
ABSTRACT 

MOORE, TRISHA LYNN.  Assessment of Ecosystem Service Provision by Stormwater 
Control Measures. (Under the direction of Dr. William F. Hunt). 
 

Stormwater control measures (SCMs), such as ponds and constructed stormwater 

wetlands (CSWs), are designed to regulate runoff hydrology and quality.  However, these 

created ecosystems also provide a range of other benefits, or ecosystem services, which are 

often acknowledged but rarely quantified.  The objective of this work was to examine a 

larger suite of ecosystem services provided by stormwater control measures with a particular 

emphasis on CSWs.  Among the services considered were organic nitrogen removal and 

export, carbon sequestration, biodiversity maintenance, and recreational and educational 

cultural services.  To evaluate organic nitrogen (ON) removal and export, ON event mean 

effluent concentrations from seven CSWs in North Carolina were analyzed.  Despite 

differences in CSW design and watershed characteristics, median ON concentrations 

consistently fell in the range of 0.7 to 0.8 mg l-1, a range that was markedly similar to ON 

concentrations from a naturally occurring wetland.  This range was taken to represent an 

“irreducible” or background ON concentration from these biological systems, and consistent 

reductions below this concentration range are not likely.  This range could be adopted as a 

target effluent concentration for evaluating the nitrogen removal performance of CSWs in 

North Carolina.   

A comparative study of wet detention ponds, arguably the most common SCM in 

urban landscapes, and CSWs was conducted to assess carbon sequestration, biodiversity, and 

cultural service provision by these SCMs.  Carbon sequestration was estimated through the 

carbon content of pond and wetland sediments across a gradient of system age.  Biodiversity 

was quantified in terms of the richness and Shannon diversity index of vegetative and aquatic 

macroinvertebrate communities.  Cultural services were qualitatively assessed based on the 

potential for recreational and educational opportunities at each site.  Ponds and wetlands 

were found to support similar levels of macroinvertebrate diversity, though differences in 

community composition arose between the two habitat types.  CSWs demonstrated greater 

potential to provide carbon sequestration, vegetative diversity, and cultural ecosystem 



services, though these differences diminished when the comparison was restricted to CSWs 

and ponds with vegetated littoral shelves.   

Runoff quality and hydrology regulation remain the primary drivers for SCM 

implementation, and accordingly, the primary metrics for evaluating SCM performance.  As 

concerns over global climate change continue to shape policy and other realms of decision 

making, it is possible that the carbon footprint, or the net sum of carbon dioxide (CO2) 

emissions, associated with SCMs will become a factor in SCM evaluation and selection.  The 

final study presents a method by which to predict the carbon footprint of SCMs and 

stormwater conveyances.  Carbon footprint calculations included the carbon embodied in 

materials used to construct SCMs, carbon emissions during material transport and 

construction operations, and ongoing maintenance operations and vegetative sequestration 

over a 30-year period.  Per unit SCM area, net carbon footprints (kg CO2-C m-2) ranged for 

the 30-year period as follows: wetlands (-1.9), level spreader-vegetated filter strips (LS-VFS; 

3.5), ponds (8.1), permeable pavement (9.1), green roofs (9.6), bioretention (11.4), rainwater 

harvesting (80), and sand filters (240).   Wetlands, LS-VFS, and wet ponds were also found 

to impose the smallest carbon footprint per unit watershed treatment area.  Over the same 30-

year period, grassed swales were predicted to act as a net carbon sink (-1 kg CO2-C m-1), 

providing a substantial carbon benefit over concrete lined swales (16 kg CO2-C m-1) and 

reinforced concrete pipe (40 kg CO2-C m-1).  These results are indicative of the relative 

advantage of surface-based, vegetated stormwater infrastructure over underground systems 

reliant upon large quantities of imported materials. However, with the exception of CSWs 

and grassed swales, all SCMs were predicted to act as net carbon sources due to large carbon 

inputs associated with embodied energy, construction, and maintenance of these systems.   
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CHAPTER 1.  Introduction 

Recognition of the negative effects of urban stormwater runoff on receiving ecosystems has 

prompted national and, in some areas, watershed level regulations requiring adherence to 

various runoff hydrology and quality standards.  As a result, a variety of stormwater control 

measures (SCMs), also known as best management practices, have been employed to 

regulate peak runoff rates and volume while providing pollutant removal benefits.  As 

created ecosystems, SCMs can provide a variety of other ecosystem services in addition to 

regulating water quality and quantity.  Ecosystem services are defined as the benefits society 

obtains from natural and semi-natural ecosystems.  Services include those of a regulatory 

nature, such as flood control and pollution treatment, provision of food, water, and other raw 

materials, and cultural services, such as recreational and educational opportunities. The 

provision of many ecosystem services is underpinned by the genetic and biological diversity 

maintained within ecosystems.   

 

The provision of additional ecosystem services by SCMs, particularly those that are 

vegetated, is often acknowledged, both in the peer-reviewed and gray literature.  However, 

these services are rarely quantified and, thus, limited in their application beyond casual 

mention.  More effort, then, is needed to assess and quantify a more complete suite of 

ecosystem services provided by stormwater SCMs in order to (1) assign economic value to 

these services and conduct more holistic cost-benefit analyses of SCMs, (2) apply ecosystem 

service assessments as a supplemental performance metric to compare between and among 

SCMs, and (3) associate design attributes with service provision level such that design 

recommendations for optimizing a suite of services can be developed.   

 

The research reported herein was focused primarily on the latter of these three applications, 

though it is hoped that the results of this research would be used to inform future SCM 

economic valuation studies.  The second chapter of this dissertation presents a review of 

ecosystem service provision by five vegetated SCMs (bioretention systems, constructed 

stormwater wetlands, ponds, grass filter strips/grassed swales, and green roofs) as reported in 
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the literature.  Ecosystem services explored included a variety of regulating services 

(hydrologic, water quality, greenhouse gas, microclimate regulation, and air quality 

regulation), biodiversity maintenance, provisioning services (food and raw materials) and 

cultural services (recreation and education).  When data specific to a particular SCM were 

not available, the potential for service provision was surmised based upon provision by 

analogous, naturally occurring ecosystems.  When possible, design recommendations for 

optimizing ecosystem service provision were given for each SCM. 

 

From this broad introductory chapter, the third narrows in focus to a single SCM, constructed 

stormwater wetlands (CSWs) and, at least from a regulatory standpoint, one of the most 

important services provided by SCMs in North Carolina’s nutrient sensitive watersheds: 

nitrogen removal.  CSWs employ the same nitrogen removal mechanisms as naturally 

occurring wetlands, which are also recognized as an important nutrient source to downstream 

ecosystems.  In this chapter, organic nitrogen effluent concentrations from seven CSWs in 

North Carolina were compared to a long-term data set from a naturally occurring wetland 

with the objectives of (1) determining realistic expectations for concentrations of background 

organic nitrogen in CSW wetland effluent (2) identifying seasonal influences on organic 

nitrogen exports and (3) examining the relative proportion of organic nitrogen to total 

nitrogen relative to a naturally occurring wetland.  The results of this work are intended to 

move beyond a simple reckoning of (total) nitrogen removal to consider both the natural 

limits to (organic) nitrogen removal as well as the role of stormwater wetland in 

reestablishing a balance between organic and inorganic nitrogen forms that approaches other 

natural ecosystems.     

 

As evidenced in the second and third chapters, the stormwater literature is replete with 

hydrologic and water quality analyses of SCMs.  This is understandable as these are the 

primary services for which SCMs are designed and, accordingly, the basis upon which SCM 

performance is assessed.  However, as constructed ecosystems, incorporating measures of 

other ecosystem services would provide a more holistic SCM performance assessment.  The 
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over-arching objective of the fourth chapter is to provide a first step toward this end.  Here, a 

focus on CSWs is maintained but the consideration of ecosystem services is expanded to a 

suite that is not well documented in the literature: carbon sequestration, biodiversity 

maintenance, and recreational and educational cultural services.  In this chapter, an 

assessment method is developed and applied to 20 stormwater ponds and 20 CSW sites to (1) 

compare ecosystem service provision between these two types of SCMs and (2) identify 

associations between ecosystem service provision and design attributes.   

 

Of the services reviewed in Chapter 2 and assessed for CSWs and ponds in Chapter 4, carbon 

sequestration (or greenhouse gas regulation) stands out as an ecosystem service with 

potential for value on traditional markets.  Furthermore, interest in carbon footprinting by 

public and private entities across the country may be a portent of regulations on carbon 

emissions; several states in the northeastern and western USA have already incorporated 

analyses of greenhouse gas emissions into environmental impact assessments.  One aspect of 

urban development that is largely absent from current carbon footprint accounts is the 

landscape surrounding the building proper.  This area includes maintained turf, trees, 

pavements, and SCMs.  The objective of the fifth chapter was to present a method by which 

the carbon footprint of an urban landscape could be estimated.  The predictive tool developed 

accounts for carbon emissions incurred during construction and maintenance as well as the 

carbon embodied in materials used in the construction of SCMs and other landscape types.  

Literature values of carbon sequestration for vegetated systems were also included to 

examine the potential for landscape types to act as a net carbon sink or source over time in 

light of construction and maintenance carbon emissions.  Ultimately, this tool is intended to 

be used by developers and landscape planners to (1) enable an accounting for carbon sinks 

and sources in urban landscapes and (2) explore the carbon impact of alternative stormwater 

management, site design, and maintenance scenarios. 
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CHAPTER 2.   Linking Ecosystem Services and Vegetated Stormwater Control 

Measures 

 

2.1  Abstract 

Ecosystem services, defined as societal benefits obtained directly or indirectly from 

ecosystem functions and processes, generally decline under the pressures of urban 

development.  Among the services in decline in urban and suburban areas is the ability of the 

landscape to regulate runoff volume and quality, a loss that vegetated stormwater control 

measures (SCMs) are presently designed to mitigate.  While water quality and hydrologic 

services are of prime importance for regulatory purposes, vegetated SCMs are semi-natural 

ecosystems with the potential to provide other ecosystem services benefits, many of which 

also wane under urbanization.  This paper (1) reviews a suite of ecosystem services that some 

of the most common vegetated SCMs (stormwater wetlands and wet ponds, bioretention 

cells, grassed swales and filter strips, and green roofs) are recognized to provide or have the 

potential to provide, and, when appropriate, (2) recommends measures to enhance overall 

service provision.  In addition to water quality and hydrologic regulation, the services 

considered span a range of other regulating (greenhouse gas, microclimate, and air quality), 

biodiversity (habitat provision), provisioning (food and raw material production), and 

cultural (recreation, education, and aesthetic) benefits.  Although all of the vegetated SCMs 

considered in this review are acceptable practices for meeting water quality and hydrologic 

goals, they do not all possess the same potential to provide a more complete suite of 

ecosystem services.  Overall, stormwater wetlands are expected to provide the greatest range 

of services, followed by bioretention, green roofs, wet ponds, vegetated filter strips, and, 

swales.  As engineers, environmental managers, and landscape architects it is important to 

recognize the suite of beneficial services that vegetated SCMs can provide and the role that 

this suite of services should play in providing a more holistic evaluation of SCM 

performance.   
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2.2   Introduction 

The connection between urbanizing watersheds and the degradation of downstream aquatic 

ecosystems is well-established in the literature (Booth and Jackson 1997; Dunne and Leopold 

1978; MacCrea 1997) and has led to the evolution of a variety of stormwater control 

measures (SCMs), a term developed by the National Research Council to supersede the more 

general terminology of best management practice (BMP), to mitigate the impacts of urban 

runoff on receiving waters.  The hydrologic and water quality benefits of many of these 

practices have been verified, and municipalities are encouraged to use SCMs to meet local, 

state, and national stormwater discharge regulations.   

     

While the arsenal of SCMs includes unvegetated, structural practices, such as water 

harvesting systems and sand filters, and nonstructural stormwater control measures, this 

paper focuses on vegetated, structural SCMs.  Among the most widely implemented 

vegetated SCMs are wetlands, wet ponds, bioretention cells, grassed swales, grass filter 

strips, and green roofs.  Each of these practices is briefly described in Table 2.1. 
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Table 2.1.  Description of vegetated SCMs included in paper. 
Vegetated SCM Description 

Wetland Mixture of shallow water (5-10 cm deep), deep pools (< 1 m), and temporarily inundated 
areas.  Shallow water areas and some pools support rooted and floating macrophytes.  
Open water area comprises less than 40% of surface area.   

Wet pond Permanent pool maintained with depths exceeding 1 m; predominantly open water, 
though emergent vegetation can be incorporated through creation of “littoral shelf” 
around wet pond perimeter.   

Bioretention Cells Depressional bowl filled with 70 to 100 cm sand/soil/organic media through which runoff 
percolates.  Cell may be lined or unlined and underdrains are often present.  Surface 
typically covered with mulch and planted with mix of trees, shrubs, and grasses, though 
turf systems exist.  Also referred to as “raingardens” or “bioinfiltration.”   

Grassed Swale Drainage-way lined with grass designed primarily to convey runoff.   
Grass filter strip Level area vegetated with dense, matting grass (typically turf) across which runoff flows.  

Diffuse flow over filter strip often promoted through use of level spreader.    
Green roof Vegetated roof covering consisting of membrane, planting substrate, and vegetation.  

May be classified as intensive (substrate depth > 15 cm and supportive of trees, grasses, 
and other vegetation types) or, more commonly, extensive (substrate depth < 15 cm and 
vegetation limited to herbs, grasses, mosses, and succulents).   
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The soils, vegetation, microorganisms, and other fauna present in vegetated SCMs comprise 

ecosystems within the larger urban ecosystem.  As such, vegetated SCMs, along with all 

other naturally occurring or constructed ecosystems, are capable of providing ecosystem 

services.  Ecosystem services refer to any of the benefits human populations obtain, either 

directly or indirectly, from ecosystem processes and functions (Costanza et al. 1997; Daily 

1997).  These services can be loosely grouped as regulating services, such as hydrologic 

regulation and water and air quality treatment, biodiversity services through the provision of 

refugia, provisioning services, such as the production of food, fiber, and raw materials, and 

cultural services, including recreational, educational, and aesthetic opportunities (DeGroot 

2006; MEA 2005).  Supporting services, such as biogeochemical cycling, have also been 

recognized and are critical to maintaining the provision of other ecosystem services (MEA 

2005).  To date, vegetated SCMs are specifically designed to provide two very important 

regulating services, water treatment and hydrologic regulation, in urbanizing areas.  

Accordingly, research efforts have targeted these aspects of SCMs, and these systems are 

typically evaluated with hydrologic and water quality metrics.  However, vegetated SCMs 

provide, or have the potential to provide, a range of additional ecosystem services.  The 

following provides a review of each of the services potentially pertinent to vegetated SCMs 

(Table 2.2).  While this paper considers a wide range of ecosystem services, it is important to 

recognize the hierarchy that exists with regards to people’s preferences; for instance, 

hydrologic services are often among those most valued by individuals (Birol et al. 2009).  

Although the hydrologic and water quality benefits provided by vegetated SCMs are 

emphasized by regulators, the suite of other services provided by these systems should not be 

deemphasized, particularly in order to more fully appreciate and value vegetated SCMs.   
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Table 2.2.  Ecosystem services that are provided, or could reasonably be provided, by vegetated SCMs.  Adapted from 
DeGroot (2006) and MEA (2005).     

Service Description 
Regulating Services  
Hydrologic SCMs reduce nuisance flooding while regulating peak runoff rates discharged to receiving channels.  May also 

increase groundwater recharge. 
Water quality SCMs reduce excess nutrient, sediment, pathogen, and other contaminant loadings in stormwater runoff through 

combination of physical, chemical, and biological processes.     
Greenhouse gas 
regulation 

Vegetation in SCMs removes atmospheric CO2, which may be returned through microbial respiration or stored 
through burial and sediment accretion.  May also generate CH4 or other greenhouse gases 

Air quality Vegetation and soils in SCMs may facilitate air quality improvements through filtration and/or absorption of 
particulates, NOx, and other air contaminants.    

Climate Influences microclimate by direct shading and/or heat dissipation through evapotranspirative processes, serving 
to mitigate urban heat island effects.    

Biodiversity Services 
Habitat provision Maintains biological and genetic diversity (which contribute to most other ecosystem functions) through 

provision of habitat for plants, microorganisms, invertebrates, and vertebrates.   
Provisioning Services 
Food Many edible plants can be supported by SCMs and could be harvested as a food resource.   
Raw Material Vegetation in SCMs can be harvested and used as raw material for composting, for ornamental purposes, or 

other beneficial uses.   
Cultural Services  
Recreation SCMs can be integrated into the urban landscape to provide a place for walking/jogging, viewing wildlife, and 

other recreational pursuits. 
Education Physical, chemical, and biological processes occurring within SCMs can be studied and used to enhance 

education at graduate, high school, and primary levels in addition to the general public.     
Aesthetic Vegetation is known to provide soothing benefits, to promote health and well-being, and to provide a sense of 

beauty to observers.   
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The objectives of this paper are to (1) review the suite of ecosystem services provided by 

vegetated SCMs as they are currently designed (to meet water quality and hydrologic 

objectives) and (2) when possible, highlight means by which the capacity of vegetated SCMs 

to provide other ecosystems services may be enhanced without sacrificing the water quality 

and hydrologic services for which they are primarily designed.  When sufficient data were 

available, quantitative comparisons are provided. 

 

2.3   Regulating Services 

Regulating services are provided through the capacity of an ecosystem to regulate ecological 

processes through biogeochemical cycles and processes to maintain a “healthy” ecosystem 

(DeGroot 2006).  The regulating services potentially provided by vegetated SCMs are 

summarized in Table 2.3 and are detailed in the following sections. 
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Table 2.3.  Summary of regulating services provided by vegetated SCMs. 
Regulating 

Service Wetland/Wet pond Bioretention 
Cells 

Grassed swale/filter 
strip Green roof 

Hydrologic 

High peak flow control; 
low to moderate volume/ 
runoff duration control due 
to limited infiltration. 

High potential for peak flow 
and volume control; enhanced 
with IWS zone.  

High potential for 
peak flow and volume 
control/ recharge by 
filter strips; low to 
moderate for grassed 
swales. 

Moderate peak flow 
regulation; moderate 
volume reduction through 
ET. 

Water 
quality 

Moderate to high for 
nutrients and metals.  

Moderate to high for nutrients, 
metals, and pathogens. 

Moderate to high for 
nutrients and metals. 

Low to moderate potential 
depending on substrate 
type.  

Greenhouse 
gas 

High potential: burial rates 
of about 200-500 g C m-2 
yr-1 reported for constructed 
ponds and wetlands.  Likely 
offset by equivalent C 
emissions of 120 g m-2 yr-1 
by CH4.  

Moderate potential: 30-100 g 
C m-2 yr-1 in grassed systems; 
avg. rate of 10 kg C yr-1 per 
tree.  Decomposition of wood 
mulch expected to release at 
least 6 kg C m-2 over life of 
tree-mulch systems.   

Moderate potential: 
soil organic carbon 
accumulation rates of 
30-100 g C m-2 yr-1 
expected for irrigated 
systems.    

Low potential: net 
sequestration less than 40 
g C m-2 expected for 
extensive systems; greater 
potential for intensive 
systems.    

Climate 

Moderate microclimate 
potential through ET; 
inclusion of trees for shade 
enhances. 

Moderate microclimate 
benefits through ET; inclusion 
of trees for shade enhances. 

Moderate 
microclimate benefits 
through ET. 

High microclimate 
benefits to building 
interior through ET and 
reduced heat transfer.  

Air quality 

Low potential over open 
water and vegetation less 
than 8 cm dia. (particulate 
removal 0.02 kg yr-1); 
particulate removal by large 
trees (>77 cm dia.) up to 
1.4 kg yr-1. 

Moderate potential: indirect 
reduction in NOx and 
hydrocarbon emissions 
documented for parking lot 
trees such as those in tree-
mulch bioretention systems.    

Low potential relative 
to other SCMs with 
higher leaf area 
indices.   

High potential : predicted 
removal rates of PM10, 
NOx, SO2, and O3  
comparable to urban 
trees; greater potential for 
intensive systems with 
higher leaf area index. 
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2.3.1  Hydrologic regulation 

Early stormwater management programs focused primarily on the peak flow aspect of 

hydrologic regulation in an attempt to alleviate flooding in urban areas.  However, 

subsequent research revealed that such controls did not protect downstream ecosystems from 

degradation due to alterations in flow frequency, duration, and baseflow (Booth and Jackson 

1997; MacCrae 1997) and design guidelines based on flow duration have been proposed 

(Palhegyi 2010).  Vegetated SCMs, in combination with other low impact development 

practices, are designed to mimic predevelopment hydrology as closely as possible by 

reducing runoff volume and flow rate and to minimize downstream channel and aquatic 

habitat degradation.   

 

2.3.1.1  Wetlands and wet ponds.  Wet ponds are among the most common SCMs 

implemented to regulate the flashy hydrology characteristic of urban areas, primarily through 

temporary detention and peak flow control.  Stormwater wetlands, which are much less 

common than wet ponds, function in much the same way.  Substantial peak flow reductions 

have been documented for wetlands (Line et al. 2008; Schaad et al. 2008) and, to a somewhat 

lesser extent, wet ponds (Wong et al. 1999).  However, the ability of wetlands and wet ponds 

to regulate runoff volume, and thereby flow duration, may be limited as these systems are 

often lined with clay to maintain a permanent pool and, in some cases, isolate the SCM from 

groundwater.  Still, volume reductions may be achieved depending on site characteristics; 

Lenhart and Hunt (2011) reported runoff volume reductions of 54% over a 10-month period 

from a stormwater wetland in the sandy coastal plain region of North Carolina.   

 

2.3.1.2  Bioretention.  In a review of bioretention hydrologic performance, Davis et al. 

(2009) cited peak flow reductions ranging from 50 to 90%, while Hunt et al. (2008) reported 

a mean peak flow reduction of 99% for 16 storms with less than 4.2 cm of rain.  Appreciable 

volume reductions have also been reported and water balances conducted on bioretention 

cells in the Eastern US indicate that ET and infiltration may account for 50 to 90% of runoff 

inflow (Davis et al. 2009).  The potential for unlined bioretention systems to contribute to 
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baseflow and groundwater recharge has been recognized, though this potential benefit has 

not been adequately evaluated (Davis et al. 2009).  The hydrologic controls realized by 

bioretention systems may indeed closely mimic those imposed by nature; DeBusk et al. 

(2011) found normalized flow rates in streams draining undeveloped watersheds did not 

differ significantly from bioretention outflow rates during the first 24 hours of flow.  

Likewise, normalized streamflow and bioretention outflow volumes through the first 48 

hours of flow were also statistically indistinguishable, indicating that bioretention outflows 

may approximate the shallow groundwater flows that contribute to stream recharge following 

rainfall.   

 

Runoff volume and peak flow reductions are generally positively correlated with the ratio of 

media volume to the drainage area (Davis et al. 2009).  Multiple studies (Brown and Hunt in 

review; Li et al. 2009; Passeport et al. 2009) have documented improved hydrologic 

performance through the inclusion of an internal storage zone (ISZ), which promotes lateral 

and vertical seepage to surrounding soils.   

 

2.3.1.3  Grassed filter strips and swales.  While few studies have evaluated vegetated filter 

strips for urban stormwater management, their potential to mitigate runoff volume is evident.  

Overall reductions in runoff volume from studies of grass-covered filter strips in the North 

Carolina Piedmont region have exceeded 50% (Line and Hunt 2009; Hunt et al. 2010).  

Resultant reductions in the frequency of runoff outflows were thought to mimic a 

predevelopment condition for this ecoregion (Hunt et al. 2010) based upon research by 

Walsh et al. (2005).  Although designed primarily as a means of stormwater conveyance, 

grassed swales also provide some hydrologic benefit.  Grassed swales conveying runoff from 

a parking lot in Florida reduced overall runoff volumes by 30% during a 12-month 

monitoring period while moderating peak runoff rates for small storms (Rushton 2001). 

 

Infiltration is the primary process by which grassed swales and filter strips regulate runoff.  

The infiltration capacity of grassed swales and filter strips can be enhanced through the 
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addition of amendments to improve the hydraulic conductivity of underlying soils.  Check 

dams may be placed across swales to increase detention time and promote infiltration.  In the 

case of a filter strip, a properly constructed level spreader can be used to disperse runoff to 

the filter strip and discourage runoff reconcentration. 

 

2.3.1.4  Green roofs.  The extent to which green roofs regulate hydrology depends on the 

media depth and storage capacity as well as local precipitation patterns.  Hathaway et al. 

(2008) found that the peak runoff rate from two extensive green roofs in North Carolina 

averaged 0.9 and 0.4 cm h -1, which was significantly lower than the mean peak rainfall rate 

of 4 cm h-1.  Comparable reductions in total runoff volume of 64% and 61% have been 

documented for extensive green roof systems in North Carolina and Michigan, respectively 

(Hathaway et al. 2008; VanWoert et al. 2005).  When runoff does occur, its onset may be 

delayed up to four hours relative to reference roof surfaces (Hathaway et al. 2008).  Similar 

hydrologic benefits documented by others (Mentens et al. 2006; Oberndorfer et al. 2007) 

indicate the capacity of these systems to enhance the interception and ET components of the 

hydrologic cycle in urban areas.   

 

2.3.2  Water quality regulation 

As is characteristic of natural treatment systems, water quality benefits reported for vegetated 

SCMs vary widely between and within systems as a function of time, system design and 

configuration, and climate.  Nonetheless, the majority of these systems have demonstrated 

their efficacy in removing select nutrients and sediment from urban stormwater   

(Table 2.4).  
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Table 2.4.  Median load reductions and effluent concentrations reported by selected 
studies for vegetated SCMs. 

 % Load Reduction Effluent Concentration (mg l-1) 
 TN TP TSS TN TP TSS 

Wetlanda 36 57 65 1.7 0.1 12 
Wet pondb 32 49 79 1.5 0.1 18 
Bioretentionc 49 65 78 1.4 0.2 18 
Grassed swaled 58 -3 81 0.7 0.2 10 
Filter stripe 51 47 83 1.3 0.2 29 
Green rooff 10 -550 NR 1.0 0.5 NR 

aCarleton 2000; Lenhart and Hunt 2010; Line et al 2008; Winer 2000 
bWiner 2000 
cHunt and Lord 2006; Passeport et al 2009; Winer 2000; Davis et al. 2009 
dDeletic and Fletcher 2006; Rushton 2001; Winer 2000 
eLine and Hunt 2009; Winston et al. 2011 
fBerndtsson et al 2006; Hathaway et al 2008 
  

 

2.3.2.1  Wetlands and wet ponds.  Wetlands and wet ponds regulate water quality through a 

number of complimentary processes, including sedimentation, filtration, chemical sorption, 

chemical precipitation, microbial transformation, and assimilation by microbiota and aquatic 

plants (Mitsch and Gosselink 2007).  The unique juxtaposition of aerobic and anaerobic 

environments within wetland soils, combined with an abundant supply of organic material, 

creates an ideal environment for microbial denitrification, and well-designed systems can 

remove nitrate effectively (Kadlec and Wallace 2009; Hathaway and Hunt 2010; Wadzuk et 

al. 2010).  However, pollutant removals vary widely; in a review of constructed stormwater 

treatment wetlands, Carleton et al. (2001) reported long-term load reductions ranging from -

11 to 99% for TN, 3 to 90% for TP, and 25 to 90% for TSS.  Wet ponds have been credited 

with a similar capacity to remove nutrients (Comings et al. 2000; Winer 2000), though others 

have documented ammonium accumulation and export from ponds lacking aerobic zones for 

nitrification (Stronsnider et al. 2007).  It should be noted that, though initially high, 

phosphorus removal rates tend to decrease with time in treatment wetlands as sorption sites 

in sediments become saturated with the nutrient and/or low redox potentials promote the 

resolubolization of iron-phosphorus complexes (Kadlec and Wallace 2009).     
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Among the factors regulating water quality benefits provided by stormwater wetlands and 

wet ponds, hydraulic residence time is paramount.  Rates of water movement and contact 

time with microbial biofilms are critical to ensuring retention and/or cycling of nutrients 

within these aquatic treatment systems (Wetzel 2001) and designs should minimize 

opportunities for short-circuiting and channelization.  Microbiota living in association with 

macrophytes utilize plant-derived organic matter as a major carbon source to drive processes 

such as denitrification.  Accordingly, guidance for macrophyte zonation in wetlands 

(Greenway et al. 2007; Hunt et al. 2007) and littoral shelves in wet pond systems has been 

developed to promote macrophyte establishment and prolong water quality benefits. 

         

2.3.2.2  Bioretention.  Bioretention cells employ many of the same mechanisms as wetlands 

to remove contaminants from stormwater runoff.  In a summary of selected field studies, 

Davis et al. (2009) reported TSS, TN, and TP load reductions of 54-59%, 32-65%, and 65-

79%, respectively.  Bioretention systems have also demonstrated a very high potential to 

remove heavy metals and hydrocarbons (Davis et al. 2009), and are among the most effective 

SCMs in reducing runoff temperatures (Jones and Hunt 2009) and concentrations of 

pathogenic bacteria (Hathaway et al. 2009).  Methods to improve water quality benefits 

include limiting the nutrient content of bioretention media (Hunt et al. 2006), maintaining a 

healthy plant community (Lucas and Greenway 2008), and including an ISZ to enhance 

denitrification (Blecken et al. 2009; Brown and Hunt in review; Kim et al. 2003; Passeport et 

al. 2009).  

 

2.3.2.3  Grassed filter strips and swales.  Swales and filter strips have been found to 

remove sediment and nutrients, primarily through filtration by vegetation, sedimentation, and 

infiltration.  Rushton (2001) found that swales reduced sediment, nutrient, and metal mass 

loadings from parking lots by at least 50% compared to parking areas that were not drained 

by swales.  Swales have also demonstrated water quality benefits along roadways where they 

are frequently used to convey runoff from road surfaces (Yousef et al. 1987).  Likewise, level 
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spreader-filter strip systems in North Carolina were reported to reduce total nitrogen (TN) 

loads by 50 to 60% and total phosphorus (TP) loads by 46 to 48% (Line and Hunt 2009; 

Winston et al. 2011).  These systems were also found to reduce total suspended solids (73-

89%), lead (81%) and zinc (82%) mass loadings.  Even simple grass shoulders along 

roadways have been shown to sequester metals (Dierkes and Geiger 1999).   

 

2.3.2.4  Green roofs.  Water quality is an area of continued exploration for green roof 

research as green roofs have been found to act as nutrient sources to rainwater by some 

(Hathaway et al. 2008; Oberndorfer et al. 2007) and as nutrient sinks by others (Berndtsson 

et al. 2009; Emillson et al 2007).  Nutrient additions related to decomposition of compost 

present in green roof substrates were documented by Hathaway et al. (2008), who reported 

average increases in TN and TP of 1.3 and 0.8 mg l-1, respectively, as compared to runoff 

from a conventional roof.  However, due to the smaller volume of runoff generated by the 

green roof system, nutrient loads in green roof runoff were statistically indistinguishable 

from those of the conventional roof.  In light of probable nutrient export from green roofs 

amended with organic composts, Emilsson et al. (2007) cautions against the use of compost 

and recommends the use of more inert substrates.  Such inert substrates have been used with 

success; Berndtsson et al. (2009) studied nutrient concentrations from a 5-year old green roof 

in Sweden with a media composed of crushed lava, natural calcareous soil, clay, and 

shredded peat (organic carbon = 5%).  While a significant increase in TP was documented, 

TN concentrations from the roof, which ranged from 1 to 3 mg l-1, were not significantly 

different from that in rainfall.  Furthermore, inorganic nitrogen species present in roof 

outflow were reduced to near-zero concentrations from rainfall concentrations of 

approximately 1 mg l-1 each nitrate and ammonium.  Thus, this study indicated that organic 

nitrogen forms predominated the total nitrogen pool as has been observed for natural 

vegetation-soil systems (Pellerin et al. 2004; Sietzinger et al. 2002).    

