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Executive Summary  

 Wetlands are valuable ecosystems; the unique biogeochemistry therein allows wetlands 

to have the following functions: hydrologic flux and storage, biological productivity, 

biogeochemical cycling and storage, decomposition, and community and wildlife habitat. 

Because of these functions, wetlands provide many important ecosystem services to humans. 

One of these ecosystem services is nutrient removal for improved water quality. Biogeochemical 

processes control the removal of nitrogen and phosphorus in wetland systems. 

Nonpoint source pollution is especially problematic in urban areas, in the form of 

wastewater and industrial effluent, and in rural areas, from fertilizer and animal waste; these 

sources of pollution can contaminate local waterways with excess nutrients. Wetland restoration 

or creation can help reduce high nutrient loads in urban and rural streams. 

 The objective of this study is to understand if stormwater wetlands improve water quality 

downstream, and to analyze which site and watershed characteristics are important for increased 

nutrient retention in these urban wetland systems. Our analyses also focus on quantifying 

changes in wetland nutrient removal seasonally and over time.  

Our analysis focused on twelve urban stormwater wetlands in Charlotte, North Carolina 

and Durham, North Carolina, and one rural mitigation bank in Tyrell County, North Carolina. 

We compared the medians of the nitrogen and phosphorus concentrations for the inflow and 

outflow to test if inflow was greater than outflow to determine if the wetland retained nutrients. 

Additionally, we conducted trend tests on outflow nutrient concentrations to determine if there 

were monotonic or seasonal trends in water quality for each wetland. To determine which site 

and watershed variables were important for improved nutrient retention we ran a multiple linear 

regression for total nitrogen (TN) and total phosphorous (TP).  
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The Charlotte stormwater wetlands had the highest efficiency ratios, a measure of the 

percent nutrients retained. For total nitrogen, 7 out of 12 of the stormwater wetlands’ inflow 

concentrations were significantly higher than outflow; for phosphorus, 5 out of 12 of the 

stormwater wetlands’ inflow concentrations were significantly higher than outflow. The 

Seasonal Mann-Kendall test revealed trends over time within seasons for SWAMP phase I and 

for the Timberlake restoration project for the outflow of total nitrogen. The Seasonal Mann-

Kendall test for the outflow of total phosphorus revealed trends over time within seasons for 

SWAMP Phases 1 and 2. For total nitrogen concentration, there were significant differences 

found between inflow and outflow at the combined Charlotte sites and the combined SWAMP 

sites, but there was no significant difference found in restored Timberlake wetland. The SWAMP 

project saw increased nutrient retention with the addition of restoration phases within the 

watershed. 

The most important variables for both regression models were inflow concentrations, 

wetland size, seasonality, previous land cover, vegetative cover, time since restoration, and 

watershed landcover. While these variables were present in both models for TN and TP, the 

magnitude, and in some cases sign, of the coefficients varied depending on nitrogen or 

phosphorus. This suggests that the variables of most importance for predicting outflow 

concentration varies somewhat for nitrogen and phosphorus. Two of the variables which had 

consistent relationships in both the nitrogen and phosphorus models, were inflow concentrations 

and vegetative cover. Wetlands with emergent vegetation had lower outflow concentrations; on 

days with high inflow concentrations, there were higher outflow concentrations.  

Previous research into biogeochemical cycling supports our findings that vegetation and 

nutrient loads or concentrations are two of the most important factors in predicting nutrient 
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retention in restored or constructed wetlands. However, our most surprising finding was that 

larger wetland size was associated with increased nutrient outflow concentration and increased 

watershed size was associated with reduced concentrations downstream. A small number of 

wetlands and a lack of long-term data for some wetlands could account for these anomalies. 

Additional research on similar restored and constructed wetlands located in urban areas in the 

Southeastern United States is crucial for better understanding the factors that increase nutrient 

retention. However, our results from the SWAMP wetlands emphasize the importance of 

integrated stormwater management and prioritizing the restoration of multiple wetlands in the 

same watershed for optimal water quality improvement. 
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Introduction 
 
Wetland Functions and Processes on the Landscape  

Wetlands are defined as “areas that are inundated or saturated by surface or ground water 

at a frequency and duration sufficient to support, and that under normal circumstances do 

support, a prevalence of vegetation typically adapted for life in saturated soil conditions” by the 

Corps of Engineers and EPA (U.S. EPA, n.d. a.). The functions of a wetland refer to the 

physical, chemical, and biological interactions that take place within wetland ecosystems 

(NRCS, 2005), which include hydrologic flux and storage, biological productivity, 

biogeochemical cycling and storage, decomposition, and community and wildlife habitat. Being 

one of the most dynamic and productive ecosystems in the world, healthy wetlands can also 

provide essential ecosystem services to humans, such as flood control, sediment control, and 

nutrient removal. Functional wetlands can act as filters, transformers, sinks and sources for 

nutrients on the landscape. They also provide critical habitats for many aquatic plants and 

animals.  

Hydrology is one of the main priorities for restoring the function of wetland systems. In 

every wetland restoration and mitigation project, restoring the connectivity between the stream 

and floodplain has always been among the most important goals. Biogeochemical cycling and 

storage of wetlands refer to their ability to store and transform different elements like carbon, 

nitrogen and phosphorous through processes like denitrification and uptake by plants. These 

processes are crucial to nitrogen and phosphorus cycling in wetland ecosystems since they 

provide wetlands the ability to serve as a nutrient source or sink, as well as reservoirs for 

sediments and organic matter (Richardson, 1994).  
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The nitrogen cycle, which is heavily influenced by the presence of oxygen, is largely 

responsible for reducing nitrogen concentrations within wetlands (Saunders & Kalff, 2001). The 

main processes at work within the nitrogen cycle are denitrification, nitrogen fixation, 

assimilation, mineralization, and nitrification. Denitrification and assimilation are the main 

processes within the nitrogen cycle that remove or sequester nitrogen within the system.  

Denitrification reduces nitrate (NO3-) under anoxic conditions to nitrogen oxides that are 

outgassed out of the ecosystem. Nitrogen fixation converts atmospheric nitrogen (N2) to 

ammonia (NH3) that can be readily metabolized by most organisms. Assimilation is the uptake of 

ammonium (NH4+) by plants and animals that in turn sequesters nitrogen, whereas mineralization 

is the conversion of organic nitrogen to ammonia and finally ammonium. Nitrification is the last 

part of the nitrogen cycle and it occurs under aerobic conditions. The process converts 

ammonium to nitrite (NO2-) and then to nitrate (NO3-). The fact that several steps of the nitrogen 

cycle are controlled by the presence of oxygen makes soil wetting and drying important factors 

in nitrogen cycling. During periods of soil saturation in wetlands, there are elevated levels of 

denitrification (Venterink et al., 2002). Periods of drying or introduction of aerobic conditions to 

wetland soils can lead to elevated levels of inorganic nitrogen (Venterink et al., 2002).  

 The phosphorus cycle within wetlands can play an important role in the reduction of 

phosphorus concentrations (Woltemade, 2000). Within a wetland, the phosphorus cycle consists 

of assimilation, mineralization, desorption, absorption, adsorption, dissolution, and precipitation 

of phosphorus. The main processes that lead to phosphorus retention are assimilation, adsorption, 

and precipitation of phosphorus. The assimilation of phosphorus through plant uptake can be 

significant within wetlands due to an abundance of macrophytes, which facilitate this process 

(Reddy et al., 1999). Precipitation of insoluble phosphates can occur when soluble reactive 
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phosphorus (SRP) reacts with ferric iron, calcium, and aluminum under aerobic conditions 

(Mitsch & Gosselink, 1993). Elevated algal productivity can greatly reduce carbon dioxide levels 

in wetlands, which can elevate the pH and lead to increased levels of phosphorus precipitation 

(Mitsch & Gosselink, 1993). However, under anaerobic conditions ferric iron can be reduced to 

ferrous iron and lead to the release of phosphate into the water column. The presence of oxygen 

also plays a substantial role in the phosphorus cycle as well.  Additionally, phosphorus can 

adsorb onto sediment particles and render them relatively unavailable to plants and microbes. 

The rate of phosphorus sorption onto sediment particles is highest under slightly acidic to acidic 

conditions (Stumm & Morgan, 2012).  

 

Wetlands and Water Quality 

One of the main functions of wetlands is their ability to retain nutrients; this translates 

into improved water quality. Nutrients are a crucial component of the wetland ecosystem, and 

nutrient influxes can affect biodiversity and productivity in a variety of ways. In a eutrophic 

aquatic system where there are excess nutrients, increasing productivity of certain species can be 

observed while species richness declines. Thus, for the overall benefit of the ecosystem, 

removing excess nutrients is beneficial for conserving wildlife, maintaining biodiversity, and 

improving water quality (Fisher & Acreman, 2014). Nutrient loads can be reduced from water in 

wetlands through sedimentation, the uptake of nutrients by plants, and denitrification facilitated 

by microbes (Fisher & Acreman, 2014). An important factor to these processes is residence time; 

residence time is crucial in determining whether nutrients will be in the water long enough to 

undergo nutrient cycling. Studies have shown that denitrification and the retention of particulate 

phosphorus are dependent on residence time (Fisher & Acreman, 2014). Increased velocity and 
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volume of water, as can be seen during storm flows, reduces residence time (Etheridge et al., 

2017). 

