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Overview

Vegetative buffers are commonly used to protect surface waters from non-point source pollution.  Where buffers are used, urban, industrial, agricultural, or storm water runoff (containing sediment and associated pollutants) passes across a vegetated area before it enters the water.  As it travels across the buffer, the constituents carried in the runoff may undergo biological, chemical, or physical transformations and the sediment (and associated pollutants) may be retained, thereby reducing the pollutant load in the runoff that reaches the water body.
Vegetated buffers can be used adjacent to streams, ponds, lakes, or creeks.  In tidally-influenced areas such as salt marshes, vegetated buffers are set above the intertidal area, providing a vegetated barrier at the upland edge of the marsh.  Although there is a wealth of information available regarding best management practices for vegetated buffers in non-tidal areas, there is very little information on the effectiveness of buffers in tidal areas.  There is, however, information on the relationship between different land uses and pollutant loading to coastal marshes and tidal creeks, and it is logical to conclude that a vegetated barrier would reduce the amount of material that is delivered to these areas.  
The document below is divided into three sections.  In Part One we provide a brief overview of the functions of vegetated buffers and the various factors that influence their effectiveness.  In Part Two we describe some of the research that has been done to evaluate loading into coastal areas.  In Part Three we describe some of the considerations that are relevant for buffers in tidal areas.  At the end of the document is an annotated bibliography and other resource information.  
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Part One – Vegetated Buffers
(Note: Much of the following discussion is drawn from Desbonnet, A., P. Pogue, V. Lee, and N. Wolff. 1994. Vegetated Buffers in the Coastal Zone: a summary review and bibliography.  Passages copied directly are indicated by quotation marks.)
Background 

One of the primary purposes of buffers is to reduce the load of non-point source pollutants (nutrients, sediment, and contaminants) to the adjacent water body.  Since many contaminants are associated with particles, reductions in sediment delivery will also reduce contaminant loads.  In terms of nutrients, nitrogen and phosphorus are of primary concern as these can lead to eutrophication in the receiving water.  Phosphorus is generally particle-bound so any reduction in sediment delivery will reduce phosphorus.  Nitrogen, on the other hand, can be found in dissolved form (as dissolved organic nitrogen, nitrate, nitrite, or ammonium).  Reductions in nitrogen generally occur through the process of denitrification, which converts nitrate into nitrogen gas which is then released to the atmosphere.  To the extent that the vegetation growing in the buffer can take up nutrients (both N and P), they are converted to plant biomass.  This will only result in a reduction if the plants are harvested (if they decompose in place, the nutrients are eventually returned to the system). 

In addition to pollutant removal, buffers can serve numerous additional purposes, which are listed below:

· Remove sediments and pollutants from surface runoff

· Create habitat.   According to Groffman 1991b (- cited in Desbonnet), the many services provided to wildlife by buffers include;

· “Increased species diversity: mixed habitat types promote greater diversity

· Increased foraging sites: mixed vegetation provides greater food availability

· Wildlife dispersal corridor: wider buffers provide a better travel corridor

· Escape from flooding

· Hibernation sites

· Breeding and nesting sites: wide buffers reduce nest parasitism

· Decreased disturbance from neighboring areas

· Decreased predation: wider buffers further reduce predation”

· Provide recreational opportunities (greenways, trails, bike paths)

· Provide scenic and aesthetic benefits

· Help preserve historical, cultural resources

· Provide shade and cool water input to the receiving water body  

· Provide financial benefits (Hernandez et al.):

· By minimizing property damage (keeping development away from floodwater, high tides, storm surges) and -

· Decreasing public investment in storm water management and -  

· Increasing property values
 and -

· Reducing maintenance costs compared with turf management expenses

Buffer Effectiveness

Many different factors influence the effectiveness of buffers (Table 1).  Each of these is briefly summarized below.

Table 1.

	Critical Variables Affecting Buffer Effectiveness

	Width

	Soil type

	Depth of the water table

	Type, density and age of vegetation

	Residence time

	Pollutant concentrations

	Water flow

	Drainage area characteristics

	Adjacent land use

	Adapted from Desbonnet et al. (1994)


Width 

Different states and municipalities may have different requirements for buffers, but the approach recommended by the U.S. Forest Service for forested areas divides the buffer into three zones, where Zone 1 is an undisturbed area (with exceptions for footpaths, docks, or utility rights of way); Zone 2 is a managed area, where limited uses are permitted (recreational uses [e.g. a bike path] or selective logging); and Zone 3 is an area of runoff control where certain uses are restricted (no impervious surface, no permanent structures, no septic systems).  Zone 3 is usually a field or residential lawn (see Welsch, D.L., 1991. Riparian forest buffers, USDA, Forest Service).  The Forest Service recommends that the widths of the three zones should be 5 m, 17 m, and 6 m, respectively.
Wider buffers provide increased opportunity for removal of pollutants.  Desbonnet et al. reported buffer widths for 34 different areas, ranging from 2 to nearly 200 m.  “The values contained…[here]…suggest that even relatively narrow buffers (less than 10 m 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 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.”  

Desbonnet et al. also developed relationships between buffer width and the percent removal of sediment and nutrients reported in a number of different studies (ranging from 16 to 31 observations per pollutant) and then used these to estimate buffer widths required to attain different removal efficiencies (Table 2).  Removal efficiencies were fairly high for sediment, such that 50% removal of total suspended solids (TSS) would occur within 2 m.  Phosphorus removal was variable and somewhat lower than for sediment (50% removal would require 5 m).  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.)  Nitrogen removal was also variable (50% removal would require 3.5 m) and considerably higher than nitrate removal, which would require in excess of 100 m for 50% removal.  Clearly, some of the other factors listed in Table 1 also need to be taken into consideration and probably account for some of the variability observed here.  In addition, “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.”

Table 2.  Buffer widths required to attain different removal efficiencies for pollutants.  
(Adapted from Table 5, Desbonnet et al.)