 

Green roofs have the potential to have a neutral to positive effect on runoff nutrient quality, 

particularly in areas with high rates of atmospheric N deposition, though the selection of an 
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inert media is essential.  Work by Emilsson et al. (2007) and Aitkenhead-Peterson et al. 

(2010) suggests that vegetation type is an additional factor in nutrient dynamics of green roof 

systems and is deserving of additional study. .   

 

2.3.3  Greenhouse gas regulation 

Climate change associated with anthropogenic carbon emissions has generated interest in 

both minimizing the carbon footprint of human activities and sequestering atmospheric 

carbon dioxide.  The role of the vegetation-soil system in absorbing and storing atmospheric 

carbon is widely recognized.  The soil carbon pool, which represents approximately 65% of 

the carbon stored in the terrestrial ecosystems (Baes et al. 1977), is largely dependent on 

organic carbon inputs from vegetation (Pouyat et al. 2006).  Accordingly, one of the 

strategies for mitigating anthropogenic carbon emissions is to incorporate more “green 

infrastructure” into the urban landscape.  Vegetated SCMs are a critical component of this 

green infrastructure and the photosynthetic processes occurring in these systems present the 

potential for atmospheric carbon sequestration.  The following sections discuss the potential 

for stormwater SCMs to act as carbon sinks.  Rates of carbon sequestration are based upon 

literature values of soil organic carbon accumulation for the various vegetation types and 

environments represented by stormwater SCMs (with the exception of trees, the woody 

biomass of which represents a longer-term storage pool relative to herbaceous plants).  

Although this approach ignores short-term uptake and subsequent mineralization of 

senescing vegetation in these systems, it represents the longer-term balance between organic 

matter inputs and respirative losses (Kirschbaum 2000).    

 

2.3.3.1  Stormwater wetlands and wet ponds.  To act as a net carbon sink, the rate of 

carbon accumulation in an SCM must be greater than the rate of carbon lost from the system 

through decay.  Carbon may be introduced to the system from autochthonous sources, such 

as algae and other vegetation produced within the SCM, or allochthonous carbon sources 

transported in runoff and deposited within the SCM.  The depositional environment 

characteristic of stormwater pond and wetland systems promotes sedimentation of both 
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particulate organic carbon delivered from their attendant watersheds and the primary 

productivity sustained by ponds and wetlands.  Furthermore, anaerobic conditions typical of 

pond and wetland sediments limit microbial degradation of carbon, particularly of 

lignocellulosic material, such that a greater portion of the sediment carbon pool is retained 

through long-term burial compared to the aerobic environments of other SCMs.  The 

contrasting roles of carbon mineralization, which can be relatively high in shallow sediments 

(Bastviken et al. 2008), and burial, which may occur through redistribution and concentration 

of sediment in deeper regions (Benoy et al. 2007), is still poorly understood in small, shallow 

aquatic systems (McCarty et al. 2009; Tranvik et al. 2009), but a range of potential rates can 

be obtained from the literature.  Average long term rates of carbon burial in natural lakes 

worldwide has been estimated to range between 4.5 and 14 g C m-2 yr-1 (Cole et al. 2007; 

Gudsaz et al. 2010; Tranvik et al. 2009) though recent studies of anthropogenic agricultural 

impoundments indicate that burial rates in smaller, constructed systems could be one to three 

orders of magnitude higher (Downing et al. 2008; Ritchie 1989).  Anderson and Mitsch 

(2006) measured accumulation rates of 180 to 190 g C m-2 yr-1 over a 10-year period in a 

constructed riverine wetland in Ohio, USA.  Euliss et al. (2006) observed similar 

accumulation rates of 300 g C m-2 yr-1 in restored and created wetlands in the prairie pothole 

region of the USA.   

 

Carbon burial rates are directly related to sediment accumulation rates (Downing et al. 2008), 

which, in turn, depend on runoff characteristics and rates of primary production (Fennessy et 

al. 1994). Sedimentation rates reported by Downing et al. (2008) and Ritchie (1989) for 

ponds and reservoirs in agricultural and natural vegetated watersheds ranged from 6 to 390 

kg m-2 yr-1, with a mean of 46 kg m-2 yr-1.  Sediment accumulation rates in constructed 

wetlands and ponds in built-out urban watersheds are expected to be much lower, with 

reported values ranging from 0.1 to 13 kg m-2 yr-1 (Anderson and Mitsch 2006; Graney and 

Eriksen 2004; Pontier et al. 2004; Walker 2001).  In Downing et al’s (2008) study, similar 

low rates of deposition corresponded to burial rates of 350 to 500 g C m-2, which is about 

double the organic carbon accumulation rates reported by Anderson and Mitsch (2006) and 
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Euliss et al. (2006) for constructed wetlands.  These rates may provide a better approximation 

of that which is expected to occur in urban stormwater ponds and wetlands.   

 

Countering the sequestration of atmospheric CO2 is the production of methane (CH4) by 

methanogenic bacteria in anaerobic wetland and wetpond sediments.  As a greenhouse gas, 

CH4 is considered to be about 25 times more potent than CO2 over the short-term (Lelieveld 

et al. 1993), and, thus, the production of CH4 from stormwater wetlands and ponds must be 

considered in the carbon balance of these systems.  Wetlands worldwide are generally 

viewed as a net carbon sink (Cole et al. 2007; Mitra et al. 2005); however, individual 

wetlands may act as a source or sink depending upon site-specific factors such as hydrology 

(Altor and Mitsch 2006), temperature (Whalen 2005; Zhu et al. 2006), redox conditions, 

organic matter quality, and vegetation type (Landry et al. 2009).  In a review of naturally 

occurring wetlands, Whalen (2005) found that methane emissions were commonly 0.1 g CH4 

m-2 day-1.  Kayranli et al. (2010) presented a similar review including constructed wetlands, 

from which CH4 emissions were similar overall but varied considerably, ranging from less 

than zero to as high as 36 g m-2 day-1 for constructed wetlands receiving organic-rich 

wastewater effluent.  Annual methane emission rates, which are less sensitive to seasonal 

peaks in CH4 production, have been used to develop a rough carbon balance for wetlands.  In 

a review of regional annual methane emission rates, Mitra et al. (2005) reported average CH4 

emissions on the order of 20 g CH4 m-2 yr-1, with slightly higher annual emissions from 

tropical wetlands compared to temperate and boreal regions.  Annual emission rates from 

constructed wetlands in Sweden (12.8 g CH4 m-2 yr-1; Thiere et al. 2011) and Ohio, USA 

(27.7 g CH4 m-2 yr-1; Altor and Mitsch 2006) fell within the range reported by Mitra et al. 

(2005) for naturally occurring wetlands.  Assuming that 20 g CH4 m-2 yr-1 is also 

representative of constructed stormwater wetlands and ponds, assigning a greenhouse 

warming potential factor of 25 results in a counteractive CO2 equivalent of 500 g CO2-eq m-2 

yr-1, or about 135 g C m-2 yr-1.  Compared to the sequestration rates reported by Anderson 

and Mitsch (2006) and Euliss et al. (2006) for constructed wetlands, probable methane 
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emissions are slightly less, indicating that constructed pond and wetland systems may 

support net sequestration rates on the order of 100 g C m-2 yr-1.   

 

Of course, rates of carbon sequestration and methane production in stormwater ponds and 

wetlands will vary from site to site.  Vascular plant coverage, one of the primary differences 

between stormwater ponds and wetlands, is an additional ecosystem parameter that may 

influence methane emissions.  Though emergent vegetation may serve as a conduit through 

which methane can escape anaerobic sediments (Tranvik et al. 2009), emergent vegetation 

may also pump oxygen into sediment through roots to inhibit methane production.  Multiple 

studies of constructed wetlands have reported significantly greater methane fluxes from open 

water, unvegetated regions compared to zones with rooted emergent, submergent, or floating 

aquatic plants (Altor and Mitsch 2006; Landry et al. 2009; Thiere et al. 2011).  Thus, 

stormwater wetlands may sustain lower rates of methane production than open-water, 

eutrophic pond systems, from which methane emissions are largely unknown but expected to 

be high (Downing et al. 2008).  Site hydrology has also been found to effect CH4 emission 

rates.  Altor and Mitsch (2006) reported a 50% reduction in CH4 emission rates a constructed 

wetland under a pulsed hydrologic regime compared to a continuous, steady flow regime, 

presumably due to the introduction of oxygen to wetland sediments during drier periods.  

Based on this work, one could hypothesize that the dynamic nature of stormwater flows 

would also promote lower methane emissions from stormwater ponds and wetlands, though 

additional research is needed to better understand the effect of plant species selection, water 

level fluctuation, and other design parameters on the net carbon balance of these treatment 

systems (Kayranli et al. 2010).   

 

2.3.3.2  Bioretention.  Carbon accumulation and storage within bioretention systems is yet to 

be measured but can be approximated based on the vegetation present.  Bioretention systems 

are typically covered with a mulch layer and planted with a mix of trees and shrubs.  Carbon 

sequestered by trees in the system can be approximated based on tree age and species, and 

guidance for doing so has been developed by the U.S. Department of Energy (1998).  For 



 

 21 

example, a 50-m2 bioretention cell containing 5 red maple trees planted on 3-m centers 

would be expected to sequester approximately 1,200 kg C in tree biomass over an assumed 

30-year system lifetime.  Decomposition of the mulch layer specified for traditional 

bioretention systems will partially offset sequestration by vegetation.  Assuming a bulk 

density and carbon content of 213 kg m-3-and 0.58 kg C kg-1, respectively, for hardwood 

mulch (Faucette et al. 2004) and a thickness of 5 cm across the bioretention cell surface 

(Hunt and White 2001) results in a mulch carbon intensity of 6.2 kg C m-2.  According to 

Nowak and Crane (2002) about 50% of the carbon in this mulch is expected to decompose 

over the first 3 years, with the remainder being respired within 20 years.  The carbon release 

associated with the decomposition of mulch in a 50-m2 system would then be about 300 kg, 

or about 25% of that sequestered in vegetation, though some fraction of this carbon may be 

stored in the soil carbon pool.  As an alternative to the tree-mulch system, turf and other 

grasses may also be planted in bioretention cells without apparent sacrifice of water quality 

services (Passeport et al. 2009).  Rates of carbon sequestration by turfgrass are estimated to 

range from 30 to 100 g C m-2 yr-1, depending on nutrient and water inputs and turf species 

(Qian and Follett  2002; Qian et al. 2010).  These rates were sustained up to 25 years, after 

which time carbon accumulation equilibrated with decomposition.  Assuming the 

sequestration rate measured for unirrigated fescue (52 g C m-2 yr-1) by Qian et al. (2010) can 

be extended to a turf bioretention cell, an all turf cell is likely to sequester less carbon than 

the tree-mulch system; continuing with the previous example, a 50-m2 turf bioretention 

system would be expected to sequester about 65 kg of carbon over 30 years.    

 

As with stormwater wetlands, nutrients present in urban runoff can promote higher primary 

productivity in bioretention systems than would be possible without such subsidies.  It should 

be noted that vegetation does not necessarily present a long-term carbon storage pool.  When 

the vegetation in bioretention systems dies, organic carbon stored in plant tissues will be 

returned to the atmosphere as CO2 unless it is retained in the soil organic carbon or otherwise 

protected from decay (Nowak et al. 2002).  Bioretention systems are typically designed to 

drain following runoff events, which results in the maintenance of an aerobic environment in 
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the upper layers of the soil profile.  While this will limit CH4 emissions, the decay of organic 

carbon is likely to be more rapid than in wetland or pond systems.  Maintaining saturated 

conditions within an ISZ may promote carbon accumulation, though this remains to be 

tested.  Replacing some of the mulch in tree/shrub/mulch systems with grasses and/or 

increasing the planting density of other vegetation in the cell could increase carbon 

sequestration potential.  The contribution of mulch to water quality benefits (particularly 

metal and hydrocarbon sorption) should be considered, though vegetation will also provide 

organic inputs to enhance pollutant sorption.     

    

2.3.3.3  Grassed filter strips and swales.  Carbon sequestration by grassed swales and filter 

strips is also expected to be similar to those observed for turfgrass systems, which may be as 

high as 30 to 100 g C m-2 yr-1, depending water availability and grass type (Qian et al. 2010).  

However, in considering the carbon budget of grassed swales and filter strips, or any other 

SCM, maintenance operations should also be accounted for, as fossil fuels consumed by 

maintenance equipment may partially or completely offset the carbon removed from the 

atmosphere by vegetation and soils in the system.     

 

2.3.3.4  Green roofs.  Due to the relatively shallow media depth and harsh environmental 

conditions typical of rooftop environments, green roof vegetation tends to be less productive 

and, therefore, unlikely to sequester substantial quantities of carbon (Oberndorfer et al. 

2007).  In addition, the mode of photosynthesis employed by typical green roof sedum 

communities to conserve water (Crassulacean acid metabolism, or CAM) accumulates less 

than one-half of the carbon assimilated by non-CAM species such as grasses and trees 

(Getter et al. 2009).  Still, green roof vegetation has demonstrated modest carbon 

sequestration potential.  Getter et al. (2009) found that green roofs in Michigan accumulated 

37.5 g C m-2, divided among the aboveground biomass (16.8 g C m-2), belowground biomass 

(10.7 g C m-2) and substrate (10 g C m-2).  Carbon stores increased rapidly through the first 

year of the study but plateaued by the second and final year of the study in all three 

compartments.  The authors also noted that the carbon stored by the vegetation and soils in 



 

 23 

the green roof system was significantly less than the approximately 650 g C m-2 embodied in 

the materials used to create the green roof.  The time span over which carbon is stored in 

green roof systems prior to decomposition and release as CO2 is yet to be determined, but, 

due to the aerobic substrate conditions and generally low primary productivity, one would 

assume that green roofs have a lower potential to act as a net carbon sink than other 

vegetated SCMs over time.     

 

Although direct carbon sequestration by green roofs seems to be limited, green roofs have 

been shown to reduce carbon emissions from the buildings on which they are installed by 

reducing heating and cooling needs (Clark et al. 2008).  Such reductions in carbon emissions 

are unique to green roofs and should be included in quantifying their overall carbon benefit.   

 

2.3.3.5  SCM carbon sequestration relative to the urban landscape.  When assessing the 

carbon sequestration rates within the various vegetated SCMs, it is important to consider 

their relative footprint within the urban landscape, and thus their overall potential to 

contribute in a meaningful way to carbon sequestration in urban areas.  To illustrate, we 

consider a hypothetical 50-ha mixed commercial and residential watershed, perhaps 

representative of the Mid-Atlantic USA. The development is 60% impervious surfaces with 

the remainder open space dedicated to urban forest sequestering 200 kg C m-2 yr-1 (Nowak 

and Crane 2002) and turf grass accumulating carbon at a net rate of 50 g C m-2 yr-1 (Qian et 

al. 2010), and structural SCMs.  To achieve water quality objectives, a pond or wetland 

would typically be sized to occupy 1% (for a pond) up to 2% (for a wetland) of the total 

watershed area.  Bioretention systems distributed throughout the watershed may represent an 

additional 0.5% of the watershed area.  By assuming a density similar to that of Chicago, Ill., 

USA, green roofs would comprise 250 m2 of rooftop area (Yang et al. 2008).  Table 2.5 

summarizes the annual sequestration expected from each of these SCMs within the context of 

their watershed.  Due to their relatively small surface area, SCMs represent a small portion 

(about 12%) of the total sequestration within the hypothetical watershed.  However, given 
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that their combined surface area was only 3.5%, SCMs may sequester disproportionately 

more than other vegetated surfaces, particularly turfgrass.   

 

Table 2.5.  Relative contribution of SCMs to carbon sequestration within representative 
urban watershed.   

SCM/ 
vegetation 

type 

% 
Watershed 

Total 
Area 
(m2) 

Net 
sequestration 

(kg C yr-1) 

% of total 
annual C 

sequestration 

Wet pond 1% 5000 500 1.8% 
Wetland 2% 10000 1000 3.5% 
Bioretention 0.5% 2500 1750 6.2% 
Green roof 0.05% 250 10 0.04% 
Turf 20% 100000 5000 17.7% 

Urban forest 20% 100000 20000 70.8% 
       

2.3.4  Microclimate regulation 

In addition to modifying surface hydrology, impervious surfaces in urban areas also limit ET 

and absorb more solar radiation relative to vegetated surfaces, leading to increased air 

temperatures and recognition of the urban heat island effect (USEPA 2003).  Natural 

ecosystems within urban areas have been observed to help reduce urban heating.  Vegetation 

consumes a large quantity of heat energy to drive ET − up to 1,000 MJ of heat energy per day 

for a single large tree − thus helping regulate temperatures during the summer and creating a 

more comfortable microclimate (Bolund and Hunhammar 2005).  Combined with shading, 

vegetation can have a substantial effect on ambient temperatures.  As reviewed by Robitu et 

al. (2006), experimental data from parks indicate that shading and ET can result in air 

temperature reductions as great as 4.7°C.  Evaporation from open water areas may also 

contribute to lower ambient temperatures (Bolund and Hunhamar 2005).  All vegetated 

SCMs, therefore, may provide some microclimatic benefit.  However, microclimate services 

provided by SCMs vegetated with larger shade trees or located in radiatively intense 

environments, such as parking lots or rooftops, may be valued more highly by society.   
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2.3.4.1  Wetlands and Wet ponds.  Local climatic effects of stormwater wetlands and wet 

ponds have not been quantified to the authors’ knowledge, but the ability of these systems to 

regulate microclimate at a street or city level in urban areas has been acknowledged (Bolund 

and Hunhammar 2005).  Robitu et al. (2006) modeled the microclimatic effects of a water 

pond surrounded by magnolia trees in Fleuriot Square, France, as compared to a fictitious 

scenario in which the trees and pond were absent.  With the trees and pond present, model 

results indicated that temperatures of the concrete surface along the periphery of the square 

were up to 20°C lower during the late afternoon.  Though the authors attributed reductions in 

ambient temperatures to the trees surrounding the pond, these results could conceivably be 

extended to a stormwater wetland or pond surrounded by trees relative to impervious 

surfaces.    

    

2.3.4.2  Bioretention.  Bioretention systems are often placed in parking lots and can provide 

shade in addition to stormwater benefits.  Although the microclimatic benefits of bioretention 

systems have not been directly assessed, the effects of parking lot tree plantings have been.  

Scott et al. (1999) monitored the temperature of shaded and unshaded parking lot stalls in 

Davis, CA.  During the warmest period of the study, unshaded asphalt temperatures rose 

above 60°C while temperatures in shaded stalls remained below 40°C.  Such temperature 

reductions in a parking lot environment can decrease evaporative emissions of hydrocarbons 

and emissions of nitrogen oxides immediately following engine starts (Scott et al. 1999).  

Parking lot runoff temperatures may also be reduced, which is of particular benefit in regions 

with temperature-sensitive receiving waters (Jones and Hunt 2009).        

 

2.3.4.3  Grassed filter strips and swales.  ET by grasses in grassed swales and filter strips 

can also provide a cooling benefit.  Maximum canopy temperatures of bermuda grass 

(Cynodon spp.) during the summer were 8°C less than dry, bare soil and 39°C lower than 

synthetic turf (Beard and Green, 1994).   Although these systems do not provide a direct 

shading benefit, surrounding turf has been found to promote healthier tree growth than does 

close proximity to asphalt or rock surfaces, presumably due to the cooler rhizosphere 
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temperatures maintained under turf grass relative to impervious surfaces (Celestian and 

Martin 2004). 

 

2.3.4.4  Green roofs.  With their location directly atop buildings, green roofs have an 

advantage over other SCMs in providing microclimate benefits that can be valued relatively 

easily.  Indeed, relative to other SCMs a considerable amount of work has been conducted to 

quantify the microclimatic benefits of green roofs.  The vegetation, soil media, and filter 

membrane layers associated with green roofs reduce the amount of heat transferred to the 

building below, thus helping to moderate temperatures inside the building and producing 

tangible energy savings during periods of warm weather.  As reviewed by Oberndorfer et al. 

(2007), heat fluxes through green roofs have been found to be 10% to 95% lower than 

through conventional roofs, depending upon the local climate.  Resultant reductions in indoor 

air temperatures of up to 4°C have been observed (Peek et al. 1996), as have substantial 

reductions in building cooling loads (Banting et al. 2005; Saiz et al. 2006).  ET by green roof 

systems also cools the layer of air directly above the roof, which can further reduce building 

cooling loads for buildings with air intakes located in the vicinity of a green roof (Getter and 

Rowe 2006).  The cooling benefits of green roofs have been evaluated at a citywide scale.  

Banting et al. (2005) estimated that a widespread network of green roofs could reduce 

ambient summertime air temperatures in Toronto, Canada up to 2°C.  

  

2.3.5  Air quality regulation 

Air pollutants are a concern in urban areas, particularly in heavily trafficked areas, and have 

been linked to asthma and other lung and cardiopulmonary impairments (Dockery et al. 

1993).  The inherent capacity of natural ecosystems to remove contaminants from the air is 

well known.  The surface roughness of vegetation, which is greater than most of the built 

urban environment, slows wind speeds and promotes deposition of particulates (Taha 1997).  

Gaseous air pollutants, such as sulfur dioxide (SO2) and nitrogen oxides (NOx), may be 

directly removed through adsorption to plant surfaces or uptake through leaf stomates 

(Bennett and Hill 1973).  Vegetated systems can also impact air quality indirectly through 



 

 27 

microclimatic effects.  For instance, modeling efforts by Taha (1997) demonstrated that 

reducing ambient temperatures through increased vegetation coverage in San Francisco 

would slow photochemical smog reactions and reduce the frequency with which state 

ambient air quality standards for ozone would be exceeded.  Soil also plays a role in 

improving air quality.  Tilley (2004) recalls the air purification services provided by 

biologically active soils in grassland, wetland, and agricultural ecosystems in oxidizing 

carbon monoxide (CO) emissions, and their potential, albeit largely unquantified, role in 

reducing other air pollutants.   

 

While the air quality benefits of most vegetated SCMs have not been directly assessed, 

evidence from studies examining the effects of urban vegetation on air quality points to their 

potential.  The degree to which vegetated SCMs provide air quality benefits will depend on 

the type of vegetation in the system, the overall leaf surface area, and the location of the 

SCM relative to pollutant sources (Bolund and Hunhammar, 2007).   

 

2.3.5.1  Wetlands and wet ponds.  Due to its relative surface roughness, vegetation tends to 

remove airborne contaminants more effectively than areas of open water (Bolund and 

Hunhammar 2007).  Thus, traditional wet ponds are unlikely to provide much of an air 

quality service.  However, vegetation present in stormwater wetlands and wet pond littoral 

shelves will provide some air quality benefit.  The extent of this benefit is unknown at this 

point, but a brief review of the literature concerning air pollutant filtration and uptake by 

plants can provide some insight.  In general, deciduous trees have a greater capacity to filter 

airborne contaminants than conifers, shrubs, grasses, or aquatic macrophytes due to their 

greater leaf surface area (Givoni 1991).  Conversely, absorption is less easily generalized and 

varies by species and gaseous compound (Givoni 1991; Nowak 1994).  Pollutant removal 

seems to improve as vegetation matures.  Nowak (1994) estimates that a large tree (diameter 

> 77 cm) can remove up to 1.4 kg of air pollutants annually while trees smaller than 8 cm in 

diameter remove only 0.02 kg yr-1.  Trees typical of stormwater wetlands, such as red maple 
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(Acer rubrum) and river birch (Betula nigra) in the Eastern US, may attain diameters greater 

than 77 cm at maturity, though several decades of growth are required (USDA 2010).   

 

2.3.5.3  Bioretention.  Parking lot vegetation, for which indirect impacts on air quality have 

been studied, provides the most similar analogue for surmising the air quality benefits 

provided by bioretention cells.  While most vehicle emissions originate from tailpipe exhaust, 

about 15% occur as evaporative emissions while vehicles are not in use.  These losses are 

dependent on ambient temperature and may be most severe in areas such as parking lots 

where vehicles are concentrated and temperatures can be very high (Scott et al. 1999).  As a 

case study, Scott et al. (1999) modeled regional air quality benefits that could be realized by 

increasing parking lot tree canopy cover from 8% (typical) to 50% in Sacramento County, 

CA.  Model results indicated that the increase in parking lot canopy cover would reduce total 

hydrocarbon and NOx emissions by 2% and 0.2%, respectively, for the Sacramento County 

light-duty vehicle fleet.  Although these reductions are modest, they were similar to those 

attained by existing air quality management measures in the district.  These results indicate 

that bioretention cells and other SCMs providing shade in parking areas have the potential to 

provide similar air quality benefits.         

 

2.3.5.3  Grassed filter strips and swales.  Grassed swales alongside roadways may also 

have a beneficial impact on air quality.  Research has shown that some species of turfgrass 

absorb carbon monoxide (CO), which is known to exist in higher concentrations along road 

sides (Glandon et al. 1993) where grassed swales are common.  Elkiey and Ormrod (1981) 

measured absorption rates of ozone (O3), SO2, and NO2 by various cultivars of Kentucky 

bluegrass (Poa pratensis), a common urban turfgrass also found in grassed swales and filter 

strips.  Uptake rates ranged from 3.5 to 12 µl min-1 m-2 leaf area, indicating that grasses could 

provide modest air quality benefits in urban areas.  However, air pollutant abatement by 

grasses is expected to be lower than other vegetation types; as demonstrated by Padro (1996), 

dry deposition rates of O3 over grass were 2 to 5 times less than that over leafy herbaceous 

plants and trees.            
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2.3.5.4  Green roofs.  Green roofs have been directly evaluated for their ability to improve 

air quality in urban areas.  As reviewed by Getter and Rowe (2006), reductions in diesel 

engine air pollution, sulfur dioxide and nitrous oxides, and suspended particulates have been 

documented for these systems.  Using a dry deposition model, Yang et al. (2008) modeled 

the air quality benefits provided by the current network of green roofs in Chicago, IL.  They 

predicted an annual removal rate of 85 kg ha-1 of green roof for SO2, NO2, PM10, and O3.  

This removal rate compares favorably to that estimated for urban trees in the same city 

(McPherson et al. 1997).  Green roof air quality benefits are dependent on the leaf area index 

of the vegetation.  The sedum communities typical of most extensive green roofs will be less 

effective in filtering air pollutants compared to the taller herbaceous plants and trees that can 

be supported by intensive green roof systems (Oberndorfer et al. 2007; Yang et al. 2008).   
 

2.4  Diversity services 

Habitat provision is a commonly cited ancillary benefit of most vegetated SCMs.  By 

providing habitat for a variety of plants, animals, arthropods, and microbes, vegetated SCMs 

can contribute to the maintenance of biological and genetic diversity within urbanizing 

ecosystems (Table 2.5).  This is a particularly important service as it underpins most other 

ecosystem functions and services (de Groot 2002; Hooper et al. 2005).  For instance, diverse 

plant communities may enhance water treatment (Engelhardt and Ritchie 2001; Wetzel 2001; 

Lucas and Greenway 2008) and air quality services (Bolund and Hunhammar 2005), while 

the diverse communities of microorganisms living in association with vegetation are key 

components of nutrient cycling.  Diverse ecosystems are also thought to have increased 

resilience against environmental stressors such as pollutant pulses, extreme climatic events, 

and disease (Hansson et al. 2005; Pimental et al. 1997).   
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Table 2.6.  Description of biodiversity services generated by habitat provided by 
vegetation SCMs (see text for citations). 

Biodiversity 
Service Wetland/Wet pond Bioretention 

Cells 

Grassed 
swale/filter 

strip 
Green roof 

Refugia 
provision 

High biodiversity 
potential: aquatic 
macroinvertebrate 
richness of 27 to 63 
reported for 
wetlands; 14 to 25 
for ponds.  Also 
support aquatic and 
semi-aquatic 
vertebrates unique to 
surrounding 
terrestrial 
environment.   

Moderate 
biodiversity 
potential: 
macroinverteb
rate richness 
22 + 3.8 
reported for 
bioretention 
cells; 5 + 0.6 
for paired 
grass lawns.  

Low 
biodiversity 
potential: insect 
richness of 16 
reported for 
mown roadside 
swale.  Habitat 
value may be 
enhanced by 
incorporating 
native grass mix 
and limiting 
mowing.     

Moderate 
biodiversity 
potential: mean 
insect richness of 
34 reported for 
extensive roof; 
mean richness of 
132 reported for 
intensive roof 
compared to 150 
species in paired 
ground plots. 
Green roof 
richness included 
rare insects.   

 

 

2.4.1  Wetlands and wet ponds 

Through the inclusion of both aquatic and terrestrial habitats, wetlands have perhaps the 

greatest potential among SCMs to maintain a diverse biotic community.  Stormwater 

wetlands and wet ponds have been found to provide habitat for odonates (Ackerman 2003), 

hemipterans (Foltz and Dodson 2009) and other aquatic insects (Greenway 2004; Le Viol et 

al. 2009).  These macroinvertebrates stand as an important trophic link between vegetation 

and higher animals supported by stormwater wetlands and ponds, such as fish, amphibians, 

birds and waterfowl (Greenway and Simpson 1996; Kadlec and Wallace 2009).  Woodcock 

et al. (2010) reported macroinvertebrate genra richness ranging from 27 to 63 for 6 

constructed stormwater wetlands, a range which was not significantly different from paired 

reference wetlands.  Likewise, Greenway (2010) documented high species richness 

associated with two stormwater wetland systems in Australia.  The transition of one of these 
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wetland systems to a deeper, open water pond environment resulted in a decline from 25 

families as a wetland to 14 as a pond (Hunt et al. 2011).  Still, the overall diversity of 

macroinvertebate communities in stormwater ponds may be comparable to other pond 

habitats.  For example, Le Viol et al. (2009) found no statistical differences between 

Simpson’s diversity index for ponds constructed for highway runoff (0.60 + 0.02) and paired 

agricultural ponds (0.57 + 0.03).  Spieles and Mitsch (2000) reported somewhat higher 

Simpson’s indices for two constructed wetlands (0.73 +0.07, 0.79 + 0.32), which, coupled 

with the results of Hunt et al. (2011) suggest that wetlands could support greater biodiversity 

than open water pond systems.  As all of these studies considered aquatic macroinvertebrates, 

it can be surmised that both stormwater ponds and wetlands support a species pool unique to 

the surrounding terrestrial environment.        

        

Diverse plant and insect communities in wetland and pond systems have been linked to 

another important service in aquatic habitats: mosquito control.  In a survey of mosquito 

populations in constructed wetland systems, Greenway et al. (2003) found that mosquito 

prevalence was negatively correlated to aquatic macrophyte and macroinvertebrate diversity.  

Of the mosquito larvae present in the wetland systems, few had reached the pupal stage 

proceeding emergence as an adult, indicating that predation was an important control in 

regulating populations.    

 

The habitat and food resource provided by wetland vegetation is critical to support aquatic 

insect and animal populations.  However, the intermittent and often flashy nature of 

stormwater runoff presents a challenge to establishing and maintaining a diverse plant 

community in stormwater wetlands as studies have found that water level fluctuations greater 

than 20 cm can lead to declines in species richness and diversity (Cappiella et al. 2008; 

Jenkins and Greenway 2007).  Extreme water level fluctuations can be particularly 

detrimental to unestablished vegetation.  Hunt et al. (2007) suggest limiting the maximum 

water level fluctuation to 10 to 15 cm during the first growing season in the SE USA and 

provide design guidance for an adjustable outlet structure to allow the ponding depth to be 
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increased as the vegetation matures.  A flow bypass can also be incorporated to prevent 

washout by high velocity flows (Greenway 2010; Hunt and Doll 2000).   The frequency and 

duration of indundation also exert strong controls on plant community development.  The 

creation of hydrologic zones within stormwater wetlands is a key design component to 

provide a gradient of water depths supporting a diverse assemblage of wetland plants adapted 

to differing hydroperiods (Hunt et al. 2007; Jenkins and Greenway 2007).  Amending soils 

with topsoil or other organic matter sources is also recommended to facilitate plant 

establishment following construction (Hunt et al. 2007).   In addition to providing nutrients 

required for plant growth, soil amendments may also serve as a substrate through which 

rhizomatous plants are able to spread (Greenway 2004) and provide a natural source of 

mycorrhizae and other beneficial microfauna (Cappiella et al. 2008).  

