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Abstract. In recent years, there has been growing recognition of the importance of riparian
buffers between agricultural fields and waterbodies. Riparian buffers play an important rolein
mitigating the impacts of land use activities on water quality and aguatic ecosystems. However,
evaluating the effectiveness of riparian buffer systems on a watershed scale is complex, and
water shed models have limited capabilities for simulating riparian buffer processes. Thus, the
overall objective of this paper isto develop an understanding of riparian buffer processes
towards water quality modeling/monitoring and nonpoint source pollution assessment. The
paper provides a thorough review of relevant literature on the performance of vegetative buffers
on sediment reduction. It was found that although sediment trapping capacities are site-specific
and vegetation-specific, and many factors influence the sediment trapping efficiency, the width of
a buffer isimportant in filtering agricultural runoff and wider buffers tended to trap more
sediment. Sediment trapping efficiency is also affected by slope, but the overall relationship is
not consistent among studies. Overall, sediment trapping efficiency did not vary by vegetation
type and grass buffers and forest buffers have roughly the same sediment trapping efficiency.
This analysis can be used as the basis for planning future studies on watershed scale simulation

of riparian buffer systems, design of effective riparian buffers for nonpoint source pollution
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control or water quality restoration and design of riparian buffer monitoring programsin

water sheds.

Keywords: Grass buffer strips; Grass hedges; Riparian buffers;, Runoff; Sediment trapping

efficiency; Nonpoint source pollution.

INTRODUCTION

In recent years, there has been growing recognitidhe importance of vegetative
buffers in controlling nonpoint source pollutiomin agricultural fields. Vegetative buffers are
strips of grass or stiff grass, trees or shrubsoanbinations of grass and trees established at the
edge of fields or along streams, ditches, wetlamdsther water bodies. They are designed to
slow terrestrial inputs of water, trap sedimentefinutrients, and provide habitat and corridors
for fish and wildlife including important pollinat@pecies. Riparian (streamside) buffers
between agricultural fields and streams play aromamt role in controlling the impacts of land
use activities on water quality and aquatic ec@syst and they have been studied for the
enhancement of water quality through control ofpmnt source (NPS) pollution and protection
of the stream environment (Lowrance et al., 198%yidance et al., 1997; Lowrance et al., 2000;
Lee et al., 1999; Hubbard and Lowrance, 1997).aRap vegetation has well-known beneficial
effects on bank stability, biological diversity,cawater temperature of streams (Simon and
Collsion, 2002; Lowrance et al., 1997; Sugden ateth8r, 2003; Harmel et al., 1999).

Grass barriers or stiff grass hedges are usuatlgé®eof stiff, perennial, and tall grass
planted in 0.75-1.2-m wide strips (Kemper et @92). They are often established at short

intervals (<15m) in the field, paralleling rows@bps on the contour (Gilley et al., 2000).
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Studies found that narrow stiff grass hedges werg &fficient in dispersing concentrated flow
and reducing gully erosion (Ritchie et al., 199itcHe, 2000). Edge of field grassed buffer
strips are grass strips planted at the downslopefield or plot. They differ in their design,
vegetative species and management (Blanco-Canglii 004a, 2004b). They have been
demonstrated as effective sediment and nutrigetdiDillaha et al., 1989).

Numerous studies have been conducted to evaluaeffidctiveness of vegetative buffers
on nonpoint source pollution and to determine thst ldesign of buffer systems for maximum
environmental benefits. Those studies are oftamdgcted on plot scales and through field
monitoring programs. Long-term monitoring thatleefs multi-year climatic variability and
assures a range of events and conditions coveradeded for assessing the effectiveness of
vegetative buffers (Shih et al., 1994; Stone ¢t28l00; Borah et al., 2003). However, long-term
monitoring is very expensive and often limited ®rgonnel and financiaésources. In addition,
although the effectiveness of vegetative bufferagot scale has been studied, their impact on
a watershed scale is momomplex and difficult to monitor. Thus, short-terireld scale
monitoring with complimentary simulation modelingrcbe used as an alternative for buffer
system evaluation and planning.

Watershed simulation models have proven to be tefeetools for evaluating watershed
management efforts (Yuan et al., 2006; Yuan et28lQ1; Arnold et al., 2001; Spruill et al.,
2000; Arnold and Allen, 1996; Rosenthal et al., 3:99itchell et al., 1993). However,
watershed models such as the USDA Annualized Agui@al Nonpoint Source Polluting model
(AnnAGNPS) (Bingner et al., 2003) have limited daipaes for simulating riparian buffer
processes (Suttles et al., 2003; Liu et al., 200Mjhough small field scale models such as the

Riparian Ecosystem Management Model (REMM) (Loweagatal., 2000) and Vegetative Filter
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Strip Modeling System (VFSMOD) (Muioz-Carpena et a007) were developed to simulate
the impact of riparian buffer systems on water fyabn a field scale, their impact on a
watershed scale has not been evaluated. Thusyénall objective of this paper is to develop an
understanding of vegetative buffer processes amd #ffectiveness towards water quality
modeling/monitoring and nonpoint source polluti@sessment on a watershed scale. The first
step is to do a thorough review of relevant literaton field evaluations of the performance of
vegetative buffers on sediment reduction. Thidyam can be used as the basis for planning
future studies on watershed scale simulation oktattye buffer systems, design of effective
vegetative buffers for nonpoint source pollutiomtrol or water quality restoration and design of
vegetative buffer monitoring programs in watersheds