	Removal
	Sediment
	TSS
	Nitrogen
	Nitrate
	Phosphorus

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

	50 %
	0.5 m
	2 m
	3.5 m
	> 100 m
	5 m

	60 %
	2 m
	6 m
	9 m
	
	12 m

	70 %
	7 m
	20 m
	23 m
	
	35 m

	80 %
	25 m
	60 m
	60 m
	
	85 m

	90 %
	90 m
	200 m
	150 m
	
	250 m

	99 %
	300 m
	700 m
	350 m
	
	550 m


The study also notes that wider buffers are required for wildlife habitat protection, with studies reporting buffers ranging from 15 to 200 m.  “It is difficult to determine a “best size” buffer width for general wildlife habitat.  It has been noted that 15-m 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 wide, however, may provide adequate habitat for the temporary activities, such as resting or feeding, of both resident and transitory species.”  They conclude that “a multiple use vegetated buffer of 5 m could be considered a reasonable minimum-buffer-width standard.”

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 have been effective for at least sediment and nitrate removal.

Soil type
Nitrogen is removed more effectively in poorly drained soils than well drained ones, likely due to the increased retention time and therefore increased opportunity for denitrification to occur.  Clay/loam soils, which drain slowly due to the smaller grain size, are therefore better than loam or sand for nitrogen removal.  In keeping with this, there is concern that areas with well-drained sandy soils lead to increased nitrate pollution in groundwater.  However, with too much clay the soil may compact, rendering it water impermeable and therefore decreasing retention time.  Information on stability and deposition of metals in the soil is found in Baker and Chesnin, 1975 or Zirchky 1989 – cited in Desbonnet.  The presence of anoxic zones and high organic matter in the sediment (conditions generally associated with clay soils) enhance conditions for denitrification.

Water table depth
Water table depth affects the rate of nitrogen removal.  Nitrate removal is higher in areas where the water table is within or near the root zone, both because of direct uptake of N by the vegetation and also because of denitrification.  When the water table is deeper than the root zone, significant N reduction is unlikely to occur (Lowrance et al. 1997).  Wetlands and areas with poorly drained soils have a shallow water table, making them more conducive to denitrification (Desbonnet et al. 1994).  

Vegetation characteristics
Grassy areas (as opposed to buffers with trees and shrubs) provide enhanced surface area to baffle water flow, thereby slowing it down and allowing more pollutants to settle.  Grasses are also more efficient than forested areas for nutrient removal.  (As noted above, if vegetation is used to immobilize nutrients then it must be regularly harvested or else the nutrients have not really been removed from the ecosystem.).  Reports are variable, but up to 290 Kg N / ha / year can be removed.  If cutting is desired, it is fairly easy to remove the N-containing clippings.  Major disadvantage is that such areas do not provide a very diverse habitat.

With woody-stemmed plants, up to 85 Kg N / ha / year can be removed (hardwoods are better than conifers at N removal).  These buffer systems have deeper roots, more established plants (especially in natural areas), and more extensive rhizosphere microbial communities.   Because of the microbial action, some buffer activity also continues through the dormant season.  However, to remove N from the site, one needs to remove (and then replace) the whole plant, or do extensive leaf litter removal (which has a negative impact on the microbiota).

Residence time

The longer the water stays in the buffer, the more effective the buffer can be at removing material.  In particular, increased contact with the biologically active root zone will increase the likelihood of nutrient removal (via direct uptake and denitrification).
Pollutant concentrations
If the concentration of pollutants entering the buffer is higher, it will be less effective at removing material and require increased width or residence time.

Surface water flow

Flow through a buffer needs to be a slow, ‘sheet’ flow and not channelized to allow more sediment (and accompanying pollutants) to settle on the surface with a greater chance for biological / physical / or chemical transformation (Desbonnet et al. 1994).  Maintenance is often required to keep a buffer from becoming channelized.  According to Dillaha (1986a, ref in Desbonnet) channeled buffers are 40 to 95% less efficient at pollutant removal.  Submergence also greatly decreases efficiency.  Note that grasses promote sheet flow.


Although increased flow can lead to decreased sediment retention, Lowrance et al. (1997) suggest that techniques to increase roughness or control channel flow could help mitigate this problem.  They also suggest that increased flow will increase the rate of nitrate removal via denitrification.

Drainage area characteristics
If the slope is steep, lateral water speed increases, which decreases sediment deposition and biological capture.  It also increases propensity to form channels.  Slopes less than 15% grade are the most desirable, although a number of formulae have also been proposed to calculate the best slope (Desbonnet et al. 1994).  Shallow (flat-sloped) buffers can also be problematic, as sediment may collect near the edge of the buffer, forming a small berm which prevents good sheet flow.


In general, the ratio of the drainage area to that of the buffer is an indication of the amount of runoff that the buffer has to process: larger drainage areas probably mean that buffers need to be larger.

Adjacent land use

Adjacent land use will affect the rate and quality of runoff that enters a buffer.  If the area is impervious surface it will flow off quickly and likely have high concentrations of pollutants that enter the area through atmospheric deposition such as lead.  Agricultural areas may have high concentrations of fertilizers and pesticides; industrial areas may have high concentrations of other specific contaminants.

Part Two – Runoff to Coastal Areas
There have been many studies on the effect of different land uses on coastal water quality, all of which suggest the extent to which alteration of vegetated areas can negatively affect water quality.  Among the most relevant studies are the tidal creek studies conducted by Drs. Fred Holland, Denise Sanger and colleagues in South Carolina (Sanger et al. 1999a, 1999b; Holland et al. 2004) who sampled 28 headwater tidal creeks draining watersheds representative of different land covers and uses.  Each watershed was characterized as forested (< 30% urban/suburban land cover and < 10% in impervious cover), suburban (30 to 70% urban/suburban land cover with a human population density of 5 to 20 individuals/ha -or- 10 to 50% in impervious cover), urban (>70% urban/suburban land cover with a human population density of >20 individuals/ha -or- >50% of watershed as impervious cover), or industrial  (>45% urban/suburban land cover with industrial facilities and >50% of watershed as impervious cover).  (Holland et al. 2004) assessed the ecological and physical condition of 23 of the streams was assessed by measuring: temperature, salinity, pH, dissolved oxygen, sediment composition, sediment chemistry, porewater ammonia, benthic chlorophyll a, macrobenthic community composition, nektonic community composition, and fecal coliform bacteria.  
As shown in Figure 1, they found that creeks with higher levels of impervious cover did have measurable physical, chemical, and biological impairments compared with undeveloped areas.  High impervious surface correlated with high sediment contamination, coarser sediments, high fecal coliform levels, a high percentage of stress-tolerant taxa, and a low percentage of stress-sensitive taxa.  Specific information on the macrobenthic community data is found in Lerberg et al. ( 2000).  
[image: image2.png]gw
o
g
")
} 2
s ThRRAhoRmR _ oummenan@®
2 7 Ew
Jw I
£l @
ofgQ © . . L
2- gm
LD o
IEEEX LAY ThRNeR G NR®
' I P
x

i
)
£

°

2}

Fecal Collfem.