 

2.4.2  Bioretention  

While the potential habitat value of bioretention systems has been acknowledged, few 

quantitative studies of the effects of bioretention on local biodiversity have been conducted.  

In a comparison of street side bioretention cells with more traditional gardenbed and turf 

greenspaces, Kazemi et al. (2009) used terrestrial insects as indicators of biodiversity.  

Species richness and diversity was significantly greater in bioretention systems (richness = 

22 + 3.8; Shannon’s diversity index = 1.95 +0.17) than in turf areas (richness = 5 + 0.58; 

Shannon’s diversity index = 1.0 + 0.19), likely due to the lower habitat value of a turf 

monoculture (Kazemi et al. 2009).  In a complementary study of terrestrial insect diversity in 

linear bioretention and grassed swale environments, Kazemi et al. (2011) reported 

proportional differences in mean species richness and diversity measures.  Bioretention 

swales were found to host, on average, 65 different insect species, nearly 4 times greater than 

the richness supported by traditional grassed swales.  Earthworms and other burrowing soil 

organisms have also been documented as bioretention colonizers.  Ayers (2009) reviews the 

benefits of these organisms in increasing soil organic matter and maintaining substrate 

porosity, both of which contribute to water quality and hydrologic services provided by 

bioretention systems.    
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As reviewed by Kazemi et al. (2009), biodiversity of ground-dwelling and surface active 

insects in natural and urban habitats has been positively linked to the presence of gravel and 

rocks, neutral to basic soil pH, vegetation biomass and diversity, leaf litter depth, and the 

presence of mid-stratum vegetation such as bushes and shrubs.  Therefore, creating a variety 

of habitats by incorporating gravel and stratified vegetation layers in bioretention design 

seems appropriate to attract a more diverse insect and bird community.  As documented by 

Kazemi et al. (2009), the biodiversity supported by bioretention systems can enhance local 

biodiversity beyond that provided by typical turf green spaces.   

 

2.4.3  Grassed filter strips and swales   

As indicated by the work of Kazemi et al. (2009, 2011), turf-based SCMs are not expected to 

support the same level of biodiversity as other vegetated SCMs.  However, they may still 

contribute to the overall diversity in urban landscapes, particularly when integrated with 

other tree, shrub, and water features (Beard and Green 1994).  Insect and plant diversity are 

not typically reported for either grassed swales or filter strips, though biotic communities in 

these systems would be expected to be similar to that of a turf lawn.  Turf grass systems are 

known to support a number of nonpest invertebrates, including beetles, spiders, ants, 

nematodes and gastropods, and earthworms (Beard and Green, 1994; Smetak, 1998).   

 

The habitat value and associated biodiversity potential of grassed filter strips may be 

enhanced by incorporating woody vegetation or native grasses to increase structural 

heterogeneity.  However, in prioritizing water quality and hydrologic services provided by 

filter strips, the use of trees may not be advisable as flow is more likely to be reconcentrated, 

hindering water treatment functions (Dosskey et al. 2005; Winston et al. 2011).  While mown 

grassed swales and filter strips are not expected to provide exceptional habitat in isolation, 

they certainly can be integrated as part of the matrix of other vegetated SCMs and open 

spaces. 
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2.4.4  Green roofs   

Multiple authors have assessed biodiversity supported by green roofs, with mixed results.  As 

reviewed by Brenneisen (2006), green roofs were characterized as relatively low diversity 

systems primarily supportive of common, highly mobile insect and bird species in several of 

these studies.  This result is likely an artifact of the shallow media depth typical of most 

green roof systems, which has been adopted for economic practicality but exacerbates the 

already harsh conditions encountered on rooftops (Getter and Rowe 2005).  However, others 

have observed diverse communities of spiders, beetles, bees, and other insects (Getter and 

Rowe 2006; Oberndorfer et al. 2007).  Jones (2002) identified a total of 136 insect species 

across 8 extensive green roofs in London, with a mean richness of 34 species per roof.  While 

the majority of these species were common to the region, seven were considered nationally 

scarce or rare, indicating that shallow-substrate green roofs can contribute to local 

biodiversity.  Similar species richness and composition have been documented in 

comparisons between green roofs and paired ground level environments.  MacIvor and Scott 

(2011) found no significant differences between insect richness and diversity indices for 

intensive green roofs (richness = 132 + 62; Shannon’s diversity = 2.2 + 0.92) and ground 

level grass/shrub areas (richness = 150 + 72; Shannon’s diversity = 2.59 + 0.63) in Nova 

Scotia.  Kadas (2006) reported similar Shannon diversity index values for extensive green 

roofs (2 – 2.2) and paired abandoned brownfield sites (2.3 – 2.5), which are recognized as 

important urban habitat, in London.  Ground-nesting birds have also been observed in green 

roof ecosystems (Brenneisen 2006).  The rooftop location of green roof ecosystems is 

thought to be beneficial to some of these species as it removes them from the hazards of 

terrestrial predators, vehicles, and other ground level disturbances.    

 

Brenneisen (2006) has presented a number of design strategies to enhance green roof 

biodiversity while maintaining intended water quality and hydrologic services.  Biodiversity 

surveys indicated that spider and beetle fauna colonized roofs containing natural substrates 

such as soil, sand, and gravel more successfully than those with artificial substrates.  

Invertebrate richness has been positively correlated with species richness and structural 
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diversity of green roof vegetation (Gedge and Kadas 2004).  To encourage the development 

of a more diverse plant community and provide a variety of microhabitats, Brenneisen (2006) 

recommends incorporating different substrate thicknesses throughout the green roof.   

Sedum-moss communities can be established on substrates as shallow as 2 cm while grasses 

require 7 to 15 cm of growing media (Oberndorfer et al. 2007).  However, the local climatic 

regime also governs the types of plants that can be established in a green roof environment; 

while it would be desirable to incorporate native grasses and flowers, research from 

Michigan indicates that native species may not be adapted to the green roof environment and 

would require supplemental irrigation (Monterusso et al. 2005) or deeper media depths 

(Paladino 2004) in many moderately moist climates.  The implications of green roof size and 

interconnectivity with other green roofs on biodiversity remain in question.   

 

2.5  Provisioning Services – food and medicinal, ornamental, and raw material 

Provisioning services include the production of food, ornamental resources, and raw 

materials suitable for beneficial uses such as composting or energy (Table 2.7).  Vegetated 

SCMs can all provide provisioning services, most of which remain relatively untapped.  Plant 

selection along with local climate can dictate the extent to which provisioning services are 

provided.   
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Table 2.7.  Summary of vegetated SCM provisioning services. 
Provisioning 

Service Wetland/Wet 
pond 

Bioretention 
Cells 

Grassed 
swale/filter 

strip 
Green roof 

Food 

Many edible 
wetland plants, 
though risk for 
metal 
accumulation 
and mass soil 
disturbance 
likely precludes 
consumption. 

Multiple  edible 
and medicinal 
species currently 
recommended for 
bioretention and 
others possible.   
Concern for 
metal 
bioaccumulation 
in plant tissue.     

Food production 
likely limited to 
“weedy” herbs 
such as 
dandelion 
greens, 
chickweed, 
plantain, and 
wild onion.  
Concern for 
metal 
accumulation.   

Utilization of 
herbs and other 
edibles 
documented;  
deeper media 
depths (> 15 
cm) and/or 
supplemental 
irrigation may 
be required.   

Ornamental 
resources 

 
Aquatic 
ornamental 
flowering plants 
such as water 
lilies and iris 
may have 
ornamental 
value.  

 
Hibiscus and 
other flowering 
bioretention 
perennials may 
have ornamental 
value.   

 
Flowering 
perennials not 
currently 
planted in grass 
swales or filter 
strips but may 
be supported.   

 
Wildflower 
mixes and other 
ornamentals 
may be 
supported, 
especially in 
intensive 
systems.   

Raw material 

 
High 
productivity in 
wetlands (0.5- 2 
kg (d.m.) m-2); 
demonstration of 
biomass value 
for heating.  
Need to ensure 
proper timing of 
harvest.    

 
Bioretention 
trees not 
typically 
harvested; lower 
productivity of 
other plants (0.2 
kg (d.m.) m-2 and 
small size limit 
raw material 
value.    

 
Relatively high 
productivity (0.5 
to 1.5 kg (d.m) 
m-2 ) possible; 
Potential as 
carbonaceous 
additive for 
composting; 
scale issues limit 
fodder value.   

 
Potential raw 
material uses for 
more productive 
intensive 
systems; 
extensive 
systems limited 
by low biomass 
productivity.       

 

 

2.5.1  Wetlands and wet ponds 

The provisioning services of wetland environments have been utilized historically.  For 

instance, the tubers of Typha sp. (cattail) and Sagittaria spp. (arrowhead) were made into 
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flour by American colonists and their Native American hosts while aboveground biomass of 

species such as Typha and Schoenoplectus (bulrush) served as material for roof thatching and 

basket weaving.  Many wetland plants continue to be consumed today; however, metals and 

other potentially toxic pollutants present in runoff are known to accumulate in the roots and 

other tissues of aquatic plants (MacFarlane et al. 2003; Cardwell et al. 2002), thereby 

limiting their potential for consumption from stormwater ponds and wetlands.  Moreover, 

harvest of some edibles requires disturbing the soil and, if done en masse or near the outlet 

structure, would be expected to impede water quality treatment. 

 

Nonconsumptive uses of wetland vegetation are plausible but not widely documented.  

Flowering plants such as Nymphaea odorata (water lily), Iris versicolor (blue flag iris), Iris 

pseudacorus (yellow flag iris), and Hibiscus spp. may have value on the ornamental or cut 

flower markets.  Aboveground biomass yields from stormwater ponds and wetlands have 

been reported to range from 0.5 to nearly 2 kg (dry mass) m-2 yr-1 (Anderson and Mitsch 

2006; Lenhart et al. in review) and may be harvested in accordance with water quality 

objectives (Greenway and Woolley 2001; Lenhart et al. in review).  This biomass could be 

used as a raw material, though the practicality of this provisioning service is likely limited by 

issues of scale.  However, there may be cases in which harvested biomass serves as a useful 

raw material.  Based on the heating value of Typha and Phragmites (reed) species, which 

compared favorably with other types of biomass, Solano et al. (2004) deduced that a 1-ha 

treatment wetland would provide sufficient biomass to fire a domestic boiler and meet the 

heating needs of a 500-m2 area (such as a school or other public building in one of the small 

Spanish villages near the study site) over a 5-month period.  Although such instances are not 

widespread, they are worth noting.  

 

2.5.2  Bioretention cells 

Though edibles such as blackberry (Rubus fruticosus), elderberry (Sambucus nigra), and 

fennel (Foeniculum vulgare) can thrive in the droughty environment of a bioretetention cell, 

their consumption is also constrained by contaminant accumulation in plant tissues (Sun and 
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Davis 2007), though translocation to fruiting parts remains an area for further study.  Lemon 

verbena (Aloysia triphylla) and St. Johnswort (Hypericum L.), both of which can be found on 

bioretention planting lists, are among those plants whose herbal and medicinal values may be 

exploited in bioretention cells with low risk for heavy metal contamination.  The 

comparatively lower aboveground biomass production in bioretention systems (0.2 + 0.1 kg 

dry mass m-2; Kazemi et al. 2009) coupled with their smaller size limits widescale utilization 

of bioretention biomass as a raw material.      

 

2.5.3  Grassed filter strips and swales 

As traditionally turf-based systems, grassed swales and filter strips have a relatively low 

potential to produce food for humans.  However, edible grass-like herbs common in 

residential lawns, such as dandelion greens, chickweed, wild onions, and garlic, can be found 

in grass swales and filter strips.  As in wetlands, stormwater nutrient management goals can 

be augmented by harvesting grass from swales and filter strips (Maron and Jeffries 2001; 

Oelmann et al. 2007).  Biomass yields from mown grassland systems compare favorably with 

those from stormwater wetlands (Olemann et al. 2007).  Harvested grasses may have value as 

fodder for animals (e.g., brome or native warm season grasses in swales and filter strips) or 

as an organic matter amendment through composting.  Depending on the relative fraction of 

carbon to nitrogen of the harvested vegetation, composting would likely require mixing with 

nitrogen rich sources to achieve an ideal composting C:N ratio of 30:1. 

 

2.5.4  Green roofs 

Since the primary source of water to green roofs is rain rather than surface runoff, 

bioaccumulation of metals or other contaminants present in stormwater is less of a concern in 

these systems.  Accordingly, food provisioning services of green roofs are much more widely 

utilized.  For example, the Fairmont Waterfront Hotel in downtown Vancouver was topped 

with a 200-m2 intensive green roof planted with herbs used in the hotel’s restaurant.  While 

the roof cost $25,000 to install, the annual value of the herbs was estimated at over $20,000 

(Paladino 2004).  A variety of vegetables and melons have been successfully produced on 
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green roof gardens in the US, as has rice in China and India (Velazquez and Kiers 2007), 

though deeper media depths and supplemental irrigation are typically required.     

 

2.6  Cultural Services – recreational, aesthetic, education 
Many natural ecosystems are highly valued for the cultural services they provide, and 

fragments remaining within urban landscapes often become one of the main venues through 

which area residents satisfy their need for contact with nature (Ehrenfeld 2004; Kaplan 

1995).  Vegetated SCMs can be integrated into the urban environment to intentionally help 

fulfill this desire while serving as recreational, aesthetic, and educational amenities (Table 

2.8).  The value of these cultural services in fostering community acceptance of vegetated 

SCMs has been acknowledged.  White et al. (2000) described the involvement of 

neighborhood stakeholders in a design charette to select SCMs as part of an effort to combat 

elevated bacteria levels in shellfish waters along the coast of North Carolina.  Through this 

process, the authors state that “these facilities become neighborhood amenities, not just 

stormwater treatment devices.”   
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Table 2.8.  Description of cultural services provided by vegetated SCMs. 

Cultural  
Services 

Wetland/Wet 
pond Bioretention 

Grassed 
swale/filter 

strip 
Green roof 

Recreation 

High potential with 
inclusion of 
walking paths and 
wildlife viewing 
areas around 
wetland/pond 
system.   

Low to moderate 
potential, 
depending on 
size of system 
and location.     

Low potential 
for direct 
recreation.    

Low potential for 
extensive roofs.  
Moderate to high 
for intensive roofs 
with ample 
structural 
reinforcement.   

Education 

High potential for 
wetlands and, to 
lesser extent, 
ponds, as 
demonstrated by 
use by schools and 
universities.   

High potential as 
demonstrated by 
outreach efforts 
and public 
interest in “rain 
gardens.” 

Low to 
moderate 
potential for 
research.     

High potential, 
though 
accessibility may 
limit in some 
situations. 

Aesthetics 

High potential with 
proper zonation 
and plant selection. 

High potential 
with proper plant 
selection and 
layout. 

Moderate 
potential.  
Could be 
enhanced with 
wildflowers. 

High potential 
when roofs visible 
to building 
dwellers.   

 

2.6.1  Wetlands and wet ponds.   

The cultural services provided by stormwater wetlands are often touted, and these systems 

have been successfully integrated into urban areas with recreation and aesthetics as 

secondary design objectives. (Jenkins and Greenway 2007; Wu et al. 2010).  Construction of 

stormwater wetlands at high schools and other educational institutions can also create 

tremendous educational opportunities.  For example, since the integration of a stormwater 

wetland, constructed to treat runoff from the campus of Smithfield-Selma High School in 

North Carolina, into the school’s environmental sciences curriculum, student interest in the 

program has blossomed.  Over a 3-year period, offerings increased from 1 to 8 sections per 

year to accommodate increased student enrollment (Lougher 2004).  Similarly, a stormwater 

wetland constructed at Villanova University has been used to enrich both undergraduate and 

graduate civil engineering education and has enabled volunteerism at this service-oriented 



 

 41 

university.  Members of the community also utilize the wetland for strolls, dog walking, and 

nature watching as it provides habitat for a variety of birds, fish, and amphibians (Welker et 

al. 2010).     

 

2.6.2  Bioretention     

Examples of aesthetic and educational services provided by bioretention facilities have also 

been documented.  A rain garden installed at the Neuseway Education Center in North 

Carolina to meet the educational needs of the center while providing stormwater treatment 

has been noted to inspire visitors to implement similar designs at their own home (Lougher 

2004).  A bioretention area at the University of Delaware was constructed with a similar 

educational objective in mind, and educational signs were posted to teach and motivate 

visitors to install one themselves (Grehl and Kauffman 2007).     

 

As with the stormwater wetland at Villanova, a bioretention facility constructed on the 

campus in 2001 has been utilized for educational purposes, serving as the research subject for 

three graduate and two undergraduate engineering students.  The flowering vegetation and 

visiting butterflies, birds, and other wildlife have enhanced the aesthetic value of this area of 

the Villanove campus (Welker et al. 2010).        

 

2.6.3  Grassed filter strips and swales   

Grassed swales and filter strips are generally not given much credit for cultural service 

provision.  In fact, the use of these SCMs for direct recreational uses may lead to soil 

compaction, which would conflict with hydrologic and water treatment functions. Grassed 

swales and filter strips can, however, promote the use of sidewalks and other recreational 

pathways by providing a buffer between pedestrians and traffic.  As with other vegetated 

SCMs, the presence of green vegetation in swales and filter strips may promote a sense of 

well-being and provide aesthetic benefits (Hartig et al. 1991).  Wildflowers or other 

flowering perennials could be included in planting mixes to increase the aesthetic appeal of 

these systems.   
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2.6.4  Green roof 
Green roofs provide a welcome oasis of green to an otherwise mostly lifeless roofscape.  

Society’s value of the aesthetic services provided by green roofs can translate to economic 

gains for rental property and hotel owners, who are often able to charge more while reducing 

vacancy rates for properties overlooking green roofs (Banting 2005; Getter and Rowe 2006).  

A LEED-Platinum building, the California Academy of Sciences is topped by a 1-ha green 

roof, the unique, undulating design of which has helped earn the museum accolades as the 

greatest science museum in the world (Reid 2009).  The roof is accessible to visitors the 

science museum to provide educational and recreational benefits.  

 

Intensive green roofs may provide a greater aesthetic appeal than extensive green roof due to 

the greater diversity of vegetation types that can be supported by intensive systems.  Direct 

use and recreation of green roofs may also be better supported by intensive systems, which 

have stronger underlying structural supports. 

 

Clearly, vegetated SCMs can serve as recreational, educational, and aesthetically pleasing 

amenities.  Visual and/or physical access by the public is key for the provision of these 

services.  The inclusion of walking paths, wildlife viewing areas, and educational signs have 

proven effective ways to design vegetated SCMs to provide a range of cultural services. 

 

2.7   Summary and Conclusions 

The hydrologic and water quality benefits of vegetated SCMs have, for the most part, been 

well-documented and are generally used to judge the performance of these systems.  

However, a more holistic evaluation of SCMs should account for the full suite of ecosystem 

services they provide to more fully understand their ecological contributions.  For instance, 

although stormwater wetlands and wet ponds can be credited with similar water quality and 

hydrologic benefits, the lack of a widespread macrophyte community in ponds will likely 

inhibit their ability to provide a similar level of other regulating, biodiversity, and 

provisioning services as wetlands.  The range of services provided by each of the vegetated 
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SCMs reviewed in this paper is briefly summarized in the following sections, and, where 

appropriate, design recommendations to enhance service provision are given.   

1. Wetlands and wet ponds.   

Stormwater wetlands have a high potential to promote biodiversity through inclusion 

of both aquatic and terrestrial habitats.  Proper zonation and water level elevations 

are key wetland design and construction components to maintain a diverse 

vegetation community and associated macroinvertebrate and vertebrate assemblages.  

High rates of primary productivity sustained within these systems coupled with their 

depositional environment and anaerobic soils create ideal conditions for carbon 

sequestration.  Soil organic carbon stores in these systems need to be measured at 

construction and monitored over time in order to better quantify this service in 

stormwater systems.  The literature suggests that fluctuating water levels and plant 

establishment may be important controls to the production of methane gas (Altor and 

Mitsch 2006; Landry et al. 2009; Thiere et al. 2011), though further research is 

needed to better quantify the effects of system design, including plant selection, on 

carbon storage and efflux from stormwater wetlands.  The value of hydrophytic 

plants as an ornamental resource or raw material has been explored but such 

provisioning services are unlikely to be widely exploited due to issues of scale.  

Multiple case studies have demonstrated public appreciation of wetlands and ponds 

as recreational, educational, and aesthetic amenities.  Wet ponds generally lack the 

productive vegetative community from which many of the services provided by 

wetlands are generated.  Incorporating a littoral shelf around the wet pond perimeter 

can enhance overall ecosystem service provision. 

2. Bioretention.  Bioretention systems have been shown to contribute more to the 

overall diversity of the urban landscape than adjacent turf areas, though more surveys 

of the biodiversity supported by bioretention systems need to be conducted to better 

understand the value of this service.  Increasing the structural diversity of the 

vegetation planted in the system by selecting trees, shrubs, and grasses of various 

heights has been linked to greater faunal diversity (Kazemi et al. 2009), which may 
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preclude promotion of all turf bioretention systems.  Carbon sequestration, 

microclimate, and air quality benefits are also likely to be greater for systems with a 

tree-shrub mix than all turf.  Plant selection will dictate the value of bioretention for 

food and ornamental resources, though research is needed to quantify health risks 

associated with consumption of herbs or fruits grown in bioretention cells.  The 

inclusion of an ISZ has been shown to enhance both water quality and hydrologic 

services, but overall pollutant mitigation is very good per most design configurations.   

3. Grassed swales and filter strips.  As currently designed and vegetated, grassed 

swales and filter strips have the lowest potential to provide a full suite of ecosystem 

services in addition to water quality and hydrologic regulation.  Biodiversity is likely 

limited by the monotypic habitat structure provided by the mown turf grasses 

typically maintained in these systems.  The use of native vegetation should be 

explored, both from a water quality/hydrologic standpoint and in light of biodiversity 

and other services.     

4. Green roofs.  Green roofs present a unique opportunity to transform an otherwise 

service-less rooftop into an ecosystem providing many services.  Compared to other 

vegetated SCMs, green roofs have been evaluated more thoroughly with regards to 

carbon sequestration, for which they have relatively low potential, and microclimate 

and air quality regulation, for which they possess a relatively high potential compared 

to other SCMs.  Green roofs have been shown support insect communities similar to 

those in adjacent, ground-level habitats, as well as rare species of insects and spiders.  

Design guidance aimed at promoting biodiversity on green roofs has been published 

(Brenneisen 2006) and includes the use of native substrates over artificial and 

variable substrate depths to support a more structurally diverse vegetative 

community.  Public interest in green roofs from Toronto to California, in addition to 

increased willingness to pay for properties overlooking green roof areas, reveals the 

value the public places on these systems as cultural amenities.  
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As evidenced by the literature, many of the services provided by vegetated SCMs hinge upon 

system biodiversity.  Therefore, design measures taken to enhance biodiversity are likely to 

promote the provision of other services, including water quality.  As designers, regulators 

and developers, it is important to recognize the suite of beneficial services that can be 

provided by vegetated SCMs, and the role that this suite of services should play in providing 

a more holistic evaluation of SCM performance.  As economic value begins to be assigned to 

the suite of ecosystem services, SCM selection may be transformed. 
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CHAPTER 3.   Organic Nitrogen Exports from Urban Stormwater Wetlands in North 
Carolina.   
 

(This chapter was accepted for publication in a revised format) 
 

Citation: Moore,T.L.C., Hunt, W.F., Burchell, M.R., and Hathaway, J.M.  2011.  Organic 
nitrogen exports from urban stormwater wetlands in North Carolina.  Ecological 
Engineering, 37(4): 589-594. 
 
3.1  Abstract 

 

Effluent organic nitrogen concentrations from seven constructed stormwater wetlands in 

North Carolina were examined to compare background organic nitrogen (ON) concentrations 

and the fraction of organic nitrogen relative to total nitrogen discharged.  Seasonal influences 

on organic nitrogen concentrations were also examined.  The median ON concentration from 

the stormwater wetlands was 0.78 mg l-1, and, despite differences in wetland design and 

influent ON characteristics, outlet ON concentrations from all but one wetland were not 

significantly different.  ON export from all stormwater wetlands was significantly less than 

untreated runoff entering the wetlands (p = 0.002).  In addition, median organic:total nitrogen 

(ON:TN) ratios from stormwater wetlands (0.75) were significantly greater than that from 

untreated urban runoff (0.66), comparing more closely to ON:TN ratios collected from a 

naturally occurring wetland and reported in the literature for natural landscapes.  Seasonal 

differences in organic nitrogen concentrations were identified with significantly lower 

concentrations during the winter.  Though stormwater wetlands will not (and perhaps should 

not be expected to) completely remove total nitrogen loads from runoff, these results suggest 

constructed wetlands can play a role in restoring the balance between organic and inorganic 

nitrogen forms closer to that of an undisturbed landscape.  The presence of background 

organic nitrogen concentrations from stormwater wetlands similar to those from a naturally-

occurring wetland highlights the importance of choosing appropriate metrics (e.g., effluent 

concentrations) when assessing treatment performance.    
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3.2   Introduction 

 

In response to concerns over surface water quality degradation and eutrophication due to 

urban development, a variety of best management practices (BMPs) have been employed to 

address stormwater runoff non-point source pollution.  Constructed treatment wetlands are 

one such BMP and are recognized for their ability to remove nitrogen and phosphorus from 

stormwater while providing an array of other important services (Knight, 1997; Mitsch and 

Gosselink 2007).  Relatively high levels of nitrogen removal have been documented for these 

systems (Beutel et al., 2009; Hathaway and Hunt, 2010; Kadlec and Wallace, 2009; Line et 

al., 2008; Spieles and Mitsch, 2000); however, rarely is nitrogen absent from treatment 

wetland effluents, particularly with regard to organic nitrogen forms.  For example, 

Hathaway and Hunt (2010) reported that while inorganic nitrogen forms were reduced to 

near zero concentrations by a series of three stormwater wetlands, effluent organic nitrogen 

persisted at a concentration of about 0.65 mg l-1.  Likewise, organic nitrogen comprised 

nearly 75% of the total dissolved nitrogen load exported from a stormwater wetland in 

Florida over a 12-day period (Johengen and LaRock, 1993).  Organic nitrogen also 

dominated total nitrogen exports from a wetland treating airport runoff in Sweden during the 

summer months, a significant portion of which was thought to originate from decomposing 

plants and microorganisms within the wetland (Thoren et al., 2004).    Naturally occurring 

wetlands are also known to act as net sources of organic nitrogen to receiving stream systems 

(Stepanauskas et al., 1999).  Pellerin et al. (2004) found that organic nitrogen concentrations 

in streams draining watersheds with wetlands were greater than forested watersheds without 

wetlands and were able to predict organic nitrogen concentrations based on the percent areal 

wetland coverage. 

 

Although once considered generally refractory, some organic nitrogen forms, such as urea 

and free amino acids, are now recognized for their potential to supply the nitrogen 

requirements of phytoplankton and bacteria in aquatic ecosystems (Berman and Bronk, 
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2003).  It has even been suggested that the relative ability of different algal taxa to directly or 

indirectly utilize organic nitrogen for growth can cause shifts in phytoplankton community 

structure (Berg et al., 2001).  Because organic nitrogen can play a dynamic role in the 

nutrient status of aquatic ecosystems, organic nitrogen exports from stormwater wetlands and 

other BMPs require attention when developing water quality management plans for urban 

areas.  However, the metrics chosen to evaluate the capacity of these systems to manage 

organic nitrogen delivered to downstream aquatic systems should be considered carefully; a 

growing body of literature recommends that performance metrics other than percent removal, 

the most common performance metric, should be employed (Clary et al., 2002; Jones et al., 

2008; Strecker et al., 2001).  This is particularly true if outlet organic nitrogen concentrations 

from stormwater wetlands are characterized by a background or irreducible concentration 

beyond which further reduction is limited (Jones et al., 2008), in which case effluent quality 

would provide a supplemental metric by which to assess performance (McNett et al., 2010; 

Strecker et al., 2001).  Kadlec and Wallace (2009) proposed a background organic nitrogen 

concentration of less than 1 mg l-1 for lightly loaded wastewater treatment wetlands up to 1.5 

– 2.0 mg l-1- for wetlands with loadings characteristic of secondary wastewater effluent.  

Although not specific to organic nitrogen, Schueler and Holland (2000) suggested irreducible 

concentrations of 1.2 mg l-1 for total Kjehldahl nitrogen (TKN) and 1.9 mg l-1 total nitrogen, 

for stormwater wetlands.     

      

Despite the potential importance of organic nitrogen to aquatic ecosystems, few reviews of 

organic nitrogen exports from stormwater treatment wetlands have been conducted. 

Comparisons between the effluent quality of constructed stormwater wetlands and naturally 

occurring wetlands, which are useful for evaluating stormwater wetland performance relative 

to their naturally occurring analogues and for identifying potential limits to pollutant removal 

by constructed systems, have also largely ignored organic nitrogen.  There is a need, then, to 

further characterize organic nitrogen losses from stormwater wetlands in order to identify 

probable effluent concentrations and recommend appropriate performance metrics for their 

evaluation.      
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In this paper, organic nitrogen (ON) data from constructed stormwater wetlands in North 

Carolina are presented for the purpose of 1) investigating whether irreducible ON 

concentrations exist for stormwater wetlands, 2) determining the proportion of ON relative to 

total nitrogen (TN) in stormwater wetland discharges, and 3) examining seasonal impacts on 

effluent ON concentrations.  To further explore the impact of stormwater wetlands on 

organic nitrogen concentrations within the context of an urbanized watershed, effluent ON 

concentrations and ON to TN ratios are compared to untreated influent concentrations.  

Though only available from one site, ON data collected from a naturally occurring wetland is 

also presented as a general reference. 

 

3.3  Materials and Methods 

 

3.3.1  Data selection 

Organic nitrogen (ON) monitoring data from seven stormwater wetlands located in North 

Carolina, USA were selected for this study (Figure 3.1).  Physical characteristics and 

monitoring dates of each stormwater wetland are summarized in Table 3.1.  The methods 

used to collect and analyze water samples, listed in Table 3.2, were similar among studies, 

thus improving the comparability of organic nitrogen measurements from the sites.  Flow-

paced water quality samples were collected from the inlets and outlets of all stormwater 

wetlands using ISCO automatic samplers such that ON event mean concentrations (EMCs) 

could be determined.  Nitrogen analytes from each site included total Kjehldahl nitrogen 

(TKN), ammoniacal nitrogen (TAN), and nitrite/nitrate nitrogen (NO2-NO3).  Outlet organic 

nitrogen concentrations were determined indirectly by subtracting the event mean TAN 

concentration from the TKN concentration reported for individual stormflow events.  ON 

data collected from a naturally occurring, non-riverine wetland with precipitation-driven 

hydrology was also analyzed to provide a cursory comparison with stormwater wetland ON 

exports.  While statistically valid conclusions cannot be made based on comparison with a 

single site, it is instructive to view ON exports from constructed stormwater wetlands with 
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those of a naturally occurring analogue.  The naturally occurring wetland was located in the 

headwaters of a forested watershed in the North Carolina Coastal Plain region as described 

by Evans et al. (2009).  Automated samplers were used to collect daily water quality samples 

at the outlet of the reference wetland over a three-year period (2003 to 2006).  These samples 

were composited on a weekly basis and analyzed for TKN, TAN, and NO2-NO3; outlet 

organic nitrogen concentrations were calculated by subtracting TAN from TKN.   