Studies have shown that the effectiveness of wetlands at removing nutrients and sediment 

depends on the following key landscape variables: ratio of wetland to watershed, wetland type, 

hydraulic and nutrient loading rates, and residence time (Messer et al., 2017). Although not all 

wetlands behave the same in different watersheds, studies show that wetland extent and wetland 

proximity are attributes that can significantly impact water quality, especially in decreasing 

sediment and nutrient concentrations (Johnston et al., 1990). Studies also found that wetlands can 

remove suspended total phosphorus and ammonia more effectively during high flow events. 

However, higher removal rates of nitrate were observed during low flow periods, which is 

correlated with retention time (Johnston et al., 1990).  

 

Regulatory Framework  
 

Section 404 of the Clean Water Act regulates the filling or dredging of jurisdictional 

“Waters of the United States” (WOTUS), including wetlands; filling and dredging are only 

permitted if no other feasible alternatives exist (U.S. EPA, n.d.a). Even so, steps must be taken to 

minimize damage to these bodies of water and a permit must be obtained on the federal, regional 

or state level, depending upon the project. Compensatory mitigation activities are required to 

offset the negative impacts of new development, infrastructure, and water resources projects. 

 There are four methods of compensatory mitigation: restoration of a degraded wetland, 

establishment of a wetland where one has not previously existed, enhancement to improve 

wetland function, and preservation of ecologically important wetlands (US EPA, n.d.b).  
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The Clean Water Act also includes a provision to develop water quality standards in 

watersheds with impaired waters in Section 303(d) (Cherry et al., 2007). These water quality 

standards are established with Total Maximum Daily Loads (TMDLs), which are the maximum 

amount of a certain pollutant, such as nutrients, fecal coliform, or turbidity, that a water body can 

accommodate while still staying within the state’s water quality standards. Restoring or 

constructing wetlands to intercept nonpoint source pollution may help surface water quality stay 

within the TMDLs. 

The National Pollutant Discharge Elimination System (NPDES) is a permit program that 

was created under the Clean Water Act. To satisfy NPDES requirements, Stormwater 

Management Plans are created; these plans require the counties and municipalities to reduce 

stormwater discharge pollution through six different measures, including education and 

construction of runoff programs (City of Charlotte, 2018). Urban areas with over 100,000 people 

are subject to implementing two additional programs: water quality assessment and monitoring 

and industrial facilities evaluation and monitoring (Charlotte-Mecklenburg Storm Water 

Services, 2018). The creation of stormwater wetlands is one way to meet these requirements for 

reducing pollution in urban stormwater.   

 Market-based schemes, like nutrient trading, may also incentivize the creation or 

restoration of wetlands at regional scales specifically for the ecosystem services they provide. 

Nutrient trading, or water quality trading, is often thought of as a way to reduce costs for 

improving water quality; by creating low transaction costs, point source polluters can purchase 

credits from nonpoint source polluters, such as farmers, more cheaply than they could reduce 

their own pollution.  
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Monitoring and Quantification of Water Quality Improvements  

 Wetlands restored as part of compensatory mitigation efforts are meant to provide 

functions equivalent to the degraded wetlands they are replacing; however, there are no current 

measures to directly assess the functionality of these restored systems and other restored or 

created systems. Because of different requirements from state to state and limited resources, 

there is a lack of large-scale information on restored wetlands’ functionality (Matthews & 

Endress, 2008). A review of wetland restoration research found that restored and created 

wetlands often do not reach the same level of functionality when compared to natural wetlands 

(Moreno-Mateos et al., 2012); understanding how much function is lost between impacted 

wetlands and restored wetlands is crucial for wetland functionality on the landscape.  

 
Water Quality Issues in Rural and Urban Areas  
 

Urban and rural areas often face similar water quality issues stemming from different 

activities taking place in the watershed; it is common for both urban and rural waterways to face 

high levels of nitrogen and phosphorus. Nutrients are applied to agricultural fields or pastures in 

the form of fertilizer, manure or sludge; the application of nutrients before rainfall or in 

excessive quantities can lead to runoff after precipitation (US EPA, 2005). Runoff from animal 

feeding operations can also be high in nutrients and bacteria. Additionally, agricultural 

production can leave a legacy of soil with reduced organic matter, increased nutrients from 

fertilizer application, and that is compacted, which can interfere with soil microbial communities 

(Ardón et al., 2010). Legacy nutrients can become mobilized through the restoration of wetland 

hydrology, at least for the first decade after restoration, which is often counterintuitive to 

restoration goals. 
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 Urbanized areas and increasing development can profoundly change the way that water 

moves over the landscape. Buildings and roads reduce the ability of water to infiltrate into the 

soil, which increases runoff and nonpoint source pollution (U.S. EPA, 2003). Increased nutrient 

levels is one of several major water quality issues facing urban areas; pollution from heavy 

metals, rubber residue on roads, sediment and litter are also characteristic of urban streams 

(McGrane, 2016). The water cycle has been harnessed in urban areas so that water quickly 

moves off roads and parking lots into storm drains, where the water gathers speed until it is 

released into streams. In urban areas in the United States, common sources of nitrogen and 

phosphorus in runoff include fertilizer from lawns and golf courses, and wastewater and 

industrial effluent (US EPA, 2003; Ren et al., 2014).  
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Objectives  

 The purpose of this study is to analyze: 1) if restored wetlands retain nutrients, 2) how 

nutrient retention is impacted by local environmental and watershed-scale variables, and 3) how 

nutrient retention changes over time. Most of these analyses focus on the twelve urban wetland 

sites since these systems are small and are meant to improve water quality. 

  We examine the relationship between nutrient concentrations upstream and downstream 

of the wetlands, and also compare the efficiency ratio, a measure of percent reduction in 

concentration, across wetlands. We hypothesize that restored wetlands will reduce nutrient 

concentrations as water flows through the project wetlands.  

 Our study focuses on the role that land cover, watershed size, wetland size, wetland 

vegetation, precipitation, age of wetland, and seasonality play in nutrient retention of restored 

wetlands. We hypothesized that the variables that would have the largest effect on nutrient 

retention would be precipitation, wetland size, watershed size, seasonality, and watershed land 

cover.  

 In order to understand how nutrient retention changes over time, we analyzed data to 

reveal if there were trends between seasons or if there were monotonic trends over time. We 

hypothesized that nutrient retention would increase during the growing season and would 

increase over time until a point when soil becomes saturated and mature vegetation starts to die. 
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Methods 

Study Sites 

 There are a total of thirteen North Carolina wetlands included in our analyses; six sites 

are located in Charlotte, six sites are in Durham, and one is in Tyrrell County. These three 

locations are spread across North Carolina, from the Coastal Plain to the western Piedmont 

(Figure 1). Because of the geographic spread of these sites, we expect different soil types in 

Durham, Charlotte, and Tyrell County; the different geology underlying these three types 

supports this conjecture (Figure 1). Soil composition, especially mineral or organic, can affect 

wetland functionality.   

 

 
Figure 1 Geologic map of North Carolina; the three main project sites are spread throughout 
the state and have very different underlying geology. 
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Charlotte-Mecklenburg Stormwater Wetlands  

Six study sites were located in Charlotte, North Carolina, within the Santee River Basin. 

All six sites were wetlands created for stormwater control purposes through an initiative by 

Charlotte-Mecklenburg Storm Water Services. The goals of the program are to reduce flood risk 

and improve the health of local streams and rivers (Charlotte-Mecklenburg Storm Water 

Services, 2018). The characteristics of all sites are shown in Appendix A.  

Sites were constructed between 2001 and 2012 (Charlotte-Mecklenburg Stormwater, 

2018). The size of the wetlands ranged from 812 m2 to 7203 m2, and the contributing watershed 

sizes ranged from 30,958 m2 to 71,458 m2 (Appendix B). All of these wetlands received 

stormwater through pipes or other man-made conduits; additionally, all wetlands were located 

alongside a stream so that effluent from the wetland flowed directly into the stream. The 

stormwater wetlands included the following: Brunswick Elementary Wetland (BRUN), Edward’s 

Branch Wetland (EBW), the Evergreen Cemetery Wetland (EGW), Westfield Brandywine 

Wetland (WFBW), Westfield Hillside Wetland (WFHS), and Wellingford Wetland (WWET) 

(Figure 2). The Wellingford Wetland and the Westfield Brandywine Wetland projects were both 

part of Charlotte-Mecklenburg's floodplain buy-out program (Jadlocki & Hall, 2015a; Jadlocki & 

Hall, 2015b); as a part of this program, the City of Charlotte purchased and demolished homes 

located in the floodplain in order to restore floodplain hydrology. Both Westfield Brandywine 

and Westfield Hillside are located in the Little Sugar Creek watershed and are close in proximity 

(Figure 2). Evergreen Cemetery and Edward’s Branch sites are also located close in proximity, in 

the Upper Little Sugar Creek watershed (Figure 2). Evergreen Cemetery, Edward’s Branch, 

Wellingford, and Westfield Hillside projects took place in conjunction with stream restoration in 

adjacent reaches (Hathaway et al., 2007; Jadlocki & Hall, 2015a; Jadlocki & Hall, 2015b; Figure 
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3). Additionally, a wet pond was constructed as part of the Wellingford Wetland project and a 

level-spreader was constructed as part of the Westfield Brandywine project (Jadlocki & Hall, 

2015a; Jadlocki & Hall, 2015b; Figure 3).  