%

‘Pemasoid
@og:
£ &
3
o
(Cog(CRUNCmD)

8
&
]
8
2
8
8
8
&
&
8
8
3
2
2




Figure 1.  Comparison of the relationship between eight parameters evaluated in this study and impervious cover (%) for the 1994 summer calibration (diamonds), 1994 summer validation (squares), 1995 summer validation (triangles), 2000 winter calibration (circles), and 2002 summer fecal coliform calibration (asterisks). The line indicates the linear regression for the summer calibration data sets.  Reproduced from Holland et al., their Figure 3 (Holland et al. 2004). 

The type of land cover was also seen to affect specific water quality parameters: surface sediment chlorophyll-a and pore water ammonia concentrations (both suggestive of high microbial activity) were both lower in forested watersheds compared with those of suburban or urban/industrial uses (Figure 2).  Mean temperature, dissolved oxygen, pH and salinity did not correlate with the class of land cover, but higher summer-time salinities were found in streams passing through more developed lands.  The authors postulate that this could be due to increased evaporation in areas with more impervious surface.  
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Figure 2.  The mean surface sediment chlorophyll a (A) and pore water ammonia (B) concentrations in 2000 winter calibration study for each watershed type. Error bars represent ±1 standard error.  Reproduced from Holland et al., their Figure 4 (2004).
Two additional reports from South Carolina describe specific analyses on sediments collected from 28 tidal creeks and marshes (Sanger et al. 1999a, 1999b).  They found, “Those trace metals commonly associated with urban and industrial sources, including Cu, Cr, Pb, Zn, Cd, and Hg, were in significantly higher concentrations in tidal creeks located in industrial/urban watersheds compared to the suburban and forested watersheds.  Sediment trace metal concentrations were similar for creeks located in suburban and forested watersheds and 2 to 10 times lower than the creeks located in industrial/urban watersheds” (Sanger et al. 1999a) and “…creeks with industrial/urban watersheds had significantly higher concentrations of PAHs, PCBs, and DDT compared with creeks with suburban and forested watersheds.  The suburban watershed class of creeks had concentrations of half the PAH analytes and the total PCBs which exceeded the concentrations found in the forested watershed class of creeks.” (Sanger et al. 1999b) (quoting from the abstracts)
 
In Waquoit Bay, Massachusetts, Valiela and Bowen (2002) showed that changes in land use over time (an increase in impervious surface and a concurrent decrease in natural vegetation) correlated with an increase in nitrogen load to the estuary.  Valiela and his colleagues also developed relationships between land cover and nutrient concentrations in the groundwater  entering the marsh (Chaplin et al. 1995; MacGregor et al. 1995).  They found that concentrations of dissolved nitrogen (dissolved organic nitrogen, nitrate, and ammonium) and phosphate all decreased with increasing amounts of forested area (and concurrent increase in residential area).  These relationships also held in terms of the number of houses in the watershed (i.e. increased numbers of houses led to increased concentrations of dissolved nutrients measured in the groundwater on the edge of the salt marsh).  
Correll et al. ( 1992) used information about the Rhode River estuary, Maryland, to describe how nitrogen and phosphorus species delivered to coastal waters are influenced by land cover and ecosystem uses.  More than 90% of suspended sediments and ~80% of nitrate in surface water runoff was removed (or transformed) during transit through the riparian forest.   He concludes that “the structural characteristics of the landscape, such as the distribution of riparian forests adjacent to croplands and the extent of wetlands, are important in influencing nutrient throughput.” 
A study of the Fish River watershed, Alabama also supports the utility of using some form of vegetative filter to protect coastal waters: Basnyat et al. ( 1999) used GIS information and water quality data to create a linkage model.  Their results indicate that “forests act as a sink or an active transformation zone, and as the proportion of forest inside a contributing zone increases (or agricultural land decreases), nitrate levels downstream will decrease. Residential/urban/built-up areas were identified as the strongest contributors of nitrate in the contributing-zones model and active agriculture was identified as the second largest contributor.  The regression results for the streambank LULC model (stream buffer/riparian zone scale) suggest that water quality is highest when passive land uses, such as forests and grasslands, are located adjacent to streams.  Nonpassive land uses (agricultural lands or built-up areas) located adjacent to streams have negative impacts on water quality.”
Part Three – Coastal Buffer Considerations
Buffers have not been widely applied in suburban settings, and there is very little specific information regarding the use of buffers in tidal areas.  However, Lowrance et al. (1997) did a study evaluating buffer effectiveness in various physiographic and hydrogeomorphic regions of the Chesapeake Bay Watershed.  Of particular relevance here is their characterization of buffer effectiveness in the areas directly adjacent to the Bay, which they designated as “Inner coastal plain” (along the western shore of the Bay) and areas of tidal influence “poorly drained lowland, fine grained lowland and coastal wetland/beach region” (along the eastern shore of the Bay).  These characterizations are based in large part on the professional judgment of participating researchers, and represent consensus statements.

Inner coastal plain – These watersheds are characterized by well-drained soils on uplands with poorly drained soils in the riparian zones.  Land use is primarily agricultural on uplands and forested in riparian zones.  Topography is gently rolling with a high degree of stream incision.  These areas have well-developed natural riparian forests and connections between agricultural and riparian systems.  