Dosskey (2001) provided an overall review of regucton nonpoint source pollutant
through installation of buffers on crop land. Hwiewed effectiveness of buffer on sediment,
nutrients and pesticides reduction; and water pohu abatement of surface water and
groundwater. Therefore, information on effectiv@nef buffer on sediment trapping is very
limited in his review. The author qualitativelysdussed the factors affecting the effectiveness of
buffer, but no attempt was made to quantify th@ssdrs. This paper provides an overview of
current level of research on riparian buffers’ efifeeness in removing sediment from
agricultural runoff and should help to identify rids and develop theoretical relationships
between buffer characteristics and sediment remcajcity. Previously studies on sediment
removal capacity were reviewed and reported in plaiger. Buffer characteristics of interest
includevegetation type and width. Soil type and slopdirsent particle size, and rainfall/runoff
also were considered as factors affecting the @ffaeess of buffer in removing sediment. In the

scientific literature, riparian buffer is often wsenterchangeably with vegetative filter or
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vegetative buffer, and the original terminology waeserved when referring to published

studies in this paper.
METHOD AND PROCEDURES

The focus of this review is on the effectivenesbuffer systems on water quality,
particularly on sediment removal. Results fromrgegiewed research papers that contain
original data quantifying the effects of buffer eediment removal were summarized based on
buffer width, types of vegetation, amount of matkentering the buffer, sediment particle size
determined by soil type, slope, rainfall and rurabféracteristics.

Sediment trapping efficiency (Dabney et al., 198%)ne parameter that can be used to

calculate the effectiveness of a riparian buffefilter out sediment and is:

M, _.
M._l DR

Te=(M,-M)/M, =1-

Where:

Te = Trapping efficiency.

SDR = sediment delivery ratio.

Mi = total mass flowing onto the buffer zone (Tdres).

Mo = total mass flowing out of the buffer zone (Bdra.).

Sediment trapping efficiency was plotagginst buffer width, and linear and nonlinear
regression models were fitted to the data to repatierns of sediment removal based on width.
All buffer studies where sediment trapping effiagess could be calculated were included in this
analysis. Sediment trapping efficiency was alsal@ated against buffer width by vegetation

cover type.
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Vegetative buffer systems are strips of grasgiffrgsass, trees or shrubs or combinations
of grass and trees established at the edge o$faldlong streams. Thus, results are presented
in a hierarchy from simple to more complex buffgrgystems: 1) studies on grass barriers or
stiff grass hedges and filter strips are presefitst] 2) studies on riparian buffer systems which

consist of a grass filter strip and trees or sharesfollowed.

RESULTS

SYNTHESIS OF RESEARCH ON GRASS BARRIERS OR STIFF GRASSHEDGESAND FILTER STRIPS
(FS)

Grass barriers are usually hedges of stiff, tallepnial dense vegetation which are also
called stiff grass hedges (Dabney et al., 1993)aaadglanted in 0.75-1.2-m wide strips (Kemper
et al., 1992), whereas filter strips (FS) are witeps of vegetation established between
agricultural lands and streams or at field edge-irb-m wide strips (Dillaha et al., 1989). Stiff
grass hedges differ from buffer strips in that theg narrow and require less land area. Stiff
grasses are planted perpendicular to the slopenandged to encourage formation of berms by
sediment deposited froopslope owithin the vegetated area. Because stiff grasaesrhore
robust stems, they are more resistant to inundétyoconcentrated flow than standard buffer
strips. Thus, they offer important advantages@as of concentrated flow, although they may
be less effective than standard buffer stripslterfstrips where flow rates are relatively small
(Dabney et al., 1993; Ritchie et al., 1997; Rit¢ci@00; Blanco-Canqui et al., 2004b, Blanco-
Canqui et al., 2006). Grass barriers are also efegtive in controlling soil erosion from forest

road sideslopes (Grace lll, 2002).

GRASSBARRIERSOR STIFF GRASSHEDGES
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Ritchie et al. (1997) and Ritchie (2000) compartezlland survey measurements before,
four years and seven years after the grass hetidisBed. They found that 8-15 cm sediment
was deposited above grass hedges ifiitsifour years. Deposition patterns were reldtethe
original topography with low areas having the gesaitleposition. About 1-2 cm pgrar of
recent sediment was deposited upslope of the bexiige in the last three years.