 
Figure 3.1.  Locations of stormwater wetland sites and naturally occurring reference 
wetland (REF) within the state of North Carolina.  Mountain, Piedmont, and Coastal 

Plain ecoregions are indicated by gray, light gray, and white shading, respectively. 
 

TN was determined by summing TKN and NO2-NO3 concentrations from inlet and outlet 

EMCs of stormwater wetlands and from composited weekly samples from the naturally- 

occurring wetland.  Then, the associated ON:TN ratio was calculated to determine the 

contribution of ON to TN in wetland discharges.    
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Table 3.1.  Physical characteristics of stormwater wetlands and their watersheds included in study. 

Wetland and watershed characteristics 

Wetland name Reference Area 
(ha) 

Curve 
number 

% 
Treatment 

areaa 

Rainfall 
storage 
(mm) 

Monitor-
ing period 

No. of 
storms 

Age 
(years) 

Edward’s Branch 
(EB) 

Hathaway et al., 
2007 0.20 83 2.4% 0 4/04 – 

12/05 16 4 

Bruns Elementary 
(BE) Johnson, 2007 0.13 85 2.0% 0 3/06 – 9/06 15 2 

Centennial Middle 
School (CMS) Line et al., 2008 0.20 73 2.1% 29 4/06 – 8/06 5 4 

UNCA Line et al., 2008 0.07 76 1.7% 20 4/06 – 8/06 11 4 
Centennial Campus 

(CC) Tucker, 2007 0.03 77 0.7% 5.2 3/07 – 6/07 13 1 

Riverbend (RB) Lenhart and Hunt, 
2011 0.14 54 0.3% 25 7/07 – 5/08 10 1 

Dye Branch (DB) Hathaway and Hunt, 
2010 0.33 88 2.4% 19 2/08 – 

10/08 14 2 
a % treatment area calculated as the wetland area divided by the area of its contributing watershed.   
 

Table 3.2.  Analytical methods used for determination of nitrogen species concentrations. 

Nitrogen species Preservation Holding 
time Analysis method 

TKN Ice to 4°C; H2SO4 to acidify to pH < 
2 

28 days EPA 351.11 

TAN Ice to 4°C; H2SO4 to acidify to pH < 
2 

28 days S.M. 4500 NH3 H 

NO2-NO3 
Ice to 4°C; H2SO4 to acidify to pH < 

2 
28 days S.M. 4500 NO3 F 

ON na na TKN – TAN 
TN na na TKN + NO2–NO3 
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3.3.2   Statistical analysis.   

All data sets were checked for normality using the Kolmogorov-Smirnov test.  Histograms 

and box plots were constructed to visually confirm the results of this test.  Most of the data 

sets failed to fit normal or log-normal distributions; therefore, the non-parametric Wilcoxon 

signed-rank test was used to test the significance of differences in ON concentrations and 

ON:TN ratios of stormwater wetland effluents after confirming the differences were 

symmetrically distributed.Seasonal effects on ON and the contribution of ON to total 

nitrogen export were also examined with pairwise comparisons based on Wilcoxon signed-

rank tests.  For the purposes of this study, seasons were represented by month as follows: 

December, January, and February for winter; March, April, and May for spring; June, July, 

and August for summer; September, October, and November for autumn.  Finally, the impact 

of stormwater wetlands on ON concentrations and ON:TN ratios of untreated runoff were 

also examined by applying the Wilcoxon signed-rank test to reported stormwater wetland 

inlet and outlet EMC ON data.  All analyses were performed in SAS (version 9.1.3, SAS 

Institute, Inc.).   

 

Inlet and outlet ON concentrations and ON:TN ratios were then compiled separately and 

analyzed to examine the effect of stormwater wetlands on the ON characteristics of untreated 

runoff. Implicit in lumping organic nitrogen data from multiple sites is the assumption that 

these wetlands form a representative population of stormwater wetlands.  As a check to the 

appropriateness of this assumption, median ON concentrations from each site were checked 

against the rest of the data set to ensure that they fell within a 95% confidence level on the 

estimate of the median.  Two outliers were identified within the wetland data sets but, given 

the wide variation in nutrient concentrations in stormwater and lacking information to 

suggest the measurements were in error, were left in the data set. 

 

Cumulative probability plots were constructed to compare ON concentrations from 

individual stormwater wetlands and for compiled stormwater outlet and inlet data.  These 

plots represent the entire spectrum over which ON concentrations were spread and indicate 

their likely probability distribution (Burton and Pitt, 2002). 

 



 

 65 

3. 4  Results and Discussion 

 

3.4.1  ON concentration 

Effluent and influent ON concentrations from seven stormwater wetlands (for a total of 84 

EMCs each) and one naturally occurring wetland (for a total of 139 weekly composited 

samples) were analyzed.  With the exception of one site, stormwater wetland outlet 

concentrations were generally similar with median concentrations ranging from 0.7 to 0.8 mg 

l-1 (Figure 3.2).  The consistency among stormwater wetland ON concentration distributions 

persisted despite differences in the physical characteristics of these wetlands and wide range 

in reported inlet ON EMCs. This was true even of the Riverbend (RB) site at which inlet ON 

concentrations were significantly lower than outlet concentrations (p = 0.05), demonstrating 

that a system with a net concentration increase may still operate within an expected range of 

effluent concentrations.  Although the treatment area ratio of the RB wetland was relatively 

low (0.3%), this wetland was still captured the runoff from up to 25 mm of rainfall due to the 

sandy characteristics of its coastal plain watershed.  In contrast to the rest of the stormwater 

wetland data set, the median outlet ON concentration from the Centennial Campus (CC) 

wetland was 1.6 mg l-1.  High outlet ON concentrations from this wetland may have been due 

to elevated inlet ON concentrations (1.7 mg l-1 median inlet concentration) in combination 

with a relatively small wetland surface to drainage area ratio (0.7%), or about half of the 

recommended ratio of 1.5% for watersheds with less than 50% impervious cover (Wossink 

and Hunt, 2003).  As a result, this undersized wetland was only able to capture runoff from 

about 5 mm of rainfall (Table 3.1) and likely had a much shorter hydraulic retention time 

(HRT) than that of an appropriately sized stormwater wetland. The relationship between 

outlet nutrient concentrations and wetland HRT have been established in the literature with 

outlet concentrations tending to more closely reflect inlet concentrations as the retention time 

decreases (Toet et al., 2005; Kadlec and Wallace, 2009; Garcia-Garcia et al., 2009).  

Furthermore, all of the data associated with the CC wetland were collected before vegetation 

was well established in the wetland, which may have reduced flow resistance and contributed 

to a shorter HRT. 
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Figure 3.2.  Cumulative probability plot of stormwater wetland outlet ON 

concentrations.  ON concentrations from the naturally occurring wetland (REF) are 
shown for comparison.  With the exception of the CC wetland, stormwater ON effluent 

concentrations were not significantly different. 
 

Figure 3.3 displays a plot of ON concentrations from compiled stormwater inlet and outlet 

data along with ON concentrations from the naturally occurring wetland.  Overall, median 

effluent ON concentrations were significantly less than inlet concentrations (p = 0.002; Table 

3.3).  The similarity between stormwater wetland ON concentrations and those from the 

naturally occurring wetland are also striking, though data from additional reference sites 

located in other ecoregions are needed to draw any conclusions regarding the significance of 

differences between ON exports from stormwater and naturally occurring wetlands. Still, the 

similarity between stormwater and reference wetland outlet ON concentrations suggests that 

a background ON should be expected in stormwater wetland effluents and that further ON 

removal by stormwater wetlands would likely be limited by internal ON production.  This 

result also highlights the need to consider threshold effluent concentrations as a more 

meaningful nitrogen treatment performance metric (Strecker et al. 2001, McNett et al. 2010) 

since the percent removal metric does not account for background organic nitrogen 

concentrations. 
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Figure 3.3.  Cumulative probability plots of compiled stormwater inlet (SWin;  

median = 1.09 mg l-1) and outlet (SWout; median = 0.78 mg l-1).  ON concentrations 
were significantly different (p = 0.002).  ON concentrations from the naturally 

occurring wetland (REF; median = 0.82 mg l-1) are shown for comparison. 
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Table 3.3.  Median and range of ON concentrations and ON:TN ratios from stormwater and reference wetlands by season.  
Significant differences (p<0.05) in seasonal median values are denoted by different subscripts for comparisons within (a or b) 

and between (1 or 2) outlet and inlet; insignificant differences among values are denoted by the same superscript.     
 ON, mg l-1  ON:TN 

Median Spring Summer Fall Winter Overall  Spring Summer Fall Winter Overall 
Outlet 0.86a,1 0.84a,1 0.70ab,1 0.66b,1 0.781  0.76a,1 0.78a,1 0.69b,1 0.75ab,1 0.751 

Inlet 1.4a,2 1.12a,2 0.82a,2 1.00a,2 1.082  0.70a,1 0.68a,2 0.54b,1 0.56b,2 0.662 

Range            
Outlet 0.41 – 

3.80 
0.17 – 
2.37 

0.33 – 
1.02 

0.40 – 
1.30 

0.17 – 
3.8 

 0.51 – 
0.91 

0.53 – 
0.98 

0.33 – 
0.87 

0.44 – 
0.88 

0.33  – 
0.98 

Inlet 0.37-
4.04 

0.36 – 
3.77 

0.47 – 
2.45 

0.36-
2.01 

0.36 – 
4.04 

 0.36-
0.88 

0.41-
0.87 

0.39-
0.85 

0.31-
0.84 

0.31 – 
0.88 

No. observations          
Outlet and 
Inlet 25 30 12 17 84  25 30 12 17 84 

 

 

 



 

 69 

Despite a limited capacity to consistently reduce outflow ON concentrations below 0.7        

mg l-1, ON concentrations in stormwater wetland effluents were significantly less than that in 

untreated urban runoff overall, indicating that stormwater wetlands may reduce overall ON 

exports from urbanized watersheds.  In terms of downstream water quality, the 

bioavailability of these exports is just as important as a concentration or mass of ON.   The 

literature suggests that the fraction of ON readily available for algal uptake depends upon the 

form of ON, which may be correlated with the source (Berman and Bronk, 2003; Seitzinger 

et al., 2002; Stepanauskas et al., 1999).  In an evaluation of the impact of land use on ON 

bioavailability, Seitzinger et al. (2002) found that a higher proportion of urban/suburban-

derived ON was bioavailable (59 + 11%) as compared to agricultural pastureland and forests 

(30 +14% and 23 +19%, respectively).  Further, Stepanauskas et al. (1999) reported that only 

2% to 16% of the bulk ON from a set of wetlands in south Sweden was bioavailable to 

freshwater and estuarine bacteria.  Thus, by potentially reducing the bioavailability of ON, 

stormwater wetlands treating urban and suburban runoff may have a greater impact on 

downstream food webs and water quality than ON and TN concentrations alone reveal.    

 

3.4.2  ON as fraction of TN 

Calculated ON:TN ratios of stormwater wetlands ranged from 0.33 to 0.98 with a median 

value of 0.75 (Figure 3.4; Table 3.3).  Bruns Elementary (BE) and Dye Branch (DB) were the 

only wetlands to deviate significantly, with median ON:TN ratios of 0.55 and 0.90, 

respectively.  The BE wetland was designed as a flow through wetland with no storage 

volume, and outlet ON:TN ratios generally reflected those of the inlet.  ON:TN ratios from 

the DB wetland were significantly higher than the rest of the stormwater wetland population, 

indicating that this wetland removed a substantial portion of inorganic nitrogen from 

inflowing runoff.  The relatively high treatment area ratio of this wetland (2.4%) and storage 

capacity (19 mm) likely resulted in a longer HRT, and thus treatment time for inorganic 

nitrogen removal.   
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Overall, the ON:TN ratio of stormwater wetland effluent (median = 0.75) was significantly 

greater than that of the untreated runoff entering stormwater wetlands (median = 0.66; p < 

0.0001).  ON:TN ratios of both treated and untreated urban runoff fell within a range similar 

to that reported by Pellerin et al. (2004), who documented dissolved ON:TN ratios of 0.32 to 

0.73 in streams draining moderately to heavily developed watersheds, with the highest ratios 

occurring in urban watersheds with wetlands. 

 
Figure 4. Probability plot of ON:TN ratios calculated for stormwater wetland effluent 

(SWout; median = 0.75) and influent (SWin; median = 0.66).  ON comprised a 
significantly greater proportion of the TN in wetland effluents (p = 0.0001).  ON:TN 
ratios (median = 0.85) from the naturally-occurring wetland (REF) are displayed for 

comparison. 
 

ON:TN ratios calculated for the naturally occurring wetland were generally greater than 

those from stormwater wetlands (median = 0.85; Figure 4.4).  Although more reference sites 

would be required to establish differences between ON:TN ratios from naturally occurring 

wetlands and those designed to treat urban runoff, these observations follow those of Haidary 

and Nakane (2009), who documented lower dissolved ON:TN ratios from wetlands draining 

urban watersheds relative to agricultural and forested landscapes.  Similarly, Stepanukas et 

al. (1999) and Pellerin et al. (2004, 2006) both documented declines in the ON:TN ratios of 

streams draining watersheds altered by agriculture and urbanization.  Elevated inorganic 
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nitrogen inputs from urban runoff to stormwater wetlands may limit the capacity of these 

systems to match ON:TN ratios of naturally-occurring wetlands.   Differences in ON:TN 

ratios between constructed and naturally occurring wetland systems could also arise from 

disparities in soil carbon stores, which accumulate over time in wetland soils and drive 

denitrification.  Indeed, effluent NO3 concentrations from the naturally occurring wetland 

included in this study were maintained near zero, suggesting that denitrification processes 

were at play (Burchell, unpublished data).  While soil organic carbon has been shown to 

increase in constructed stormwater wetlands with time (Anderson and Mitsch, 2006), 

constructed wetlands generally have smaller organic carbon pools than naturally occurring 

wetlands, even decades after construction (Bruland and Richardson, 2006; Craft et al., 2003). 

 

Organic nitrogen generally comprises a large proportion of the total nitrogen in aquatic 

systems (Pellerin, 2006) and declines in ON:TN ratios have been used to indicate departure 

from a natural, undisturbed landscape (Aitkenhead-Peterson et al., 2010).  Although ON:TN 

ratios from stormwater wetlands may not meet those of naturally occurring wetlands, the 

balance of ON to TN from these constructed systems may be more likely to support a 

“healthier” aquatic ecosystem than untreated runoff.    

 

3.4.3 Seasonal effects 

Seasonal effects on ON concentrations and ON:TN ratios are summarized in Table 3.3.  

Stormwater wetland ON concentrations were lowest in the winter; however, wintertime 

seasonal differences were only significant in comparison to spring and summer 

concentrations (p = 0.04).  Low temperatures during winter suppress primary productivity 

along with microbial processing of nitrogen and release of ON to the water column, which is 

likely to contribute to lower ON concentrations in wetland discharges (Kadlec and Wallace, 

2009).  Elevated ON concentrations during the spring and summer observed for the data 

herein have also been documented by others.  Thoren et al. (2004) reported ON 

concentrations were greatest in early spring during high flow events through senesced plants 

and noted that ON continued to dominate TN export through the summer.  Similarly, 
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Fleming-Singer and Horne (2006) reported peak ON export from a constructed marsh 

occurred during the mid-summer.  Still, the influence of hydraulic factors on ON export, 

particularly hydraulic retention time and loading rate, can also be pronounced (Garcia-Garcia 

et al.. 2009; Ghosh and Gopal , 2010; Kadlec, 2009; Toet et al., 2005).  Although individual 

site hydrology was not accounted for in the data presented here, it would likely help explain 

some of the variability observed in seasonal ON concentrations, particularly for undersized 

systems such as the CC wetland. 
 
Seasonal effects on the contribution of ON to TN were also detected (Table 3.3).  Overall, 

outlet median ON:TN ratios were highest in the summer, though only significantly so in 

comparison to autumn (p = 0.02).  Though greater in magnitude, a similar seasonal response 

was observed by Berman and Nishri and reviewed by Berman and Bronk (2003) in which 

ON:TN ratios in early spring were 0.66 compared to 0.92 in late summer.  This result is 

reasonable given denitrification is typically most effective during the warmer summer 

months, thus reducing outflow nitrate concentrations and increasing the ON:TN ratio (Beutel 

et al., 2009; Pardo et al., 1995; Stepanauskas et al. 1999).  Denitrification rates typically slow 

in winter, particularly as temperatures approach freezing, and elevated wintertime nitrate 

concentrations have been observed in wetland discharges (Burchell et al., 2007; Johengen 

and LaRock, 1993). Since NO3 was the dominant inorganic nitrogen form in stormwater 

wetland effluents (data not shown), similar temperature-related limitations to denitrification, 

combined with lower ON concentrations discussed previously, likely contributed to 

somewhat lower ON:TN ratios in the autumn and winter.  Inlet ON:TN ratios generally 

followed the same seasonal pattern.  

 

3.5  Conclusions 

 

1. Organic nitrogen plays an important role in aquatic ecosystems and limits to its 

removal by nitrogen-management systems such as stormwater wetlands should be 

considered for water quality planning purposes.  Ecologically healthy, target ON 
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effluent concentrations from these systems could be established for stormwater 

wetlands using naturally occurring wetlands as a reference.     

2. Concentrations of ON from six of seven stormwater wetlands were found to be 

statistically indistinguishable despite differences in wetland design and influent 

characteristics.  The similarity between stormwater outlet ON concentrations suggests 

that a background ON concentration should be expected in stormwater wetland 

effluents and that internal production likely limits further reductions in ON 

concentrations.  Median outlet concentrations consistently fell in the 0.7 to 0.8 mg l-1 

range, even when corresponding influent ON concentrations fell below this range, 

suggesting that this range represents an “irreducible” concentration for the types of 

wetland designs included in the data set. While unreasonable to expect stormwater 

wetlands to remove all types of nitrogen, the use of a target effluent concentration 

provides a useful performance metric. 

3. ON:TN ratios of stormwater wetland effluent were significantly greater than those of 

untreated urban runoff.  This suggests that in addition to their already known role in 

reducing total nitrogen concentrations entering aquatic systems from urban/suburban 

landscapes, stormwater wetlands may also play a role in reestablishing the balance 

between organic and inorganic nitrogen forms.   

4. Seasonal influences on both ON concentrations and ON:TN ratios of stormwater 

wetland exports were observed, with ON exports peaking during spring and summer.  

Such seasonal influences could be considered when developing target effluent 

concentrations and evaluating stormwater wetland and other stormwater treatment 

practice performance. 

5. The bioavailability of organic nitrogen exports should be examined so that the 

implications of ON export from stormwater wetlands for downstream water quality 

can be better understood.  While bioavailability data specific to stormwater wetlands 

is lacking, related work indicates that the bioavailability of ON derived from wetlands 

is typically lower than that from urban land uses.  Thus, stormwater wetlands may 
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have a more beneficial impact on downstream surface water quality than outlet ON 

concentrations alone reveal.   
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Chapter 4.  Ecosystem service provision by stormwater wetlands and ponds – a means 
for evaluation?   

 
(This chapter was accepted for publication in a revised format) 

 
Citation: Moore,T.L.C., Hunt, W.F. (accepted).  Ecosystem service provision by stormwater 
wetlands and poinds – a means for evaluation?  Water Research. 
 

4.1  Abstract 

 
Stormwater control measures (SCMs) such as constructed stormwater ponds and constructed 

stormwater wetlands (CSWs) are designed to regulate runoff hydrology and quality.  

However, these created ecosystems also provide a range of other benefits, or ecosystem 

services, which are often acknowledged but rarely quantified.  In this study, additional 

ecosystem services, including carbon sequestration, biodiversity, and cultural services, were 

assessed and compared between 20 ponds and 20 CSWs in North Carolina, USA.  Carbon 

sequestration was estimated through the carbon content of pond and wetland sediments 

across a gradient of system age.  Biodiversity was quantified in terms of the richness and 

Shannon diversity index of vegetative and aquatic macroinvertebrate communities.  Cultural 

services were qualitatively assessed based on the potential for recreational and educational 

opportunities at each site.  Ponds and wetlands were found to support similar levels of 

macroinvertebrate diversity, though differences community composition arose between the 

two habitat types.  CSWs demonstrated greater potential to provide carbon sequestration, 

vegetative diversity, and cultural ecosystem services.  This assessment provides an initial 

framework upon which future assessments of ecosystem service provision by SCMs can 

build.   
 

4.2  Introduction  

 

Constructed stormwater wetlands (CSWs) and wet ponds are both widely accepted practices 

used to regulate stormwater runoff hydrology and quality.  As ecosystems created within a 

larger urban ecosystem, both have the potential to provide other ecosystem services.  
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Ecosystem services are broadly defined as the benefits society obtains from ecosystems 

(Costanza et al., 1997; MEA, 2005).  As categorized by the Millennium Ecosystem 

Assessment (2005), these services include regulating services, such as pollution abatement 

and hydrology services for which SCMs are principally designed, provisioning services 

including that of food and water, supporting services such as nutrient cycling, and cultural 

services.  DeGroot (2006) includes biodiversity maintenance through habitat provision as an 

additional service, asserting that biodiversity services underpin the provision of many other 

services.          

 

The concept of ecosystem services has been utilized in environmental planning and 

management (DeGroot, 2006; Fisher et al., 2009) and is now being applied to ecological 

design of human dominated landscapes (Lovell and Johnston, 2009).  In the same vane, the 

ecosystem services concept can be extended to the design and management of stormwater 

infrastructure.   The performance of ponds, CSWs, and other SCMs is typically evaluated in 

terms of hydrology and pollutant removal, and it is upon these services that stormwater 

research typically, and understandably, focuses.  Such research has allowed for the 

development of economic analyses of stormwater treatment practices, for example, on the 

basis of cost per unit pollutant removed (e.g., Wossink and Hunt, 2003).  Though fewer in 

number, other studies have noted the provision of other services by ponds and CSWs.  For 

instance, constructed wetlands have been shown to contribute to local biodiversity (Fleming-

Singer and Horne, 2006; Greenway, 2010; Le Viol et al., 2009; Woodcock et al., 2010) while 

serving as cultural amenities (Jenkins and Greenway, 2007; Welker et al., 2011; Wu et al., 

2010).  Rates of carbon accumulation measured in the soils of other constructed wetlands 

suggest that these systems may provide sequestration benefits (Anderson and Mitsch, 2006; 

Euliss et al., 2006).  Still, there has not been a wide scale effort to assess such services in 

CSWs and ponds, nor to integrate the results of such an assessment in the decision making 

process by comparing the provision of these services between SCMs.  
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The objective of this work was to assess and compare a range of additional ecosystem 

services provided by stormwater ponds and CSWs.  This assessment focused upon 

biodiversity and cultural service provision – both of which were second only to flood control 

in a review of the general public’s value perceived services provided by constructed wetlands 

(Ghermandi et al., 2010) – and carbon sequestration – a timely topic given interest in 

regulating atmospheric carbon dioxide (CO2) but which is not well quantified for SCMs.  The 

following assessment framework is not, therefore, all inclusive, but is intended to serve as a 

first step toward integrating a broader consideration of the ecosystem services provided by 

SCMs to supplement traditional performance metrics and benefits analyses.   

  

4.3  Materials and Methods  

A total of 20 CSWs and 20 ponds were surveyed across the state of North Carolina, USA 

(Figure 4.1).  Following the definition adopted by the U.S. Environmental Protection Agency 

and incorporated into North Carolina’s design guidelines (NCDWQ, 2009), CSWs were 

differentiated from ponds on the basis of vegetation coverage and depth: at least 40% of the 

surface area in CSWs was comprised of emergent macrophytes while ponds were dominated 

by open water areas one meter or more in depth.  Of the ponds surveyed, 10 possessed a 

littoral shelf around the periphery of the open water area that was vegetated, either by design 

or through natural colonization, with emergent macrophytes.  Physical characteristics, 

including area, the ratio of the pond or CSW area to its contributing watershed (treatment 

area ratio), percent watershed imperviousness, shape, storage depth, and proximity to other 

surface waters, were obtained for each pond and CSW site (Table 4.1).  Site area, watershed 

area, and the percent total watershed imperviousness were determined from design 

documents.  Pond and CSW shape was quantified in terms of the isoperimetric coefficient, 

calculated as the ratio of the area of the site to the area of a circle with the same perimeter.  

The storage depth was measured as the distance between the orifice maintaining the 

permanent pool and the overflow structure.  Biodiversity and soil carbon surveys were 

conducted along a series of three transects established at each CSW and pond site.  The 

number of transects was selected based upon the desire to obtain a vegetation sample 
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representative of the site and were generally arranged along a gradient from the inlet to the 

outlet of each system (Richardson and Vymazal, 2001).  Following a visual survey of the 

site’s overall vegetation community, transects were established to intersect three distinct 

hydrologic zones (open water, shallow water, and temporary inundation zones as described 

by Hunt et al., 2007) and the major plant communities within these zones (Helgen and 

Gernes, 2001).  Cultural services were qualitatively assessed at the site level.     

Sampling methods and statistical analyses for each of the services assessed are discussed in 

the following sections.  All statistical analyses were performed in JMP 8 (SAS Institute, 

2009).     

 
Figure 4.1.  Location of CSW (closed circles) and pond (open circles) sites.  Inset includes area 
of Durham and Wake counties where 20 ponds and 7 CSWs were located.  The double-ringed 

circle represents a total of 6 CSW sites located in Charlotte, NC. 
 

 
Figure 4.2.  Example of transect establishment at CSW and pond sites.  Soil carbon sampling 
and vegetation surveys were conducted at each of three hydrologic zones (open water = OW; 

shallow water = SW; temporary inundation = TI) along each of the three transects.  
Macroinvertebrate sampling was conducted at each of the three SW areas.
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Table 4.1.  Wet pond and CSW characteristics. 

Site ID Age 
(yrs) 

Area 
(ha) 

% 
Treatment 

Areaa 

Shape 
Factorb 

% 
Impervious 

Area 

Distance to 
Surface 

Water (m) 

Storage Depth 
(m) 

Wet Ponds 
Art Museum 1 0.22 2.0 0.80 44 390 0.6 
Renaissance 1 2 0.39 2.7 0.82 80 200 0.9 
Renaissance 2 2 0.17 3.1 0.76 85 200 0.6 
Meredith  3 0.24 1.3 0.45 50 100 0.9 
NCSU 1 4 0.24 0.9 0.69 50 50 0.6 
NCSU 2 4 0.12 2.7 0.18 52 120 1.2 
Ritchie Drive 4 0.08 2.1 0.89 50 300 0.8 
Cary 1 4 0.95 0.9 0.61 68 350 0.3 
Huntington 5 0.09 1.8 0.62 32 150 0.5 
Chelsea 5 0.20 2.7 0.30 32 175 2.2 
Museum 6 0.05 2.0 0.32 54 600 0.5 
Cary 2 7 1.00 1.0 0.37 82 480 1.5 
Auburn 4 7 0.11 0.9 0.35 39 180 1.0 
I-85 7 0.31 2.4 0.47 90 690 0.6 
Durham 1 7 0.06 1.0 0.31 70 180 0.5 
Durham 2 7 0.08 0.9 0.54 80 180 0.5 
Auburn 1 9 0.16 2.4 0.75 64 150 0.6 
Auburn 2 9 0.14 4.8 0.56 65 85 1.5 
NCSU 3 9 0.05 0.7 0.54 70 120 0.6 
Cary 3 15 0.20 1.2 0.67 80 800 0.5 

Constructed Stormwater Wetlands 
Lenoir 1 1.21 2.5 0.19 74 5 0.2 
Fred Fletcher 1 0.35 1.4 0.54 58 20 1.3 
Edward Branch 1 0.24 2.8 0.62 45 15 0.6 
Newland 2 0.28 4.1 0.14 80 5 0.2 
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Table 4.1 (cont.)        

Site ID Age 
(yrs) 

Area 
(ha) 

% 
Treatment 

Areaa 

Shape 
Factorb 

% 
Impervious 

Area 

Distance to 
Surface 

Water (m) 

Storage Depth 
(m) 

Spring Branch 3 0.32 1.0 0.36 38 5 0.2 
LHS 4 0.08 0.6 0.89 38 10 0.3 
Capability 4 0.03 0.7 0.17 79 20 0.9 
Stones Throw 5 0.04 1.8 0.20 65 20 0.2 
Wellingford 5 0.08 1.0 0.59 48 15 0.9 
Chowan Co. 5 0.40 10.0 0.14 12 10 0.3 
Brandywine 5 0.10 1.3 0.08 52 20 1.5 
Hillside 5 0.18 0.8 0.11 40 20 2.1 
Mellow Drive 5 0.04 1.0 0.42 38 25 0.9 
North Creek 1 7 0.10 5.1 0.51 50 20 0.3 
North Creek 2 7 0.02 1.0 0.68 45 20 0.3 
Bruns  7 0.13 2.0 0.36 52 5 0.0 
CMS 7 0.20 2.5 0.75 32 150 0.5 
Hillandale 9 0.08 0.2 0.36 73 10 0.2 
SSSHS 9 0.09 0.7 0.49 71 30 0.2 
Edenton 13 0.22 2.1 0.31 68 1 0.1 

a(wetland area ÷ watershed area) × 100% 
bQuantified in terms of the isoperimetric quotient, or the ratio of the site area to the area of a circle with the same perimeter. 
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4.3.1  Carbon sequestration services   

The organic carbon content of pond and wetland sediments was determined to examine the 

relationship between soil organic carbon and the age of pond and CSW systems.  At each 

site, a total of nine soil samples was collected, one from each of three hydrologic zones along 

the three transects (Figure 2).  At each sampling point, the upper 100 mm of the sediment 

profile was collected using a 75-mm diameter soil corer.  This sampling depth was selected 

to target the relatively shallow depth over which changes in wetland soil carbon content were 

expected to occur (Bruland and Richardson, 2006) and is in line with other studies examining 

carbon accumulation in (nonstormwater) constructed wetlands (Anderson and Mitsch, 2006; 

Craft et al., 1988; Euliss et al., 2006).  A separate soil core was obtained at each sampling 

point using a 100-mm steel corer, which was oven-dried at 105°C for 48 hours and weighed 

to determine bulk density (Blake and Hartage, 1982).  The remaining soil cores were pooled 

by hydrologic zone were pooled and subsequently air dried, ground, and passed through a 2-

mm sieve.  Percent total carbon was determined by loss on ignition at 550°C with a Perkin-

Elmer PE 2400 CHN elemental analyzer.  Soils throughout this humid region are generally 

acidic and classified as noncalcareous; therefore, inorganic carbon contribution by calcium 

carbonates was presumed to be negligible such that total carbon was assumed equal to 

organic carbon (Buell and Markewich, 2004).  The absence of calcium carbonates in native 

soils was confirmed with NRCS soil surveys.  The areal carbon density (g C m-2) of each 

hydrologic zone was determined by multiplying the % C soil content by the mean bulk 

density of the respective zone and the depth of the soil sample (100 mm).  To examine 

potential rates of carbon accumulation in ponds and CSWs, areal carbon densities from each 

hydrologic zone were regressed with pond or CSW age.  Prior to linear regression analysis, 

all data sets were checked and log-transformed if necessary to ensure that normality 

assumptions were met (Shapiro-Wilk test p-value > 0.05).  In its application, this 

“substitution of space for time” method provides a convenient way to estimate carbon 

accumulation in the absence of longer term data sets, but its interpretation is limited by the 

lack of such supporting data, including inlet and outlet carbon flows and depositional patterns 

within each site.            
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4.3.2 Biodiversity services 

The contribution of CSWs and ponds to the biodiversity of the surrounding landscape was 

assessed in terms of vegetation and aquatic macroinvertebrates.  Vegetation diversity was 

assessed within a 0.5-m by 0.5-m quadrat placed at random within representative vegetation 

communities targeted by established transects in each hydrologic zone (Helgen and Gernes, 

2001).  The size of the quadrat was selected based on the types of vegetation present at the 

sites (grasses, sedges, and emergent macrophytes; Richardson and Vymazal, 2001).  The 

vegetation within each quadrat was identified and enumerated.  Any unknown species were 

collected and pressed for identification in the laboratory.  Species richness (number of 

different species) was determined for each zone along with diversity, which was quantified 

by the Shannon diversity index, H’ (Shannon and Weaver, 1949).  The relative surface cover 

of algae was noted, but algae was not identified or included in richness or diversity measures. 