 

 
Figure 2 Charlotte stormwater wetland project sites are distributed throughout the city and can 
be found northwest, northeast, east, and south of uptown Charlotte (the area of dense 
urbanization located in the northwest part of the map). 
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Figure 3 a) Brunswick Elementary Wetland, BRUN b) Edward’s Branch Wetland, EBW c) 
Evergreen Cemetery Wetland, EGW d) Westfield Brandywine Wetland, WFBW e) Westfield 
Hillside Wetland, WFHS f) Wellingford Wetland, WWET 

Timberlake Restoration Project  

The Timberlake Restoration site is located on the Albemarle Peninsula in Tyrell County 

in Eastern North Carolina (Figure 4).  The mitigation project drains into the Little Alligator River 

and eventually enters the Albemarle Sound.  It is part of the Great Dismal Swamp Mitigation 

Bank, which includes 420 ha of mature forested wetland that was never disturbed, 787 ha of 

forested wetlands, 57.2 ha of shrub-shrub wetlands, and the 440 ha Timberlake restoration site 

(Ardón et al., 2010b). The size of the contributing watershed of the Timberlake restoration site is 

2840 ha (Appendix A; Appendix C). The Timberlake restoration site was previously agricultural 
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fields before it was restored to a system of connected riverine wetlands (Ardón et al., 2010a). 

The two soil types that dominate the site are Ponzer Muck and Hyde Loam (Ardón et al., 2010a) 

 The restoration of the Timberlake site began in August 2007 where 53 km of drainage 

ditches were filled and several sections of the main canals were plugged (Ardón et al., 2010a). 

These restoration methods helped restore the natural hydrology was originally dictated by 

precipitation and wind driven-tides (Poulter et al., 2008). Additionally, the restoration included 

planting 750,000 native tree species: Taxodium distichum, Nyssa sylvatica var. biflora, Nyssa 

aquatica, Fraxinus pennsylvanica, Salix nigra, Chamaecyparis thyoides, Quercus nigra, Quercus 

michauxii, Quercus phellos, and Quercus falcate var. pagodafolia (Needham, 2006). The final 

step in the restoration process of the Timberlake Project, which occurred in February 2007, was 

to connect the restored wetland to the 420 ha of mature forested wetland located upstream and 

permanently disable the downstream gate-pump system that was hindering natural flow (Ardón 

et al., 2010b). 

 Water quality samples were collected at the two inflows and outflow locations at the 

Timberlake restoration site (Figure 4). However, one of the inflow sites is a pump-station that 

activates during storm events that pumps excess runoff from a 2,424 ha farm upstream (Ardón et 

al., 2010a). 
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Figure 4 The figure above details the Timberlake Restoration project boundaries and indicates 
the locations of the pump station inflow, main inflow, and the outflow. 
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Stream & Wetland Assessment Management Park (SWAMP) 
 

The Stream and Wetland Assessment Management Park (SWAMP) is a 3.2-hectare 

multi-phase stream and wetland restoration project led by the Duke Wetland Center (Figure 5). 

This project is supported by Duke University as well as city, state and federal agencies, with over 

$5 million in funding. It also provides nutrient credits for the university. Due to erosion and 

nutrient problems from urban watershed development, impaired water from Sandy Creek drains 

into the downstream waters including New Hope Creek and the Jordan Lake Reservoir 

(Richardson et al., 2011). Located in the lower portion of the Sandy Creek watershed within the 

Duke Forest, the SWAMP has helped improve downstream water quality by reconnecting stream 

and wetland hydrology and reducing downstream water pulses, nutrients, coliform bacteria, 

sediment, and stream erosion (Richardson et al., 2011). 

The planning of the SWAMP project began in 1998 and construction started in late 2003. 

The project can be divided into 6 phases (Figure 6), and the size of the total contributing 

watershed is about 658 ha (Appendix A; Appendix D). Phase I is a stream and riparian wetland 

project, which restored over 600 meters of degraded stream. Using the information from a 

reference site and a priority 1 approach, it reconnects the hydrology of the stream and adjacent 

floodplain, which allows the formation of natural riparian wetland to improve the stream water 

quality (Richardson et al., 2011). Phase II is an earthen dam controlled by a hydraulic weir with a 

1.6 hectares stormwater reservoir downstream of Phase I, this dam is replacing a deteriorating 

dam farther downstream, it helps to regulate stormwater delivery to downstream water bodies 

and provides additional nutrient retention and removal for the stream (Richardson et al., 2011). 

Phase III is a 0.5-hectare surface flow treatment wetland with a series of 6 wetland cells located 

north of Phase I, the goal of this phase is to intercept and improve the runoff of a tributary stream 
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receiving waters from 25 hectares of Duke University campus, which is impacted by high 

concentrations of nitrogen and phosphorus (Richardson et al., 2011). Phase IV is a stream 

restoration and anabranching project on another tributary branch of Sandy Creek south of Phase 

I, which improves water quality from across 84.98 hectares (210 acres) of the watershed by 

reconnecting hydrology of stream and floodplain. Using a new technique called anabranching 

which divides a single, meandering stream into multiple channels, researchers were able to 

compare both the amount and periodicity of floodplain connectivity in a greater scale. Phase V is 

a 0.16-hectare (0.4 acre) extended-detention stormwater wetland that used Best Management 

Practices (BMP) in the design. It serves as a nutrient retention pond for the surrounding buildings 

and parking lots and promotes the retention and settling of pollutants and sediment. Phase V-b is 

an additional stream restoration on 223.72 linear meters (734 feet) of an unnamed tributary 

upstream of Phase I adjacent to the BMP was later completed within the same phase. Phase VI, 

also known as the Duke Pond, is a 2.23 ha (5.5 acre) water reclamation pond that receives runoff 

from 20% of Duke University’s West Campus and provides water for the nearby chiller plant 

(Giuliano, 2016).  
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Figure 5 The boundary of each of the SWAMP phase and the location of water quality 
monitoring stations at the inflow and outflow of each phase. 
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Figure 6 A close-up view of each of the SWAMP phases with an indication of its relative 
location within the entire project site. 

 

Data Collection 

Water Quality and Precipitation  

Water quality data from the Timberlake restoration project was obtained from Marcelo 

Ardon’s research at the site (Ardón et al., 2017). The water quality data spans from February 

2007 to February 2014. The water quality parameters from the Timberlake restoration project 

that are of interest are Total Dissolved Nitrogen concentrations (TDN) and precipitation (mm). 

These water quality parameters were measured at the main inflow, pump station inflow, and the 
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outflow from the Timberlake Restoration Project. Rainfall was measured at site using tipping 

bucket rain gauges to accurately quantify precipitation (Ardón et al., 2017). 

Water quality samples were collected at the inflow and outflow points at all six Charlotte 

wetlands (Figure 3); all data was obtained from Charlotte Mecklenburg Storm Water Services 

(Charlotte-Mecklenburg Storm Water, 2018). Samples were collected with an ISCO autosampler 

that was triggered by storm events after dry periods of at least three days; chemical analyses 

were performed in a lab using standard practices. The water quality parameters collected by 

Charlotte-Mecklenburg Storm Water Services were Total Kjeldahl Nitrogen (TKN), 

Nitrate/Nitrite, and Total Phosphorus (TP); we added TKN and Nitrate/Nitrate together to obtain 

Total Nitrogen (TN). Water quality data was collected between March 2005 and February 2015. 

Rainfall data was measured at a USGS gauge located in uptown Charlotte, in a location central to 

all six projects (USGS, 2016). 

There were over 50 water quality sampling stations located within the SWAMP project. 

Samples were collected at the inflow and outflow as well as checkpoints along the stream and its 

tributaries; all data was obtained from the Duke Wetland Center. For this project, we used 13 

water quality sampling stations to represent the inflow and outflow of each phase. Water quality 

were determined by a combination of grab and in situ sampling both prior to and after 

restoration, started from March 2000 to October 2018 (Richardson et al., 2011).  For our 

analysis, we used the unfiltered total nitrogen and unfiltered total phosphorous concentrations, 

which were measured by HDPE dipper for grab samples (Richardson et al., 2011). Rainfall data 

was measured by remote automated weather stations located in the Duke Forest, which is 

maintained by North Carolina Forest Service.  
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Soil 
We used USDA’s Web Soil Survey to determine the soil composition for each of the 

restoration sites (Soil Survey Staff, n.d.). Additionally, the Web Soil Survey was used to 

determine if hydric soils were present at each site.  

 

Land Cover and Vegetation  
 

We used NLCD (National Land Cover Dataset) data for land cover classifications 

(MRLC, n.d.); these classifications were used for determining land use/ land cover (LULC) prior 

to wetland creation or restoration and in the contributing watershed. In the contributing 

watershed, we quantified the percent forest, percent impervious surface, and percent buffers 

vegetated. To determine the percent impervious cover that existed in each wetland’s watershed, 

we used the impervious cover coefficients from NOAA’s Coastal Change Analysis Program 

(NOAA, 2010). Buffers were quantified as 60 m on both sides of National Hydrography Dataset 

streams (NHD); the percent of buffers within the watershed that were classified as shrubs, 

grassland/herbaceous, or any kind of forest were considered vegetated for this metric because it 

has been shown that riparian buffers consisting of this vegetation provide the most beneficial 

ecological function for waterbodies (Hawes & Smith, 2005). The buffer length of 60m was 

slightly greater than the maximum riparian buffer width (50 m) recommended for nutrient 

retention by the Army Corps of Engineers, but this was used to easily align with the pixel width 

of 30m (Hawes & Smith, 2005). Aerial imagery taken before wetland creation and anecdotal 

evidence from internal reports were used for classify previous land cover (Hathaway et al., 2007; 

Jadlocki & Hall, 2015a; Jadlocki & Hall, 2015b; Johnson et al., 2007). 