Gilley et al. (2000) evaluated the performanceafow switchgrass hedges on runoff and
soil erosion under no-till and tilled conditionstiae USDA-ARS-National Soil Tilth Laboratory
Deep Loess Research Station. The Deep Loess Res®tation is located approximately 19 km
east of Council Bluffs, lowa and is typical of Mareo(fine-silty, mixed, superactive, mesic
Typic Hapludolls) soil type. The study site ha@eén continuous corn for 33 years, and the
grass hedges had been established for six yetrs time of testing. The area above the grass
hedges had slope gradients ranging from 8-16%. eXperimental plots were set up as 3.7 m
wide by 10.7m long, and treatments were: 1) no till or tilled| €onditions; 2) the presence or
absence of a 0.72-m (2.4 ft) grass hedge, andrB)residues or without corn residues. Grass
hedges were mowed to a height of approximatelym60(18 in.) prior to the rainfall
application. Rainfall was first applied at an mggy of 64 mm/h for an hour to wet the soil, then
after 24 hours another hour of rainfall was appééthe same intensity, runoff and erosion
measurements with and without grass hedges welectalfrom different plots. In summary,
grass hedges were very effective in reducing seg nd the 0.72-m switchgrass hedges
reduced soil loss by 63%.

McGregor et al. (1999) evaluated the performanagra$s hedges and the effectiveness of
no-till cropping systems in reducing soil loss tenslard erosion plots at Holly Springs,

Mississippi. Erosion plots were 4-m wide and 2&11eng on 5% slopes. Soils on the plots
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were predominantly Providence silt loam. Durin®@29994 when data were collected, the
three-year average rainfall was 1386 mm, simildah&30-year normal rainfall of 1372 mm for
North Central Mississippi. It was concluded thetsg hedges reduced average annual runoff on
conventional-till cotton plots by 5% and on no-lbts by 7%; and reduced average annual soil
loss on conventional-till cotton plots by 75% amdrm-till plots by 57%.

Raffaelle et al. (1997) evaluated the relative@feness of grass strips when used with
different management practices by comparing ses foom bare fallow, conventional-till, and
no-till plots with narrow (0.6 m wide) grass striplanted at the bottom of plots or without. The
study was performed at Holly Springs, Mississippheir experimental plots were constructed as
3.7-m wide and 10.1-m long with slightly irregulaghaped slopes with a steepness of
approximately 10%. Soils on the plots were clasgdifis Lexington silt loam (Typic Paleudalfs).
Experimental plots had been in volunteer grassj@renantly Bermuda grass since 1973, except
in 1985 when no-till soybeans were grown on theohiart986 when no-till grain sorghum was
grown. From mid-June through July of 1993, 1994 4895, simulated rainfall (64 mm/h) was
applied for two hours to experimental plots. Theudated rainfall was initially applied for 1 h
on the dry soil “dry run”, followed 4 h later by3® min “wet run” and 30 min waiting period by
a final 30 min “very wet run”. Data collected fnoexperiments were summarized in Appendix
A. It was concluded that the grass hedge reducgerhge soil loss on conventional-till by 63%,
on no-till plots by 54%, and on bare fallow by 84%.

Meyer et al. (1995) constructed a 0.305 m widel @mehigh and 10 m long transparent
wall flume of aluminum and clear plastic sheets\aluate the effectiveness of stiff-grass
hedges for retarding runoff and trapping transgbsidiment in concentrated runoff in major

upland channels. The flume was set at a 5% sldpey tested several types and arrangements



187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

of grasses using different flow rates, types ofreedt and sediment concentrations. The grass
hedges placed into the flume were from 150 mm é wide in the direction of flow.

Inflows were from 0.66 and up to 2.6/imin per meter of flow width. Sediments used ideld

the subsoil of a Smithdale sandy loam, (fine-loasmjceous, thermic Typic Hapludults), Ap
horizon from a Grenada silt loam soil (fine siltyixed, thermic Glossic Fragiudalfs), and two
Dubbs sandy loam soils (fine-silty, mixed, thermygpic Hapludults). They found that among
the various hedges they tested, three types ofdsadgre most effective: vetiver, narrow
switchgrass-fescue combination, and wide switclgyfables 2 & 3 in Meyer et al., 1995). As
Meyer et al. (1995) and Dabney et al. (1995) olesirgediment trapping by a narrow stiff-grass
hedge is primarily from settling in the backwateslope of the hedge. Sediment characteristics
greatly affected sediment trapping, flow rate hahe effect, but sediment concentration had
little effect (figure 5 in Meyer et al., 1995). Akown in tables 2 & 3 (Meyer et al., 1995),
among the different switchgrass arrangements, tbe W60-mm hedge of Kanlow was
considerably more effective than the 140-mm Kanh@age, but the combination of fescue
before wild switchgrass (350-mm) was as effectwéhe wider Kanlow hedge (760-mni).was
found that the major effect of the type of grass wa flow ponding which was directly linked
with the stem characteristics as they affected pdraepth. As the depth of ponding increased,
the trapping efficiency increased and the longer@eper pool also increased the volume of
sediment that could be stored before the deltaepbsited sediment reached the hedge (Dabney
et al., 1995). Also, as shown in tables 2 & 3 iaydr et al. (1995), trapping efficiency of these
hedges decreased less as flow increased thanaleffdctiveness of the other hedges; and the
fraction trapped decreased only a few percentoas dloubled from 1.3 to 2.6 #fmin-m. A

higher trapping efficiency of switchgrass and vetifor the Dubbs Il sediment than for the finer
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Dubbs | and Grenada sediments was observed. Iltletasmined that nearly all of the sand-size
sediment was trapped by the hedges, and the oufiftowthe hedges is dominated by silt and
clay-size sediment. The trapped portion of sedirdenreased as flow rate increased.