    

Macroinvertebrates were collected by alternately jabbing a D-frame sweep net into shallow 

water sediments and sweeping upward through the water column over a distance of one 

meter (Batzer et al., 2001).  Four sweeps were conducted in the shallow water zone of each 

of three transects for a total of 12 sweeps per site (Figure 2).  Specimens from all sweeps 

were composited, live-sorted, and identified to the family level with the exception of 

oligochaetes, which were identified to order.  Macroinvertebrate richness, Shannon’s H’, and 

family presence/absence and relative abundance were determined for each site.  Observations 

of fish were also recorded.  In the actual site assessment, macroinvertebrate collection was 

conducted first to avoid disturbing macroinvertebrates during soil sampling and vegetation 

surveys.    

 

The distribution of vegetation and macroinvertebrate data sets was examined prior to 

analysis.  In the case of quantitative variables (richness, Shannon’s H’, and 

macroinvertebrate relative abundance), Student’s t-tests were used to test for differences 

between ponds and CSWs when data followed or could be transformed to follow normal 

distributions.  Vegetation richness, diversity, and macroinvertebrate relative abundance data, 
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however, followed nondescript distributions and were tested instead with the nonparametric 

Wilcoxon rank sum test.  Fisher’s exact test was used to test for differences in qualitative 

variables (family presence/absence data) between ponds and CSWs.  To understand these 

differences in light of the diversity of macroinvertebrate trophic structure, families were 

divided into one of four dominant functional feeding groups as described by Merritt and 

Cummins (1996): collectors, grazers, shredders, and predators.  Differences in the trophic 

composition of ponds and CSWs were tested using the Wilcoxon rank sum test.   

 

Biodiversity metrics were evaluated in relation to CSW and pond characteristics (Table 2) to 

examine the potential to promote biodiversity through design.  Due to the nonparametric 

nature of some data sets, the significance of such associations was determined with 

Spearman’s rho correlation.   

 

4.3.3 Cultural services 

A qualitative rubric was developed to assess recreation and educational cultural services 

based upon existing “rapid” assessments developed for application to naturally occurring 

wetlands (Ammann and Stone, 1991; MBWSR, 2010; NCDENR, 1995).  From these existing 

frameworks, common elements were identified as being of importance to cultural service 

provision.  For recreation services, these elements included public accessibility, physical 

accessibility, and recreation infrastructure, the presence of which has been documented to 

provide “cultural cues” to promote positive public perceptions (Nassauer, 2004).  An overall 

recreation service score ranging from 0 (poor service provision) to 4 (high service provision) 

was assigned based on the average of scores from the three subcategories outlined above and 

detailed in Appendix D.  Aspects identified in promoting educational benefits included 

proximity to schools or other educational centers, history of use for educational purposes, 

and the presence of educational infrastructure.  Education services were similarly scored 

based on the average of scores from these subcategories.  Differences in cultural service 

scores of ponds and CSWs were examined using the permutation-based Chi-squared test on 
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contingency tables constructed from the number of pond or wetland sites with mean 

recreation and education scores ranging from 0-1, 1-2, 2-3, and 3-4.     

    

4.4   Results and Discussion 

 

4.4.1  Carbon sequestration 

Overall, the soil carbon content in the upper 100 mm of CSWs was greater than that of ponds 

in all three hydrologic zones (p-value < 0.01 for all comparisons; Table 4.2).  The relative 

difference between pond and CSW soil carbon content is likely a reflection of local 

construction practices; whereas contracters are required to amend the nutrient depauperate 

subsoils into which CSWs are excavated with 50 mm of topsoil or other organic amendment 

(NCDWQ, 2009), this is not common practice for ponds.  According to NRCS soil surveys of 

CSW site areas, the carbon content of topsoil is expected to range from 0.6-1.7% while soils 

below 250 mm may contain less than 0.3% C.  Assuming 50 mm of topsoil was applied to 

vegetated zones of CSWs as recommended, the carbon content of the upper 100 mm would 

be expected to range from 800 to 1100 g C m-2.  As seen in Figure 4.3, this expected range is 

similar to the soil carbon density observed at the youngest CSW sites.  The expected carbon 

content over a 100 mm depth of area subsoils (200-500 g C m-2) is similar to the carbon 

density observed for the youngest pond sites (Figure 4.4).     

 

In addition to higher overall soil carbon content, carbon accumulation rates as predicted by 

system age were also greater in CSWs than ponds (Table 4.2).  The plot in Figure 4.3 

illustrates the variability in areal soil carbon densities in CSW SW zones, of which wetland 

age explained 30%.  While the assessment method presented herein provides an overall 

picture of the dynamic equilibrium between carbon inputs and decomposition, it does not 

provide insight as to the relative importance of carbon inputs from the watershed 

(allochthonous) versus that of biomass produced within the system (authochthonous).  Ponds 

with and without littoral vegetation were examined separately to provide a rough picture of 

the relative influence of extermal and internal carbon inputs on carbon accumulation (Figure 
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4.4).  The overall carbon density of vegetated SW ponds zones (median = 931 g C m-2) was 

significantly greater than that of nonvegetated ponds (median = 370 g C m-2; Wilcoxon rank 

sum p-value = 0.045).  Although not significant (p = 0.099), the predicted rate of soil carbon 

accumulation in vegetated zones of ponds (81.3 g C m-2 yr-1) was similar to that predicted in 

the SW zone of CSWs (84.4 g C m-2 yr-1); whereas, nonvegetated ponds showed no increase 

in soil carbon.    

 

Table 4.2.  Mean % C, mean areal C density (g C m-2), and rate of accumulation           
(g C m-2 yr-1) as predicted by linear regression with site age.  P-value associated with 

slope estimate given in parentheses.  OW = open water; SW = shallow water;  
TI = temporary inundation. 

 % C, soil Areal C density 
(g C m-2) 

Regression coefficients, C accumulation 
 (g C m-2 yr-1) 

 OW SW TI OW SW TI OW SW TI 
CSW 1.4 2.0 2.4 1043 1436 2219 160 (0.155) 84 (0.0402) 44 (0.60) 
Pond 0.49 0.62 1.26 460 428 1255 18 (0.43) -0.023 (0.680) -13 (0.882) 

 

 

 
Figure 4.3.  Areal carbon accumulation in the top 10 cm of shallow water sediments of 

CSWs.  Regression equation: Areal C density (g C m-2) = 1055.6 + 84.4*Age; r2 = 0.302; 
p = 0.040. 
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Figure 4.4.  Areal carbon accumulation in the top 100 mm of shallow water sediments 
in ponds with vegetated shelves (closed circles; n = 10).  Carbon density of unvegetated 

ponds shown for comparison (open circles) but not included in regression analysis.  
Regression equation: Areal C density (g C m-2) = 103 + 81.3*age; r2 = 0.58; p = 0.099 

 
 

Given the lack of carbon accumulation observed in non-vegetated pond systems, we 

speculate that autochthonous carbon sources drive carbon sequestration in pond and CSW 

systems.  The importance of autochthonous production versus influent carbon sources is 

further supported by the literature.  Craft et al., (1988) found that emergent vegetation was 

the primary soil carbon source through carbon and nitrogen isotope analysis in constructed 

coastal marshes.  Others have found that about 12-20% of the carbon stored in above- and 

below-ground macrophyte tissues is accreted in wetland soils and sediments (Craft et al., 

1999; Kadlec and Wallace, 2009).  The mean net primary productivity (including above and 

belowground biomass) measured by Lenhart (2008) for common macrophyte communities in 

CSWs in North Carolina was 540 g (dry) m-2.  Assuming a carbon content of 45% (Kadlec 

and Wallace, 2009), the annual contribution of macrophyte biomass to the soil carbon pool 

would be expected to range from 65 to 110 g C m-2, or over 75% of the predicted 

accumulation rate in CSWs and vegetated pond areas.  That the contribution of allochthonous 
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sources is likely small is supported by a summary stormwater pond and CSW monitoring 

studies by the International Stormwater BMP database (2011), in which total organic carbon 

concentrations either increased or did not significantly change from the inlet to outlet.  The 

lack of a relationship between soil carbon content and time in nonvegetated ponds suggests a 

similar “net zero” effect of allochthonous carbon sources.  However, more detailed field- or 

mesocosm-scale studies are needed to quantify carbon fluxes in these systems to confirm 

these speculations.     

      

Soil carbon accumulation rates predicted for SW zones of CSWs and vegetated ponds were 

in line with other estimates for other constructed wetlands with emergent vegetation.  Using a 

similar substitution of space for time approach, Euliss et al. (2006) predicted annual rates of 

carbon accumulation for restored prairie pothole wetlands, which ranged in age from 1 to 14 

years old, in the Midwestern U.S. to be 305 g C m-2 yr-1.  Anderson and Mitsch (2006) 

reported an average organic carbon accumulation rate of 152 to 166 g C m-2 yr-1 over a 10-

year period for two constructed riverine wetlands in Ohio, U.S.  Soil organic carbon 

accumulation in four created estuarine marshes in North Carolina (aged 1 to 15 years) was 

estimated to proceed at a rate 80 g C m-2 yr-1 (Craft 1997).  Observed rates of carbon 

accumulation in CSW soils compare favorably to other lands uses.  Highly managed turf 

grasses have been shown to sequester carbon at a rate of 90 g C m-2 (Qian and Follett, 2002) 

while the soils of grasslands and forests reestablished on formerly cultivated lands have been 

found to accumulate 70-80 g C m-2 yr-1 (Riedell et al., 2010).   

 

Unlike the results of this study, others have documented substantial rates of carbon 

accumulation and burial in ponds.  Downing et al. (2008) estimated that carbon burial rates in 

small agricultural ponds could exceed 10,000 g m-2 yr-1.   Allochthonous carbon 

accumulation in these systems was attributed to high rates of sedimentation, which ranged 

from 6 to 390 kg m-2 yr-1.  Although not measured directly in the present study, 

sedimentation rates in a built-out, urban environment are typically lower, and have been 

reported to range from 0.1 to 13 kg m-2 yr-1 in urban stormwater ponds and CSWs (Graney 
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and Eriksen, 2004; Pontier et al., 2004; Walker, 2001).  Sedimentation rates in the ponds 

surveyed herein were likely low since the clay lining of the original pond surface was 

reached within the top 100 mm of soil samples.  The difference between carbon 

accumulation in ponds in high sediment environments and the stormwater ponds surveyed 

herein serves to highlight the importance of vegetation in promoting carbon sequestration in 

urban water bodies.      

 

Though statistically insignificant, rates of soil carbon accumulation in CSW and pond 

sediments were greatest in OW regions.  This result likely reflects the focusing of both 

allochthonous and authochthonous carbon sources within these depositional zones.  

Anderson and Mitsch (2006) observed greater organic carbon density and accumulation rates 

in the deeper, open water regions of two constructed wetlands compared to shallow zones 

with emergent vegetation.  These open water regions also sustained the highest sedimentation 

rates.  By the present assessment, the carbon density of OW and SW sediments were not 

significantly different in either ponds or CSWs (Tukey’s HSD p-value = 0.98).  Given the 

suspected influence of deposition on carbon accumulation in OW regions, the lack of a 

difference in carbon content of SW and OW regions points to an additional limit of the 

presented assessment method in detecting site level trends in organic carbon distribution.  

While the method indicated differences in accumulation patterns between vegetated and 

nonvegetated sites, it is too coarse to detect the spatial distribution of carbon within a site.  

More intense sampling designs could be developed to elucidate the effects of OW depth or 

other hydrodynamic factors on carbon accumulation in these systems.     

 

Pataki et al. (2011) emphasized the need to consider potential ecosystem “disservices” when 

considering a complete ecosystem service framework, which, in the case of greenhouse gas 

regulation, includes the potential for methane (CH4) and nitrous oxide (N2O) emissions from 

CSWs and ponds.  Although not measured in this study, others have reported CH4 emissions 

from constructed wetlands ranging from about 10-40 g m-2 yr-1 (Altor and Mitsch, 2006; 

Thiere et al., 2010), although rates may increase with wetland age (Nahlik and Mitsch, 2010).  
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Accounting for the 25-times greater greenhouse warming potential of CH4 over CO2 (IPCC, 

2007), CH4 emissions from stormwater wetlands and ponds may completely offset carbon 

sequestration in soils.  However, the uncertainty associated with such estimates is large 

(Altor and Mitsch, 2006) as methane emissions vary widely as a function of temperature 

(Theire et al., 2010), vegetation type and density (Landry et al., 2008), and hydrologic regime 

(Altor and Mitsch, 2006).  Though its contribution to overall greenhouse warming potential 

of wastewater treatment wetlands was found to be low (< 15%; Landry et al., 2009), N2O 

emissions from CSWs and ponds have not been well studied and warrant further exploration 

given the relative importance of N2O as a greenhouse gas.  Work is also needed to quantify 

CH4 fluxes in CSWs and ponds to better understand the net impact of greenhouse gas 

sequestration and emissions from shallow aquatic systems with intermittent hydraulic and 

pollutant loads.       

 

 4.4.1.1 Design implications for carbon sequestration services.  The carbon sequestration 

assessment of CSWs and ponds suggests that emergent vegetation is a significant source to 

the soil carbon pool (compared to allochthonous sources) and a critical component of carbon 

sequestration in these systems.  Sequestration rates in natural, densely vegetated wetlands 

may be even greater than those observed herein; Craft et al. (1999) documented accumulation 

rates of 90 to 160 g C m-2 for Spartina alterniflora marshes in coastal North Carolina.  

Establishing dense vegetation in CSWs and littoral areas of ponds, then, is paramount to 

promoting carbon accrual.  From an engineering standpoint, ensuring that water levels are 

shallow enough to support emergent macrophytes is crucial, a goal which can be attained 

with the inclusion of adjustable outlet structures, appropriate construction oversight, and 

ongoing maintenance (Hunt et al., 2011).      

 

4.4.2  Biodiversity   

4.4.2.1   Vegetation diversity.  Over 50 species of vegetation were observed in stormwater 

ponds and wetlands (Table 4.3).  CSWs supported the overall richness and diversity in 

shallow water regions as well as open water areas, which were shallow enough in some 
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wetland systems to support floating rooted macrophytes such as water lily (Nymphaea 

odorata) and spatterdock (Nuphar lutea).  Both SCMs supported comparable vegetative 

richness and diversity in temporary inundation zones, to which a greater range of plants are 

adapted to live.  Table 4.4 lists those species that are especially adapted to life in saturated 

soils and are thus likely to present a unique contribution to biodiversity in urban landscapes.  

The frequency of occurrence of 12 of these species was significantly greater in CSWs than 

ponds.  The only wetland plant that was more likely to occur in ponds was L. hexapetala, 

which is considered an exotic invasive species in North Carolina.  When considered 

separately, vegetation diversity in ponds with vegetated littoral areas (median Shannon 

diversity index = 0.65) was still significantly less than that of wetlands (p = 0.015).  

However, such differences may be less pronounced in littoral areas that are intentionally 

planted; in the present study, there was no difference between Shannon’s H’ of planted 

wetlands (all 20) and ponds (3 of 10 with planted vegetated shelves; p = 0.46).  However, 

Shannon’s H’ in the SW zone of planted ponds was greater than that of the seven naturally 

colonized ponds (p = 0.048), which tended to be dominated by aggressive invasives.  

Similarly, Anderson and Mitsch (2006) documented greater macrophyte diversity in a 

planted constructed wetland compared to one that colonized naturally.  Vegetation richness 

in CSWs was, however, less than that observed in naturally occurring wetlands in the North 

Carolina Piedmont (mean = 26; Baker et al., 2008), likely because there are fewer wetland 

plants that can tolerate the relatively extreme hydroperiod imposed by CSWs.       

Table 4.3.  Summary of vegetation diversity surveys in CSWs and ponds.  Comparisons 
of vegetation richness and Shannon diversity (H’) in open water (OW), shallow water 

(SW) and temporary inundation (TI) regions of ponds and CSWs carried out with 
Wilcoxon rank sum test (p-value reported). 

 Median richness Median Shannon’s H’ 
 Total species observed OW SW TI OW SW TI 

CSW 47 1 7 9 0.07 1.3 1.4 
Pond 38 0 3 6.5 0 0.5 1.06 

 p-value 0.004 0.0005 0.227 0.0003 0.0002 0.287 
 



 

 94 

Table 4.4.  Obligate and facultative wetland plants observed in CSWs and ponds.  
Differences in frequency of occurrence tested by Fishers Exact test (p-value given).  
Plants considered as exotic (E. crassipes, L. hesapetala, M. aquaticum) or native (T. 

latifolia) invasives in North Carolina are denoted by *. 
Proportion of  
sites present Species Common name 

Wetlands Ponds 

Fishers 
Exact p-val 

Cyperus globulosus Globe Sedge 0.41 0.22 0.180 
Cyperus retorsus Cylindric Sedge 0.32 0.17 0.230 
Eichhornia crassipes* Water hyacinth 0 0.06 0.450 
Eleocharis spp. Spike Rush 0.80 0.44 0.016 
Hydrocotyle spp Pennywort 0.45 0.11 0.020 
Iris versicolor Blue flag iris 0.23 0.17 0.340 
Juncus effusus Common rush 1.00 0.78 0.033 
Ludwigia hexapetala* Creeping primrose 0.05 0.33 0.024 
Myriophyllum aquaticum* Parrot Feather 0.14 0.11 0.598 
Numphar lutea Spatterdock 0.09 0 0.296 
Nymphaea odorata Water Lily 0.23 0.06 0.143 
Peltandra virginica Arrow Arum 0.50 0.06 0.002 
Polygonum hydropiper Smartweed 0.76 0.44 0.035 
Pontederia cordata Pickerel Weed 0.86 0.28   0.0002 
Sagittaria lancifolia Bull's Tongue 0.23 0 0.040 
Sagittaria latifolia Arrowhead 0.50 0   0.0003 
Saururus cernuus Lizard Tail 0.32 0 0.009 
Schoenoplectus     

tabernaemontani Softstem Bullrush 0.68 0.11 0.0003 

Scirpus americanus Square Sedge 0.41 0.28 0.298 
Sparganium sp. Burr Reed 0.36 0 0.004 
Typha latifolia* Cattail 0.55 0.50 0.512 

 

4.4.2.2   Aquatic macroinvertebrate diversity.  A total of 31 macroinvertebrate families  

representing 13 orders were collected from ponds and CSWs (Table 4.5).  Overall, both 

systems supported similarly diverse aquatic macroinvertebrate communities (Shannon’s H’ 

of 1.66 in CSWs and 1.97 in ponds), though mean macroinvertebrate richness of individual 

ponds (13 families) was significantly greater than in CSWs (10 families; p = 0.03).  As 

indicated by differences detected in both family presence/absence and relative abundance 

data (Table 4.5), macroinvertebrate community structure differed somewhat between the two 
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types of systems.  The free-swimming herbivores Hydrophilidae (water scavenger beetle), 

Baetidae (small minnow mayfly), and Corixidae (water boatman) were more likely to occur 

in ponds (p = 0.0204, 0.0193, and 0.0002, respectively).  Culicidae (mosquito) larvae were 

also observed more frequently in pond systems (p = 0.0719), a notable negative difference 

from a health and safety standpoint.   

 

When examined in light of trophic diversity, no significant differences were detected, 

although ponds tended to support a greater abundance of collectors (p = 0.091) while algal 

scrapers tended to comprise a larger proportion of the macroinvertebrate community in 

CSWs (p = 0.089).  When ponds with and without littoral shelves were differentiated, 

however, differences in the relative abundance of predators were detected (Figure 4.5).  

While similar to CSWs, predatory insect abundance was significantly higher in ponds with 

vegetated littoral areas than in ponds lacking emergent vegetation (Tukey’s HSD p-value = 

0.036).  This difference was largely due to a greater abundance of odonates (dragon and 

damselflies) in ponds with emergent macrophytes (32% median abundance) than in ponds 

maintained without emergent vegetation (17% median abundance; Wilcoxon rank sum p-

value = 0.0252).  The difference in odonate abundance observed here was specific to the 

Aeshnidae and Coenagrionidae families, both of which are known to insert their eggs into 

macrophyte tissues (Merritt and Cummins, 1996) and have been observed to favor ponds 

with littoral vegetation (Ackerman and Galloway, 2003).  CSWs and ponds with emergent 

vegetation also supported shredders, a functional feeding group which was lacking in ponds 

without vegetation, though the relative abundance of this group was small enough that the 

difference was not significant (p = 0.152).  Still, the presence of shredders in wetlands and 

vegetated ponds may reflect preference of these insects for emergent vegetation, both as a 

food source and, for some (e.g., Haliplidae) as a substrate for egg laying (Merritt and 

Cummins, 1996).      
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Table 4.5.  Macroinvertebrate families and proportion of wetland and wet pond sites in 
which they were collected (n = 20 CSWs; 20 ponds).  Fishers Exact test used to test for 

differences between pond and wetland macroinvertebrate family presence/absence; 
Wilcoxon rank sum test used to test between differences in relative abundance (data not 

shown).  p-values < 0.05 demarcated with **; p-values <0.1 indicated with *. 
Proportion sites 

present Class/Order Family Trophic 
level CSW Ponds 

Fishers 
Exact  
p-val 

Wilcoxon 
Rank Sum  

p-val 
Gastropoda Physidae Scraper 0.95 0.89 0.440 0.429 
 Planorbidae Scraper 0.23 0.11 0.750 0.482 
Hirudinea Hirundinidae Collector 0.33 0.50 0.910 0.410 
Coleoptera Dysticidae Predator 0.45 0.39 0.530 0.310 
 Haliplidae Shredder 0.59 0.39 0.133     0.012** 
 Hydraenidae Collector 0.23 0.28 0.742 0.900 
 Hydrophilidae Collector 0.23 0.61     0.020**     0.009** 
 Noteridae Predator 0.05 0.22 0.127 0.428 
Diptera Chaoboridae Predator 0.09 0.06 0.790 0.465 
 Chironomidae Collector 0.90 1.00 0.280     0.107 
 Culicidae Collector 0.36 0.67   0.072*     0.017** 
 Sciomyzidae Predator 0.00 0.06 0.440 0.900 
 Stratiomyidae Collector 0.00 0.39     0.002**     0.011** 
 Tipulidae Shredder 0.23 0.17 0.790 0.121 
Ephemoptera Baetidae Collector 0.32 0.67     0.019**     0.024** 
 Caenidae Collector 0.00 0.11 0.207 0.122 
Hemiptera Belostomatidae Predator 0.52 0.39 0.302 0.416 
 Corixidae Collector 0.05 0.50     0.002**     0.008** 
 Naucoridae Predator 0.14 0.06 0.559 0.500 
 Nepidae Predator 0.18 0.22 0.740 0.593 
 Notonectidae Predator 0.32 0.44 0.851 0.158 
 Veliidae Predator 0.82 0.67 0.302 0.545 
Lepidoptera Pyralidae Predator 0.14 0.33 0.153 0.208 
Odonata Aeshnidae Predator 0.24 0.39 0.914 0.821 
 Coenagrionidae Predator 0.91 1.00 0.283 0.284 
 Gomphida Predator 0.00 0.06 0.462 0.280 
 Libellulidae Predator 0.86 0.94 0.364 0.581 
Trichoptera Leptoceridae Collector 0.00 0.22     0.037**     0.025** 
Oligochaeta  Collector 0.95 0.83 0.250 0.950  
Turbellaria Planariidae Predator 0.00 0.17   0.089*     0.025** 
Pelecypoda Sphaeriidae Collector 0.27 0.00     0.017**     0.015** 
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Figure 4.5.  Comparison of relative abundance by functional feeding group in (a) 
CSWs, (b) ponds with littoral shelves, and (c) ponds without emergent vegetation. 

       

These results indicate the importance of emergent vegetation in attracting some insect 

families, particularly desirable odonates, to ponds and CSWs and provide support for 

incorporating vegetated littoral shelves in ponds to increase the likelihood of colonization by 

a more diverse assemblage of macroinvertebrates performing different trophic functions.  

The importance of such diversity has been established, both in contributing to the efficiency 

of nutrient cycling (Carlisle and Clements, 2005) and in controlling pest (esp. mosquito) 

populations (Greenway et al., 2003).  Extremes in hydroperiod and water quality may limit 

macroinvertebrate richness in stormwater facilities; similar to vegetation, mean 

macroinvertebrate family richness reported for a set of naturally occurring wetlands (mean = 

21; Baker et al., 2008) is greater than that observed herein. 

 

4.4.2.3   Design implications for biodiversity.  In ponds, the only design variable that 

significantly influenced biodiversity services was the inclusion of a littoral shelf (Table 4.6).  

The presence of emergent macrophytes affected pond trophic structure, supporting a greater 

abundance of predatory odonates.  Though the frequency of mosquito occurrence in ponds 

with and without littoral shelves was no different, others have suggested that pupation and 

eventual emergence of mosquito adults will be less successful in ponds and wetlands with a 

diverse predator population (Greenway, 2010).  Vegetative biodiversity may be enhanced by 

planting littoral areas as opposed to relying upon natural colonization.  
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Table 4.6.  Spearman’s ρ coefficients for macroinvertebrate diversity/community metrics and wet pond/wetland 
characteristics.   P-values < 0.05 demarcated by **; p-values < 0.1 indicated by *. 

 Spearman’s ρ Biodiversity metrics and community composition 
 Pond 

characteristics Richness Shannon's 
H 

% 
Noninsects 

% 
Coleoptera 

% 
Diptera 

% 
Hemiptera 

% 
Odonata 

% 
Ephemoptera 

Age -0.281 -0.143 0.084 -0.198 0.181 0.058 0.184 -0.064 
Storage depth -0.295 -0.133 -0.128 0.231 -0.303 0.151 -0.212 -0.262 

Shapea 0.377 0.376 0.282 0.051 0.265 -0.024 0.073 -0.103 
Area   -0.034 -0.215 0.160 -0.203 -0.142 0.076 -0.174 0.145 

Treatment ratio 0.007 -0.064 -0.346 0.025 -0.095 0.195 0.129 0.071 
% Impervious 0.198 0.118 -0.335 -0.202 0.073 0.165 0.272 0.314 

Distance to surface 
water 0.183 0.150 0.161 -0.2346 -0.157 -0.040 0.134 0.076 

Plant diversity -0.075 0.053      -0.437 0.2913 0.134 0.126 0.178 -0.042 
Littoral Shelfb 0.530 0.131 0.197 0.1812 0.790 0.722   0.041** 0.526 

Wetland 
characteristics Richness Shannon's 

H’ 
% 

Noninsects 
% 

Coleoptera 
% 

Diptera 
% 

Hemiptera 
% 

Odonata 
% 

Ephemoptera 
Age -0.173 -0.081 -0.034 -0.184 0.305 0.088 -0.106 -0.222 

Storage depth -0.233 0.250 0.266 0.095 -0.070 -0.633** -0.232 -0.036 
Shapea  0.450**   0.514**   -0.579** 0.580** 0.165 0.590**   0.666**      0.689** 
Area 0.250 -0.233 0.266 0.095 -0.070 -0.633** -0.232 -0.036 

Treatment ratio -0.160 0.078 -0.085 -0.256 0.342 0.005 -0.209 -0.240 
% Impervious -0.426* -0.269    0.488** -0.344 -0.368 -0.279 -0.254 -0.341 

Distance to surface 
water 0.085 -0.009 -0.101 0.175 0.081 0.143 0.111 0.111 

Plant diversity -0.344 -0.374 0.205 -0.192 -0.271 -0.092 -0.027 -0.373 
aShape measured in terms of the isoperimectric quotient, a measure of compactness.  Small isoperimetric quotients correspond to 
narrow, compact shapes (linear) while large values correspond to open shapes approaching that of a circle.   
bValues given are Wilcoxon rank sum p-values for comparisons between ponds with and without vegetated littoral shelves.
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4.4.3   Cultural services  

4.4.3.1  Recreation services.  As indicated by the results of the recreation survey (Figure 

4.6), CSWs were utilized for recreational services to a greater extent than were ponds (chi-

square = 10.5; p-value = 0.0331).  In general, CSWs were more frequently located on land 

with open public access than ponds (chi-square p-value = 0.002), which contributed to their 

higher overall recreation scores.  Of the CSWs surveyed, the majority were located at public 

parks (n = 7) and schools (n = 8).  Ponds were more often located in private developments, 

such as residential subdivisions (n = 6) and commercial areas (n = 7).  This difference in 

public access may reflect preferential selection of ponds for stormwater management in 

private developments due to their smaller footprint relative to shallower CSWs.  Wetlands 

also tended to be more visible and easily accessible to potential recreational users than ponds 

(chi-square p-value = 0.02).  Although some of the ponds were intentionally designed as a 

recreational amenity, about half were located on outparcels that few users would be likely to 

access.  Fifty-five percent of surveyed CSWs had recreational infrastructure, such as walking 

trails, boardwalks, and wildlife viewing areas compared to 25% of ponds.  

 

 
Figure 4.6.  Recreational service scores for stormwater wetlands and ponds.  Scores 

were based on qualitative rubric based upon legal accessibility, physical ease of 
accessibility, and the presence of recreational infrastructure. 
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4.4.3.2  Education services.  The results of the education services survey are displayed in 

Figure 4.7.  CSWs scored higher overall for educational service provision (chi-square = 23.3; 

p = 0.0001).  As noted previously, seven of the surveyed wetlands were located at public 

schools, and some had been integrated as part of the school’s science curriculum (e.g., 

Lougher 2004).  An additional 11 CSWs had a history of use for educational purposes, and 

over half (n = 13) possessed educational signage describing the CSW’s role in providing 

ecosystem services.  In contrast, only six of the surveyed ponds had a known history of use 

for educational purposes, and only one possessed any sort of educational infrastructure to 

inform visitors about the pond ecosystem or the beneficial services it was providing. Perhaps 

the relative novelty of CSW’s vis-à-vis ponds partly explains the inclusion of education 

signage. 

 
Figure 4.7. Education service scores for stormwater wetlands and ponds.  Scores were 
derived from qualitative rubric based upon proximity to schools, history of monitoring 
or use for other educational purposes, and the presence of educational infrastructure. 

 

 

4.4.3.3  Design implications for cultural services.  The results of the recreation and 

educational service surveys reflect how a sample population of stormwater wetlands and 

ponds in North Carolina are currently providing these benefits.  While these results indicated 
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cultural services equally well (Greenway 2010; Serrano and DeLorenzo 2008).  Recreation 

opportunities may be commensurate with pond or CSW area; of the 13 (of 20 total) CSWs 

with recreational infrastructure, 10 fell within the upper 50th percentile in terms of wetland 

area.  This would certainly be the case for activities such as boating and fishing, which were 

not observed in the present study but have been documented (e.g., Serrano and DeLorenzo 

2008).  Regardless of size, public use of both recreational infrastructure and interpretative 

signs was observed during site assessments when such infrastructure was present.  