Wetland cover type was classified into the National Wetland Inventory categorizations, 

including freshwater emergent, freshwater forested shrub, and freshwater pond. ArcGIS imagery 



 25 

and photos from internal reports were used in classification (Esri, n.d.; Hathaway et al., 2007; 

Jadlocki & Hall, 2015a; Jadlocki & Hall, 2015b; Johnson et al., 2007). 

 

Other Variables  

 Wetland age is a variable for measuring the length of time since restoration or creation of 

the wetland. Samples for some wetlands were taken over 15 years, while sampling for other 

wetlands spans only a year. Samples were categorized in the following age categories: zero (pre-

restoration), one (post-restoration, less 3 years), two (3 years or more, but less than 6 years), 

three (six years or more, but less than 9 years), four (9 years or more, but less than 12 years), and 

five (12 years or more, but less than 15 years). Additionally, data was collected about wetland 

size and watershed size; the wetland to watershed size ratio was computed by dividing the 

wetland size by the watershed size (Table 1).  

 
Table 1 The size of each wetland, the size of its watershed and the ratio of wetland size to 
watershed size. All areas shown are in meters squared (m2). 

Wetland Wetland Area Watershed Area Wetland: Watershed 
Size Ratio 

CLT BRUN 1,300 64,000 2.031% 
CLT EBW 2,023.43 180,854.01 1.119% 
CLT EGW 1,533.608 46,485.95 3.299% 
CLT WFBW 1,902.02 157,827 1.205% 
CLT WFHS 7,203.442 71,458.10 10.081% 
CLT WWET 812.902 30,958.45 2.626% 
SWAMP PI 43,727 5,507,772 0.794% 
SWAMP PII 23,199 5,507,772 0.421% 
SWAMP PIII 5,000 245,292.3 2.038% 
SWAMP PIV 92,815 846,235 10.968% 
SWAMP PV 1,618.74 4,277,164 0.0378% 
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Statistical Analysis 

Descriptive Statistics  

            Inflow and outflow water quality data were matched for each site into discrete sampling 

events by date. Multiple replicates on the same day were averaged. Some sites, including the 

Brunswick Elementary wetland, had two inflow points. In this case, the contributing watersheds 

were almost equal in size and the watershed contained a similar amount of development; 

therefore, we took the average of the two inflow concentrations. For SWAMP Phase VI, the 

contributing watershed for one inflow point was larger than the other so it was weighted 60% 

and the other inflow point nutrient concentrations were weighted 40% before adding them 

together. To determine the nutrient retention for the cumulative SWAMP project (Phases I-V), 

we used weighted averages for nutrient concentrations derived from annual discharge 

measurements for the three main inflows (WT-1, P3-U, & AN-0). We also calculated the median 

and standard deviation of TN and TP inflow and outflow concentrations at each wetland.  

The efficiency ratio is a metric of success for stormwater wetlands’ ability to retain 

nutrients, sediment, heavy metals and other pollutants. From the paired events for each wetland, 

we found the median concentration of the inflow, subtracted the median concentration of the 

outflow and divided the difference by the median inflow. The median was used to reduce bias 

from outliers and non-detects. 

 

Difference of Means and Medians  

Due to a lack of normality, Wilcoxon Signed Rank Sum tests were used to determine if 

total nitrogen and phosphorus concentrations were significantly greater at the inflow points 

compared to the outflow points. The statistical analysis was performed at each of the 13 project 
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sites. Additionally, a Kruskall-Wallis test was used to test if the median inflows were the same 

amongst all sites, for both nitrogen and phosphorus; the same analysis was performed for 

outflows. For SWAMP study sites, a Wilcoxon Signed Rank Sum test was used to compare both 

inflow and outflow before and after restoration for nitrogen and phosphorus. 

 

Trend Analysis  
 

The Mann-Kendall test was used to test if monotonic trends were present in the outflow 

water quality over time. The test was run for each wetland. In the absence of a monotonic trend, 

the assumption is that data are independent and equally distributed.  

Since we expected nutrient retention to change over the course of the year with changing 

temperatures, the Seasonal Mann-Kendall Test was used to test if monotonic trends were present 

within the seasons (spring, summer, fall, & winter) in water quality over time. This test was only 

used on SWAMP Phases I-V and the Timberlake site because Charlotte wetland sites, SWAMP 

Phases V-b, and SWAMP Phase VI lacked enough samples over time for meaningful results.  

Regression Analysis  

Multiple linear regression (MLR) analysis was used to understand the effect of land 

cover, watershed size, wetland size, restoration type, wetland vegetation, precipitation, and 

seasonality on nutrient retention of stormwater wetlands (Figure 7). The Timberlake Farms site 

was excluded from the MLR because the site was too dissimilar from the other wetland sites; the 

soils are organic compared mineral soils at all other sites, the wetland is situated in a rural area, 

and the wetland is much larger. Because of these discrepancies, it would be extremely difficult to 

fit a model for two very different types of wetlands.  
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Figure 7 All of the variables included in the regression analysis to explain the variability in TN 
or TP outflow concentrations. 

The step-wise Akaike Information Criterion (AIC) method was used to reduce a full 

model with all variables to a parsimonious model that explains the most variation. In keeping 

with appropriate statistical procedures, all assumptions of multiple linear regression were 

checked to ensure robust results; the residuals were normally distributed, independent, and 

displayed homoscedasticity, and multicollinearity was negligible. Models were created for TN 

and TP upstream concentrations, downstream concentrations, and the difference in concentration 

between upstream and downstream.  
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Results  

Water Quality 

Overview of Combined Projects 

For total nitrogen concentrations, there were significant differences found between inflow 

and outflow of the combined Charlotte sites and the combined SWAMP sites (Figure 8). 

However, there was no significant difference found in the Timberlake restoration site for total 

nitrogen (Figure 8). For total phosphorus concentrations, there was a significant difference 

between inflow and outflow at the Charlotte wetlands but not for SWAMP wetlands (Figure 9). 

Figure 8 The overall distribution of total nitrogen concentration (mg/L) for all the wetland 
restoration sites, with SWAMP condensed into one site based on concentration weighted by 
inflow discharge. The dark blue boxes represent inflow concentration and the light blue boxes 
represent outflow concentration. The plot on the left shows the TN concentration for the 
Timberlake mitigation wetland, whereas the plot on the right shows the TN concentration for 
stormwater wetlands, which consist of SWAMP and Charlotte wetlands. 
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Figure 9 The overall distribution of total phosphorus concentration (mg/L) for all the wetland 
restoration sites, with SWAMP condensed into one site based on concentration weighted by 
inflow discharge. The dark blue boxes represent inflow concentration and the light blue boxes 
represent outflow concentration. Timberlake is not included since there was no total phosphorus 
data recorded. 

 

The Kruskall-Wallis test showed that the medians of inflows of nitrogen amongst all the 

wetlands were not equal (Kruskall-Wallis test; p < 0.0001, df = 12, chi-squared = 140.49), and 

the medians of outflows of nitrogen amongst all the wetlands were not equal (Kruskall-Wallis 

test; p < 0.0001, df = 12, chi-squared = 158.96). The same conclusion was drawn for 

phosphorous, neither the medians of inflows or outflows of phosphorous amongst all the 

wetlands were equal (Inflow: Kruskall-Wallis test; p < 0.0001, df = 11, chi-squared = 313.96) 

(Outflow: Kruskall-Wallis test; p < 0.0001, df = 11, chi-squared = 322.12). 
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Timberlake Restoration Project 
 

There was no significant difference between inflow and outflow total nitrogen 

concentrations at the Timberlake site (Table 2,3; Figure 8). However, the total nitrogen 

efficiency ratio for the site was positive and equal to 3.31% (Table 2; Figure 12).  

 

Charlotte Stormwater Wetlands 
 

The Charlotte stormwater wetlands (CLT) had the highest total nitrogen efficiency ratios 

compared to the individual SWAMP phases and Timberlake project (Table 2; Figure 12); 

however, they also had the fewest sampling events. The Westfield Hillside site (CLT WFHS) in 

Charlotte had the highest median inflow of total nitrogen and had the highest total nitrogen 

efficiency ratio of the 13 project sites (Table 2; Figure 12). The following Charlotte projects 

showed a significant decrease from inflow to outflow total nitrogen concentrations: Wellingford 

Wetland (WWET), Westfield Brandywine Wetland (WFBW), Westfield Hillside (WFHS), and 

Brunswick Elementary School (BRUN) (Table 2; Figure 10). Edward’s Branch Wetland (EBW) 

and the Evergreen Cemetery Wetland (EGW) did not show a significant difference between 

inflow and outflow total nitrogen concentrations (Table 2; Figure 10). 

The Charlotte Stormwater Wetlands (CLT) had the highest total phosphorus efficiency 

ratios compared to the phases at the SWAMP Restoration Project (Table 3). BRUN, EBW, and 

WFHS were the only Charlotte sites that displayed a significant decrease from the inflow and 

outflow total phosphorus concentrations (Table 2,3; Figure 11). There were no significant 

differences between the inflow and outflow total phosphorus at the EGW, WFBW, and WWET 

sites (Table 2,3; Figure 11). 
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SWAMP Project 
 

 The phases of the SWAMP restoration project had median inflows of total nitrogen that 

ranged from 0.520-2.47 mg/L, which is less than the range of 1.30-5.58 mg/L experienced in the 

Charlotte stormwater wetlands (Table 2). Phases III, V, and VI of SWAMP exemplified a 

significant decrease between the inflow and outflow of total nitrogen (Tables 2,3; Figure 10).  

SWAMP phases I, II, and IV did not show a significant difference between inflow and outflow 

total nitrogen concentrations (Tables 3; Figure 10).  Phase V of SWAMP had the highest total 

nitrogen efficiency ratio out of all of the individual SWAMP project sites (Table 2; Figure 12).  