The following flow and trapping effectiveness r@aship was suggested by Meyer et al.

(1995):

Y =1-aQ"

Where: Y = fraction trapped;
Q = flow rate (fmin-m));
a = coefficient; and
b = exponent
a and b are functions of the sediment size andcpadistribution. The following coefficients

and exponents were obtained from Dubbs Il sedidenng Meyer et al. (1995) experiments.

Sediment size a b
> 125um 0.025 2
32- 125um 0.39 0.5
<32um 0.78 0.08

Based on their relationship and a and b obtained Meyer et al. (1995), sediment that can be
trapped by various hedges for a wide range of sewlirand flow conditions can be estimated.
Meyer et al. (1995) suggested that in the absehsediment-size distributions, particle size
distributions can be estimated from analysis oklsalil samples for the sediment resulting from
interrill erosion. Foster et al. (1985) describmethod for evaluating sediment-size distributions

of five broad size density classes using a soifis@ry particle size distribution.

10



229 For channel slopes different from 5% studies in dtest al. (1995), the portion trapped

230 would likely increase for flatter grades and desector steeper grades because of their effect on
231 length of the ponded area. Meyer et al. (1995)ysagain showed that although type of grass
232 hedge and flow rate are important, sediment sigeilblution usually will primarily govern

233 trapping efficiency as described by the equation.

234 In addition to use at the edge of fields, grassi&ar are also established at short intervals
235 (<15m) in the field, paralleling rows of crops dvetcontour (Kim et al., 2008). This cropping
236 system is also called alley cropping (Kim et ab08). Kim et al. (2008) studied the

237 effectiveness of hedgerows of mimosa (Albiziajusbm), blackberry (Rubus ursinus) and

238 switchgrass (Panicum virgatum) on alley croppimgtiment for sediment reduction in Cullman,
239 AL. From August 2002 to July 2004, surface ruraoftl sediment data were collected from plots
240 dominantly in Hartsells sandy loam soil with 6.5kp®. They found that blackberry,

241  switchgrass and hedgerows of mimosa reduced rinyotb, 62, and 74%, respectively.

242  Switchgrass and hedgerows of mimosa reduced setliyvedth by 76 and 84%, respectively.

243  The effectiveness of vegetative barriers in redyisirface runoff, sediment concentration and
244  yield progressively improved over time. Switchgragdges were more effective than

245  blackberry and mimosa hedgerows in reducing ruanéf sediments due to their rapid

246  establishment.

247 GRASSFILTER STRIPS
248

249 Dillaha et al. (1989) evaluated the effectivendssrohardgrass filter strips in removing
250 sediment and nutrients from cropland runoff on etb@roseclose silt loam solil at the Prices
251 Fork Research Farm near Blacksburg, Virginia. hiirtstudy, they established 9 experimental

252 field plots with a 5.5 by 18.3 m bare ground sowaEa and either a 0, 4.6, or 9.1-m
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orchardgrass filter strip located at the lower ehdach plot. Simulated rainfall was applied to
each set of plots for one hour, followed 24 hoatsrl by two 30 minutes runs, which were 30
minutes apart. Runoff and runoff samples wereectdld at the end of each plot. Results are
reported in Appendix A. The plot with wider gradsp (9.1-m) consistently reduced more
sediment than the narrower grass strip (4.6-m).

Magette et al. (1989) evaluated the effectivené$ssaue filter strips in removing
sediment and nutrients from cropland runoff on Watodn sandy loam soils. In their study,
they established 9 experimental field plots with@&by 22 m bare ground source area and either
a0, 4.6, or 9.2-m fescue filter strip locatednat iower end of each plot. Simulated rainfall was
applied to each set of plots for one hour at aanisity of 48.3 mm/hr., followed 24 hours later
by two 30 minutes runs, which were 30 minutes apRunoff and runoff samples were collected
at the end of each plot. Results are reportedpipefrdix A. The plot with wider grass strip (9.2-
m) reduced more sediment than the narrower grapg4t6-m).

Robinson et al. (1996) evaluated the effectiveméssomegrass filter strips in removing
sediment from cropland runoff on Fayette silt loameorthern lowa. In their study, they
established study areas on 7% and 12% gradesloS®irom an 18.3-m continuous fallow strip
was used as the source area to the filter stRus10ff collectors were placed at various intervals
within the bromegrass filter strip and data wa®rded from 13 rainfall events. They found that
the initial 3.0-m of the filter strip removed mdfrean 70% of the sediment from runoff, while
9.1-m of the filter strip removed 85%. Little clggnin sediment concentration was observed
beyond a width of 9.1-m.

Rankins et al. (2001) conducted field studies 86,9997, and 1998 to evaluate the

effectiveness of several grass filter strips falu@ng sediment and herbicide losses in runoff at

12
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the Mississippi Agricultural and Forestry Experimh&tation Black Belt Branch near
Brooksville, MS. Soils in the experimental plote 8rooksville silty clay (fine

montmorillonitic, thermic Aquic Chromudert; 3.0%opk, 3.2% organic matter). Big bluestem,
eastern gamagrass, switchgrass, and tall fescueevatuated in their study. Within the 127-d
sampling period, each perennial grass filter strygstigated reduced total sediment loss in
surface runoff by at least 66%.