In this area, Lowrance et al. expected that nitrate removal would be high, since most water moves in or near the root zone; the expected level of phosphorus removal would be medium to low; and the expected removal of sediment would be high to medium.  Nitrate removal predictions were based on studies (including the 1992 report by Correll et al. described in Part Two) showing that riparian buffers can remove 85-90% of nitrate in shallow groundwater and can retain 67-89% of the total N.  They suggest that newly established buffers will begin to decrease nitrate loads in 5-10 y (particularly if sediments have anoxic zones and high organic matter concentrations), and that after 15-20 y they should control groundwater nitrate in most situations.  Phosphorus removal predictions were based on studies that show net retention of P in established riparian buffers varies from 24-81%, primarily via retention of particulate P.  Retention of dissolved phosphate (PO4) was considered less effective.  This is a potential problem, as dissolved PO4 can contribute a substantial amount of the P load and it is biologically active.  In terms of sediment, buffers with a drainage area to buffer area ratio of 2:1 retained a very high percentage of sediment (96%), with fairly high amounts of sediment-borne nutrients (75% total N; 77% total P).

Tidal areas – The authors point out that tidally influenced areas are unique because of the tidal flushing/ connectivity with the groundwater.  In this area, nitrate removal was expected to be low to medium; phosphorus removal was expected to be medium to low; and the expected level of sediment removal was high to medium.  The consensus was that sediment removal rates should be similar to those in inner coastal plain systems.


Both the depth of the water table and bank stability affect buffers in tidal areas.  Water table depth determines whether denitrification can occur—this is particularly important in areas without a tidal marsh, as denitrification rates are often high within salt marshes (making nitrate removal less critical).  However, the paper points out that where nitrate input occurs directly from groundwater to tidal streams it bypasses the marsh and thereby allows little chance for denitrification.  In terms of bank stability, processes such as wave and tidal action, flood surges and other disturbances (i.e. boat wakes) and sea level rise all contribute to shoreline erosion and can undermine trees at the water’s edge.  Vegetation planted in these areas needs to be positioned such that it does not contribute to erosion, destabilization, or marsh shading.

General recommendations
Coastal areas would appear to be an ideal place to implement vegetative buffers.  The clear link between adjacent land use and coastal water quality (summarized in Part Two), coupled with the demonstrated ability of vegetative buffers to decrease non-point pollution (summarized in Part One), make it logical to expect that a vegetative buffer (or development setbacks) on the edge of a salt marsh would function to protect water quality.  Planted areas could also be seen as tools to restore functions in tidal watersheds lost when native vegetation has been removed.  
Controlling non-point pollution is particularly important in light of increased coastal population growth, especially given current trends towards increasing sprawl.  For example, the urban area of Charleston, SC, increased by 250% between 1973 and 1994, but the human population only increased by 40% (Allen and Lu, 2000).  This means that forested and agricultural systems are being converted into low density suburban and urban uses at a faster rate than the human population is growing (Beach, 2002).  Holland et al. (2004) included a section called Solutions in their paper, in which they suggest that buffers and setbacks are specific actions that can be taken to reduce the stress to tidal systems from increasing development in the coastal zone.  Some of the other functions of buffers (storm protection; wildlife habitat) would also help meet coastal management goals.  

It would be useful to find more specific information on the utility of vegetative buffers in the coastal zone.  It appears that many of the guidelines that are in place for tidal areas are extrapolated from experience in non-tidal systems, and these may not be directly applicable.  In particular, the complicated hydrology of the coastal zone and the close interaction between groundwater, surface water, and salt water, may affect removal rates in these areas.  Studies underway in South Carolina are particularly promising, including: the effect on coastal water quality of buffer width in a residential community (L. Vandiver, pers. comm.).  The Georgia Coastal Research Council will continue to seek information on this issue.

(Dillaha; Hernandez et al.; North Carolina National Estuarine Research Reserve; Schueler 1987; Castelle et al. 1992; Correll et al. 1992; Desbonnet et al. 1994; Chaplin et al. 1995; Herson-Jones et al. 1995; MacGregor et al. 1995; Schueler 1995; Lowrance et al. 1997; The School of Environmental Design - University of Georgia 1997; Wahl et al. 1997; Good et al. 1998; Basnyat et al. 1999; Ernst et al. 1999; Sanger et al. 1999a, 1999b; Wenger 1999; Witherill 1999; Fischer and Fischenich 2000; Lerberg et al. 2000; Allen and Lu 2001; Beach 2002; Ghadiri et al. 2002; Valiela and Bowen 2002; Semlitsch and Bodie 2003; Albers 2004; Holland et al. 2004)
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Summary: (supplied by publisher to PubMed) "Land-use activities affect water quality by altering sediment, chemical loads, and watershed hydrology. Some land uses may contribute to the maintenance of water quality due to a biogeochemical transformation process. These land-use/land-cover types can serve as nutrient detention zones or as nutrient transformation zones as dissolved or suspended nutrients or sediments move downstream. Despite research on the effects of individual land-use/land-cover types, very little has been done to analyze the joint contributions of multiple land-use activities. This paper examines a methodology to assess the relationships between land-use complex and nitrate and sediment concentrations [nonpoint source (NPS) pollutants] in streams. In this process, selected basins of the Fish River, Alabama, USA, were delineated, land-use/land-cover types were classified, and contributing zones were identified using geographic information system (GIS) and remote sensing (RS) analysis tools. Water samples collected from these basins were analyzed for selected chemical and physical properties. Based on the contributions of the NPS pollutants, a linkage model was developed. This linkage model relates land use/land cover with the pollution levels in the stream. Linkage models were constructed and evaluated at three different scales: (1) the basin scale; (2) the contributing-zone scale; and (3) the stream-buffer/riparian-zone scale. The contributing-zones linkage model suggests that forests act as a transformation zone, and as the proportion of forest inside a contributing zone increases (or agricultural land decreases), nitrate levels downstream will decrease. Residential/urban/built-up areas were identified as the strongest contributors of nitrate in the contributing-zones model and active agriculture was identified as the second largest contributor. The regression results for the streambank land-use/land-cover model (stream-buffer/riparian-zone scale) suggest that water quality is highest when passive land uses, such as forests and grasslands, are located adjacent to streams. Nonpassive land uses (agricultural lands or urban/built-up areas) located adjacent to streams have negative impacts on water quality. The model can help in examining the relative sensitivity of water-quality variables to alterations in land use made at varying distances from the stream channel. The model also shows the importance of streamside management zones, which are key to maintenance of stream water quality. The linkage model can be considered a first step in the integration of GIS and ecological models. The model can then be used by local and regional land managers in the formulation of plans for watershed-level management." 


