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Background
In order to evaluate the efficacy of stormwater treatment, one needs to be clear about both the water quality goals and the treatment options under consideration.  Measures to reduce fecal coliforms or other particle-associated contaminants (i.e. phosphorus) will be different than those to reduce nitrogen, which is often of most concern in coastal areas. Water quality goals in coastal areas may therefore differ from those for inland systems. The terminology applied to different stormwater treatment options can also suffer from lack of clarity.  For example, it is sometimes difficult to determine whether a “stormwater wetland” has predominantly surface or subsurface flow characteristics (details that are important for describing its potential to treat non-point source pollution, particularly nitrogen).  In Box 1 we have compiled brief descriptions of different stormwater treatment strategies.   
Although stormwater treatment has not been as well-studied in coastal areas as in other environments, there are several recent projects that are relevant to this issue.  Below we provide information from technical studies that have evaluated stormwater treatment via filtration (buffers), wetlands, and stormwater ponds.

Buffers
The question of how well vegetative buffers perform in conjunction with other stormwater treatment options is not one with a straightforward answer, as there are numerous site-specific considerations that will affect the outcome.  However, given the demonstrated efficacy of buffers in reducing the load of non-point source pollutants (nutrients, sediment and contaminants), they are recommended by the US EPA for stormwater runoff pretreatment (for sedimentation) and as a supplement to other Best Management Practices (BMP) (US EPA 1993).  

In addition to treating stormwater runoff, vegetative buffers and natural wetlands serve many additional functions, including flood and erosion control, groundwater recharge, enhanced diversity of both vegetation and wildlife, recreational and education opportunities, improved aesthetics, and increased property values (Flory and Alber 2004, and references cited).  Engineered stormwater treatment solutions will not necessarily provide these other services
.

It should also be noted that in some areas, buffers and ponds have been short-circuited: subterranean pipes are used to route stormwater runoff underneath the buffer so that it empties into a pond.  Such buffers are effectively bypassed cannot act to improve water quality.  If the stormwater pipe feeds the pond near its outflow, the pond is also rendered ineffective. (M. Burke pers. comm, A. Kitchell pers. comm.).  


Buffer Width
  
 Different states and municipalities have different requirements for buffers; wider buffers provide increased opportunity for removal of pollutants.  Desbonnet et al. (1994) reported buffer widths for 34 different areas, ranging from ~ 6 to 650 ft.  “The values contained…[here]…suggest that even relatively narrow buffers (less than 10 m [33 ft] wide) have some reported value as a resource management tool for the protection of water quality.  Based upon mean values reported by category, however, 45 m [148 ft] buffers appear adequate to protect water quality in general, at least within freshwater systems and areas where sediment and adsorbed pollutants are the major concern.”  [emphasis added].   