McKergow et al. (2004) evaluated the effectiverasgetiver buffers in removing
sediment on planar and convergent slopes underdaidition in Far North Queensland. Their
experimental condition is extreme for testing tifeaiveness of buffer because the land is
steep, intensely cropped and receives high interainfall. Even under those extreme nature
conditions, they found that grass buffer stripsenaole to trap 65% suspended sediment within

the first 15-m.

THE COMBINATION OF GRASS BARRIERSWITH FILTER STRIPS

Blanco-Canqui et al. (2004a, 2004b and 2006) etedlidne performance of grass batrriers,
filter strips and the combination of two under mt#l and concentrated flow at the University of
Missouri’s Bradford Center. Bradford Center isdted 17 km east of Columbia, MO and is
typical of moderated eroded Mexico soil. In tHest study, they established twelve 1.5 by 16-
m plots with four treatments replicated three tinmea randomized complete block design to
evaluate the performance of grass barriers, fitieps and the combination of the two under
inter-rill flow conditions. Plots were planned Wil.5 by 8-m pollutant source-area under
continuous cultivated fallow above an 8-m test aféaur treatments for testing area are
continuous cultivated fallow (CCF) which is withawitchgrass barrier or filter strip, fescue

filter strip (Fescue-FS), switchgrass barrier cameliwith fescue filter strip (B-Fescue-FS) and
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switchgrass barrier combined with native plant sgefilter strip (B-native-FS). As shown in
figure 1 in Blanco-Canqui et al. (2004a), a 0.7witchgrass barrier was established at the
downslope edge of the pollutant source area just@athe FS. An hour rainfall at an intensity of
66 mm/h was applied to each plot to wet the saill 24 hours later a subsequent rainfall at the
same intensity and duration was applied to produceff. This was designed to produce large
rainfall events when most soil erosion is likelyoimcur. Runoff and runoff samples were
collected at 1-m above the downslope edge of theceaarea and in the testing area at 0.7, 4 and
8-m below the source area. Runoff samples werlyzsthfor sediment concentration.

Collected data are summarized in Appendix A. Swgtass barriers were more effective than an
equal width (0.7-m) of fescue filter strips for uwihg runoff and sediment.

In their second study, Blanco-Canqui et al. (20@\Maluated the performance of grass
barriers, filter strips and the combination of the under concentrated flow conditions. They
established eighteen 1.5 by 16-m plots with siattreents replicated three times in a randomized
complete block design. The six treatments were: fEscue FS; 2) a switchgrass barrier above a
native species FS; 3) concentrated flow above@iteES with no barrier; 4) concentrated flow
above a barrier plus fescue FS (B-FS); 5) a swradggbarrier above a fescue FS; and 6) a check
managed in continuous cultivated fallow withouttelgrass barrier or FS. Each plot was
planned with 1.5 by 8 m pollutant source-area urdetinuous cultivated fallow above an 8-m
test area. Switchgrass barriers were establistid aownslope edge of the pollutant source
area just above the FS as the first study. A \pstachannel, 200 mm wide by 100 mm deep,
was constructed in the center of the sediment scanmea to simulate concentrated flow
conditions. Simulated rainfall was applied the samay as the first study. Runoff and runoff

samples were collected at 1-m above the downsldge ef the pollutant source area and in the
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testing area at 0.7, 4 and 8 m below the pollidantce area. Runoff samples were analyzed
and results are also reported in Appendix A. Tioeyd that differences between B-FS and FS
were significant for trapping sediment. The B-F&ped significantly more sediment than FS.
Bharati et al. (2002) found that cumulative in&lion under switchgrass was significantly higher
than that in row crop and pasture. Sediment waisaed with distance for both treatments, but
differences between B-FS and FS at the 8-m posiemre not significant. Most sediment
(>60%) were trapped in the upper 0.7-m strip of Bahd FS below the source area.
Additionally, the authors found that the effectiesn of the FS treatment for reducing sediment
loss decreased with increased inflow rates, bstithnot the case for the IBS treatment.

In the Blanco-Canqui et al. (2006) third study ytlesaluated the performance of switch
grass barriers (0.7-m) planted above fescue Blgps under inter-rill and concentrated flow
conditions and fescue filter strips alone undegrinill and concentrated flow conditions
separately. As shown in Appendix A, they found fiieer strips under inter-rill flow condition
reduced 80% and those under concentrated flow tondireduced 72% of sediment at 0.7-m.
As runoff increased, the efficiency under concdstidlow decreased to 60%. The effectiveness
of both treatment increase with increasing widt®,under concentrated flow reduced less
sediment than inter-rill flow at 8-m. In contralsgrriers above filter strips under inter-rill and
concentrated flow were equally effective at 8-nhug, barriers combined with FS can be an

effective alternative to FS alone for sites whayeaentrated flows may occur.