Notes: included on CD 
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Castelle, A. J., C. Conolly, M. Emers, E. D. Metz, S. Meyer, M. Witter, S. Mauermann, T. Erickson and S. S. Cooke. 1992. Wetland Buffers: Use and Effectiveness. Report #92-10. Adolfson Associates, Inc., Shorelands and Coastal Zone Management Program, Washington State Department of Ecology, Olympia, WA.


Summary: (document executive summary) "This report was developed to assist efforts by Washington State agencies and local governments developing policies and standards for wetlands protection. The report summarizes and evaluates scientific literature, an agency survey, and a recent field study on wetland buffer use and effectiveness. Published literature was obtained from several sources and contains information from throughout the country on the concept of wetland buffers, their important functions, effective buffer widths, and buffer determination models. The agency survey reviewed buffer requirements of several states throughout the U.S. and for counties and cities in Washington. The field study reviewed the current state of buffers at several sites in King and Snohomish counties. 


Notes: supplied on CD, note that bibliography is a separate file 
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Notes: Nice description of the function of vegetative filter strips in pollution removal 
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Summary: Very nice overview.  Includes excellent summary tables 
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Keywords: grass strip, buffer strip, porous barrier, barrier strips, sediment entrapment, flow hydrology 


Summary: (from document) "Experiments were carried out in a 6m long tilting flume to study the effect of buffer strips on flow hydrology and sediment generation, transportation and deposition. The results show that buffer strips behave like porous barriers against the flow, creating zones with increased flow depth or backwater whose length varies with slope angle and buffer strip density. Flow velocity within this backwater is significantly lower than that of the unaffected regions further upslope. This velocity reduction caused the deposition rate to exceed the erosion rate, so resulting in net deposition. Since larger soil particles settle more rapidly than the finer particles, a spatial distribution in sediment size takes place within the backwater. Sediment passing though the strips is significantly finer than that initially dislodged by the flow. As a result of the settlement of mostly large particles in the backwater, finer particles were preferentially transported in the runoff that flowed through the grass strips. As these fine particles are richer in sorbed chemicals, such preferential transport of fine particles will lead to a reduction in sediment flow, but commonly with an enrichment of sorbed nutrients, agricultural chemicals and organic matter in the sediment which passes through the buffer strip. Such transmitted fine particles together with their chemical load either get deposited downslope of the strips as fans or stay in suspension until entering receiving waters. Except for soils of high clay content grass strips are therefore less effective in reducing overland transport of solutes or solids-associated chemical pollutants than they are in reducing sediment load." 


Notes: supplied on CD 

Good, J. W., J. W. Weber, J. W. Charland, J. V. Olson and K. A. Chapin. 1998. National Coastal Zone Management Effectiveness Study: Protecting Estuaries and Coastal Wetlands. Oregon Sea Grant and Marine Resource Management Program, College of Oceanic and Atmospheric Sciences, Oregon State University. http://coastalmanagement.noaa.gov/pdf/efwet.pdf.


Notes: Oregon Sea Grant Special Report PI-98-001 

Hernandez, D., W. Reynolds and L. Hajjar. Vegetated Riparian Buffers and Buffer Ordinances. South Carolina Department of Health and Environmental Control. http://www.scdhec.net/ocrm/pubs/buffers.pdf.


Notes: downloaded document supplied on CD 

Herson-Jones, L. M., M. Heraty and B. Jordan. 1995. Riparian Buffer Strategies for Urban Watershed. Urban Watershed Planning Section of the Department of Environmental Programs (Metropolitan Washington Council of Governments) for the USEPA -- Office of Wetlands, Oceans and Watersheds.


Summary: (from document) "Provides guidance on riparian buffer programs used to mitigate the impact of urban areas on nearby streams.  Utilizes the results of a national survey of riparian buffer programs as well as a comprehensive review of riparian buffer literature to make recommendations on buffer design.  Analyzes buffer pollutant removal potential and pollution prevention techniques via chemical, biological, and physical processes." 


Notes: provided as a hard copy 

Holland, A. F., D. M. Sanger, C. P. Gawle, S. B. Lerberg, M. S. Santiago, G. H. M. Riekerk, L. E. Zimmerman and G. I. Scott. 2004. Linkages between tidal creek ecosystems and the landscape and demographic attributes of their watersheds. Journal of Experimental Marine Biology and Ecology 298: 151-178.


Keywords: Tidal creeks; Impervious cover; Watershed development; Landscape indicators; Ecosystem responses; Nursery habitat 


Summary: (from document) "Twenty-three headwater tidal creeks draining watersheds representative of forested, suburban, urban, and industrial land cover were sampled along the South Carolina coast from 1994 to 2002 to: (1) evaluate the degree to which impervious land cover is an integrative watershed-scale indicator of stress; (2) synthesize and integrate the available data on linkages between land cover and tidal creek environmental quality into a conceptual model of the responses of tidal creeks to human development; and (3) use the model to develop recommendations for conserving and restoring tidal creek ecosystems. The following parameters were evaluated: human population density, land use, impervious cover, creek physical characteristics, water quality, sediment chemical contamination and grain size characteristics, benthic chlorophyll a levels, porewater ammonia concentration, fecal coliform concentration, and macrobenthic and nekton population and community characteristics." 


Notes: print copy of document supplied, available online at Science Direct 

Lerberg, S. B., A. F. Holland and D. M. Sanger. 2000. Responses of tidal creek macrobenthic communities to the effects of watershed development. Estuaries 23(6): 838-853.