Integrating stormwater ponds and wetlands with other open spaces may enhance cultural 

service provision by urban landscapes.  For example, respondents to a stated choice model 

administered by Schroeder and Louviere (1999) revealed strong preferences to recreate in 

areas with water features in addition to a mixture of trees, mowed grass and cultural 

infrastructure such as picnic areas and trails.  Regardless of landscape type, perception of 

public safety, which is typically lower in areas with limited lines of sight due to dense tree or 

understory cover (Gobster and Westphal, 2004) is likely to influence the utilization of urban 

spaces for cultural services.  Due to such safety perceptions, open grassed areas may be 

preferred for cultural activities, followed by water features (such as ponds and CSWs), and, 

lastly, urban forest (Schroeder and Anderson, 1984).         

   

4.5   Conclusions 

o Supplementing traditional hydrologic and chemical evaluations of stormwater 

ponds, CSWs, or other SCMs with measures of ecosystem services such as carbon 

sequestration, biodiversity, and cultural services is needed to provide a more 

holistic evaluation of the benefits these systems provide.  An initial framework 

was presented herein for assessing these services.     

o Through the carbon sequestration assessment, emergent vegetation was identified 

as being a crucial contributor to carbon accumulation in pond and CSW soils.  

Though CSWs supported higher rates of soil carbon accumulation overall, ponds 

with vegetated littoral areas may sustain similar rates.   More detailed source 

tracking of carbon sources would aid in the interpretation of the more superficial, 
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substitution of space for time method presented.  Future work is needed to 

quantify methane emissions from stormwater ponds and CSWs to better estimate 

net carbon sequestration services.    

o Though CSWs supported greater vegetative diversity, aquatic macroinvertebrate 

diversity was similar in both systems.  Macroinvertebrate community structure 

was influenced by habitat as CSWs and ponds with vegetated shelves supported a 

greater proportion of predatory insects, the relative abundance of which may have 

contributed to a lower frequency of mosquito larvae occurrence in CSWs.   

o Both ponds and CSWs can be integrated into the urban landscape to provide 

cultural amenities; however, CSWs tended to be used/designed for such services 

to a greater extent than ponds.  Quantification of cultural services could be 

improved by adoption of survey-based assessment methods.   

o Though CSWs provided a greater range of ecosystem services than ponds, 

including a vegetated fringe in ponds may diminish the difference.   Neither SCM 

may completely “bridge the ecosystem service gap” to those provided by 

naturally-occurring wetlands. 
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Chapter 5.  Developing a Carbon Footprint of Urban Stormwater Infrastructure  
 
5.1  Abstract 
 
Concerns over global climate change have spurred interest in accounting for carbon 

emissions from human activities.  Most of this effort has focused on emissions from vehicles 

and energy use within buildings.  However, relatively little is known about how the urban 

landscape, and particularly stormwater management, contributes to the carbon footprint of 

urban areas.  The objective of this work was to present a method by which carbon emissions 

attributable to the construction and maintenance of stormwater control measures (SCMs) and 

conveyances could be predicted.  This method was then applied to present a comparison of 

the carbon footprint of eight common SCMs and three conveyance practices.  The carbon 

embodied in construction materials represented a prominent part of the carbon footprint for 

green roofs, permeable pavement, sand filters, rainwater harvesting systems, and reinforced 

concrete pipes while material transport and construction dominated that of bioretention 

systems, ponds, wetlands, level spreader-grassed filter strips and concrete-lined swales.  

Despite accounting for sequestration by vegetation in these systems, only stormwater 

wetlands and grassed swales were predicted to store more carbon than was released through 

construction and maintenance.   

 
5.2  Introduction 
 
Over 60 million hectares of land area in the United States is dedicated to urban and rural 

residential land uses, an area which has increased at a rate of about 0.8 million hectares per 

year (Lubowski et al., 2005).  Although urban and residential rural areas represent only 10% 

of the country’s total land area, these areas impose huge resource demands and waste 

production; Folke et al. (1997) estimate that the so-called ecological footprint of cities may 

be over 1,000 times larger than the area of the city itself.  Increasing awareness of the 

causality between carbon emissions and climate change has popularized another footprint 

measure – the carbon footprint.  Carbon footprint has been defined as the amount of carbon, 

either exclusively carbon dioxide (CO2) or of greenhouse gases expressed as CO2 
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equivalents, that is directly and indirectly emitted by an activity or through the life stages of a 

product (Wiedmann and Minx, 2008).  Increasingly, parties in the public and private sector 

are reporting carbon emissions from their facilities and vehicle fleets (Matthews et al., 2008), 

while the general public’s interest is evidenced by the proliferation of online carbon footprint 

calculators for households and small businesses.  In recognition of the large carbon footprint 

urban areas impose, new developments may be held accountable for increases in carbon 

emissions caused by development.  

 

Missing from many carbon accounting systems is an inclusion of urban landscaped area 

outside of buildings and vehicles.  Roughly half of urban and rural residential land areas is 

divided between urban trees (Nowak and Crane, 2002) and turf grass (Milesi et al., 2005).   

Within this matrix of urban open spaces are structural stormwater control measures (SCMs), 

the implementation of which has largely been driven by EPA NPDES Phase I and II 

regulations to manage peak flow, volume, and quality of urban runoff.  Though the potential 

for these areas to effectively offset carbon emissions from urban activities is small at best 

(Pataki et al., 2006), it can still be informative to evaluate their role as a carbon source or 

sink and how landscape management practices may influence this role.      

        

Due to their prominence in the urban landscape, the role of turfgrass and urban trees in 

carbon cycling has received increased attention.  Management practices such as irrigation 

and fertilization have been found to control rates of carbon accumulation in turfgrasses, 

largely overriding the influence of climate and parent geology (Golubiewski, 2006; Pouyat et 

al., 2009).  Carbon stocks in urban forests have also been investigated (Nowak and Crane, 

2002) as have carbon emissions associated with urban tree maintenance (Nowak et al., 2002).  

 

Although uncertainties still exist in estimating the carbon footprint of turf and trees in urban 

landscapes (Pataki et al., 2006; Pataki et al., 2011), much more is known about carbon pools 

in these systems relative to SCMs.  In addition to regulating hydrology and water quality of 

developed areas, SCMs also have the potential to store carbon within the urban landscape.  
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Perhaps the best studied in this regard are greenroofs, the carbon emissions and potential 

offsets of which have been examined in multiple regions (Muga, 2008; Myrans, 2009; Saiz et 

al., 2006).  Kirk (2006) has investigated life-cycle greenhouse gas emissions by a wet pond, 

gravel wetland, bioretention cell, and proprietary filtration system.  Similar estimates of the 

emissions associated with the construction of other SCMs, as well as the impact of ongoing 

maintenance emissions and carbon sequestration on the role of SCMs as a net carbon sink or 

source, are needed.   

 

The objective of this work was to present a framework by which net CO2 emissions (i.e., the 

carbon footprint) associated with vegetated and non-vegetated stormwater infrastructure 

could be predicted.  This method was then applied to a group of SCMs – including wet 

ponds, constructed stormwater wetlands (CSWs), bioretention cells, sand filters, level 

spreader-grassed filter strips (LS-VFS), permeable pavement, green roofs, and rainwater 

harvesting systems – and stormwater conveyance systems – including reinforced concrete 

pipe (RCP), concrete swales, and grassed swales – to produce a relative comparison on the 

basis of their carbon footprints.  This work is intended to provide a framework for selecting 

and managing SCMs from a carbon standpoint.   

 

5.3  Methods 

 

The carbon footprint associated with each SCM and conveyance type was conceptualized as 

four components: (1) embodied carbon, defined as the CO2 emissions associated with 

extraction and processing of the materials used in construction; (2) carbon emissions incurred 

during construction and (3) maintenance operations; and (4) sequestration of atmospheric 

CO2 in vegetation biomass and soils through photosynthesis (Figure 5.1).  The net carbon 

footprint was calculated as the summation of carbon emissions associated with each of these 

components (Eqn. 5.1).  

 

C footprint = Materials + Construction + (Maintenance – Sequestration) x time (Eqn. 5.1) 
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Maintenance emissions and carbon sequestration were considered on an annual basis and are 

thus multiplied by time (in years) in Equation 5.1 to calculate the net carbon footprint for a 

desired time period.   

 
Figure 5.1.  Conceptual model of SCM carbon footprint analysis.  Those components that 

increase the footprint are indicated with a “+”; sequestration, which offsets total CO2 emissions 
is indicated with a “-“.    

 
A summary of the procedures, data sources, and assumptions used to estimate embodied, 

construction, and maintenance emissions is presented in Tables 5.1 and 5.2.  Construction 

emissions included both transportation of construction materials and equipment to the site 

and emissions by construction equipment during operation.  The distance traveled in the 

construction phase will vary by material and site location; for the comparison between SCMs 

to be presented here, round trip travel distance was set to 100 km (62 mi) for all materials 

and equipment.  In the case of SCMs with major excavation requirements, it was assumed 

that 85% of excavated material could be retained on site with the remainder being hauled a 

distance of 50 km (31 miles).  Maintenance emissions included fossil fuel consumption 
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during the transport of maintenance materials and crews to the site as well as maintenance 

equipment operation.  Round trip travel distance was assumed to be 50 km for all 

maintenance-related travel.  All other assumptions regarding SCM maintenance are reported 

in Table 5.3.     

  

Rates of carbon sequestration in urban vegetated systems were based on literature reports.  

Organic carbon accumulation has not been quantified for the majority of SCMs; therefore, 

when rates specific to an SCM were not available they were estimated based upon rates 

reported for comparable ecosystems (Table 5.4).  With the exception of trees, which store 

carbon in aboveground biomass for long periods of time relative to grasses and emergent 

macrophytes, carbon sequestration in vegetated SCMs was estimated from published rates of 

soil carbon accumulation, which reflect the net result of carbon additions (from vegetation) 

and losses (through decomposition; Bruce et al., 1999).  Longer-term storage in woody 

biomass was modeled for bioretention systems, which are typically vegetated with trees or 

shrubs.  Assumptions regarding required tree maintenance and lifetime (40 years) followed 

those outlined by Nowak et al. (2002) for species typified by moderate growth rates such as 

Acer rubrum (red maple), a tree commonly specified for bioretention systems.  At the end of 

the trees’ expected lifetime, it was assumed they were removed and mulched.  Carbon 

emitted through decomposition of the hardwood mulch layer typically specified for 

bioretention cells was also included in computing the net carbon footprint of these systems.  

For calculation purposes, the mulch layer was assumed to be 5 cm thick (Hunt and White, 

2001) with a carbon content of 0.6 kg C kg-1 (Faucette et al., 2006).  Mulch decomposition 

was assumed to follow a logarithmic decay curve, with complete decomposition of the mulch 

layer occurring within 20 years (Nowak et al., 2002).  Sequestration rates for sand filters, 

permeable pavement, and concrete conveyances were assumed to be negligible.  Although 

ponds receiving high loads of allochthonous, sediment-born carbon may sustain high rates of 

carbon accumulation (Downing et al., 2008), accumulation rates in ponds in relatively low 

sediment yielding urban environments may only be significant in sediments of vegetated 

littoral areas (Moore and Hunt, in review).  Here, ponds and CSWs were assigned the same 
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sequestration rate; for ponds, however, this rate was only credited to those areas that could be 

vegetated.  Ponds were assumed to have a 10-ft wide constructed littoral shelf following the 

width requirement in North Carolina (NCDENR, 2009).  When provided in the literature, the 

time over which sequestration rates may be sustained was also accounted for.  Declines in 

carbon sequestration rates over time have been reported for turf grasses (30 years; Qian and 

Follett, 2002) and green roofs (2 years; Getter and Rowe, 2009), reflecting the finite nature of 

soil carbon accrual and eventual equilibrium between carbon inputs and decomposition.  

Although rates of carbon sequestration by well-managed turfgrasses may be similar in both 

arid and humid regions (Melisi et al., 2005; Pouyat et al., 2009), it should be noted that rates 

of primary production and subsequent decomposition in other, non-irrigated or fertilized 

vegetated systems are controlled by climate, rainfall pattern, soil type and moisture regime, 

and other ecoregion-specific factors.  The sequestration rates used in the present analysis are 

reflective of a temperate climate and may not be directly applicable to other climatic zones.      

 

Given the time-dependent nature of maintenance emissions and carbon sequestration, net 

carbon emissions (or sequestration) associated with a given SCM or other land cover type 

vary as a function of time.  For the sake of comparison between SCM types examined here, 

carbon emissions and sequestration were considered over a 30-year time period.  While 

routine maintenance activities (e.g., forebay cleanout) were considered over this period, 

carbon emissions associated with the eventual decommissioning of SCMs at the end of their 

lifetime were not.       
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Table 5.1.  Summary of data sources, assumptions and computation procedures used to 
estimate carbon emissions (embodied carbon of materials and construction/maintenance 

activities) and sequestration. 

C footprint 
component Computation inputs Data source 

C emissions (Cem) or 
sequestration (Cseq) 

computation, kg CO2-C 

Material quantity 
(weight or volume) 

NCDWQ BMP 
Design Guidance 

(2010) Materials 

Embodied C              
(kg C/unit material) 

NREL (2010); ICE 
(2011); Ecoinvent 

(2010) 

Cem = units material x 
embodied C unit-1  

Vehicle weight class 
and year 

Assumptions in 
Table 5.2 

Distance driven, round 
trip (km) 

100 km construct.; 
50 km mainten. 

Fuel econ. (L/100 km) MOBILE 6.3  
(USEPA, 2002) 

Construction and 
Maintenance 
activities: 
 On-road Vehicles 

Fuel carbon contenta USEPA, 2010 

Cem= distance x fuel 
economy x C content fuela x 

0.99 

    

Equipment type 
Assumptions in 

Table 5.2 

Operating hours 
Productivity 
estimatesd 

Equipment BSFC (kg 
fuel hr-1W-1), avg. 
power (W), and 
loading factor 

NONROAD 2008  
(USEPA, 2008) 

Fuel carbon fractionb USEPA, 2010 

Construction and 
Maintenance 
activities: 
 Off-road 
Equipment 

Fuel carbon fractionc USEPA, 2010 

Cem= BSFC x avg. power x 
loading factor x operating 

hours x fuel C fraction 

Sequestration Sequestration rate        
(kg C m-2 yr-1) 

Literature values 
(Table 4) 

Cseq = SCM area x annual 
sequestration rate 

afuel carbon content varies with fuel mix.  Typical values adopted from 40 CFR 600.113 for diesel (0.734 kg C 
L-1) and gasoline (0.640 kg C L-1) 
bBSFC = brake specific fuel consumption 
cfuel carbon fraction (kg C kg-1) obtained by dividing fuel carbon content (kg C L-1) by average fuel density of 
gasoline (0.74 kg L-1) or diesel (0.847 kg L-1) 
dbased upon construction productivity standards (SCIN, 1994) and personal communications with K.L. Bass 
and R.D. Brown. 
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Table 5.2.  Assumptions regarding on-road vehicle types used in landscape construction and 
maintenance activities.  Adapted from Kirk (2006). 

Activity Vehicle Description Vehicle Class Fuel Economy1 
(L/100 km) 

Equipment transport Semi tractor trailer Heavy duty diesel 
(HDV8B) 35.7 

Soil and aggregate transport 10 wheel (10 m3) 
dump truck 

Heavy duty diesel 
(HDV8A) 34.6 

Landscaping material 
transport 6 wheel flat bed truck Heavy duty diesel 

(HDV7) 30.9 

Piping material transport Semi tractor trailer Heavy duty diesel 
(HDV8B) 35.7 

Precast concrete material 
transport 10 wheel flat bed truck Heavy duty diesel 

(HDV7) 30.9 

Construction/maintenance 
crew transport Light duty pickup Light duty gasoline 

(Class 3/4) 13.8 

Ready mix concrete 
transport 

Concrete mixing truck 
(6.7 m3 capacity) NA 67.2 

Street sweeping Street sweeper NA 78.4 
1Fuel economy estimates obtained from EPA Mobile 6.3 model (USEPA, 2002) based on vehicle model year 
2000 for all but concrete mixing trucks and street sweepers, which are addressed separately by EPA (2010) to 
account for lower fuel economy realized by these vehicles.   

 
Table 5.3.  SCM maintenance tasks and frequency assumed for calculation of carbon footprint. 

SCM Maintenance task Frequency References 
Sand filter 
 

Routine inspection  
Sand removal and replacement 

4 times per year 
1 time every 4 years USEPA, 1999 

Wet pond and 
wetland 

Routine inspection 
Forebay cleanout 
Mowing banks 

12 times per year 
1 time every 7 years 
4 times per year 

Hunt and Lord, 
2006b 

Bioretention cell Routine inspection 
Mulch removal and 
replacement 
Pruning 
Mowing (for grass systems)  

12 times per year 
1 time every 3 years 
1 time per year 
10 times per year 

Hunt and Lord, 
2006a 

Level spreader-
vegetated filter 
strip 

Routine inspection 
Mowing 
Forebay/diversion box cleanout 

1 time per year 
4 times per year 
1 time per year 

Winston et al., 2010 

Green roof Routine inspection 2 times per year Berndtsson, 2010 
Permeable 
pavement 

Routine inspection 
Street sweeping 

4 times per year 
4 times per year Hunt, 2011 

Rainwater 
harvesting 

Routine inspection 
Pump replacement 

12 times per year 
1 time every 10 years 

Jones and Hunt, 
2008 
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Table 5.4.  Carbon sequestration values assigned to turf, trees, and SCMs and stormwater 
conveyances based upon literature values (range given in parentheses) of carbon accumulation 

rates in comparable ecosystems.   

Landscape type Sequestration rate 
(g C m-2 yr-1) References 

Urban forest 200 (120-260) Nowak and Crane, 2002 

Irrigated turfgrass 90 (75-110)a Milesi et al., 2005; Qian and Follett, 2002; Qian et 
al., 2010; Townsend Small and Czimczik, 2010  

Nonirrigated turfgrass 28 (5.5-52) Milesi et al., 2005; Qian et al., 2010 

SCMs Sequestration rate 
(g C m-2yr-1) Ecosystem/vegetation type References 

Bioretention cell 
     Tree  
     Mulch decomp. 

 
3.6t2 + 426t + 589b 

1.5ln(t) + 1.1 

 
Urban trees 
Hardwood mulch  

USDOE, 1998; 
Nowak et al., 2002. 
Nowak et al., 2002 

Grassed filter strip and 
swale 28 Non-irrigated turf grass  Milesi et al., 2005; 

Qian et al., 2010 

Green roof 190c Green roofs in MI, USA  Getter and Rowe, 
2009 

Wetland (herbaceous 
vegetation) and wet 
pond vegetated fringe 

125 (85-165) Constructed wetlands in Ohio 
and North Carolina, USA 

Anderson and 
Mitsch, 2006 
Moore and Hunt, 
submitted 

a irrigated turfgrass sequestration rate assumed to be sustained for 30 years, after which net sequestration 
assumed to be zero (Qian and Follett, 2002) 
b net sequestration per tree (rather than per meter) for species with moderate growth rate.  Recommended 
average planting density in bioretention systems is 1 tree per 13.3 m2 (144 ft2) (EPA, 1999) 
cgreen roof sequestration rate sustained for 2 years, after which net sequestration assumed to be 0 (Getter and 
Rowe, 2009) 
 

    
To directly compare their carbon footprint, the area of each SCM was standardized by 

designing to treat the first 25 mm of rainfall from a 100% impervious, 1-ha watershed.  Since 

permeable pavement and green roofs do not typically treat additional run-on, the areas of 

these SCMs were set to 1 ha.  The calculated surface area for each SCM is given in Table 

5.5, along with other design assumptions used to calculate material quantities and excavation 

requirements.  Similarly, stormwater conveyances were sized to convey a hypothetical 

discharge from a 1-ha impervious area.  The discharge associated with this event was 

estimated using the Rational method and a design intensity of 177 mm hr-1 (representative of 

a 10-year, 5-min storm intensity).  The cross-sectional area of each conveyance type was then 

calculated using the Manning equation with an assumed Manning’s roughness coefficient of 

0.015, 0.013, and 0.025 for the RCP, concrete-lined channel, and grassed swale, respectively.  
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For calculation purposes, conveyances were assumed to be 100 m in length.  Carbon 

footprint calculations for SCMs are reported in terms of kg C ha-1 treated and in kg C m-1 for 

stormwater conveyances.   
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Table 5.5.  Material quantities and associated embodied carbon values assumed for SCMs and stormwater conveyances.  All SCMs 
were sized to treat runoff from a 1-ha, highly impervious drainage area; stormwater conveyances were sized to transport the peak, 10-

year recurrence interval discharge from a 100% impervious, 1-ha drainage area and are assumed to be 100 m in length. 

SCM type Surface area 
(m2) Construction materials (quantity; embodied energy) 

Permeable 
pavement 10,000 Precast concrete pavers (1520 t; 0.03 kg C kg-1); Gravel (3930 t; 1.1 g C kg-1; Sand (2240 t; 0.8 g C 

kg-1); 150-mm PVC underdrains (1000 m; 0.84 kg C m-1)  

Green roof 10,000 
LPDE root barrier (4.6 t; 0.56 kg C kg-1); Polypropylene drainage layer (3.9 t) and filter fabric (1.1 t; 
1.2 kg C kg-1); 55% expanded slate (670 t; 0.01 kg C kg-1), 45% sand (770 t; 0.08 g C kg-1) substrate; 
Seedlings packaged in PET plastic trays (150,000 plants; 0.01 kg C plant-1)  

Bioretention 790 

Precast concrete outlet structure (1.5 t; 0.06 kg C kg-1) with steel reinforcement (16 kg; 0.5 kg C kg-1); 
cast iron grates (200 kg; 0.6 kg C kg-1); Gravel (320 t; 1.1 g C kg-1); 150-mm dia. PVC underdrains 
(120 m; 0.84 kg C m-1); Sand fill media (1275 t; 0.08 g C kg-1); hardwood mulch layer (40 m-3; 2 kg C 
m-3); Seedlings packaged in PET plastic trays (340 plants; 0.01 kg C plant-1)  

Wetland 790 
Precast concrete outlet structure (1.5 t; 0.06 kg C kg-1) with steel reinforcement (16 kg; 0.5 kg C kg-1); 
cast iron grates (200 kg; 0.6 kg C kg-1); Seedlings packaged in PET plastic trays (750 plants; 0.01 kg 
C plant-1)  

Wet pond 200 Precast concrete outlet structure (1.5 t; 0.06 kg C kg-1) with steel reinforcement (16 kg; 0.5 kg C kg-1); 
cast iron grates (200 kg; 0.6 kg C kg-1) 

Level spreader - 
grassed filter 

Strip 
90 

Precast concrete outlet structure (1.5 t; 0.06 kg C kg-1) with steel reinforcement (16 kg; 0.5 kg C kg-1); 
cast iron grates (200 kg; 0.6 kg C kg-1); Rip-rap forebay lining (830 kg; 0.01 kg C kg-1; Concrete level 
spreader (3.1 t; 0.03 kg C kg-1); Polypropylene filter fabric (0.7 kg; 1.2 kg C kg-1); Gravel (980 kg; 1.1 
g C kg -1) 

Sand filter 83 
Precast concrete chamber (112 t; 0.06 kg C kg-1) with steel reinforcement (75 kg; 0.5 kg C kg-1); 150-
mm dia. PVC underdrains (27 m; 0.84 kg C m-1); Gravel (30 t; 1.1 g C kg-1); Polypropylene filter 
fabric (8.7 kg; 1.2 kg C kg-1); Sand (79 t; 0.08 g C kg-1); Cast iron grates (15 t; 0.6 kg C kg-1) 

Rainwater 
harvesting 

system 
265 m3  7 x 38 m3 HDPE cistern tanks (800 kg; 0.7 kg C kg-1); 150-mm PVC pipe (100 m; 0.84 kg C m-1); 

Gravel (3.5 t; 1.1 g C kg-1); 600 W, 95 l/min pump (6.8 kg C unit-1) 

Conveyance 
type 

Cross sectional 
area (m2) Construction materials (quantity; embodied energy) 

RCP 0.2 0.5-m dia. precast reinforced concrete pipe (1000 m, 21 kg C m-1) 
Concrete 
channel 0.3 Concrete (150 m3; 81 kg C m-3) 

Grassed swale 0.5 Sod (2,700 m2; 0.47 kg C m-2) 
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5.4  Results and Discussion 
 
5.4.1  Structural SCMs 

The carbon embodied in materials and emitted during construction operations represents the 

initial carbon emissions incurred by each SCM type.  The majority of this initial footprint 

was comprised CO2 emissions from construction equipment for ponds and CSWs, both of 

which require relatively few material inputs (Figure 2).  For all other SCMs, CO2 emitted 

during material extraction and production (embodied carbon) and transport to the 

construction site dominated the initial carbon footprint.  Embodied carbon represented 99% 

of the initial carbon footprint of green roofs, the principal materials of which are the product 

of carbon intense processes.  For example, expanded aggregates (here, expanded slate) used 

for green roof substrate are produced under high temperatures and carry an embodied carbon 

of about 0.1 kg C kg-1.  Expanded aggregates comprised 88% of the total carbon embodied in 

green roof materials with the remainder contributed by more carbon intense (0.6-1.2 kg C kg-

1), though lesser in quantity, synthetic plastics in roof drainage layers.  Permeable pavement 

and sand filters were also characterized by a relatively high embodied carbon, primarily due 

to the large quantities of precast concrete materials used in the construction of these systems.  

 

Bioretention systems also required large quantities of imported materials, primarily sand 

(1275 t) and gravel (320 t), per hectare treated.  These materials, which require very little 

processing following extraction, have a relatively low embodied carbon (8.3x10-4 and 1.1x10-

3 kg C kg-1 for sand and gravel, respectively), but can be extremely costly to transport in 

terms of carbon emissions.  Accordingly, material transport accounted for about 50% (or 3 kg 

CO2-C m-2) of the BRC’s initial carbon footprint.  High transport emissions were also 

associated with sand filter (3.2 kg CO2-C m-2) and permeable pavement (1.2 kg CO2-C m-2) 

systems.  This result highlights the importance of transportation emissions for SCMs with 

large quantities of high-density materials, the transport of which is typically weight-limited 

such that multiple loads are required.  For the comparison presented here, it was assumed that 

all construction materials were transported a distance of 100 km from the point of production 

to the SCM construction site.  Though increasing the distance over which materials are 
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sourced would result in a proportional increase in transportation carbon emissions for any 

SCM, the magnitude of this increase would be greatest for bioretention, permeable pavement, 

and sand filter systems.   

 

Developers are often concerned with the total SCM area required to treat a given drainage 

area; thus, a comparison of SCM carbon footprints per unit treatment area is also informative.  

The values above the bars in Figure 5.2 report the embodied and construction carbon 

emissions for the total SCM area required to treat runoff from a 1-ha, 100% impervious 

drainage area.  Though greater on an areal basis, carbon emissions associated with the 

construction of LS-VFS and ponds was similar to wetlands for systems sized to treat 1 ha.  

Sand filters, which have a relatively small footprint relative to their drainage area (0.8%) 

have a more moderate footprint on a per hectare treated basis (17.5 t CO2-C ha-1) while the 

footprint of a 1-ha permeable pavement or green roof system (86 and 99.5 t CO2-C ha-1, 

respectively) is at least 4 times greater than all other SCMs
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Figure 5.2.  Initial carbon emissions, reported as kg CO2-C per m2 SCM area, incurred through 
production of materials (Embodied C) and construction for constructed stormwater wetlands 

(CSW), wet ponds (WP), level spreader-vegetated filter strips (LS-VFS), bioretention cells 
(BRC), permeable pavement (PP), green roofs (GR), rainwater harvesting systems (RWH), and 

sand filters (SF).  Note the break in the y-axis scale to accommodate SF. Total initial carbon 
footprint per hectare treated is given above bars (tonnes CO2-C ha-1 treated). 

 
 

 
Figure 5.3.  Effect of maintenance emissions (increase) and carbon sequestration (reduction) on 

carbon footprint of sand filters (SF), bioretention (BRC), rainwater harvesting (RWH), wet 
ponds (WP), level spreader-vegetated filter strips (LS-VFS), and constructed stormwater 

wetlands (CSW).     
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The initial carbon footprint associated with SCMs may change with time as a function of 

maintenance activities and sequestration by vegetation.  Figure 5.3 illustrates the net balance 

between maintenance carbon emissions and sequestration predicted for SCMs over time per 

unit treatment area.  Green roofs and permeable pavement are not shown; sequestration and 

maintenance emissions associated with these practices were insubstantial relative to 

embodied and construction carbon emissions such that the carbon footprint remained 

approximately constant with time.  With the exception of green roofs (8 kg C yr-1) and LS-

VFS (10 kg C yr-1) annualized maintenance emissions for SCMs were relatively similar, 

ranging from 52 kg C yr-1 (wetland) to 78 kg C yr-1 (sand filter).  The net carbon footprint 

increased at a rate equal to maintenance carbon emissions for permeable pavement, sand 

filters, and rainwater harvesting systems, carbon sequestration by which was assumed to be 

negligible.  Of SCMs with the potential to sequester carbon in vegetation, only wetlands were 

predicted to offset carbon emissions associated with materials, construction, and maintenance 

activities.  These results do not take into account indirect reductions in carbon emissions 

effected by SCMs.  For instance, green roofs may decrease building cooling demands by as 

much as 6% (Saiz et al., 2006); however, such carbon offsets likely pale in comparison to the 

quantity of carbon embodied in green roof systems (Myrans, 2009; Saiz et al., 2006).  

Rainwater harvesting systems, which were not credited with carbon sequestration, may offset 

carbon emissions embodied in irrigation water, particularly when potable municipal sources 

are used for irrigation.   

 

The nonlinear curve representing bioretention cell emissions in Figure 3 varied strongly with 

carbon sequestration by trees, the rate of which is predicted to increase with time (USDOE, 

1998; Tritton and Hornbeck, 1982).  The sharp increase in the carbon footprint at year 40 

represents carbon emitted through tree removal, disposal (mulching), and replanting.  While 

tree mortality may not occur in a singular event as modeled here, the point remains that 

above ground biomass does not constitute a permanent carbon sink since carbon stored here 

will be returned to the atmosphere through decomposition.  Here it was assumed that carbon 

stored in bioretention trees was released over a 20-year period following mulching (Nowak et 

al., 2002).  Other biomass management scenarios are possible to reduce carbon emissions; for 
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example disposal in a landfill or other anaerobic environment would limit decomposition 

(Nowak et al., 2002) while composting would transfer a portion of biomass carbon to the soil 

carbon pool.  Absent from this analysis is the contribution of woody biomass to organic 

carbon accumulation in bioretention media.  This is a property of bioretention systems that is 

not typically reported, nor is there a clear understanding of the effects of trees on the carbon 

stocks of underlying soils in forested ecosystems (Golubiewski, 2006; Pataki et al., 2009).   

 

Though the procedure outlined herein is a generalized predictive model, the results obtained 

compare favorably to site-specific carbon emission studies on SCMs.  The 30-year carbon 

footprint predicted for green roofs (9.2 kg C m-2) falls within the range of 6.6 to 12 kg C m-2 

reported in the literature (Chia, 2009; Getter and Rowe, 2009; Muga et al., 2008; Myran, 

2009).  The carbon footprint predicted for pond construction and 30-year maintenance (8.7 

kg C m-2) was extremely similar to that modeled by Kirk’s (2006) stormwater pond life cycle 

CO2 emissions based on site-specific construction details (8.7 kg C m-2).  Reported 

bioretention carbon emissions have ranged from 22 to 25 kg C m-2 (Andrew and Vesely, 

2008; Kirk, 2006).  Neither of these studies included carbon sequestration by bioretention 

vegetation, which, when omitted from the present analysis results in a 30-year carbon 

footprint of 21.5 kg C m-2.  Kirk (2006) also analyzed a pre-manufactured filtration device.  