SYNTHESIS OF RESEARCH ON RIPARIAN BUFFER SYSTEMS

Riparian buffer systems can consist of any comhonaif vegetative conditions that
includes a grass filter strip immediately downslém@en an agricultural field, a wide, rapidly
grown management forest zone which can be harvesiga@n undisturbed forest located
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adjacent to the stream drainage system which iesladjuatic plants in shallow water and
moisture-loving plants along the shore (Schultzlet1995). The buffers can be comprised of
existing plants on the site and/or new plantiniglany studies have shown that riparian buffer
systems are very efficient in reducing sedimentrandent loadings to the stream system with
the primary runoff and sediment reductions contwvehin the grass filter portion of the
riparian systems.

A three-zone riparian buffer system was establishd®92 at the Gibbs Farm in the
Georgia Coastal Plain near Tifton, GA (Sheridaalgt1999).Zone 1 is adjacent to the stream,
and consists of a 10-m wide undisturbed nativewaod forest area for protecting the stream
bank and aquatic environment. Zone 3 is farthestydrom the stream and adjacent to the field.
Zone 3 is designed as an 8-m wide herbaceous fijtasstrip for dispersal of incoming upland
surface runoff, sediment and nutrient depositidone 2, between zone 1 and zone 3, is a 45 to
55 m managed coniferous forest. Three managemacitiges, mature forest (MF), clear cutting
(CC) and selective-thinning (ST) were maintainedtifie riparian buffer system (Sheridan et al.,
1999). Sheridan et al. (1999) studied the imp&tdrest management practices implemented
within the riparian buffer system on runoff and iseeht reduction. They found that roughly
80% of the sediment was removed after passing ¢irtle 8-m wide herbaceous grass filter
strip (zone 3). Therefore, the fast grown forestez(zone 2) can be managed for economic
return. The riparian buffer system practices of GT or MF implemented in the riparian buffer
system did not cause significant differences irofiand sediment within the zone because the
primary runoff and sediment reductions are witlhia gjrass filter portion of the riparian buffer

system.
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369 A multi-species riparian buffer strip (MRB) systevas established along the Bear

370 Creek, Story County of Central lowa in 1990 (Scheltal., 1995). Bear Creek is typical of

371 many streams in Central lowa where the primary laselalong the stream's length is row crop
372 (corn and soybeans) production or intensive ripazi@ane livestock grazing. The buffer system
373 is about 20-m wide consisting of four or five roeffast growing trees next to the stream, then
374 two shrub rows, and finally a 7-m wide strips ofitelvgrass below agricultural fields. Several
375 studies of evaluating the performance of the baffeere conducted since its establishment. Lee
376 etal. (1999) compared the effectiveness of 6 m3amdwide filter strips of switchgrass

377  (Panicum virgatum) and cool-season filter stripgsisting of bromegrass (Bromus inermis),

378 timothy (Phleum pratense) and fescue (Festuca sppeilucing sediment in surface runoff from
379 adjacent crop fields using simulated rainfall andaff. The 6 m and 3 m wide strips represented
380 20:1 and 40:1 area ratios, respectively. Twelatsplsix each, in the switchgrass and cool-

381 season grass strips, were laid out on Colandadihe-loamy, mixed, mesic cumulic

382 haplaquolls, with an average slope of 3%. Simdlaténfall of 5.1 cm hr-1 intensity was

383 applied on experimental plots; then runoff wasexdiitd from each plot and analyzed for

384 sediment. The 6 m wide filter strips removed 77%tlevthe 3 m removed 66% of the incoming
385 sediment from surface runoff. The differences leetw6 m and 3 m filter strips were significant
386 for sediment removal. Lee et al. (2000) evaludtedability of the multi-species riparian buffer
387 in removing sediment, nitrogen and phosphorus fcaopland runoff under simulated rainfall.
388 During this study, simulated rainfall was applieddt1-m by 22.1-m bare cropland source area
389 paired with either no buffer, a 7.1-m wide switchgg buffer, or a 16.3-m wide switch

390 grass/woody plant buffer (7.1 m switchgrass/9.2 mody plant). Treatments were replicated 3

391 times, thus total 12 plots were set up. Two-haumfall at 25 mm/hr. and 1-hour rainfall at 69
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mm/hr. were applied to experiments plots. In ajganion paper, with the study conducted at
the same location, Lee et al. (2003) evaluatectieetiveness of the multi-species riparian
buffer in removing sediment, nitrogen and phospidrom cropland runoff under natural

rainfall events. Results are summarized in Appeidi During those two studies, it was
determined that the switchgrass was effectiveapping coarse sediment and sediment-bound
nutrients. The additional buffer width with theegberooted woody plant zone was effective in
trapping the clay and soluble nutrients. Ovethk, combinations of the dense, stiff, native grass
and woody vegetation improved the removal effectdss for the nonpoint sources pollutants
from agricultural areas. In addition, there wasgmificant negative correlation between the
trapping effectiveness of the buffer and the intgrend total rainfall of individual storms.