A recent EPA review that focused on nitrogen removal (Mayer et al. 2005) suggests that riparian buffers are a “best management practice” that should be used in conjunction with a comprehensive watershed management plan to reduce both point and non-point sources of nitrogen. The report concludes “On average, State guidelines (Lee et al. 2004) recommended buffer widths that corresponded well to the minimum effective buffer widths necessary to improve water quality only if conditions within buffers are conducive to denitrifica​tion
 [emphasis added]. Federal regulations do not stipulate minimum buffer widths for nitrogen removal from streams. Rather, riparian buffers represent a suggested tool to protect stream water quality and/or for removing streams from impaired listing due to nitrogen pollution under 303(d) section of the Clean Water Act. Federally recommended buffer widths vary from ~7-100 m [23-328 ft], which encompass the width range of buffers expected to remove significant amounts of nitrogen.”
A study by Lowrance et al. (1997) suggests that, in cases where the water is clearly in contact with biologically active areas such as the root zone or surface litter, buffers of about 33 m [108 ft] have been effective for at least sediment and nitrate removal.  
Desbonnet et al. developed relationships between buffer width and the percent removal of sediment and nutrients reported in a number of different studies (ranging from 16 - 31 observations per pollutant) and then used these to estimate buffer widths required to attain different removal efficiencies (Table 1).  Removal efficiencies were fairly high for sediment, such that 50% removal of total suspended solids (TSS) would occur within 7 ft.  Phosphorus removal was variable and somewhat lower than for sediment (50% removal would require 16 ft).  The reduced efficiency for phosphorus in comparison to sediment may be due to the fact that phosphorus is typically found associated with finer particles that are not as effectively filtered out as coarser grains.  (As a general rule, particle size and buffer width are inversely related, such that pollutants attached to finer sediments require larger buffers.)  Clearly, other factors such as soil type, slope etc., also need to be taken into consideration and probably account for some of the variability observed here.  In addition, the authors point out that “it is important to note that the data used to construct [these relationships] do not come from a single, controlled study, but from a wide variety of studies reported in the literature.”  
Mayer et al. (2005) did a similar analysis of studies of buffer effectiveness for nitrogen  removal. Although they found that buffer width could explain a small portion of the variability in nitrogen removal
 much variability remained and is likely a function of other factors such as soil type, slope, etc. However, they did find more consistent removal in larger buffers, which may be due to the fact that a larger area is more likely to have appropriate soils, etc.  Their predictions for nitrogen removal are included in Table 1 to facilitate comparison with the findings of Desbonnet et al.  The large differences between these studies are again likely due to the fact that width is only one factor in determining buffer efficacy.  In addition, using a percentage removal rate for evaluation of stormwater pollution controls is also a potentially flawed measure since the total amount of nutrients delivered to the receiving waters will be heavily influenced by pre-existing soil composition and (more importantly) the pollutant load that entered the system (L. Cahoon, pers. comm.). 
Both Desbonet et al. (1994) and Mayer et al. (2005) also point out that wider buffers are required for wildlife habitat protection and other functions.  Desbonet notes, “It is difficult to determine a “best size” buffer width for general wildlife habitat.  It has been noted that 15-m [49 ft] buffer widths provide habitat under certain conditions, and it may be that widths much less than that will not provide adequate space—bird nesting sites for instance—for resident species.  Buffers less than 15 meters [49 ft] wide, however, may provide adequate habitat for the temporary activities, such as resting or feeding, of both resident and transitory species.”  

Table 1.  Buffer widths (feet) required to attain different removal efficiencies for pollutants.  (All information adapted from Table 5, Desbonnet et al. 1994 except the final column, which was calculated based on the data in Mayer et al. 2005). TSS = total suspended solids
	Removal
	Sediment
	TSS
	Phosphorus
	Nitrogen
	Nitrogen (Mayer)

	
	-------------------Buffer width required to achieve removal (ft)-------------------

	50 %
	2 
	7
	16
	12 
	112

	60 %
	7
	20
	39
	30
	183

	70 %
	23
	66
	115
	75
	301

	80 %
	82
	197
	279
	197
	494

	90 %
	295
	656
	820
	492 
	810

	99 %
	984
	2297
	1804
	1148
	1265


Wetlands 

Natural Wetlands
Natural wetlands function to reduce pollutant loading to adjacent areas.  A North Carolina study of 11 coastal streams found that watersheds with large wetland coverage did not experience the increase in fecal coliform bacteria counts which typically follow a rain event (Mallin 2001). 

Constructed Wetlands

Researchers at the University of New Hampshire Stormwater Center did a side by side field study to compare conventional treatments (rip rap swale, retention pond), manufactured devices (hydrodynamic separator, filter unit, subsurface infiltration unit), and so-called low impact development technologies (porous asphalt, gravel wetland, sand filter, tree filter and a bioretention unit) with constructed wetlands.  They found that a constructed, vegetated, gravel wetland (with subsurface flow) outperformed all other tested management measures in removal of total suspended solids, nitrate, zinc and total petroleum hydrocarbons (reviewed in Landers 2006).  

A recent study of urban stormwater retention ponds in coastal South Carolina showed that they were extremely sensitive to inputs of nitrogen
, which stimulated algal blooms (Drescher 2005, Drescher et al. 2006).  They suggested that adding carbon to the soil, particularly in areas where the land has been cleared (i.e. golf courses), would enhance nitrogen removal through both immobilization
 and denitrification, and concluded “This study supported the value of creating a wetland with carbon enriched soils and sediments to intercept nutrient-rich storm and groundwater, which would enhance denitrification within the interface between upland land uses and coastal ponds and reduce the mineral nitrogen loads.”  The investigators also emphasized that wetlands are very important areas for denitrification (M. Burke, pers. comm.).
A stormwater wetland has been designed to supplement the nonpoint source control of pollution by a detention pond on Kiawah Island (SC).  Once completed, the efficacy of this wetland on stormwater pollution control will be evaluated.  Baseline studies for the area are continuing during a construction delay.  (Strosnider 2005)

