,993   77,377 46.9% 
1/30/2010    9.0  0.40  328,672 138,160 42.0% 
2/2/2010  10.0  0.80  564,068 148,781 26.4% 
2/9/2010  11.0  0.50  429,383 213,405 49.7% 
3/2/2010    9.0  0.68  421,099 131,382 31.2% 
3/11/2010  15.2  0.90  626,666 159,627 25.5% 
4/20/2010  18.3  0.50  293,921   95,002 32.3% 
6/1/2010  25.5  1.40  610,963 156,463 25.6% 
______________________________________________________________________ 
Mean     0.72  404,114 137,676 36.3% 
Standard deviation   0.32  158,669   44,416   9.9% 
Median    0.62  425,241 143,471 31.8% 
Minimum    0.40  164,993   77,377 25.5% 
Maximum    1.40  626,666 213,405 49.7% 
 