Summary: (From document) "This study examined the effects of watershed development on macrobenthic communities in tidal creeks of Charleston Harbor, South Carolina, U.S. Two types of creeks were evaluated: upland creeks which drained watersheds consisting of at least 15% terrestrial land cover, and salt marsh creeks which drained no upland habitat (i.e., only intertidal habitat). Samples of macrobenthic organisms were taken along the longitudinal axis of twenty-three primary (first order) tidal creeks. Water and sediment quality data were also collected including measurements of dissolved oxygen, salinity, temperature, sediment characteristics, and toxic chemicals in the creek sediments. Hypoxic conditions occurred more than 15% of the time in both reference and developed creeks and were a natural attribute of these systems. The most severe and frequent hypoxia occurred in impacted salt marsh creeks. Salinity fluctuations were the greatest in developed upland creeks and salinity range was identified as a potentially reliable indicator of the degree to which watershed development has altered hydrodynamic processes. The creeks draining urban and industrial watersheds were degraded environments characterized by watersheds with high (. 50%) levels of impervious surface, broad fluctuations in salinity, severe hypoxia, and potentially toxic levels of chemicals in the sediment. These creeks had low macrobenthic diversity and abundance and were numerically dominated by the oligochaete Monopylephorus rubroniveus in mud sediments, and the polychaete Laeonereis culveri in sand sediments. Suburban watersheds had 15–35% impervious surface and creeks draining them were exposed to frequent hypoxia and broad salinity fluctuations. The levels of chemical contaminants in sediments of suburban and impacted salt marsh creeks were generally not different from the levels in reference creeks. Macrobenthic diversity and abundance were higher for suburban and impacted salt marsh creeks than for urban and industrial creeks. However, suburban and salt marsh impacted creeks were numerically dominated by a few pollution indicative species including the oligochaetes M. rubroniveus and Tubificoides brownae and the polychaete L. culveri. These creeks appear to be exhibiting early signs of degradation (e.g., a simplified food web). Two promising community-level macrobenthic metrics for assessing environmental quality were identified: the proportional abundance of pollution indicative taxa, and the proportional abundance of pollution sensitive taxa. These indicators were significantly (p ≤ 0.05) correlated with the salinity range, the level of chemical contaminants in sediments, and amount of impervious surface in the watershed." 


Notes: supplied on CD and in paper copy 

Lowrance, R., L. S. Altier, J. D. Newbold, R. R. Schnabel, P. M. Groffman, J. M. Denver, D. L. Correll, J. W. Gilliam, J. L. Robinson, R. B. Brinsfield, K. W. Staver, W. Lucas and A. H. Todd. 1997. Water Quality Functions of Riparian Forest Buffers in Chesapeake Bay Watersheds. Environmental Management 21(5): 687-712.


Keywords: riparian forest buffers, Chesapeake Bay, nonpoint source pollution, nitrogen, phosphorus, sediment 


Notes: supplied as paper copy 

MacGregor, C. H., S. A. Chaplin and I. Valiela. 1995. Land cover effects on inorganic nutrients in groundwater and the role of salt marshes in interception of land-derived nutrients entering estuaries of Waquoit Bay, Massachusetts. Biological Bulletin 189: 248-249.


Notes: PDF available from the GCRC 

North Carolina National Estuarine Research Reserve. Vegetated Buffers: Improving Environmental Quality in Coastal North Carolina. Technical paper No. 5. NCNEER Coastal Community Services. http://152.3.114.220/ncnerr/ccs/veg_buffer_paper.pdf.

Sanger, D. M., A. F. Holland and G. I. Scott. 1999a. Tidal creek and salt marsh sediments in South Carolina coastal estuaries: I. Distribution of trace metals. Archives of  Environmental Contamination and Toxicology 37: 445–457.


Summary: (from document) "Twenty-eight tidal creeks were sampled along the South Carolina coast in the summer of 1995 to determine the levels of sediment trace metal contamination associated with different types and varying levels of human development in their watersheds. The particle size and total organic carbon (TOC) content of creek sediments in developed watersheds (i.e., industrial, urban, and suburban) were similar to that in watersheds with little or no development (i.e., forested or reference). Those trace metals commonly associated with urban and industrial sources, including Cu, Cr, Pb, Zn, Cd, and Hg, were in significantly higher concentrations in tidal creeks located in industrial/urban watersheds compared to the suburban and forested watersheds. Sediment trace metal concentrations were similar for creeks located in suburban and forested watersheds and 2 to 10 times lower than the creeks located in industrial/urban watersheds. Concentrations of trace metals primarily associated with the natural weathering of basement rock, including Al, Fe, As, Ni, and Mn, were not significantly different among watershed types. Four of the tidal creek–salt marsh systems were extensively sampled from the creek channel to the marsh-upland interface to characterize sediment trace metal spatial distributions within creek-marsh systems.  Sediment particle size, TOC, and trace metal concentrations varied spatially within each creek-marsh system depending on the type of development in the watershed and the probable source of metals. The creek-marsh system selected to represent the industrial development had significantly higher ‘‘anthropogenic’’ trace metal concentrations compared to the other creek-marsh systems. This system also had trace metal distributional patterns that appeared to be associated with several localized sources of metals on the marsh surface. Both the ‘‘anthropogenic’’ and ‘‘natural’’ trace metal concentrations and spatial distributions were similar among and within the forested and suburban creek-marsh systems." 


Notes: PDF available from GCRC 

Sanger, D. M., A. F. Holland and G. I. Scott. 1999b. Tidal creek and salt marsh sediments in South Carolina coastal estuaries: II. Distribution of organic contaminants. Archives of  Environmental Contamination and Toxicology 37: 458– 471.