Though the specifics of this system were not given, 30-year carbon emissions associated with 

this system (147 kg C m-2) are representative of the large footprint predicted for sand filters 

with precast concrete vaults herein (240 kg C m-2).   

    

5.4.2  Stormwater conveyances 

The initial carbon footprint (in kg CO2-C m-1) calculated for the three categories of 

stormwater conveyances are displayed in Figure 5.4.  Over the 50-year period examined, 

surface conveyance systems, particularly the grassed swale, were predicted to have a smaller 

carbon impact.   Grassed swales incurred minimal emissions through sod production (0.3 kg 

CO2-C m-1) and construction (0.4 kg CO2-C m-1) and, assuming they are not directly 

irrigated, were predicted to serve as a net carbon sink with time.  In comparison, concrete-

lined channels and reinforced pipe require substantial carbon inputs for material production.  
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Total construction emissions were also much higher for concrete conveyances, driven by 

carbon-intense trenching operations for RCP storm sewers and cement mix transport for the 

concrete-lined channel.   

 
Figure 5.4.  Initial footprint (embodied carbon of materials + construction emissions) for 

reinforced concrete storm sewers (RCP), concrete-lined channels (CLC), and grassed swales 
(GSW).  Dashed lines show predicted net carbon footprint over time as a function of 

maintenance emissions and carbon sequestration. 
 
 

Embodied energy and construction carbon emissions for RCP predicted herein were similar 

to that calculated by Herz and Lipkow (2002) in their life cycle analysis of concrete sewer 

mains.    While others have examined the hydrologic and water quality benefits of grassed 

swales relative to concrete-lined channels or pipes (e.g., Rushton, 2001), these results clearly 

illustrate an additional carbon benefit.        

 

5.4.3  Comparison to vegetated and impervious landscaped surfaces 

To put the carbon footprint associated with stormwater infrastructure into context, it is 

appropriate to compare with that of other maintained landcover types in the urban landscape.  

Relative to turf, urban forest, and impervious landscaped areas, SCMs represent a small 

fraction of the urban landscape, though the area for SCMs is typically carved out of the area 

dedicated to these other landscape types.  Table 5.6 presents a comparison of the areal carbon 

footprints calculated for SCMs with those of more prevalent landscape types.   
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Like SCMs, other urban landscape covers require maintenance that, in the case of turf and 

trees, may partially offset carbon sequestration benefits.  For example, water and nutrient 

subsidies are required to maintain turfgrass monocultures throughout most of the USA 

(Milesi et al., 2006). As indicated in the literature, these anthropogenic inputs enable 

turfgrasses in more arid regions of the country to sequester carbon at a rate similar to that in 

humid regions (Pouyat et al., 2009) and largely greater than non-irrigated grasses (Milesi et 

al., 2006).  However, these subsidies come with a carbon cost.  The net footprint presented 

for irrigated and non-irrigated turf grasses in Table 5.6 includes results from the literature as 

well as estimates described here based on the embodied carbon of irrigation and fertilizer 

inputs, estimates of fuel emissions from lawn mowing, and literature-based sequestration 

rates.  The energy required to extract, treat, and distribute drinking water varies widely 

depending upon the water source (e.g., ground or surface water), quality, treatment 

operations, distribution pumping requirements, and other site-specific factors (Arpke and 

Hutzler, 2006; GAO, 2011).  Accordingly, embodied carbon values for water range as low as 

18 g C m-3 (Arpke and Hutzler, 2006) to over 90 g C m-3 (Bakhshi, 2009; Stokes and 

Horvath, 2010).  Assuming an irrigation rate of 25 mm per week over a 26-week growing 

season (0.66 m3 m-2yr-1), carbon emissions attributable to irrigation could range from 10 to 

60 g CO2-C m-2 yr-1, or up 60% of the carbon accumulation rate documented for soils under 

well-managed turf grasses (Milesi et al., 2005; Qian and Follett, 2000; Qian et al., 2010).  

Though the embodied energy of nitrogen fertilizer (140 g CO2-C  kg-1; NREL, 2010) is much 

greater than that of water, its contribution to the carbon footprint of turfgrass is relatively 

small assuming typical application rates of up to 15 g N m-2yr-1 (Milesi et al., 2005).  Lawn 

mowing emissions were predicted to emit an additional 12 g CO2-C m-2yr-1 here, and have 

been estimated to contribute 6 to 30 g C m-2 yr-1 elsewhere (Melisi et al., 2005; Townsend-

Small and Czimczik, 2010).  Based on the median embodied carbon value for municipal 

water compiled from the literature for this study (85 kg C m-3), carbon emissions associated 

with maintaining irrigated turf for 30 years totaled to 2.3 kg CO2-C m-2, though, given the 

expected variation in embodied carbon values of water, this figure could to range from 0.8 to 

2.6 kg CO2-C m-2.  While urban turf and tree land covers are expected to act as net carbon 
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sinks, their ability to offset carbon sources in the landscape will depend upon on the relative 

area of paved surfaces and SCM type.   

 

Table 5.6.  Net carbon footprint (kg CO2-C m-2) for turf, urban forest, and SCMs over 30-year 
period. 

Landscape type Carbon 
emissions    

Carbon 
sequestration 

Net C 
footprint1 Source 

 (kg CO2-C m-2)  
Managed turf 2.1 2.6 -0.5 This study 

 2.6 3.3 -0.7 
Townsend-Small and Czimczik, 
2010 

 0.52 2.3 -1.8 Melisi et al., 2005 
Unmanaged turf 0.2 0.8 -0.5 This study 
 0.4 1.3 -0.9 Zirkle et al., 2011 
 0.03 0.15 -0.1 Melisi et al., 2005 
Urban forest na 6 -6 Nowak and Crane, 2002 
Asphalt and Concrete Pavements 7 - 115 Santero and Horvath, 2009 
Stormwater Control Measures 
Green roof 10 0.4 9.6  
Permeable pave. 9.1 0 9.1  
Sand filter 240 0 240  
Bioretention 21.5 12.6 8.9  
Wetland 2.9 4.8 -1.9  
LS-VFS 5.2 1.7 3.5  
Wet pond 11 3 8.1  
Rainwater 
harvesting 80 0 80  

1negative values indicate net carbon accumulation (CO2 sink) over 30-year period.   
2does not include embodied carbon of irrigation sources     
 
 
5.4.4  Greenhouse Warming Potential 

Here, carbon footprint calculations followed the definition of Weidmann and Minx (2008) 

and were limited to CO2 emissions.  Landscaped areas and SCMs are likely to emit other 

greenhouse gases, namely nitrous oxide (N2O) and methane (CH4), the greenhouse warming 

potentials of which are considered 298 and 25 times more powerful than CO2 (IPCC, 2007).  

Fertilized turf grasses have been found to emit 0.2 to 0.5 g N2O m-2 yr-1, or 50 to 140 CO2-

equivalents m-2 yr-1 (Bremer, 2006; Townsend-Small and Czimczik, 2010).  CH4 emissions 

may be particularly important components of stormwater pond and wetland carbon budgets.  

Though not specific to runoff-driven systems, CH4 emission rates of 10-40 g CH4 m-2 yr-1 

(250 to 1000 g CO2-equivalents m-2 yr-1) have been measured in constructed wetland systems 
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(Altor and Mitsch, 2006; Nahlik and Mitsch, 2009; Theire et al., 2006).  Compared to 

estimated rates of CO2 sequestration by these systems, emissions of other greenhouse gases 

may offset carbon sequestration, resulting in a net increase in greenhouse warming potential 

with time.  Further work is needed to improve estimates of greenhouse gas emissions specific 

to structural SCMs to expand this analysis to greenhouse warming potential.   

 

5.5  Conclusions 

 

Coupling stormwater management with the goal of minimizing the landscape carbon 

footprint will require intentionality in SCM selection.  Decisions regarding material sourcing 

should also be considered in light of carbon emissions given the large contribution of 

material production and transportation to the total carbon footprint of most SCMs.  Using the 

methods and system boundaries defined herein, a side-by-side comparison of the carbon 

footprint of 8 SCMs and 3 stormwater conveyance practices was presented, both initially and 

considering maintenance emissions and vegetative sequestration over time.  Per unit SCM 

area, 30-year net carbon footprints (kg CO2-C m-2) ranged as follows: wetlands (-1.9), 

bioretention (2.5), LS-VFS (3.5), ponds (8.1), permeable pavement (9.1), green roofs (9.6), 

rainwater harvesting (80), and sand filters (240).   Stormwater wetlands, vegetated filter 

strips, and stormwater ponds were found to impose the smallest carbon footprint per unit 

watershed treatment area.  Surface-based stormwater conveyances are also a key component 

of low-carbon landscapes, with sequestration by grassed swales predicted to offset carbon 

emissions from construction and maintenance within 20 years.  Predictive tools such as this 

can be used to examine the effects of different SCMs and their maintenance routines (for 

example, hand pruning in bioretention systems) on the overall carbon footprint of a 

landscaped area.  While the adoption of surface- and vegetation-based stormwater 

conveyance and treatment systems will have a lower carbon footprint than other stormwater 

management approaches, carbon inputs for the construction and maintenance of these 

systems reduce their potential to achieve carbon neutrality.   
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Chapter 6.  Summary and Recommendations 

 
 
 In this research, the potential for stormwater control measures (SCMs) to provide a suite of 

ecosystem services, beyond the water quality and hydrologic services by which they are 

typically evaluated, was examined, with a particular emphasis on carbon sequestration and 

biodiversity.  The following sections highlight research findings from each chapter along 

with research needs and recommendations for implementation.   

 

In Chapter Two, ecosystem services provided by vegetated SCMs were reviewed.  Based on 

the suite of services they provide, CSWs and bioretention were ranked as the highest service 

providers, followed by green roofs, wet detention basins, grassed filter strips, and swales.  Of 

the SCMs reviewed, green roofs have been examined the most thoroughly with regards to the 

suite of services they provide.  Areas in which more work is needed to quantify service 

provision include:    

1. Quantification of greenhouse gas regulation by SCMs.  Complete quantification of 

sequestration and production of greenhouse gases by SCMs is needed to better 

understand the carbon impact of stormwater management.  As evidenced by the 

literature, CSWs and forested ecosystems have the greatest potential for carbon 

sequestration; however, methane production in anaerobic stormwater pond and 

wetland sediments or the effect of nitrogen loadings on nitrous oxide production in 

SCMs have not been well studied.  Carbon emissions associated with construction 

and maintenance of vegetated SCMs should also be considered.    

2. Quantification of air quality services provided by vegetated SCMs.  With the 

exception of green roofs and trees, relatively little is known about the air quality 

benefits provided by green infrastructure.  Proximity to pollutant sources is likely a 

determinant factor in service potential; therefore, studies focusing on SCMs located in 

parking lots, along roadways, or other air pollution “hot spots” could provide insight 

to the maximum impact of SCMs on air quality.   
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3. Examination of provisioning potential of SCMs.  Though food and raw material 

provision is certainly possible with SCMs, few accounts exist in the literature to 

document this potential.  While bioaccumulation of runoff pollutants may limit the 

potential of these systems for food provision, more work is needed to establish 

relationships between uptake of edible plant parts and the expected range of 

contaminant concentrations in stormwater.  Although not considered in this review, 

the potential to supplement food production irrigation demands with water harvested 

from SCMs remains to be explored.    

Despite some uncertainty in the quantity of services provided by vegetated SCMs, it is clear 

that these systems do provide a spectrum of societal and ecological benefits in addition to the 

water quality and hydrologic regulation services by which they are typically evaluated.  

Supplementing such performance metrics with more holistic ecosystem service assessments 

will help to fill some of the gaps in the literature noted above while advancing societal 

appreciation of the benefits these systems provide.      

 

In Chapter Three, effluent organic nitrogen (ON) concentrations from constructed 

stormwater wetlands (CSWs) were examined to examine limits to nitrogen removal by these 

treatment systems relative to a naturally occurring wetland.  Median ON effluent 

concentrations from all but one of the CSWs fell within the range of 0.7 to 0.8 mg l-1, even 

when influent concentrations were below this range.  The distribution of effluent ON 

concentrations from CSWs was not significantly different from the naturally occurring 

wetland.  Furthermore, CSWs increased the ratio of ON to total nitrogen in untreated runoff 

to levels more similar to the natural wetland, indicating that CSWs may play a role in 

establishing more natural balance between organic and inorganic nitrogen forms. 

Implications of these results follow:  

1. Background ON concentrations should be expected from CSW.  For the CSW designs 

included in this analysis, the median concentration range of 0.7 to 0.8 mg l-1 was 

suggested as an irreducible concentration to be expected from these systems.  Since 
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organic nitrogen plays an important role in aquatic ecosystems, limits to its removal 

by CSWs should be considered for water quality planning purposes.     

2. Target ON effluent concentrations should be set.  This study demonstrated that 

ecologically healthy, target ON concentrations for CSWs could be established by 

using naturally occurring wetlands as a reference.  In the case of ON, the removal of 

which may be limited by internal organic matter production in CSWs, scientifically-

based effluent concentration targets provide a valuable performance metric.    

3. Target ON effluent concentrations could be adjusted for seasonality.  Organic 

nitrogen exports from CSWs were significantly higher during spring and summer 

than in winter and fall.  Such seasonal peaks could be considered when developing 

target effluent concentrations and should be taken into consideration when evaluating 

seasonal CSW performance.   

Areas for future work include:  

1. Expand analysis to multiple “reference” wetland sites.  Although the naturally 

occurring wetland data set to which CSW data were compared reflected a relatively 

long time period (three years), it was limited to a single site.  Expanding this analysis 

to multiple reference sites would allow for a more robust statistical comparison 

between the two wetland types.  Since internal productivity within wetlands is likely 

to vary across climatic regions, effluent ON concentrations from constructed and 

naturally occurring wetlands in different ecoregions should also be examined.   

2. Expand analysis to other vegetated SCMs.  As biological systems, it is likely that 

background organic nitrogen concentrations should be expected from other vegetated 

SCMs.  In recognition of the limits of percent removal performance metrics for 

constituents with background concentrations, target ON effluent concentrations 

should be set for other vegetated SCMs.  The approach taken here (construction of 

cumulative probability plots and comparison to a reference ecosystem) could be 

replicated for other SCMs to produce effluent ON targets.    

3. Account for bioavailability of organic nitrogen.  Water treatment services by CSWs 

are not limited to nutrient removal; as indicated by related work reviewed in this 
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chapter, CSWs likely play a role in nutrient availability by transforming relatively 

labile influent organic nitrogen forms to more recalcitrant forms.  Bioavailabilty 

studies of CSW effluent have not been conducted and would provide a greater 

understanding of the beneficial impact CSWs have on downstream ecosystems than 

nutrient concentrations alone reveal.  

4. Examine role of hydraulic residence time.  Hydraulic residence time (HRT) is known 

to play a key role in nutrient cycling in constructed wetland systems.  While this 

factor could not fully be accounted for in this study, an abbreviated HRT likely 

played a role in the deviation of the undersized wetland from the others.  Future work 

could be done to examine the relationship between HRT and ON effluent 

concentrations and to develop CSW design recommendations based on an optimal 

HRT.   

In the fourth chapter, an assessment was conducted to compare carbon sequestration, 

biodiversity, and cultural ecosystem service provision by constructed stormwater ponds and 

wetlands.  CSWs were found to provide greater carbon sequestration benefits (~85 g C m-2 

yr-1) than ponds, in which carbon accumulation was not significantly related to pond age.  

However, sediments under littoral pond vegetation were found to accumulate carbon at a 

similar rate as CSWs.  Wetlands supported significantly more diverse aquatic plant 

communities that only those ponds with intentionally planted littoral shelves approached.  

Aquatic macroinvertebrate diversity was similar between pond and wetland systems, though 

ponds with vegetated littoral shelves and CSWs supported a significantly larger predatory 

insect community.  The presence of such predators in CSWs likely contributed to lower 

probability of mosquito larvae occurrence in these systems compared to ponds.  Finally, of 

the CSWs and ponds assessed, CSWs were designed and utilized for cultural service 

provision to a greater extent than ponds.  Design and assessment recommendations from this 

research include:  

1. Incorporate vegetated littoral shelves in wet ponds.  Differences between carbon 

sequestration rates and trophic-level macroinvertebrate diversity in pond and wetland 

systems were diminished by the presence of a vegetated littoral shelf in ponds.  If the 
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benefits of a diverse vegetation community are desired, it is recommended that littoral 

shelves are planted with desired species rather than relying upon natural colonization 

as the sole establishment mechanism.   

2. When practical, design wetlands and ponds as cultural amenities.  Though CSWs 

tended to be used/designed to provide cultural services to a greater extent than ponds, 

both systems can be integrated into the urban landscape to provide recreational, 

educational, and other cultural benefits.  Integrating stormwater ponds and wetlands 

as a visible, accessible part of the urban landscape can be accomplished through siting 

and design, and may even promote greater social acceptance and appreciation of the 

benefits these systems provide.       

3. Incorporate ecosystem services into design and performance assessments.  

Traditional hydrologic and chemical evaluations of stormwater ponds, CSWs, or 

other SCMs can be supplemented with measures of ecosystem services such as 

carbon sequestration, biodiversity, and cultural services. While water quality and 

hydrology are likely to remain the primary drivers for SCM implementation, other 

ecosystem services should also be quantified to provide a more holistic evaluation of 

these multi-functional landscape features. 

This study was among the first to directly compare a set of ecosystem services between two 

SCMs, and it is hoped that it will inspire other considerations of ecosystem service provision 

by SCMs.  Among the next steps for the application of ecosystem services to SCMs are:     

1. Translation of ecosystem services to economic incentives.  Although stormwater 

wetlands are currently awarded higher nitrogen removal credits in North Carolina, 

traditional cost-benefit analyses of stormwater ponds and wetlands often tip in favor 

of ponds due to their smaller footprint.  Future work is needed to translate service 

provision assessments, particularly carbon sequestration,  to economic terms so that 

cost-benefit analyses of ponds, wetlands, and other SCMs reflect the value of other 

services as well.   

2. Consideration of other ecosystem services.  The assessment presented herein was 

limited to carbon sequestration, biodiversity, and recreational and educational cultural 
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services.  The carbon sequestration evaluation would benefit from a more complete 

accounting of greenhouse gases, namely methane, from stormwater ponds and 

wetlands.  Biodiversity services could be expanded to higher trophic levels.  The 

relative ability of ponds and wetlands to regulate air quality remains to be explored, 

as does their effect on local microclimate.   

3. Expansion of ecosystem service assessment to other SCMs.  Vegetated SCMs can be 

viewed as constructed ecosystems with the potential to provide a suite of ecosystem 

services.  The extent to which a given service is provided is likely dependent upon the 

type of SCM, climate/ecoregion in which it is located, and design.  More work is 

needed to elucidate the relationship between these factors and ecosystem service 

provision level.   

In the fifth chapter, carbon sequestration by SCMs was placed in the larger context of 

construction and maintenance carbon emissions to develop a carbon footprint for eight SCMs 

and three stormwater conveyances.  Of the SCMs examined, wetlands, level spreader-

vegetated filter strips, and ponds were predicted to have the smallest carbon footprint 

whether evaluated per unit treatment area or SCM area basis.  The carbon footprint of 

bioretention, rainwater harvesting, permeable pavement, green roofs, and sand filters was 

dominated by emissions incurred during material production and/or transportation.  Grassed 

swales were predicted to have a substantially lower carbon footprint that concrete lined 

swales (about 15 times lower) and reinforced concrete pipe (about 40 times lower).  With the 

exception of stormwater wetlands and grassed swales, the carbon embodied in materials and 

emitted through construction and maintenance operations overwhelmed potential 

sequestration rates by vegetation, rendering the rest of these SCMS as carbon sources in the 

urban landscape.   

 

The carbon footprint tool developed herein is ultimately intended to aid in urban landscape 

planning.  Future areas of exploration include:  

1. Sensitivity analysis to carbon footprint components.  For the comparison between 

SCMs presented here, simplifying assumptions regarding material transport, 
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construction, and maintenance operations were made.  Exploring the sensitivity of the 

net carbon footprint to variables such as transport distance, construction time and 

efficiency, and maintenance practices would be helpful in identifying which 

components of the carbon footprint are most critical and, therefore, most important 

when considering now to minimize the carbon impact of stormwater management and 

other landscape planning decisions.     

2. Application to various development scenarios.  The relative carbon impact of 

conventional, cluster, and other low impact development could be explored with this 

tool.  Such an exploration could focus on the sensitivity of the net landscape carbon 

footprint to various landscape components, the impact of “gray” versus “green” 

stormwater infrastructure, and, ultimately, the potential to design and maintain a 

carbon neutral landscape in urban and suburban areas.     

3. Expansion to other greenhouse gases.  This tool could easily be expanded to include 

other greenhouse gases, such as methane and nitrous oxide.  While carbon dioxide is 

the primary greenhouse gas emitted during the production landscape materials and 

construction phases, the net carbon footprint of some SCMs, namely those in which 

anaerobic conditions persist, is likely impacted by production of methane.  The 

greater degree of uncertainty associated with these other greenhouse gases would 

need to be accounted for, and, as previously recommended, more measurements of 

these gases from SCMs are needed.   

 

  

 
- 
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Appendix A 
Stormwater Wetland Organic and Total Nitrogen Raw Data (Ch. 3) 

 

ON concentration, mg l-1 
TN concentration, mg 

l-1 ON:TN Date 
Inlet Outlet Inlet Outlet Inlet Outlet 

Bruns Elementary (BE), Johnson (2007)     
7-Sep-04 1.25 0.90 2.02 1.26 0.62 0.71 

27-Sep-04 2.45 0.95 5.40 2.24 0.45 0.42 
13-Oct-04 1.36 0.64 2.31 1.05 0.59 0.61 
4-Nov-04 0.86 0.39 2.06 1.18 0.42 0.33 
9-Dec-04 1.54 0.66 2.93 1.37 0.53 0.48 
14-Jan-05 1.00 0.90 1.96 1.63 0.51 0.55 
25-Feb-05 1.61 1.20 3.00 1.95 0.54 0.62 
8-Mar-05 1.34 0.62 1.92 1.02 0.70 0.61 
13-Apr-05 1.66 1.00 2.16 1.52 0.77 0.66 
1-Jun-05 1.08 0.62 1.81 1.07 0.60 0.58 

28-Jun-05 1.34 0.77 1.94 1.37 0.69 0.56 
6-Oct-05 0.67 0.76 1.41 1.51 0.48 0.50 
6-Dec-05 1.13 0.82 2.92 1.71 0.39 0.48 

16-Dec-05 0.54 0.56 1.77 1.26 0.31 0.44 
29-Dec-05 1.05 0.50 1.76 0.92 0.60 0.54 

              
Edward's Branch, Hathaway et al. (2007)    

30-Oct-03 0.63 1.02 1.11 1.32 0.57 0.77 
5-Dec-03 1.26 0.98 2.21 1.20 0.57 0.82 

12-Dec-03 0.74 0.90 1.07 1.84 0.69 0.49 
16-Mar-04 2.01 0.78 2.68 0.92 0.75 0.85 
30-Mar-04 3.50 0.86 6.14 1.05 0.57 0.82 
17-Jun-04 0.94 1.38 1.77 1.75 0.53 0.79 
19-Jul-04 0.83 0.84 1.30 1.05 0.64 0.80 
12-Aug-04 2.13 1.24 3.23 1.85 0.66 0.67 
15-Nov-04 0.78 0.44 1.04 0.64 0.75 0.69 
10-Dec-04 0.63 0.52 1.54 0.67 0.41 0.78 
1-Feb-05 0.86 0.40 2.21 0.63 0.39 0.63 

25-Feb-05 0.39 0.62 1.00 0.83 0.39 0.75 
23-Mar-05 0.97 0.41 1.73 0.80 0.56 0.51 
13-Apr-05 1.40 0.78 2.09 1.13 0.67 0.69 
23-May-05 1.80 0.90 2.37 1.15 0.76 0.78 
1-Jun-05 0.73 0.74 1.06 0.93 0.69 0.80 

       
Centennial Middle School (CMS), Line et al. (2008)     

27-Apr-06 0.50 0.89 0.69 1.22 0.72 0.73 
14-May-06 1.61 0.59 2.94 0.73 0.55 0.81 
2-Jun-06 0.91 0.80 1.43 1.52 0.63 0.53 

25-Jun-06 0.36 0.57 0.70 0.76 0.51 0.74 
6-Jul-06 0.38 1.37 0.90 2.16 0.42 0.63 
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Appendix A (cont.) 
Stormwater Wetland Organic and Total Nitrogen Raw Data (Ch. 3) 

 

ON concentration, mg l-1 
TN concentration, mg 

l-1 ON:TN Date 
Inlet Outlet Inlet Outlet Inlet Outlet 

UNC-Asheville (UNCA), Line et al. (2008)    
20-Mar-06 0.75 0.44 1.62 0.78 0.46 0.57 
3-Apr-06 2.02 1.01 2.99 1.69 0.68 0.60 
8-Apr-06 1.74 0.71 2.56 0.94 0.68 0.75 

19-Apr-06 2.64 3.80 4.46 4.18 0.59 0.91 
26-Apr-06 2.13 1.11 2.57 1.36 0.83 0.82 
26-Jun-06 0.85 0.74 0.98 0.78 0.87 0.94 
5-Jul-06 1.59 1.74 2.17 1.78 0.73 0.98 

24-Jul-06 2.05 0.43 2.93 0.52 0.70 0.83 
20-Aug-06 2.04 0.17 2.47 0.22 0.83 0.77 
14-Sep-06 1.52 1.18 1.82 2.15 0.83 0.55 
24-Sep-06 1.52 0.57 1.80 0.79 0.85 0.72 

       
Centennial Campus (CC), Tucker (2007)       

2-Mar-07 1.29 1.30 1.53 2.05 0.84 0.64 
16-Mar-07 0.95 0.78 1.23 1.11 0.77 0.71 
29-Mar-07 4.04 1.79 5.33 2.04 0.76 0.87 
12-Apr-07 3.44 1.82 4.32 2.98 0.80 0.61 
15-Apr-07 1.30 1.10 1.70 1.36 0.76 0.81 
27-Apr-07 2.36 2.71 2.88 3.57 0.82 0.76 
9-May-07 4.01 2.86 4.63 3.84 0.87 0.74 
3-Jun-07 0.80 0.91 1.13 1.35 0.71 0.68 
6-Jun-07 1.65 1.58 2.16 2.45 0.76 0.64 
9-Jun-07 1.72 1.23 2.11 1.44 0.81 0.85 

13-Jun-07 1.32 0.96 1.89 1.74 0.69 0.55 
19-Jun-07 3.77 2.00 4.60 2.67 0.82 0.75 
20-Jun-07 1.61 2.37 2.31 3.20 0.70 0.74 

       
Riverbend (RB), Lenhart and Hunt (2011)       

7-Jul-07 0.59 0.88 0.95 1.34 0.62 0.66 
10-Jul-07 0.57 1.11 0.87 1.38 0.66 0.80 
28-Jul-07 0.43 2.29 0.88 3.01 0.49 0.76 
27-Oct-07 0.47 0.93 0.59 1.33 0.80 0.70 
19-Jan-08 0.36 0.41 0.48 0.55 0.75 0.75 
22-Feb-08 0.39 0.46 0.59 0.52 0.66 0.88 
7-Mar-08 0.37 0.49 0.71 0.58 0.52 0.84 
1-Apr-08 0.37 0.62 0.42 0.69 0.88 0.90 
5-Apr-08 0.50 0.62 0.57 0.72 0.88 0.86 

11-May-08 0.55 0.74 0.87 1.08 0.63 0.69 
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Appendix A (cont.) 
Stormwater Wetland Organic and Total Nitrogen Raw Data (Ch. 2) 

 

ON concentration, mg l-1 
TN concentration, mg 

l-1 ON:TN Date 
Inlet Outlet Inlet Outlet Inlet Outlet 

Dye Branch (DB), Hathaway and Hunt (2010)    
28-Feb-08 1.50 0.66 2.89 0.83 0.52 0.80 

6-Mar-08 1.09 0.70 1.67 0.82 0.65 0.85 
21-Mar-08 0.67 0.45 1.19 0.55 0.56 0.82 
31-Mar-08 0.62 0.67 1.73 0.76 0.36 0.88 

7-Apr-08 0.79 0.56 1.15 0.70 0.69 0.80 
1-Jul-08 0.94 0.84 1.69 0.91 0.56 0.92 
8-Jul-08 0.99 0.58 1.60 0.62 0.62 0.94 

11-Jul-08 1.34 0.53 2.00 0.57 0.67 0.93 
14-Jul-08 1.19 0.65 1.62 0.69 0.73 0.94 
24-Jul-08 1.16 1.02 2.20 1.13 0.53 0.90 
30-Jul-08 0.90 0.73 2.19 0.77 0.41 0.95 
3-Aug-08 0.97 0.58 1.37 0.62 0.71 0.94 

12-Sep-08 1.40 0.68 2.26 0.76 0.62 0.89 
27-Oct-08 0.37 0.33 0.74 0.38 0.50 0.87 
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Appendix B 
Stormwater Wetland ON analysis – example SAS code (Ch. 3) 

 
B.1.  Wilcoxon Signed Rank (with t-test and Kolomgorov-Smirnov test for normality) 
 
Hypotheses tested (example):  

• Wilcoxon Signed Rank – Ho: stormwater wetland inlet and outlet ON 
concentrations not different; Ha: inlet and outlet concentrations are different 

• Kolomgorov-Smirnov− Ho: data follows normal distribution; Ha: data does not 
follow normal distribution.  

  
SAS code (for stormwater wetland inlet and outlet ON concentrations):  
 
data one; 
input SWin_conc SWout_conc;  
cards; 
1.25 0.90 
2.45 0.95 
1.36 0.64 
0.86 0.39 
1.54 0.66 
1.00 0.90 
1.61 1.20 
1.34 0.62 
1.66 1.00 
1.08 0.62 
1.34 0.77 
0.67 0.76 

. 

. 

. 
1.34 0.53 
1.19 0.65 
1.16 1.02 
0.90 0.73 
0.97 0.58 
1.40 0.68 
0.37 0.33 
; 
 
data b; set one; 
ods select BasicMeasures TestsForLocation GoodnessOfFit; 
ScoreChange=inflow-outflow; 
proc univariate data=b; 
var ScoreChange; 
histogram/ normal; 
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run; 
 
SAS outputs:  
 
                Wilcoxon Scores (Rank Sums) for Variable ONconc 
                               Classified by Variable wetlandtype 
 
                                      Sum of      Expected       Std Dev          Mean 
           wetlandtype       N        Scores      Under H0      Under H0         Score 
           ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
           SWin             84        8086.0        7098.0    315.207516     96.261905 
           Swout            84        6110.0        7098.0    315.207516     72.738095 
 
                               Average scores were used for ties. 
 
                                    Wilcoxon Two‐Sample Test 
 
                                 Statistic             8086.0000 
 
                                 Normal Approximation 
                                 Z                        3.1329 
                                 One‐Sided Pr >  Z        0.0009 
                                 TwoSided Pr > |Z|       0.0017  ##therefore, reject Ho 
 
                                 t Approximation 
                                 One‐Sided Pr >  Z        0.0010 
                                 Two‐Sided Pr > |Z|       0.0020 
 
                            Z includes a continuity correction of 0.5. 
 