The SWAMP project as a whole (Phases I-V) had a median total nitrogen inflow 

concentration of 1.76 + 0.692 mg/L compared to a median total nitrogen outflow concentration 

of 0.507 +0.408 mg/L (Table 2; Figure 10). There was a significant decrease in the total nitrogen 

concentration from the inflow to the outflow of the entire SWAMP restoration project (Table 2; 

Figure 10). Additionally, the SWAMP project as a whole had the highest total nitrogen 

efficiency ratio out of any of the wetland restoration projects (Table 2; Figure 12). However, the 

additive SWAMP project did not show a significant decrease in the total phosphorus 

concentration between the inflow and outflow locations (Table 2; Figure 12). The total 

phosphorus concentration efficiency ratio of 21.2 % for the complete SWAMP project was 

greater than all of the individual SWAMP phases (I-V) except for phase VI (Table 2; Figure 12). 

 SWAMP Phases I, II, and V had negative total phosphorus efficiency ratios, which 

indicate that total phosphorus concentrations were higher at the outflow than the inflow sample 

locations (Table 2; Figure 12). The SWAMP retention pond (Phase VI) was the only phase that 

had an efficiency ratio that was comparable to the Charlotte stormwater wetlands (Table 2; 

Figure 12). Additionally, SWAMP Phases III and VI were the only sites that showed significant 
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decreases in the total phosphorus from the inflow to the outflow locations (Table 2,3; Figure 11). 

Phases I, II, IV, and V of SWAMP showed no significant difference between the total 

phosphorus concentration measured at the inflow and the outflow of the sites (Table 2,3; Figure 

11). 

Table 2 Median values of inflow and outflow concentrations and the efficiency ratio (a measure 
of percent nutrient concentrations reduced from inflow to outflow) of each wetland. The standard 
deviation is included for median inflow and outflow. 
 
Wetland Total Nitrogen Total Phosphorus 

Inflow 
(mg/L) 

Outflow 
(mg/L) 

Efficiency 
Ratio (%) 

Inflow 
(mg/L) 

Outflow 
(mg/L) 

Efficiency 
Ratio (%) 

Timberlake 1.8 ± 0.71 1.8 ± 1.0 3.31 NA NA NA 
CLT 
BRUN 

1.9 ±  1.2 1.3 ± 0.45 33.3 0.29 ± 0.21 0.170 ± 0.0794 41.4 

CLT EBW 1.7 ± 0.93 1.0 ± 0.16 39.4  0.17 ± 0.057 0.070 ± 0.0336 50.6 
CLT EGW 1.3 ± 0.53 1.2 ± 0.42 10.0 0.12 ± 0.049 0.092 ± 0.010 23.3 
CLT 
WFBW 

3.2 ± 4.7 2.2 ± 1.3 35.4 1.3 ± 1.7 0.37 ± 0.29 71.5 

CLT 
WFHS 

5.6 ± 12 1.8 ± 3.0 68.7 0.87 ± 2.6 .0.45 ± 1.1 48.4 

CLT 
WWET 

1.7 ± 1.6 1.1 ± 0.38 36.5 0.39 ± 0.17 0.29 ± 0.11 25.6 

SWAMP 
Phase I - VI 

1.8  ± 0.69 0.51 ± 0.41 79.8 0.076 ± 0.038 0.060 ± 0.049 21.2 

SWAMP 
Phase I 

0.61 ± 25 0.77 ± 28 -26.2 0.074 ± 0.16 0.073 ± 0.067 0.990 

SWAMP 
Phase II 

0.77 ± 28 0.84 ± 29 -8.58 0.073 ± 0.066 0.071 ± 0.074 2.66 

SWAMP 
Phase III 

2.2 ± 1.4 1.7 ± 1.3 21.4 0.10 ± 0.62 0.097 ± 0.51 3.84 

SWAMP 
Phase IV 

0.52 ± 0.37 0.57 ± 0.46 -13.1 0.061 ± 0.056 0.066 ± 0.090 4.07 

SWAMP 
Phase V 

1.1 ± 1.1 0.57 ± 0.64 45.5 0.061 ± 0.042 0.080 ± 0.042 -30.8 

SWAMP 
Phase V-b 

0.62 ± 1.0 0.63 ± 0.68 -2.38 0.065 ± 0.16 0.053 ± 0.078 17.7 

SWAMP 
Phase VI 

0.81 ± 1.4 0.49 ± 0.37 31.2 0.11 ± 0.080 0.046 ± 0.033 58.4 
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Table 3 A Wilcoxon Signed Rank Test was performed for each wetland on paired inflow and 
outflow values to test if inflow was greater than outflow. * indicates a significant difference at 
the .05 level. ** indicates a significant difference at the .001 level. 
 
Wetland Total Nitrogen Total Phosphorus 

p-value N p-value N 
Timberlake 0.17 279 NA NA  
CLT BRUN <.001** 29 <.001** 33 
CLT EBW .19 2 .029* 5 
CLT EGW .50 4 .10 4 
CLT WFBW .0042** 14 .0032** 13 
CLT WFHS .030* 6 .20 6 
CLT WWET .0026** 13 .077 10 
SWAMP PI - PVI <.001** 22 0.39 22 
SWAMP PI 1.0 129 0.22 135 
SWAMP PII 0.43 128 0.68 134 
SWAMP PIII <.001** 47 0.0093** 47 
SWAMP P IV 0.66 48 0.89 58 
SWAMP P V <.001** 50 1.0 50 
SWAMP P VI 0.0031** 30 0.0015** 30 

       
 
 



 
 
 

* * * 
* * 

* * 

Figure 10 The seasonal distribution of total nitrogen concentration (mg/L) for each of the 13 wetland restoration sites. The 
white box plots represent the inflow concentration and the black box plots represent the outflow concentrations. The orange 
borders indicate SWAMP sites and the green borders specify Charlotte sites and the purple borders indicate the Timberlake 
Project. The plot in the middle has a largest distribution of total nitrogen than the other plots. * next to the wetland site shows if 
there was a significant difference between the inflow and outflow concentrations of total nitrogen. 
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* * * 

* 
* 

Figure 11 The seasonal distribution of total Phosphorus concentration (mg/L) for each of the 12 wetland restoration sites. The white box plots represent the 
inflow concentration and the black box plots represent the outflow concentrations. The orange borders indicate SWAMP sites and the green borders 
indicate Charlotte sites. The plot in the middle has a largest distribution of total phosphorus than the other plots. * next to the wetland site shows if there 
was a significant difference between the inflow and outflow concentrations of total phosphorus. 
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Mann-Kendall Trend Analysis 

The Mann-Kendall test revealed that there were no significant monotonic trends in TN or 

TP concentrations in the inflow and outflow over time for most wetland sites (Table 4). TN 

concentrations at the outflow of SWAMP Phase VI increased over time (z= 4.50, p< 0.0001). TP 

concentrations at the outflow of SWAMP Phase VI also increased over time (z= 3.53, p= 

0.000412). In contrast, the SWAMP Phase V-b site had decreasing TN concentrations at both the 

inflow and the outflow over time. Similarly, the TP concentration decreased over time at the 

outflow. Additionally, the Charlotte Westfield Brandywine (WFBW) site had decreasing TP 

Figure 12 The total efficiency ratios (%) for total nitrogen and total phosphorus for each of the 12 project sites. The 
yellow line represents the average TN efficiency ratio 30% and the blue line represents the average TP efficiency ratio 
of 49% observed in other restored wetlands across the United States (Winer 2000). 
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concentrations over time at the inflow (z= -2.14, p= 0.032). This time series test was not run on 

the Charlotte WFHS, EGW, and EBW wetlands because of the small number of data points.  

The Seasonal Mann-Kendall test for SWAMP Phases I-V and the Timberlake site for 

total nitrogen and phosphorus showed several significant monotonic trends. At the Timberlake 

site, the concentration of total nitrogen exemplified a significant decreasing trend during the 

spring season over the years of data collection (Table 4). SWAMP Phase I displayed a significant 

decreasing trend in fall over the years of study (Table 4). The Seasonal Mann-Kendall test for the 

SWAMP Phases I-V for total phosphorus showed significant monotonic trends for phases I and 

II. SWAMP Phase I showed significant decreasing trends during fall and winter over time (Table 

5). At SWAMP Phase II, the total phosphorus concentration exemplified significant decreasing 

trends for summer, fall, and winter over time (Table 5). The seasonal Mann-Kendall Test was not 

performed on the Charlotte sites, SWAMP Phase V-b, and SWAMP Phase VI due lack of 

sufficient data that spanned multiple years. 

Table 4 A Seasonal Mann-Kendall Test was performed for SWAMP Phases I – V and the 
Timberlake Restoration Site for total nitrogen outflow concentrations. The Abbreviations: Z, S, 
and P correspond to the Z-value, S-value, and P-Value. The S-value indicates if it is an 
increasing or decreasing trend. The table shows the result for the overall Seasonal Mann-
Kendall Test and for each season (spring, summer, fall, and winter). * indicates a significant 
difference at the .05 level. ** indicates a significant difference at the .001 level. 