Summary: (from document) "Twenty-eight tidal creeks along the South Carolina coast were sampled during the summer of 1995 to determine the levels of sediment contamination including organic chemicals (i.e., polycyclic aromatic hydrocarbons [PAHs], polychlorinated biphenyls [PCBs], and DDT and its metabolites) associated with different types and varying levels of watershed development (i.e., industrial/urban, suburban, forested, and salt marsh). Organic analysis utilized high-performance liquid chromatography (HPLC) with fluorescence detection and capillary gas chromatography–ion trap mass spectrometry (GCITMS) for PAHs, and gas chromatography with electron capture detection (GC-ECD) for pesticides and PCBs. Results indicated that creeks with industrial/urban watersheds had significantly higher concentrations of PAHs, PCBs, and DDT compared with creeks with suburban and forested (reference) watersheds. The suburban watershed class of creeks had concentrations of half the PAH analytes and the total PCBs which exceeded the concentrations found in the forested watershed class of creeks. The spatial distribution of organic contaminants was evaluated in four of these tidal creek–salt marsh systems representing urban/industrial, suburban, and forested watersheds, from the creek channel to the adjacent uplands. The distribution of organic contaminants within each representative creek was not concordant with the total organic carbon or the clay content of the sediment. The representative industrial/urban creek-marsh system, Diesel Creek, had the highest concentration of PAHs in the creek channel and the highest concentration of PCBs and DDT on the marsh surface, primarily in the upper portion of the system. The representative suburban creek-marsh system, Shem Creek, had elevated levels of both PAHs and PCBs throughout the entire system. This system also had one site with a total PAH concentration of 324,000 ppb and a total DDT concentration that was 20–100 times higher than the other sites. One of the representative forested creek-marsh systems, Rathall Creek, had low levels of the three organic contaminants except for one sampling site that had PAH concentrations a factor of 10 higher than the other sites. The other representative forested creek-marsh system, Long Creek, had low levels of PAHs and PCBs, but elevated levels of DDT were observed, particularly in the upper portion on the marsh surface. The results of this study suggest that (1) anthropogenic alteration of the land cover in the watersheds of tidal creek–salt marsh systems may increase the organic contaminant loadings in the sediment, and (2) tidal creek–salt marsh sediments, particularly in the creek channel, are repositories and potentially conduits of organic contaminants from the upland environment to the deeper estuarine areas." 


Notes: PDF available from GCRC 

Schueler, T. R. 1987. Controlling Urban Runoff: A practical manual for planning and designing urban BMPs. Department of Environmental Programs, Metropolitan Washington Council of Governments.


Notes: photocopy of chapter 9 supplied, book is available at UGA Science library, call number TD 657.S380 1987 

Schueler, T. R. 1995. The architecture of urban stream buffers. Watershed Protection Techniques 1(4): 155-163.

Semlitsch, R. D. and J. R. Bodie. 2003. Biological Criteria for Buffer Zones around Wetlands and Riparian Habitats for Amphibians and Reptiles. Conservation Biology 17(5): 1219–1228.


Notes: included on CD 

The School of Environmental Design - University of Georgia. 1997. Land Development Provisions to Protect Georgia Water Quality. Georgia Department of Natural Resources Environmental Protection Division. http://www.sed.uga.edu/publications/other/ga_developement_water_quality_study.pdf.


Summary: (from Executive Summary) "This document is intended to serve as a partial 'menu' from which each municipality can select appropriate provisions and adapt them to the local conditions. The document explains the provisions’ role in runoff water quality protection, and their effects of safety and cost. The provisions in this document are grouped into four general categories." 


Notes: provided on CD 

Valiela, I. and J. L. Bowen. 2002. Nitrogen sources to watershed and estuaries: role of land cover mosaics and losses within watersheds. Environmental Pollution 118: 239-248.


Keywords: Eutrophication; Wastewater; Fertilizer; Atmospheric deposition; Nitrogen retention 


Summary: (from document) "Across most of the World’s coastal zone there has been a geographic transition from naturally vegetated to human-altered land covers, both agricultural and urban. This transition has increased the nitrogen loads to coastal watersheds, and from watersheds to receiving estuaries. We modeled the nitrogen entering the watershed of Waquoit Bay, Massachusetts, and found that as the transition took place, nitrogen loads to watersheds increased from 1938 to 1990. The relative magnitude of the contribution by wastewater, fertilizers, and atmospheric deposition depends on the land cover mosaics of a watershed. Atmospheric deposition was the major input to the watershed surface during this period, but because of different rates of loss within the watershed, wastewater became the major source of nitrogen flowing from the watershed to the receiving estuaries. Atmospheric deposition prevails in watersheds dominated by natural vegetation such as forests, but wastewater may become a dominant source in watersheds where urbanization increases. Increased nitrogen loads resulting from conversion of natural to human-altered watershed surfaces create eutrophication of receiving waters, with attendant changes in water quality, and marked shifts in the flora and food webs of the affected estuaries. Management efforts for restoration of eutrophied estuaries require maintenance of forested land, and control of wastewater and fertilizer inputs, the major terms in most affected places subject to local management. Wastewater and fertilizer nitrogen derive from within the watershed, which means local measures may effectively be used to control eutrophication of receiving waters." 


Notes: supplied as paper copy 

Wahl, M. H., H. N. McKellar and T. M. Williams. 1997. Patterns of nutrient loading in forested and urbanized coastal streams. Journal of Experimental Marine Biology and Ecology 213: 111-131.


Summary: Contrasts between two coastal watersheds (1.2 km channel length) were made: one was an urbanized creek (2 ha of impervious area) and the other, a forested creek (with no impervious cover).  Streamflow and water quality measurements (dissolved organic carbon, suspended sediment, and dissolved inorganic nitrogen and phosphorus) were made. 


Notes: supplied as paper copy 

Wenger, S. 1999. A Review of the Scientific Literature on Riparian Buffer Width, Extent, and Vegetation. Office of Public Service & Outreach, Institute of Ecology, University of Georgia, Athens, GA. http://outreach.ecology.uga.edu/tools/buffers/lit_review.pdf.


Notes: supplied on CD 

Witherill, D. 1999. The Use of Riparian Buffers to Reduce Nonpoint Source Pollution From Development. State of Maine - Department of Environmental Protection. http://www.state.me.us/dep/blwq/report/buffer.pdf.