Stormwater Ponds

Retention ponds perform variably as stormwater abatement structures: they are subject to several design issues
, their ability to capture and treat water decreases over time as they fill with sediment, and they may function inconsistently with different types of rain events
 (Mallin 2002, M. Messersmith, pers. comm., Kelsey 2006).  The studies in South Carolina, described above, have suggested that wet detention ponds may in fact contribute to water quality impairment in coastal areas by concentrating nutrients and promoting algal growth.  The algae utilize oxygen, rendering the ponds eutrophic and further decreasing their capability to remediate other stormwater pollutants).  Nutrients from such eutrophic ponds were found to enter both surface and groundwater, and receiving waters are also at risk from contamination with harmful alga (McCraken Bunker 2004, Drescher 2005, Lewitus 2003). 

An ongoing project on mainly freshwater stormwater ponds is being conducted by researchers at the South Carolina DHEC Office of Ocean and Coastal Resource Management.  They have sampled 112 stormwater ponds in eight coastal counties and plan to make results from these studies available at the end of June.  SC DHEC is working with SC Sea Grant Consortium to expand these studies (including the analysis of pond sediment).  A graduate thesis on the efficiency of stormwater ponds (by Mark Messersmith) is also expected to be completed by June 2007. 

Additional Related Research
An Assessment of Stormwater Best Management Practices for Coastal South Carolina: The Oak Terrace Preserve Monitoring Project (Principal Investigator: Dwayne Porter [University of South Carolina], Support: South Carolina Sea Grant Consortium FY2006-2008).  Quoting from material on the Sea Grant website:

“The investigators have noted that best stormwater management practices (BMPs) developed at the national level may not be effective in certain regional and local situations. Recent regional research suggests that [they] may not be efficiently treating and removing pollutants in stormwater. Therefore, the ultimate goal of this project is to test innovative BMPs at a local development site (Oak Terrace Preserve), where before-and-after data will be collected and made available to determine if the design BMPs are efficient at maintaining pre-development flow rates and effectively filtering/removing NPS pollutants at the small watershed scale. The Noisette Company, Inc., a partner in the project, has created plans for Oak Terrace Preserve as a way to redevelop land surrounding the former Charleston Naval Base in an effort to revitalize the community and promote sustainable development. Oak Terrace Preserve is a 55-acre tract of land, which will be developed to include over 370 parcels (mixture of 303 single-family homes and 74 town homes). Noisette is planning to use Low Impact Development (LID) practices that disperse stormwater throughout the developed area and allow increased infiltration to occur, which in effect should minimize changes to the existing hydrodynamics of the site.  These plans also include innovative BMPs that presumably will promote stormwater infiltration and the retention of pollutants. 

The results of the research will provide insight into the hydrologic transformations that occur throughout the development of Oak Terrace Preserve and how this may affect post-construction hydrodynamics and stormwater management. The investigators will monitor two sites: (1) A control (with no BMPs), which will be located in a suburban setting, and 2) A treatment (BMP) watershed in the Oak Terrace Preserve. Resultant data should provide further knowledge of regional hydrodynamics in coastal South Carolina that is pertinent to both understanding stormwater management in the southeast and improving stormwater BMP methodologies.”
Urbanization and Southeastern Estuarine Systems (USES) Project (Principal Investigator: Tom Siewicki [NOAA], Support: NOAA - National Marine Fisheries Service, in collaboration with the University of South Carolina).  Quoting from the Baruch Institute for Marine Biology and Coastal Research website:

“Future development in coastal areas of the southeastern United States will likely result from urbanization rather than industrialization.” “…The USES project is a multi-disciplinary project designed to utilize a variety of research approaches to delineate the impact of urbanization on high salinity estuaries and to develop a model providing a scientifically valid basis for land use management decision making in the coastal zone. Research is ongoing in the following seven areas: 1. bacterial water quality, 2. chemical contaminants, 3. eutrophication/nutrients, 4. Geographic Information Processing/spatial modeling, 5. primary and secondary productivity, 6. toxicology/ecological monitoring, 7. watershed inputs.
Research in each of these areas is presently being conducted in two small, high salinity estuaries in South Carolina. The first of these estuaries is Murrells Inlet which has a history of significant urbanization. The second study site is North Inlet which is a relatively pristine, undisturbed estuary and a designated National Estuarine Research Reserve.”
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Stormwater Treatment Descriptions





Filtration – Buffers, swales, and filter strips are all vegetated areas that serve to filter runoff. 