Wetland Overall Spring Summer Fall Winter 

 z S P S Z P S Z P S Z P S Z P 
SWAMP 
phase I -1.95 -106 0.052 1 0 1 -17 -0.61 0.544 -55 -2.05 0.041* -35 -0.229 0.198 

SWAMP 
phase II -1.87 -102 0.061 5 0.14 0.89 -35 -1.29 0.198 -49 -1.82 0.069 -23 -0.833 0.405 

SWAMP 
phase III -1.69 -26 0.091 -7 -0.901 0.368 -4 -0.371 0.711 -8 

-

0.866 0.386 -7 -0.901 0.368 

SWAMP 
phase IV 3.02 16 0.0025* 6 1.7 0.089 3 1.04 0.296 3 1.04 0.296 4 1.01 0.308 

SWAMP 
phase V 1.98 21 0.047* 7 1.13 0.26 6 1.23 0.221 5 0.751 0.452 3 0.376 0.707 

Timberlake -2.19 -35 0.028* -19 -2.7 0.0069* 2 0.124 0.902 -8 

-

0.866 0.386 -10 -1.113 0.266 
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Table 5 A Seasonal Mann-Kendall Test was performed for SWAMP Phases I – V and the 
Timberlake Restoration Site for total Phosphorus outflow concentrations. The Abbreviations: Z, 
S, and P correspond to the Z-value, S-value, and P-Value. The S-value indicates if it is an 
increasing or decreasing trend. The table shows the result for the overall Seasonal Mann-
Kendall Test and for each season (spring, summer, fall, and winter). * indicates a significant 
difference at the .05 level. ** indicates a significant difference at the .001 level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wetland Overall Spring Summer Fall Winter 

 z S P S Z P S Z P S Z P S Z P 
SWAM
P phase 
I -3.8 -206 0.00014** -23 -0.77 0.441 -49 -1.82 0.069 -75 -2.8 0.0051* -59 -2.20 0.028* 

SWAM
P phase 
II -4.14 -226 0.00004** -45 -1.54 0.123 -57 -2.12 0.034* -57 -2.12 0.034* -67 -2.5 0.0124* 

SWAM
P phase 
III 

-

2.768 -42 0.0056* -5 

-

0.601 0.548 -14 -1.61 0.108 -12 -1.36 0.174 -11 -1.50 0.133 

SWAM
P phase 
IV 0.201 2 0.84 0 0 1 -1 0 1 3 1.04 0.296 0 0 1 

SWAM
P phase 
V 0.595 7 0.55 3 0.376 0.707 -2 -0.245 0.807 3 0.376 0.707 3 0.376 0.707 



Site and Watershed Variables Key to Nutrient Retention 

Total Nitrogen Regression Model 

 

The following equation is the model of best fit for the outflow total nitrogen 

concentration (R2= .424, F8, 492= 47.02, p<.001, Figure 13, Table 6): 

 

No= 1.7 + .285 Ni + .000050 Wetland Size + 0.44 + .245 Age (9-11 years post-restoration) 

Previously Forested - .21 Summer - 1.1 Emergent Vegetation - 0.055 % Riparian Buffers 

Vegetated + 0.022 % WS Forested 

No = Nitrogen outflow concentration (downstream of wetland) 

Ni = Nitrogen inflow concentration (upstream of wetland) 

 

 

Figure 13 Variables included in model for TN outflow concentration. Variables with a plus (+) 
sign had positive coefficients, and therefore a positive relationship with outflow concentration, 
and those with a minus (-) sign had negative coefficients.  
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All coefficients in the model above are statistically significant at the 0.05 level (Figure 

13, Table 6). Variables that are associated with reduced TN outflow concentration included the 

presence of emergent vegetation, watersheds with higher percentages of vegetated buffers, and 

samples taken in the summer. Factors that contribute to increased TN concentration downstream 

include the inflow concentration, wetland size, a higher percent of forested land in the watershed, 

previously forested, and samples taken 9-11 years after restoration. For instance, with every 

milligram per liter increase in TN at the inflow, the outflow increases by 0.285 mg/L.  

A model with upstream TN concentration as the dependent variable was also created to 

better understand how watershed variables, precipitation, and seasonality affect inflows into the 

wetland (R2=.234, F8, 492=20.09, p<.001, Table 6). Rainfall was surprisingly not significant. 

A model for the difference in TN concentration (between the inflow and outflow) as the 

dependent variable was created to better understand how site variables and seasonality affect 

nutrients retained in the wetland (Table 6) (R2= .7468, F5, 495= 295.9, p<.001, Table 6). Inflow 

concentration and percent of the watershed forested were the variables with the highest 

magnitude that reduced the difference in TN concentration. Inflow concentration, watershed size, 

and the ratio of wetland size to watershed size increased the difference in concentrations.  
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Table 4 Numbers represent multiple linear regression coefficients included in the final model for 
each dependent variable; each regression with a dependent variable is in an individual column.  
- indicates that a variable was not included in the final model. 
 TN 

Inflow 
TN 

Outflow 
TN 

Difference 
TP 

Inflow 
TP 

Outflow 
TP 

Difference 
Inflow Conc. - 0.285 0.688 - 0.166 0.835 

Wetland Size - 0.0000496 - - 0.000136 -.0000874 

Watershed 
Size 

 -

.0000240 

 

- .000000743 .0000648 - 0.000000179 

Wetland/ 
Watershed 

Size 

- - 0.137 - - 4.041 

Hydric Soil - - - - - - 

Age - 0.245 (9-

11 yr post) 

- - -0.205 

(Pre) 

0.185 (Pre), 

0.0683 (9-11 

yr post) 

Season -0.347 

(W), -

0.407 (F) 

-0.213 (Su) - -0.150 

(Su) 

.0897 

(W) 

-0.0885 (W) 

Precipitation - - - - - - 

Previously 
Water 

- - - - - - 

Previously 
Forest 

- 0.438 - - 0.994 -2.556 

Previously 
Developed 

- - - - - - 

Emergent 
Vegetation 

- -1.088 - - -2.766 3.122 

Pond - - - - - - 

% WS 
Forested 

0.161 0.0217 -0.0366 0.137 -0.330 0.364 

% WS 
Impervious 

-0.375 - - 0.0416 - - 

% Buffers 
Vegetated 

-0.145 -0.0546 - - - - 

 

The following variables were not included in any of the TN models: precipitation, hydric 

soil, previously open water, previously developed, and pond. The model for the difference in 

concentration from upstream to downstream has the best fit and the highest R2 (.7468). 

 



 43 

Total Phosphorus Regression Model 

The following equation is the model of best fit for downstream Total Phosphorus 

concentration (R2= .559, F8, 488= 77.32, p<.001, Figure 14, Table 6): 

Po = 2.661 + .166 Pi + .000136 Wetland Size - .000000110 Watershed Size - .205 Pre-

restoration + 2.307 Previously Forested + .0897 Winter – 2.766 Emergent Vegetation - .330 

% WS Forested 

Po = Phosphorus outflow concentration (downstream of wetland) 

Pi = Phosphorus inflow concentration (upstream of wetland) 

 

 

Figure 14 Variables included in model for TP outflow concentration. Variables with a plus (+) 
sign had positive coefficients, and therefore a positive effect on outflow concentration, and those 
with a minus (-) sign had negative coefficients. 
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All variables are statistically significant at the 0.05 level (Figure 14, Table 6). The 

variables that lead to a decrease in downstream total phosphorus concentrations are samples 

taken prior to restoration, the presence of emergent vegetation, an increased amount of the 

watershed that is forested, and a higher watershed area. The variables that lead to higher TP 

concentrations downstream are TP concentration at the inflow, increased wetland size, 

previously forested, and samples taken in winter. Notably, the size of the watershed, which can 

be a proxy for flow into the wetland, is included in this model; it was not included in the TN 

outflow concentration model. 

Another model for TP upstream concentration was created to better understand how 

watershed variables and precipitation affect the nutrient concentrations of water flowing into the 

wetland (Table 6, R2= .4056, F8,488= 43.3, p<.001). All of the watershed variables were 

significant; the only variable that changes with time included in the model was summer, which 

was associated with lower concentrations of TP. Precipitation, which is associated with increased 

magnitude of flow and movement of nutrients, was not included in the final model.  

A model for the difference in TP concentration between upstream and downstream was 

created to understand the factors directly affecting the retention of TP in the wetland (Table 6, 

R2= .6194, F8, 488= 101.9, p<.001). All of the same variables were in the model for TP 

downstream concentrations except age. However, this model has the best fit of all of the TP 

models; R2 is 0.6194. 

Most of the variables included in the model for total nitrogen outflow concentration are 

also included in the model for total phosphorus outflow concentration (Figure 13, 14); however, 

some of the coefficients have a different sign or magnitude than those included for total nitrogen. 

For instance, the percent of buffers in the watershed that are vegetated was included in the total 
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nitrogen model and an increased percent is associated with reduced downstream total nitrogen 

concentrations; this same relationship was not significant for total phosphorus. Also, the 

percentage of the watershed that is forested had a positive coefficient for the nitrogen model and 

a negative coefficient for the phosphorus model.  
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Discussion 

Water Quality and Nutrient Retention   

Nitrogen and phosphorus retention rates can be affected by many different variables. In 

our study sites, both SWAMP and the Charlotte wetlands are stormwater wetlands and thus are 

designed for nutrient retention. Since the Timberlake project is a rural mitigation bank, 

improving water quality is not its main goal.  

Overall, the Charlotte stormwater wetlands have a better nutrient removal efficiency ratio 

than the SWAMP wetlands. In a study that measured the pollutant removal efficiency (calculated 

using average inflow and outflow concentrations) of 39 stormwater treatment wetlands 

throughout the United States, Winer (2000) found that the median efficiency ratio for total 

nitrogen was about 30%; 5 of the Charlotte wetlands, 2 of the SWAMP wetlands (phase V and 

VI), as well as the weighted overall SWAMP exceed this value (Figure 12). As for total 

phosphorus, the median efficiency ratio cited by Winer is 49%; only 2 of the Charlotte wetlands 

and SWAMP phase VI exceed this value (Winer, 2000, Figure 12). 