Summary: (Condensed from document Introduction) "In April 1998, the 118th Maine Legislature enacted 1998 P.L. Ch. 748, “An Act to Reduce Nonpoint Source Pollution from Existing Sources, Amend the Shoreland Zoning Laws and Amend the Site Location of Development Laws.” That law, in part, required the Department of Environmental Protection to consult with interested persons and relevant state agencies, and report back to the joint standing committee of the Legislature having jurisdiction over natural resource matters by January 15, 1999.  The Department developed this report in accordance with the above mandate. To assist in its preparation, the Department convened a stakeholder group known as the Buffer Work Group. This group included members from local and state agencies, as well as business and environmental interest groups. An initial meeting was held on July 28th at which national experts presented information on the function of buffer strips with respect to agriculture, forestry and developed areas. (Separate work groups were also convened to consider agriculture and forestry issues; discussion of those issues is not included in this report). 


Notes: supplied on CD 



Online resources

EPA:  Guidance Specifying Management Measures for Sources of Nonpoint Pollution in Coastal Waters – document # 840-B-92-002 January 1993

http://www.epa.gov/nps/MMGI
N.C. NERR Coastal Community Services Publications

http://www.ncnerr.org/ccs/publications/index.html
The Narrow River Special Area Management Plan (1999)

Prepared for the Rhode Island Coastal Resources Management Council by Laura M. Ernst, Laura K. Miguel, and Jeff Willis

http://www.crmc.ri.gov/pubs/programs/greybook.pdf
Narragansett  “Save the Bay” – marsh restoration 

http://www.savebay.org/index_next.asp
http://savebay.org/Habitat/SaltMarsh/Restore.asp
The Chesapeake Bay Riparian Handbook

http://www.chesapeakebay.net/pubs/subcommittee/nsc/forest/handbook.htm
Other documents of possible interest we did not attain

Metropolitan Washington Council of Governments (MWCOG) documents 

· Coastal Urban NPS Management Measures – Draft report, 1991

· Title unknown – report by Schueler, Kumble, Heraty 1992 (perhaps this is the final report of the title above?)

New Jersey Department of Environmental Protection

· Coastal Wetlands Buffer Delineation (by J.K. Shisler, R.A. Jordan, R.N. Wargo), NJ DEP library call number QK 938 M3 S55 1987

· Wetlands Buffer Delineation Method (Rogers, Golden, and Halpern) NJ DEP library call number 974.90 R586 1988a

Steven C. McCutcheon, J.C. Hayes, C.A. Williams, C.P. Weisskopf, S. J. Klaine, 1999.  Evaluation of Vegetative Filter Strips to Control Urban Runoff into Charleston Harbor: Project Report for the Charleston Harbor Project, Charleston, South Carolina.

[The GCRC office has a paper copy of the February 1996 Draft document: Catharine A. Williams, Carol P. Weisskopf, Steven C. McCutcheon, John C. Hayes, and Stephen J. Klaine. Evaluation of Vegetated Filter Strips to Control Nonpoint Source Pollution into Charleston Harbor and other Coastal Waters.] 

Tiner, Ralph, Irene J. Huber, Todd Nuerminger, and Aimee L. Mandeville. 2003. An Inventory of Coastal Wetlands, Potential Restoration Sites, Wetland Buffers, and Hardened Shorelines for the Narragansett Bay Estuary. 
J.L. Plummer, M.S. thesis. Title? (Clemson)

Groffman, P.M., A.J. Gold, T.P. Husband, R.C. Simmons, and W.R. Eddleman, 1990.  Final report: Narragansett Bay project – An investigation into multiple uses of vegetated buffer strips.
Other resources to follow up on
http://www.csc.noaa.gov/alternatives/buffer.html

NEMO / NELO program – JF contacted Deborah Borden.  DB suggested contacting Julie Vann.
Julie Vann is now working on a buffers project in NC, and suggested a number of people we should contact there.  JF is following up.
Lisa Vandiver, a student working with Fred Holland (at NOAA) is doing an experiment looking at the effect of buffer width in a coastal, residential setting.  Results are expected early this spring.  

Rhode Island Sea Grant.  JF contacted them about the January 12th meeting on coastal buffer policy.  Waiting to hear back if this is an open meeting or not (and if the organizers think it would be relevant for GA managers).
NH, MD, NJ Coastal Zone Management Programs (identified as having some leadership in shoreland buffers work, (Good et al. 1998))

More documents by David Correll
Leads from Angela Halfacre and Dan Hitchcock:

· Bill Hunt and Greg Jennings. 

http://www.bae.ncsu.edu/people/faculty/hunt/
· Wendell Gilliam at NCSU 

http://www.soil.ncsu.edu/people/detail.php?who=21
· Richard Lowrance with USDA and UGA in Tifton (Riparian Ecosystem Management Model)

http://www.tifton.uga.edu/remmwww/
· Marianne Burke USDA Forest Service, using vegetative buffers and constructed wetlands to reduce nitrogen entering coastal detention ponds on Kiawah Island (a golf course community).  DH says he is hoping to use REMM in this study.  

· The Land Use-Coastal Ecosystem Study (LUCES) program

http://www.lu-ces.org/ 
· USES website

www.urbanestuary.org 

� Attraction of wildlife is a positive aspect of buffers, and the view is enhanced especially if native vegetation is used in previously altered landscapes.  Taller vegetation can also provide a sound screen.


� Native American archaeological sites are often located a close distance from shore in the coastal zone.  Vegetative buffers can help prevent disturbance and destruction of such resources.


� Buffers in 32 of 39 communities had positive (or neutral) impact on adjacent property values -- � ADDIN EN.CITE <EndNote><Cite><Author>Schueler</Author><Year>1995</Year><RecNum>41</RecNum><MDL><REFERENCE_TYPE>0</REFERENCE_TYPE><REFNUM>41</REFNUM><AUTHORS><AUTHOR>Thomas R. Schueler</AUTHOR></AUTHORS><YEAR>1995</YEAR><TITLE>The architecture of urban stream buffers</TITLE><SECONDARY_TITLE>Watershed Protection Techniques</SECONDARY_TITLE><PUBLISHER>Center for Watershed Protection</PUBLISHER><VOLUME>1</VOLUME><NUMBER>4</NUMBER><PAGES>155-163</PAGES></MDL></Cite></EndNote>�Schueler, T. R. 1995. The architecture of urban stream buffers. Watershed Protection Techniques 1(4): 155-163.


			�


� Turf mowing and management costs are estimated to be $270 to $640 per acre
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