A multi-species riparian buffer strip system waandéd in 2000 below a steep-sloping
field in row-crop production under no-tillage maeatent in lowa's Loess Hills (Tomer et al.,
2003). The multi-species buffer is composed odelrones of vegetation, including 5-m
switchgrass at the crop-field edge, a 5-m bromeadfiatfa mix in the middle, and four rows of
poplar with one row of walnut trees planted in tleater. Tomer et al. (2007) studied the
accumulations of sediment and phosphorus in thisi4species riparian buffer and characterized
spatial-temporal patterns of phosphorus in ripas@ihwater and groundwater. They found that
sediment accretion was associated with concentfledpathways and lateral flow along the
buffer-crop margin through topographic surveys amed in 2002 and 2005. Mapped
differences in elevation showed that about 32%efliuffer's outer switchgrass (Panicum
virgatum L.) zone had sediment accumulations exogeticm (1.6 in), which totaled 14.5 Mg

ha-1 (over three years) contributing area, or 4g8hd-1 yr-1 (2.1 t ac-1 yr-1).
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Mankin et al. (2007) evaluated the ability of grabsub riparian buffer system in
removing total suspended solids (TSS), phosphdtlsafid nitrogen (N) from simulated runoff.
Their study site was located in Northeastern Karslasg a tributary of the West Branch Mill.
To assess the influence of buffer width and vegetaype on the overall reductions of
pollutants, three treatments: 1) all natural sedecgrasses (NS); 2) two-zone buffer with native
grasses and plum shrub (NG’ P); and 3) two-zontebwith natural selection grasses and plum
shrub (NS/ P) were studied. Both the NS and N@saveere in good condition with greater than
98% ground cover. The planted American plums lkeadhed crown closure and averaged 2.5 m
in crown height and canopy width. Each treatmes vepeated 3 times, so totally 9 plots were
set up. The buffer width ranges from 8.3 to 16.1%mmulated runoff with 4,433 mg/L TSS
from on-site soil was applied to each study pletbw-weighted samples were collected after
runoff passing through the buffer. Appendix A sisa¥ve results from this study. The authors
concluded that the buffers were very efficientemoval of sediment with removal efficiencies
strongly linked to infiltration. Mass and concetiwa reductions averaged 99.7% and 97.9% for
TSS. Infiltration alone could account for >75%I@&S removal. Vegetation type induced
significant differences in removal of TSS. Thessults demonstrate that adequately designed
and implemented grass-shrub buffers with widthsrdy 8 m provide for water quality
improvement, particularly if adequate infiltratinachieved.

Daniel and Gilliam (1996) evaluated the abilitygoss or grass-tree riparian buffer in
removing sediment and chemical loading from agtigal runoff at two locations representing
different major soil-geomorphic systems in the INdZarolina Piedmont. Runoff was collected
from cultivated fields at four sites from the eddehe field and through the filter. Results were

reported in Appendix A. They found that both grasd grass-riparian filter strip reduced the
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sediment load of field runoff. The effectivenessied with the erosiveness of the watershed and
storm intensity, but across a wide range of raipfidter strip reduced sediment load 60-90%.

Borin et al. (2005) evaluated the ability of then@suffer strip consisting of two rows of
trees with grass planted in the middle in remoynfutants from cultivated field in North-East
Italy. During the 3-year study, the sediment weduced more than 92% with the buffer
compared with the study site without the buffer.

Schoonover et al. (2006) compared the performahgent cane and mixed deciduous
forest buffer on sediment reduction from a nonditained agricultural watershed in Southern
lllinois. The contributing area of the field draig into the buffers was 0.26 ha with an average
slope of 1%. The soils were classified as Haynmmlidoam. Data collected from both buffers
at the edge of field and at 3.3-m, 6.6-m and 10.@ithin the buffers over a 1-year period were
reported in Appendix A. On an annual basis, sigaift sediment reduction occurred by 3.3-m
and 6.6-m in the cane and forest buffers, respagtivThe giant buffer reduced incoming
sediment mass by 94% within the first 3.3-m, while forest buffer reduced sediment by 86%
over 6.6-m. Within 10-m of the buffer, the candueed sediment mass by 100%, while the
forest buffer reduced sediment by 76%.

White et al. (2007) studied the capacity of forddtker strips to retain sediment and the
relationship between sediment retention and fdtap characteristics of forest filter strips ireth
Piedmont of Georgia. They found that runoff corion of particles >2@m in diameter
were largely retained in the first 2 m of the filgrip by settling. Retention of the 2- to g6t
size fraction was correlated to flow distance witthe filter strip, and a 16 m wide filter strip
removed most 2- to 20m size sediments from runoff water. The runoffaantration of

particles <2um in diameter was not affected by the filter stripst some retention occurred
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through infiltration. Observed reduction in tosgldiment within the 10-m filter strips ranged

from 53% to 96% from this study.