Removal efficiency of both nitrogen and phosphorus are related to the hydraulic loading 

rate. With a higher loading rate, the nutrient retention rate tends to decrease as there is less time 

for nutrient removal processes to take place. Lower discharge rates and longer residence times 

provide greater opportunities for sediment-water contact, thereby promoting retention processes 

such denitrification and sedimentation (Saunders & Kalff, 2001). While stormflows can impact 

the volume and velocity of water entering the system, we can expect to see higher nitrogen 

removal rates in sites with designs that promote longer residence times; for instance, deeper 

wetlands and those with vegetation or microtopography can slow the movement of water and 

increase residence time. SWAMP phases III, V, and VI show a significant decrease in total 
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nitrogen concentration between the inflow and outflow, and these three phases are all retention 

pond wetlands that have longer residence times by design. SWAMP phases I, II, IV and V-b 

incorporated stream restoration and anabranching measures, which have greater hydraulic 

loading rates compared to retention ponds. As a result, the nitrogen removal efficiency ratios at 

these phases are negative, which indicate that they are releasing nitrogen into the water, and may 

be explained by the lower residence times. Charlotte stormwater wetlands are all designed to be 

treatment wetlands and aim to control stormwater; such measures are designed to have increased 

residence times, and thus higher overall nitrogen removal rates and this aligns with our results. 

We found that 4 out of the 6 sites showed a significant decrease in total nitrogen concentration 

from the inflow to the outflow locations. 

In the retention of TP, the main processes are adsorption and precipitation reactions with 

Al, Fe, and Ca located in the soils (Nichols, 1983). However, wetlands’ capacity to retain 

phosphorus is finite. As more phosphorus is added to the system, wetland soil becomes saturated 

as it continues to adsorb phosphorus; after that, the phosphorus removal rate is greatly reduced 

and the soil can even release phosphorus back into the water column when the phosphorus 

concentration in the water is reduced (Nichols, 1983; Richardson, 1985). We found that SWAMP 

wetlands have lower phosphorus retention rates than the Charlotte wetlands. SWAMP phase V 

also has a high negative efficiency ratio for total phosphorus, which means it’s releasing 

phosphorus into the system. The release of phosphorus in SWAMP Phase V be explained by one 

of several possible factors: phosphorus saturation of the soil as a result of receiving stormwater 

from large adjacent parking lots, the sandy soil’s inherent lack of adsorption capacity, and the 

presence of more highly eroded soil material.  
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Watershed Characteristics  
 

Wetland to watershed ratio refers to the ratio of the size of the wetland to the size of its 

watershed. Generally, the larger the wetland to watershed ratio, the greater potential the wetland 

has to reduce nutrient loads due to increased residence times (Ziegler, 2016). Studies have 

concluded that a ratio between 3% and 6% are ideal for nutrient retention (O’Geen et al., 2010). 

During low flow events, small wetlands are able to provide water quality benefits, but they may 

be overloaded during large flow events and thus be less efficient at nutrient retention and 

reduction (Woltemade, 2000). Surprisingly, this variable was not included in either the TN or TP 

model for outflow concentration. It was included in both of models for the difference between 

the upstream and downstream concentrations of TP and TN. One possible reason for this could 

be that all of our stormwater wetlands are small, less than a hectare. However, the watershed 

sizes vary greatly, from 30,958.45 m2 (3.096 ha) to 5,507,772 (550.778 ha), so that the ratio 

ranges from .00038 to .1197 (Table 1). One of the highest ratios is for SWAMP Phase IV 

(0.1097), which happens to have a negative efficiency ratio for TN and a very low efficiency 

ratio for TP (Table 1); conversely, the Charlotte Westfield Hillside site had a similar ratio 

(0.1008) and the second highest TN efficiency ratio. Additionally, land is at a premium in these 

urban systems, especially in Charlotte where the wetlands were constructed, so wetland size may 

be solely a function of land and resource availability.  

Changes that occur in the watershed may be hard to quantify. For instance, our data 

showed that SWAMP Phase V had a net export of TP. Anecdotally, we know that there was 

construction happening nearby on Duke University’s campus. Despite sediment control 

measures, construction can lead to increased sedimentation and phosphorus coming into the 

wetland; over time, this can saturate the soil’s ability to hold phosphorus.  
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The landscape of the watershed is another factor that affects wetland nutrient retention. 

Land use in the watershed can determine the amount of sediments and nutrients that enter a 

wetland. The extent of human activities can also encourage sediment discharge into wetlands. 

Studies have found that increased agricultural and urban land use within watersheds can have a 

negative effect on the nutrient retention capabilities of wetlands (Meynendonckx et al., 2006; 

Tasdighi et al., 2017). These land-disturbing activities can release more sediments into the 

watershed, and nutrients can also be introduced to the system from fertilizer and animal manure. 

On the other hand, higher percentages of riparian cover within the watershed can result in lower 

nutrient concentrations downstream (Dodds and Oakes, 2006). The riparian zone can regulate 

sediment and nutrient transport on the landscape. From our total nitrogen model (Figure 13), we 

can see that as percent vegetated buffers increase, the downstream TN concentration decreases. 

These results indicate that increasing the proportion of riparian buffers in the watershed can help 

reduce the TN concentration downstream. Similar to the riparian zone, forested areas can also 

help with nutrient retention through infiltration, reducing runoff velocity, and allowing more 

time for wetland processes and plant nutrient uptake. In the TP model (Figure 14), we can see 

that the percent forested area has a negative relationship with the downstream TP concentration, 

which aligns with our expectations. 

 

Site Characteristics  

The establishment of vegetation is crucial for many wetland functions, such as habitat 

provision and biogeochemical cycling. Wetland plants can assimilate certain constituents of 

nitrogen and phosphorus, namely ammonium (NH4
+) and phosphate (PO4

3-). It is unsurprising 

that emergent vegetation leads to decreased nutrient retention in both the TN and TP regressions, 
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when compared with open water wetlands with little vegetation (Table 6). For surface water 

constructed wetlands, similar to our stormwater wetlands, an estimated 10% of N and 3% of P in 

the water can be assimilated by wetland plants (Langergraber, 2005). Similarly, Silvan et al. 

(2003) found that long lived, fast growing plants are one of the most important factors for 

nitrogen retention, whereas vegetation wasn’t as important for phosphorus retention; however, 

the emergent vegetation coefficient from our models had an even greater magnitude for TP (-

2.766) than for TN (-1.088). Furthermore, the effect of vegetation on nutrient concentrations and 

nutrient removal can change over time. Plants that are not harvested, as was the case for our 

study sites, will eventually return many of the assimilated nutrients to the wetland during the 

decomposition of the plant itself or its leaf litter (Langergraber, 2005). However, plant uptake 

occurs largely during the early growing season and the release of nutrients through 

decomposition does not occur until fall and winter. 

Soils are crucial for nutrient cycling because most of the processes necessary for 

biogeochemical cycling occur there. Many of these processes are dependent upon fluctuations in 

the water level, which leads to cyclical phases of aerobic and anaerobic conditions. We predicted 

that hydric soils would lead to an increase in TP in the outflow; phosphorus export is more likely 

in anaerobic conditions, especially those found in hydric soils, because in these conditions 

phosphorus is released when iron is reduced. Hydric soils were not found to be important in 

predicting the outflow concentration of TP or TN (Table 6); part of the reason for this 

unexpected result could be that our hydric soils data wasn’t at a fine enough resolution for us to 

definitively say if hydric soils were present at the site or not. Mineral soils have the potential for 

higher P sorption rates, and therefore retention, than organic soils (Johnston et al., 1990). All of 

the stormwater wetland sites had mineral soils (Soil Survey Staff, n.d.).  
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Previously forested was a positive predictor variable in both downstream TN and TP 

models (Table 6). Previously forested sites likely have differences in the underlying soil, such as 

less compaction and increased organic matter, especially when compared to previously 

developed land. Additionally, tree removal during site preparation for restoration or construction 

likely causes erosion, which could mobilize phosphorus. However, our results could also be due 

to all SWAMP sites being situated on previously forested land and also having lower nutrient 

retention than most Charlotte sites (Appendix A; Table 6).  

Wetland size was a predictor in both modelsm but the coefficient had the opposite 

relationship with total nitrogen and phosphorus outflow concentration than predicted. We 

hypothesized that increased wetland size would lead to reduced outflow concentrations because 

larger wetland size would allow for more vegetation, and therefore nutrient assimilation, and an 

increased amount of biogeochemical cycling. Hansson et al. (2005) found that ideal conditions 

for nitrogen and phosphorus retention in wetlands differs; their study found that small, deep 

wetlands are better for phosphorus retention while large, shallow wetlands are better for nitrogen 

retention. However, our models didn’t support this finding; the magnitude of the coefficient for 

wetland size was larger for total nitrogen than for total phosphorus, suggesting that a larger size 

was less conducive for nitrogen retention than for phosphorus retention (Table 6). The size of all 

of our wetlands was very small, less than 1 hectare, so the marginal differences in size may not 

be indicative of differences in wetland nutrient retention. Knowing the depth of these wetlands 

would help us better articulate these relationships. 