                                       Kruskal‐Wallis Test 
 
                                 Chi‐Square               9.8247 
                                 DF                            1 
                                 Pr > Chi‐Square          0.0017 
 
 
         The UNIVARIATE Procedure 
                                 Fitted Distribution for values, SWout ONconc 
 
                                Parameters for Normal Distribution 
 
                                  Parameter   Symbol   Estimate 
 
                                  Mean        Mu       0.870536 
                                  Std Dev     Sigma     0.54125 
 
                         Goodness‐of‐Fit Tests for Normal Distribution 
 
                   Test                  ‐‐‐Statistic‐‐‐‐   ‐‐‐‐‐p Value‐‐‐‐‐ (## small p‐values reject Ho) 
 
                   Kolmogorov‐Smirnov    D     0.20371769   Pr > D     <0.010 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Cramer‐von Mises      W‐Sq  1.55382170   Pr > W‐Sq  <0.005 
                   Anderson‐Darling      A‐Sq  8.64037285   Pr > A‐Sq  <0.005 
B.2  Kruskall Wallis Test for multiple comparisons among seasons.  
 
Hypotheses tested (example):  

• Ho: seasonal stormwater wetland outlet ON concentrations no different;  
• Ha: seasonal outlet ON concentrations are different 

  
SAS code (to test for differences in outlet ON by season (F = fall; Sm = summer; Sp = 
spring; W = winter):  
  
data one; 
input SWout_conc season;  
cards; 
0.33 F 
0.90 F 
0.95 F 
0.64 F 
0.39 F 
0.76 F 
0.82 F 
0.57 F 
1.02 F 
0.44 F 
0.52 F 
0.93 F 
0.84 Sm 
0.58 Sm 
0.53 Sm 
0.65 Sm 
1.02 Sm 
0.73 Sm 
0.58 Sm 
0.68 Sm 
0.62 Sm 
0.77 Sm 
0.80 Sm 
0.57 Sm 
1.37 Sm 
0.74 Sm 
1.74 Sm 
0.43 Sm 
0.17 Sm 
1.18 Sm 
0.84 Sm 
1.24 Sm 
0.74 Sm 
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0.88 Sm 
1.11 Sm 
2.29 Sm 
0.91 Sm 
1.58 Sm 
1.23 Sm 
0.96 Sm 
2.00 Sm 
2.37 Sm 
0.67 Sp 
0.56 Sp 
0.62 Sp 
1.00 Sp 
0.89 Sp 
0.59 Sp 
0.44 Sp 
1.01 Sp 
0.71 Sp 
3.80 Sp 
1.11 Sp 
0.86 Sp 
1.38 Sp 
0.41 Sp 
0.78 Sp 
0.90 Sp 
0.62 Sp 
0.62 Sp 
0.74 Sp 
0.78 Sp 
1.79 Sp 
1.82 Sp 
1.10 Sp 
2.71 Sp 
2.86 Sp 
0.66 W 
0.70 W 
0.45 W 
0.66 W 
0.90 W 
1.20 W 
0.56 W 
0.50 W 
0.98 W 
0.90 W 
0.78 W 
0.40 W 
0.62 W 
0.41 W 
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0.46 W 
0.49 W 
1.30 W 
 
; 
proc print; 
proc npar1way wilcoxon data = one; 
var MPN; class season; 
run; 
 
SAS outputs:  
 
Wilcoxon Scores (Rank Sums) for Variable ONconc 
                                 Classified by Variable season 
 
                                   Sum of      Expected       Std Dev          Mean 
             season       N        Scores      Under H0      Under H0         Score 
             ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
             F           12        392.00        510.00     78.211814     32.666667 
             Sm          30       1430.50       1275.00    107.095936     47.683333 
             Sp          25       1204.50       1062.50    102.190729     48.180000 
             W           17        543.00        722.50     89.800209     31.941176 
 
                               Average scores were used for ties. 
 
                                       Kruskal‐Wallis Test 
 
                                    Chi‐Square         7.8495 
                                    DF                      3 
                                    Pr > Chi‐Square    0.0492‐## therefore, reject Ho   
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Appendix C 
Stormwater pond and wetland soil carbon raw data (Ch. 4) 

 
Table C.1.  Soil carbon data for ponds.  Ponds with littoral shelves denoted with *.   

  Open Water Zone  Shallow Water Zone  Temporary Inundation Zone 

Pond ID 
% C 

Ρb  
(g cm‐3) 

Areal C 
(g C m‐2) 

% C 
Ρb  

(g cm‐3) 
Areal C 
(g C m‐2) 

% C 
Ρb  

(g cm‐3) 
Areal C 
(g C m‐2) 

A2  0.38  1.03  402  0.33  1.06  355  1  1.2  1219 
A4  0.45  0.94  432  0.37  1.17  440  0.29  1.5  442 
AL  0.33  1.11  372  0.23  1.21  283  0.3  1.25  381 
BN  0.66  0.86  580  0.43  0.8  350  1.25  1.01  1283 
CM  0.64  1.09  656  0.65  0.63  416  1.44  0.98  1434 
DI  0.16  0.9  146  0.35  1.04  370  0.80  1.38  1122 
K10  0.58  0.75  442  0.63  0.84  538  0.90  1.05  960 
RN2  0.60  0.8  488  0.25  1.21  307  0.85  1.1  950 
A1*  0.79  0.89  717  1.09  0.78  864  1.32  1.3  1743 
CC*  0.26  1.15  305  0.62  0.76  479  2.78  1.03  2909 
DT1*  0.7  0.70  498  0.911  0.54  500  1.03  1.1  1151 
DT2*  0.64  1.01  656  0.65  0.92  608  1.10  1.20  1341 
HR*  0.31  1.07  336  1.03  0.8  837  1.05  1.15  1227 
I85*  0.30  1.10  335  0.911  0.61  565  0.79  1.2  963 
MS*  0.50  1.20  610  0.807  0.61  500  1.20  1.04  1268 
RN1*  0.60  0.80  488  0.25  1.21  307  0.59  1.26  755 
TC*  0.95  1.07  1029  1.04  0.95  1004  1.80  0.97  1774 
RD*  0.80  0.95  772  0.599  0.53  323  1.10  1  1118 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Table C.2.  Soil carbon data for constructed stormwater wetlands (CSWs) 
  Open Water Zone  Shallow Water Zone  Temporary Inundation Zone 

CSW ID 
% C 

Ρb  
(g cm‐3) 

Areal C 
(g C m‐2) 

% C 
Ρb  

(g cm‐3) 
Areal C 
(g C m‐2) 

% C 
Ρb  

(g cm‐3) 
Areal C 
(g C m‐2) 

BE  0.36  0.90  329  1.54  0.93  1462  1.83  1.17  2166 
BW  0.50  1.01  513  5.43  0.43  2372  1.60  1.24  2015 
FF  0.55  1.12  627  1.12  1.16  1320  1.87  1.17  2213 
HS  4.01  1.15  4700  1.42  0.98  1420  1.70  1.29  2225 
LHS  1.06  1.48  1596  1.18  1.21  1445  1.54  1.03  1614 
MK  3.65  0.95  3528  4.26  0.53  2294  6.49  0.56  3708 
ML  1.58  0.94  1509  2.25  0.81  1848  2.31  1.03  2410 
NC1  0.55  1.00  559  0.90  1.25  1143  1.90  1.17  2249 
NC2  1.79  0.86  1564  1.67  0.93  1585  1.59  1.17  1882 
NCWC  0.69  1.20  841  0.55  1.67  933  2.76  1.17  3267 
SSHS  1.29  1.02  1336  2.65  0.65  1750  1.88  0.38  725 
WN  0.44  1.31  585  0.59  1.67  1001  3.57  0.83  2996 
LN  0.32  1.12  364  1.20  1.26  1530  0.96  1.46  1424 
EB  2.06  1.07  2239  0.72  1.32  957  0.96  1.38  1346 
NL  0.54  0.80  439  0.97  1.17  1168  1.26  1.10  1408 
ST  1.19  0.60  725  1.1  1.14  1273  2.17  1.21  2668 
SB  0.76  0.56  432  1.00  0.89  908  1.56  1.01  1601 
HGC  2.06  0.54  1130  2.10  0.83  1771  3.38  1.10  3777 
VC  0.97  0.79  779  1.49  0.71  1073  1.87  1.20  2280 
CMS  1.63  0.90  1490  2.10  0.98  2091  2.77  1.05  2955 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Appendix D 
Cultural Services Qualitative Scoring Rubrics (Ch. 4)  

Table D.1.  Qualitative scoring rubric used to assess recreation service provision by 
stormwater ponds and wetlands 

Recreation 4 3 2 0 Score 
 

Right to 
access 

 

Open to public 
access 

Private ownership 
with access to 
general public 

Public access by 
permission only 

Prohibited public 
access 

 
 
(a) 

Physical 
accessibility 

Located very near 
to population (e.g., 
in neighborhood or 
well-used park) 
and is easily 
accessible.   

Wetland within 2 
km of population 
and is easily 
accessible/visible.   

Wetland within 2 km 
of population but is 
difficult to access 
and/or visibility to 
public is low.    

Wetland is physically 
inaccessible (e.g., 
fenced off) and/or is 
not visible to public.   

 
 
 
(b) 

Recreational 
Infrastruc-

ture 

Recreational 
infrastructure, such 
as walking trails 
and wildlife 
viewing areas are 
present and in 
good order 

One form of 
recreational 
infrastructure is in 
place. 

One form of 
recreational 
infrastructure is in 
place but poorly 
maintained.   

No recreational 
infrastructure is 
present 

 
 
 
(c) 

Score = 
  (a+b+c)/3 

Comments:  
 

Score 

 
 
 

Table D.2.  Qualitative scoring rubric used to assess education service provision by 
stormwater ponds and wetlands 

Education 4 3 2 0 Score 

Location 
Wetland located on 
campus of school 
or other learning 
institution 

Wetland located 
within 1 km of 
school or other 
learning institution 

Wetland located 
within 2 km of school 

Wetland is located > 2 
km from school 
campus or other 
learning institution       

 
 
 
(a) 

Educational 
use history 

Wetland is actively 
used for 
educational and/or 
research purposes 

Wetland is no 
longer actively used 
for education or 
research but 
research results 
published.   

Wetland has 
infrequent history of 
educational use 
and/or research but 
results not published.   

Wetland has no history 
of use for educational 
or research purposes 

 
(b) 

Educational 
infrastruc-

ture 

Educational 
infrastructure 
explains multiple 
aspects of wetland 

Educational 
infrastructure 
explains only 1 or 2 
aspects of wetland 

Educational 
infrastructure present 
but not easily 
readable/visible 

No educational 
infrastructure present 

 
(c) 

Comments 
 

Average Score 

Score = 
 (a+b+c)/3 
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Appendix E 
Results of Qualitative Cultural Services Survey (Ch. 4)  

Site ID 
Right to 
Access Location Rec. 

Infra. 
Rec. 

Score Location Use 
History 

Edu. 
Infra. 

Edu. 
Score 

Constructed Stormwater Wetlands (CSWs) 
HGC 3 4 3 3.3 4 2 4 3.3 
VC 4 4 3 3.7 4 3 0 2.3 
CMS 2 3 3 2.7 4 4 0 2.7 
NC1 4 4 4 4.0 4 4 0 2.7 
NC2 4 2 0 2.0 4 4 0 2.7 
SSSHS 4 4 0 2.7 4 4 4 4.0 
MK 4 4 3 3.7 3 4 3 3.3 
NL 4 4 4 4.0 4 4 4 4.0 
SB 4 4 4 4.0 2 0 0 0.7 
LHS 4 4 4 4.0 4 3 4 3.7 
ST 3 4 0 2.3 2 0 4 2.0 
LN 4 2 2 2.7 2 4 0 2.0 
WN 4 4 0 2.7 2 4 4 3.3 
EB 4 4 4 4.0 4 0 4 2.7 
BW 4 4 4 4.0 2 4 4 3.3 
BE 4 4 4 4.0 4 4 4 4.0 
HS 4 4 4 4.0 2 0 4 2.0 
MD 4 4 4 4.0 2 0 0 0.7 
NCWC 4 4 4 4.0 4 0 4 2.7 
FF 4 4 4 4.0 2 3 4 3.0 

Wet Ponds 
CC 4 4 4 4.0 4 3 0 2.3 
NCSU 2 4 0 0 1.3 2 0 0 0.7 
Cary 1 3 2 0 1.7 1 0 0 0.3 
Cary 2 3 3 0 2.0 1 0 0 0.3 
AUB1 3 4 3 3.3 2 0 0 0.7 
AUB2 3 4 3 3.3 2 0 0 0.7 
AUB3 3 4 3 3.3 2 0 0 0.7 
Cary 3 3 0 2 1.7 1 0 0 0.3 
NCSU 1 4 2 0 2.0 4 3 0 2.3 
MS 2 2 0 1.3 0 4 0 1.3 
I85 2 2 0 1.3 0 4 0 1.3 
DATA1 2 3 0 1.7 0 0 0 0.0 
DATA2 2 0 0 0.7 0 0 0 0.0 
REN1 3 2 0 1.7 2 0 0 0.7 
REN2 2 2 0 1.3 2 0 0 0.7 
HR 3 4 2 3.0 2 0 0 0.7 
CM 4 4 4 4.0 2 0 0 0.7 
RD 3 0 0 1.0 2 0 0 0.7 
AM 4 4 4 4.0 4 4 4 4.0 
EN 4 4 4 4.0 4 3 0 2.3 
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Appendix F 
Example JMP inputs and outputs for pond and wetland ecosystem service statistical analysis 

(Ch. 4) 
 

F.1.  Example linear regression in JMP  
 
Hypotheses Tested:  

• H0: no (linear) relationship exists between CSW shallow water (SW) areal carbon 
density and age 

• Ha: linear relationship exists between CSW areal SW carbon density and age 
 
JMP Inputs:  

 
 
JMP Outputs:  
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Conclusions:  p < 0.05 for slope (age) estimator, therefore reject H0 and conclude positive, 
linear relationship between CSW age and areal carbon density in shallow water region.   
 
F.2.  Example Wilcoxon Rank Sum in JMP (with permutation Wilcoxon Rank Sum in R as 
check) 
 
Hypotheses Tested:  

• H0: relative abundance of predators in ponds with and without littoral shelves is 
no different 

• Ha: the relative abundance of predators in ponds with littoral shelves is greater 
than in ponds without littoral shelves 

 
JMP Inputs:  
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JMP Outputs:  

 
 
Conclusion: p < 0.05, therefore, reject Ho and conclude significantly greater predator 
abundance in ponds with littoral shelves.   
Permutation-based Wilcoxon Rank Sum test run in R to check Chi-Square approximation of 
JMP:   
 
### relative abundance predators in ponds with and without littoral 
shelves ### 
> nls.pred = c(19.5, 34.3, 21.8, 45.2, 28, 18.3, 26.8, 49.3) 
> ls.pred = c(52.1, 58.2, 31.1, 64, 80.3, 67, 46.9, 55.8, 24, 51.5) 
> mean(nls.pred) 
[1] 30.4 
> mean(ls.pred) 
[1] 53.09 
> xy = c(nls.pred, ls.pred) 
> m = length(nls.pred) 
> n = length(ls.pred) 
> rank.xy = rank(xy) 
> Wx = sum(rank.xy[1:m]) 
> Wx 
[1] 45 
> perm.Wx= rand.perm.dist.sum(rank.xy, m, R=5000)  
> pval = mean(perm.Wx >= Wx) 
> pval 
[1] 0.9988 
> 1-pval 
[1] 0.0012 
##### significantly higher % predators in ponds w/ littoral shelf ######## 
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F.3.   Example Pearson’s Correlation in JMP 
 
Hypotheses Tested:  

• H0: CSW aquatic macroinvertebrate diversity is not (positively or negatively) 
associated to design factors or watershed characteristics 

• Ha: CSW aquatic macroinvertebrate diversity is (positively or negatively) 
associated with design factors or watershed characteristics 

 
JMP Inputs:  
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JMP Outputs: 

 
 
Conclusions:  

p < 0.05 for correlation between diversity index (Shannon H) and CSW shape factor 
(IQ), indicating significant positive association exists between these factors (reject 
H0).  For all other design variables and watershed characteristics, p > 0.05, indicating 
these variables (CSW age, area, treatment area ratio, distance to surface water, 
storage depth, and impervious area) are not associated with macroinvertebrate 
diversity (fail to reject H0).   

 
 
F.4.  Example Chi-Square Test for Qualitative Factors 
 
Hypotheses Tested:  

• H0: pond and wetland recreation cultural service scores are no different 
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• Ha: Wetlands recreation cultural service scores are greater than ponds.  
 
JMP Inputs:  
 

 
 
JMP Outputs:  
 

 
 
Conclusion: p < 0.05, therefore, reject H0 and conclude scores suggest greater recreation 
service provision by CSWs than ponds.   
 
R code:  
 
## Permutation X-square test to test for differences between (qualitative) 
pond and wetland recreation scores – conducted as check to Chi-Square 
Approximation in JMP ##  
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>source("/Users/trishaculbertson/Documents/GradSchoolStuff/CourseWork/STAT
_505/functions-Ch5.R.txt") 
 
> score = c(0, 1,1,1,1,1,1,1,1,1, 2,2,2,2,2,2,2,2, 3,3,3,3,3,3,3, 
4,4,4,4,4,4,4,4,4,4,4,4,4,4,4) 
> trt = c(1, 1,1,1,1,1,1,1,1,1, 1,1,2,2,2,2,2,2, 1,1,1,2,2,2,2, 
1,1,1,1,2,2,2,2,2,2,2,2,2,2,2) 
 
> rectable = table(score, trt) 
> rectable 
     trt 
score  1  2 
    0  1  0 
    1  9  0 
    2  2  6 
    3  3  3 
    4  4 11 
> ## in this table, column 1 gives no. of ponds with score of < 1 (1), 1-2 
(9), 2-3 (2), 3-4 (4), and 4 (4).  Column 2 gives no. of wetlands ##  
 
> mean(permX2 >= chisq.test(score,trt)$statistic) 
[1] 0.002 ## permutation p-value < 0.05, therefore, reject Ho 
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Appendix G 

Embodied C of Materials Values and References (Ch 5) 
 

Material  Emb. C  Reference 

Asphalt  kg CO2‐C kg
‐2   

"typical range"  0.02 to 0.06  Loijos et al.2007 

"extreme low range  0.01 to 0.02  Loijos et al.2007 
"extreme high 

range"  0.06 to 0.07  Loijos et al.2007 
"midpoint of 'typical' 

range"  0.07  Loijos et al.2007 
  0.04  Horvath, 2004 

  0.04  Green Spec 2010 
6 % binder content  0.02  Hammond & Jones 2010 

high volume 
roadway ‐ USA  0.02  Zapata and Gambatese 2005 

  0.04  Average 
  0.02  Std. Dev. 

Concrete  kg CO2‐C kg
‐2   

Non‐reinforced (e.g., most sidewalks) 
"paving"  0.03  Green Spec 2010 

general concrete  0.03  Hammond & Jones 2008 
Swiss concrete 

production  0.03  Kunniger et al. 2001  
  0.03  Horvath, 2004 
  0.02  Santamouris 2006 
  0.03  Santamouris 2006 

ready mix concrete  0.07  Scheuer & Keolan 2002 
ready mixed 

concrete  0.04  GBC, 2008 
  0.03  average 
  0.02  Std. Dev. 
Reinforced concrete (e.g., roads) 
reinforced roadways ‐ 
max and min values  0.04 to 0.16  Loijos et al.2010 
reinforced roadways ‐ 
average value  0.09  Loijos et al.2010 
High strength concrete, 
100 kg/m3 steel reinforce  0.05  Sustainable Concrete 2008 
High strength concrete, 
100 kg/m3 steel reinforce  0.05  Hammond & Jones 2008 
general concrete, 100 
kg/m3 steel reinforce  0.06  Hammond & Jones 2010 
  0.06  average 
  0.02  Std. Dev. 

Precast Concrete  kg CO2‐C kg
‐2   



 

 162 

  0.06  Hammond & Jones 2008 
  0.06  CBPR 2010 
architectural/general 
specification  0.05  Marceau et al. 2007 

  0.06  Andrew and Vesely 2008 

  0.07  GBC, 2008 
  0.06  average 
  0.01  Std. Dev. 

Rip Rap  kg CO2‐C kg
‐2   

recycled concrete  0.01  Hammond & Jones 2008 
limestone   0.01  Hammond & Jones 2008 

limestone quarrying + 
rock crushing  7.80E‐04  Arcadis 2010 

  0.01  average 
  0.01  Std. Dev. 

Gravel  kg CO2‐C kg
‐2   

  8.26E‐05  Thompson & Sorvig 2008 
  1.36E‐03  Green Spec 2010 
  3.83E‐04  CBPR 2010 

  1.42E‐03  Hammond and Jones 2008 

  3.45E‐03  Scheuer & Keolan 2002 
  6.90E‐04  Santamouris 2006 

Swiss  7.75E‐04  Kunniger et al. 2001 
  2.89E‐04  GBC, 2008 

  1.06E‐03  average 
  1.08E‐03  Std. Dev. 
Sand  kg CO2‐C kg

‐2   
  1.47E‐04  Thompson & Sorvig 2008 
  1.91E‐03  CBPR 2010 
  1.36E‐03  Hammond & Jones 2011 
  6.33E‐04  Horvath 2004 
  6.90E‐04  Santamouris 2006 

Swiss data  7.83E‐04  Kunniger et al. 2001 

  2.89E‐04  GBC, 2008 
  8.31E‐04  average 
  6.15E‐04  Std. Dev. 

Green roof substrate  kg CO2‐C kg
‐2   

expanded slate  0.12  Getter and Rowe 2009 
expanded perlite  0.14  Hammond & Jones 2011 

expanded perlite  0.13  GBC, 2008 
  0.13  average 
  0.01  Std. Dev. 

Concrete Paver  kg CO2‐C kg
‐2   

  0.04  CBPR 2010 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 0.03  Hammond & Jones 2008 
"generic lightweight 

concrete block"  0.03  Building Research 2006  
  0.01  Thompson & Sorvig 2008 

Swiss  0.03  Kunniger et al. 2001 

  0.03  GBC 2008 

  0.03  average 
  0.01  Std. Dev. 

LPDE  kg CO2‐C kg
‐2   

  0.37 to 0.75  Hammond & Jones 2008 
  0.45  Thompson & Sorvig 2008 
  0.57  Hammond & Jones 2011 

  0.66  NREL 2008 

  0.56  Ecoinvent Database (Swiss) 
  0.56  average 
  0.08  Std. Dev. 

PVC pipe  kg CO2‐C m
‐1   

  2.04  Green Spec 2010 
  3.48  Scheuer & Keolan 2002 

  1.92  Ecoinvent Database (Swiss) 
  2.63  Hammond & Jones 2008 
  2.52  average 
  0.71  Std. Dev. 

Reinforcing Steel  kg CO2‐C kg
‐2   

steel billet  0.38  NREL 2008 
raw material extraction + 
manufacture  0.37  Loijos et al.2010 
steel bar and rod  0.76  Hammond & Jones 2008 
  0.50  Average 
  0.22  Std. Dev. 

Cast Iron  kg CO2‐C kg
‐2   

  0.82  Hon 2003 
gray iron castings  0.71  Stodolsky et al. 1995 

  0.48  Green Spec 2010 
  0.55  Hammond & Jones 2008 
  0.64  Average 
  0.15  Std. Dev. 
Green roof drainage 
layer  kg CO2‐C kg

‐2   
Polypropylene  1.36  Getter and Rowe 2009 
Polypro ‐ oriented film  0.93  Hammond & Jones 2010 
Polypro ‐ injection 
moulding  1.22  Hammond & Jones 2010 
  1.17  Average 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 0.22  Std. Dev. 

Cistern Tank (PET)   kg CO2‐C kg
‐2   

Polyethylene, gen  0.69  Hammond & Jones 2010 
     

Cistern Tank (HDPE)   kg CO2‐C kg
‐2   

  0.53  Hammond & Jones 2010 

  0.66  NREL 2008 

  0.94  Alcorn 2003.   
  0.71  Average 
  0.21  Std. Dev. 

Potable Water  kg CO2‐C m
‐3   

Portland, OR (min. 
pumping)  0.03  ASLA 2010 
Portland, OR (min. 
pumping)  0.03  ASLA 2010 

UK  0.27  Hammond & Jones 2011 
  0.04 to 0.14  River Network 2009 
  0.10  River Network 2009 
min of range,  
H2O treat & dist.   0.02  Arpke and Hutzler, 2006 
max of range,  
H2O treat & dist.   0.11  Arpke and Hutzler, 2006 
water treatment plant, 
Virgina  0.08  Bakhshi, A. 2009 PhD dissertation 
water treatment plant, 
Virgina  0.09  Bakhshi, A. 2009 PhD dissertation 
Kalamazoo, MI:  0.42  Mo et al. 2010 
water treatment plant, 
Switzerland  0.06  Cretlaz et al., 1999 
groundwater treatment, 
3800 ‐ 75000 m3 d‐1  0.08  Elliot et al. 2003 
Bay area, CA: treat, dist., 
const.   0.10  Stokes and Horvath, 2010 
  0.12  Average 
  0.12  Std. dev. 

Fertilizer  kg CO2‐C kg
‐2   

N fertilzer  0.14  NREL 2008 

Seedling  kg CO2‐C kg
‐2   

forest nursery, Western 
US  7.19E‐03  NREL 2008 
greenhouse seedling, SE 
US  7.26E‐03  NREL 2008 
greenhouse seedling, 
PNW US  7.66E‐03  NREL 2008 
  7.37E‐03  Average 
  2.56E‐04  Std. dev. 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Appendix H 
On-road Vehicle Carbon Emission Rates Used in Carbon Footprint Computation (Ch 5) 

 
Vehicle Class  C footprint per mile 

 Heavy Duty Vehicles 
Predicted fuel 
economy, mpg  kg CO2‐C mi‐1  kg CO2 mi‐1 

HDV2b (8501‐10000 lbs)  14.2  0.19  0.71 
HDV3 (10,001 ‐ 14000 lb)  12.8  0.21  0.79 
HDV4 (14001‐16000 lb)  10.8  0.25  0.93 
HDV5 (16001‐19500 lb)  10.6  0.26  0.95 
HDV6 (19501‐2600 lb)  9.2  0.30  1.09 
HDV7 (20001‐33000 lb)  7.6  0.36  1.32 
HDV8a (33001‐60000 lb)  7.1  0.39  1.42 
HDV8b  7.1  0.39  1.42 
Light Duty Vehicles       
LDGT12  18.7  0.13  0.47 
LDDT34  17  0.16  0.59 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Appendix I 

Off Road Vehicle Carbon Emission Rates Assumed in Carbon Footprint Calculation (Ch 5)  
 

Equipment Type  Fuel type 
HP 

rating 
Avg hp 

BSFC1  
(lb/hp‐hr) 

Load 
factor 

C Emission Rate2 
kg CO2‐ C hr

‐1 
Crane  Diesel  250  208  0.47  0.43  16.4 
Dozer  Diesel  250  207  0.47  0.64  24.3 
Excavator  Diesel  120  103  0.49  0.57  11.2 
Grader  Diesel  120  98  0.49  0.61  11.4 
Cement Mixer  Diesel  250  233  0.47  0.57  24.3 
Skid Steer Loader  Diesel  120  62  0.49  0.55  6.5 
Backhoe  Diesel  120  75  0.49  0.55  7.9 
Trencher  Diesel  175  153  0.47  0.75  21.0 
 Chippers/Stump 
Grinders       Diesel  120  83  0.49  0.73  11.6 
Leaf blower  Gasoline  3  3      0.0 
Lawn Mower  Gasoline  15  6  0.55  0.62  0.8 

1Brake Specific Fuel Consumption, measured in lb fuel consumed per hp-hour 
2C emission rate = BSFC x Avg hp x load factor x fuel density x C content fuel.  Average fuel 
density values for gasoline (6.22 lb gal-1) and diesel (7.07 lb gal-1) assumed.  EPA standard 
fuel carbon contents also assumed (2.421 kg C gal-1 gasoline; 2.778 kg C gal-1 diesel).    
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Appendix J 
Example SCM Net Carbon Footprint Tabulation (Ch. 5) 

 
Wetland Design, 1‐ha drainage area (100% impervious)   
wetland surface area  8500  ft2       
avg. wetland depth  2  ft       
forebay area  850  ft2       
Outlet structure ‐ precast concrete           

  length  2  ft  Material properties 
  width  2  ft  Precast concrete  141  lb ft‐3 
  height  5  ft  Rebar  490  lb ft‐3 
  wall thickness  0.5  ft  Rebar  0.376  lb ft‐1 
  Total volume  24  ft3  Cast iron  7200.0  kg m‐3 
  Weight concrete  3384  lb       
  Steel rebar  96  ft       
  Weight concrete  36.096  lb       
             

Materials‐ Embodied C           
   Per unit material  Material Quantity   
Outlet structure, precast concrete       

C footprint 
(kg C)   

precast concrete  0.06  kg C/kg  1535  kg  90.1   
rebar  0.50  kg C/kg  16.4  kg  8.2   

cast iron  0.64  kg C/kg  204  kg  130.7   
PET plant trays  4.2E‐03  kg C/plant  756  plants  3.2   

Plants ‐ 
greenhouse  7.2E‐03  kg/seedling  756  plants  5.4   

Soil amendment  assume sourced onsite; no embodied C        
Liner (LPDE)  assumed no liner used 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Construction             
  

Transport to site 
Equipment 
type/Vehicle class 

Vehicle 
Class 

No. trips 
RT Distance 
to site (mi) 

C emissions 
(kg C)    

Outlet stucture 
10‐wheel flat bed 

truck  HDV7  1  60  21.6    
Off road equip.  semi tractor trailer  HDV8B  1  60  23.3    

Plants 
Light duty truck w/ 

trailer  LDGT34  1  60  10.1    

Equipment 
hp   

Hours 
Operation 

C emissions 
(kg C)    

Excavator  120  na  22.9  226    
Dozer  250  na  11.5  245    
Skid Steer  120  na  11.5  66    

Vehicle 
Class 

No. trips 
Haul 

distance 
(mi) 

C emissions 
(kg C) 

% excav. soil 
retained 
onsite 

Excavation & 
Shaping 

 
Dump truck to haul 
excavated material 

HDV8A  8.0  30  92.7  85 

  hp 
 

Hours 
Operation 

C emissions 
(kg C)    

  
Placement ‐ 
outlet  crane (truck mounted)  250  na  2  28.8    
             
Maintenance             

Forebay 
cleanout 

Equipment 
hp/ vehicle 

class 
frequency 
(times yr‐1) 

Distance OR 
op. time 

C emissions 
(kg C yr‐1)   

   Excavator  120  0.14  1.1 hr  2.3   
   semi tractor trailer  HDV8B  0.14  30 mi  1.7   

  
Dump truck to haul 
excav. material  HDV8A  0.14  30 mi  1.7   

Inspection  Light duty pickup  LDGV12  12  30 mi  46.6 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Sequestration             
  
  

Rate 
(kg C/m2/yr) 

Source  Notes 
Sequestration Rate  

(kg C m‐2) 
  

  
0.16 

Anderson 
and Mitsch 
2006 

constructed riverine 
wetland, Columbus, OH 

  
  

0.3 
Euliss et al. 
2006 

restored prairie pothole 
wetlands, SD, ND, MN 

  
0.08 

Moore and 
Hunt 

stormwater wetlands, NC 

0.18 
 
 

             
Wetpond Carbon Footprint = C emissions ‐ C sequestration          
               
Materials 
Embodied  238  kg C  0.3  kg C m‐2      
Construction  713  kg C  0.9  kg C m‐2      
Maintenance  52.4  kg C/yr  2.0  kg C m‐2      
Sequestration  126  kg C/yr  4.8  kg C m‐2      
No. years  30  years          
               
Net footprinta  ‐1270  kg C  ‐1.6  kg C m‐2     

anegative “Net footprint” value indicates net sequestration 
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