Vegetated buffer – vegetated areas generally found adjacent to streams.  In the case of a tidal buffer, they are adjacent to tidally influenced areas.  The vegetated area can be either planted or natural.  It usually follows the contour of the waters to be protected from upland runoff.


Filter strips - uniformly graded and densely vegetated strips of land (often grass).


Grass swales - a vegetated open channel.   





Wetlands – Wetlands (whether natural or constructed) are areas with saturated soils.  In tidal areas, wetlands may function as buffers (see above).


Natural wetlands – areas where flow is dominated by surface and shallow groundwater influences.


Stormwater wetlands - constructed wetland systems used for stormwater management.  Runoff volume is both stored and treated in the wetland facility.  Subsurface flow is utilized.





Stormwater Ponds – Ponds designed to catch stormwater.


Detention pond - a constructed stormwater catchbasin designed to temporarily detain stormwater flows.


Retention pond - a constructed stormwater basin with a permanent pool of water where runoff is collected and treated.  Runoff remains in the pond until displaced by overflow from subsequent rain/runoff events.


Wet detention pond - see Retention pond.





Infiltration – Various techniques employed to enhance infiltration of stormwater into the soil and therefore reduce runoff.  


Bioretention area - a shallow stormwater basin or landscaped area that utilizes engineering soils and vegetation to capture, infiltrate and treat runoff.


Sand filter - multi-chamber infiltration structure with a sediment forebay, a sand bed (as primary filter media), and sometimes an underdrain collector.


Porous pavement - pervious surface allowing rapid infiltration and temporary storage of runoff.


Infiltration trench - excavated trench filled with stone aggregate used to capture & infiltrate runoff in the surrounding soils from the bottom & sides of the trench.





Manufactured devices - Proprietary engineering solutions for treating runoff (usually from a large area).





After D. Borden, 2006 [Presentation to Coastal Uplands Stakeholder Meeting. July 14, 2006],


http://crd.dnr.state.ga.us/assets/documents/jrgcrddnr/Stormwater_Mgmt_Presentation_July_14_2006.pdf











� The Center for Watershed Protection recommends a 100 ft minimum buffer because of all of the functions that buffers provide coupled with the potential for design failure of stormwater treatment options.


� Much of the discussion of buffer widths is from our previous report (Flory and Alber 2004).  It is reproduced here because it is directly relevant to the present discussion.  However, the information contained in this section is of a general nature as we have been unable to locate any studies of buffer efficacy specifically focused on coastal areas.





� Denitrification is a natural process by which nitrogen (in the form of nitrate) is converted to nitrogen gas and released back into the atmosphere.  Since it is a way of removing nitrogen from a system, pollution controls are often designed to enhance this process.  Mayer (2005) states that “Buffers generally are more effective where soil type, hydrology, and biogeochemis�try are conducive to microbial denitrification and plant uptake. While some narrow buffers (1-15 m) removed nitrogen, wider buffers (>50 m) more consistently removed significant portions of nitrogen probably by providing more area for root uptake of nitrogen or more sites for denitrification.” 


� They fit the following equation to data from 18 studies of buffers receiving surface flow: nitrogen removal effectiveness = 20.2*ln (buffer width in m) – 21.3; R2 = 0.292.  


� The reason for this sensitivity is due to a lack of oxygen (due in part to the steep sides of the ponds and in part to algal uptake) that leads to reductions in nitrogen cycling and a concurrent build-up of ammonia, which is then readily available to phytoplankton, in combination with sediments with very high phosphorus concentrations.  From Drescher et al. (2006) “The N:P ratio in sediment pore water was low…Ironically, although N concentrations were high…the overabundance of P…made N the nutrient likely to be the more limiting to primary production.”  


 


� Immobilization is when nitrogen is taken up by organisms (bacteria, plants, animals) and is thus stored in the system.





� such as length-width ratios and subsurface composition.





� They tend to perform poorly after larger amounts of rain because detention times are decreased.
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