We expected increased watershed size by itself to be negatively correlated to nutrient 

retention, and for watershed size to serve as a rough proxy for discharge. As the watershed size 

increases, so does the amount of water flowing out of the watershed and into the wetland. 
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Residence time is an important factor for wetland nutrient retention; specifically, increased 

discharge and velocity have been found to be negatively related to nitrate-nitrogen retention, one 

of the main components of TN (Etheridge et al., 2017). However, other studies have found 

limited evidence between watershed size and nutrient retention for four BMPs, including 

stormwater wetlands (Wossink & Hunt, 2003). While watershed size matters, the composition of 

the watershed may be more important for nutrient retention. 

 

Changes over Time  

The fact that we did not observe higher total phosphorus retention with the increased 

maturity of wetland mitigation projects could be due to the resuspension of phosphorus laden 

sediments. As sediment accumulation increases within a constructed wetland over time, the 

depth decreases. Studies have shown that shallow wetlands are more vulnerable to sediment 

resuspension; as depth decreases, there is an increase in water velocity on the sediment’s surface 

(Braskerud, 2002). Effective phosphorus retention has been shown to be the highest during the 

first 1-3 years after restoration when sedimentation, precipitation, and sorption is greatest (Craft, 

1996). Another likely cause of elevated total phosphorus concentrations could be contributed to 

the reduction of ferric phosphate under anaerobic soil conditions. The wetting of wetland soils 

has been shown to increase the concentration of biologically available phosphorus through the 

reduction of ferric phosphate present in the sediments (Venterink et al., 2002).  

Similarly, there were lower total nitrogen retention rates for wetlands that were 9-11 

years post restoration. The lower total nitrogen retention rates could have resulted from the 

release of nitrogen from senescence and decay of mature vegetation. A study by Vymazal (2007) 

that quantified nutrient removal rates of various constructed wetlands found that plant decay at 



 53 

the end of the fall season led to increased nitrogen concentrations. Additionally, older wetlands 

with lots of vegetation and leaf litter can export more nitrogen out of the system, especially as 

organic nitrogen, which is captured when measuring total nitrogen (Wen et al., 2010). The leaf 

litter from nearby trees could also have entered the various phases of SWAMP and led to 

elevated nutrient levels at the various outflows.  

Elevated nutrient retention rates during the annual growing season is likely connected to 

increased vegetation growth and increased water temperatures. Elevated water temperatures have 

been shown to increase the rates of denitrification in wetlands, which reduces nitrogen 

concentrations in the water column (Sirivedhin & Gray, 2006). However, a study by Kadlec and 

Reddy found that phosphorus sorption reactions in wetlands were least affected by temperature 

(2001). Studies have shown that macrophyte nutrient uptake is highest in the early spring and 

summer and reduces during plant senescence and decay in fall and winter (Vymazal, 2007). The 

increased nutrient retention during the growing season can be likely be attributed to elevated 

growth rates of wetland vegetation. 

The lack of precipitation having a significant effect on nutrient concentrations in our 

study did not align with our hypothesis that increased precipitation would reduce retention times 

and nutrient retention. A study by Raisen et al. showed that the increased precipitation from 

storm events generally resulted in decreased nutrient interception in a constructed wetland 

(2007). The lack of nutrient retention was a result of reduced residence times (Raisen et al., 

2007). Similarly, Etheridge et al., (2017) found that increased flow and velocity lead to reduced 

nitrate retention due to reduced retention time. Also, Fink and Mitsch found that with 

precipitation, there were increased hydraulic and nutrient flows to a constructed wetland in Ohio 

(2004). However, the study found that there was no correlation between nutrient loading rates 



 54 

and the amount of precipitation that occurred (Fink & Mitsch, 2004). The ratio of wetland size to 

watershed size and nutrient loads plays an important role in a wetlands’ ability to handle 

increased inflow and nutrients (Woltemade, 2000).  
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Recommendations 

It is important to thoughtfully consider the location of a constructed or restored wetland 

when trying to improve water quality. While factors such as cost, availability of land, and nearby 

land uses are important to stormwater managers, knowing which site factors could improve 

nutrient retention could help managers decide between potential sites. Our results could help 

inform these decisions.  

First of all, vegetation is important for plant growth and nutrient retention. Ensuring that 

wetland vegetation is planted and survives is important. These plants can assimilate nitrogen and 

phosphorus, reducing the concentration downstream. Similarly, monitoring wetlands to ensure 

that vegetation is surviving and that the wetland is still functioning properly is important. For 

instance, high sediment loads can start to fill wetlands downstream over time, increasing the 

possibility of resuspension of phosphorus. Dredging of wetlands may be necessary if wetlands 

become so loaded with sediment that functionality is reduced.  

It is also very important to have clear water quality improvement goals before starting a 

wetland creation or restoration project. Identifying the removal of nitrogen or phosphorus, or 

both is important for wetland design. While our findings were mixed, other research suggests 

that small, deep pools are best for reducing sediment and phosphorus loads while shallow, large 

wetlands are ideal for reducing nitrogen loads (Hansson et al., 2005).  

Additionally, we found that watershed variables were very important for nutrient 

retention. While it is not feasible to change many watershed variables, such as amount of 

impervious cover, there may be some best practices that can improve nutrient retention in 

stormwater wetlands. For instance, restoring and planting riparian buffers in the watershed with 

native grasses, shrubs and trees may help reduce the nitrogen concentration downstream of a 
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wetland. Vegetation, including forests and riparian buffers, can be important for promoting 

infiltration and reducing velocity of run-off before it enters the wetland.  

Similarly, wetland restoration or creation projects are not a solution for all nutrient water 

quality problems, especially for small urban wetlands that accommodate high amounts of 

discharge during storm flows. For instance, SWAMP provides a useful example of the 

importance of taking a more holistic, watershed-scale approach for improving water quality. Six 

phases were constructed over 12 years; significant water quality improvements were not seen 

until after the completion of Phase III. Additionally, the cumulative impact of all six SWAMP 

phases is much higher than the effects of any one phase (Figure 6). Taking a more integrated 

approach to managing stormwater should be prioritized. 

Seasonality was another important factor for nutrient retention. While seasonality and 

climatic variables cannot be controlled or changed, it is important to understand that nutrient 

retention increases during the growing season, especially during summer, and decreases during 

the dormant season. These trends are important to take into account when nutrient retention must 

be carefully tracked, such as while generating nutrient credits.  

 

Limitations  

There were several principle limitations to our study. Discharge data was not available 

for all sites so it could not be used; discharge measurements are necessary to calculate nutrient 

loads, which are considered more accurate because the load is the total mass of a pollutant 

moving through a system over a certain time, not the mass of a pollutant in a given volume of 

water (Cahn and Hartz, 2010). While concentrations are often used to convey a threshold where 

harm could occur to humans or ecosystems, total maximum daily loads (TMDLs) use nutrient 
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loading to better understand potential sources of nonpoint source pollution. Additionally, several 

studies have cited a change in nutrient retention with inflow discharge (Saunders & Kalff, 2001; 

Etheridge et al., 2017); having discharge information would have allowed us to make these 

comparisons. 

Another significant limitation is that sampling efforts could not account for inputs that 

entered the wetland in ways other than via the inflow point; these additional inputs could have 

increased outflow concentrations, biasing the reductions. For instance, at the Timberlake site, 

authors cited high nitrogen concentrations in precipitation (Ardón et al., 2010). Charlotte-

Mecklenburg Stormwater Services cited hard to measure overland flow coming into the 

Brunswick Avenue Elementary wetland as problematic for accurately measuring nitrogen and 

phosphorus retention (Johnson et al., 2007). 

Additionally, including more wetland restoration or construction sites would have given 

us increased statistical power and might have explained more variance in the nutrient outflow 

concentrations. While we had 501 TN and 527 TP)matched pairs, we only had 12 sites where 

total nitrogen and total phosphorus were measured. Similarly, having more sites, located in urban 

areas across NC, could have improved the regression results. For instance, many of the SWAMP 

sites had similar site characteristics, such as watershed characteristics and previous land cover, 

making it difficult to understand how nutrient retention differed in the different phases. Including 

more wetlands would also allow for variables relating to other stormwater control measures to be 

included; with our small sample size, there was very little overlap in complementary stormwater 

control methods, such as level spreaders or bioretention cells, or the use of anabranching to 

restore floodplain hydrology.  
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Including other rural wetlands previously used for agriculture could have been useful for 

comparing with the results of the Timberlake Farms site; legacy nutrients in the soil have been 

shown to affect phosphorus retention (Ardón et al., 2010). The inclusion of other large wetlands 

or mitigation banks would have been useful for comparison, since the SWAMP and Charlotte 

wetlands were all relatively small urban sites. 
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Appendix A 

Attributes of 13 restored and created wetlands across North Carolina. All wetlands except 

Timberlake are stormwater wetlands; Timberlake is a mitigation wetland situated in a rural area. 
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Appendix B 

The figures show the contributing watersheds of each of the Charlotte wetlands, including the 

land cover types within each watershed. 

Exhibit 1. Contributing watershed of Brunswick Elementary Wetland (BRUN) 
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Exhibit 2. Contributing watershed of Edward’s Branch Wetland (EBW) 
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Exhibit 3. Contributing watershed of Evergreen Cemetery Wetland (EGW) 
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Exhibit 4. Contributing watershed of Westfield Hillside (WFHS) and Westfield Brandywine 

Wetlands (WFBW) 
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Exhibit 5. Contributing watershed of Brunswick Wellingford Wetland (WWET) 

 

 

  



 71 

Appendix C 

The figure shows the contributing watershed for the Timberlake Restoration project, including 

the land cover types within the watershed. 
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Appendix D 

The figure shows the contributing watersheds of each of the SWAMP phases, including the land 

cover types within each watershed. 

 