DiscussiON

OVERALL BUFFER EFFECTIVENESS

Vegetative buffer strips significantly texd sediment loading in surface runoff from
agricultural fields based on above reviews. Busff@move sediment from the overland flow by
decreasing its velocity and allowing particleseattlse. Increased water infiltration into the soill
profile within buffer zones also aids in sedimarierception by decreasing the amount of runoff.
The effectiveness of buffers in removing sedimemted widely among the studies (Appendix
A). Sediment trapping efficiency, which was defires the capacity of a buffer to retain a
fraction of sediment from incoming runoff, is typlty used to define the buffer effectiveness.
Overall results showed that the trapping efficieirchuffers depends primarily on buffer width,
vegetation type, density and spacing, sedimenictadize, slope gradient and length, and flow
convergence. Other factors also affect sedimapping efficiency include soil properties,
initial soil water content, and rainfall characstids (total amount and intensity).

Results indicated that under conditions of rekdtivshallow flow not concentrated in
channels, gently sloping, densely vegetated 3-rfelsifire likely to limit transport of sediment
from uplands to streams (Lee et al., 1999; Blanaadti et al., 2004a; Blanco-Canqui et al.,
2004b; Robinson et al., 1996; Rankins et al., 20@hereas moderately steep, less densely
vegetated buffers of 3 m may be vulnerable to nhigher rates of sediment delivgianiels
and Gilliam, 1996). The first 3 -6 m of a buffdays a dominant role in sediment removal
(Daniels and Gilliam, 1996; Robinson et al., 199Bpr example, Robinson et al. (1996) found
that sediment was reduced by 70 and 80% from than@d.2% slope plots respectively within
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the first 3-m of the buffer. Dillaha et al. (1988)d Magette et al. (1989) reported sediment
trapping efficiencies of 70-80% for 4.6-m and 82@for 9.1-m wide grass filter strips.
Generally, buffers 4-6 m can reduce sediment lgabdinmore than 50% (Lee et al., 1999;
Blanco-Canqui et al., 2004a; Blanco-Canqui et241Q4b; Magette et al., 1989; Daniels and
Gilliam, 1996; Borin et al. 2005). However, thé@éncy is likely reduced on slopes above 5
degrees due to the vegetation becoming flattenesitfgice runoff during high rainfall. A
narrower buffer was found to be effective for lessdible solls.

Buffers greater than 6-m are effective and rediablremoving sediment from any
situation; For example, Hook et al. (2003) repottet more than 97% of sediment was trapped
in the rangeland riparian buffer area with a 6-rffdyun any of the experimental conditions they
studied. Sheridan et al. (1999) reported sedirttapping efficiencies of 77%-90% across three
different management schemes (clear cut, thinnetlpatouched) when studying the impact of
forest management practices within the ripariarezo@ooper et al. (1992) estimated that 90%

of the sediment leaving fields was retained inwlo®ded riparian zone.

EFFECT OF BUFFER WIDTH ON SEDIMENT TRAPPING EFFICIENCY

Wider buffers tended to trap more sedimleat,other factors also influence efficacy.
Overall, the sediment trapping efficiency to buffedth relationship can be best fitted with
logarithm models (figure 1). According to thisagbnship, a 5-m buffer can trap about 80% of
incoming sediment. It is additionally observedtteifiectiveness differed among buffer width
categories (figure 2). Buffers of 3-6 m wide hagveater sediment trapping efficiency than
buffers of 0-3-m wide, and buffers of greater tbam wide have greater sediment trapping
efficiency than buffers of 3-6-m wide. Thus, widriffers are likely to be more efficient in

trapping sediment than narrower buffers.
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EFFECTIVENESS OF SLOPE ON SEDIMENT TRAPPING EFFICIENCY

Sediment trapping efficiency is also aféecby slope, but the overall relationship is weak
(figure 3). Studies done by Blanco-Canqui et2004a), Blanco-Canqui et al. (2004b) and
Gilley et al. (2000) showed that for buffers abthé same width (0.7-m and 0.72-m), sediment
trapping efficiency was lower with a greater sl¢p& vs. 8-16%, Appendix A). However,
Dillaha et al. (1989), Robinson et al. (1996), avidite et al. (2007) all observed that sediment
trapping efficiency is not necessarily lower wittegter slopes. In the study done by Dillaha et
al. (1989), they actually found that the sedimeaypping efficiency increased as the slope
increased from 5% to 11% given the same bufferlwiddowever, as the slope increased to
16%, the sediment trapping efficiency decreasegéhgix A). The sediment trapping
efficiency was the lowest with 16% slope (Dillattaak, 1989; Appendix A). Additional
analysis of buffer efficiency with buffer width falifferent slope categories showed that buffers
appeared to be less effective when slopes areegriban 5% than with slopes that are less or

equal to 5% (figure 4).

EFFECTIVENESSOF VEGETATION TYPE ON SEDIMENT TRAPPING EFFICIENCY

Overall, sediment trapping efficiency did not véyvegetation type. Both forested and
grassy vegetation can filter sediment from uplantbff, and grass buffers and forest buffers
have similar sediment trapping efficiencies (figbje There is insufficient data to determine the
relative effectiveness of forested versus grasggtation due to a lack of detailed studies on this
topic. However, forest buffer strips were usualiger than grass buffer strips based on
references found in this study (figure 5). Forsgrhuffer strips, switchgrass buffer strips seem

more efficient in trapping sediment than an equdthvof fescue filter strips (Rankins et al.,
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2001; Blanco-Canqui et al., 2004a) and cool-segsasses (Lee et al., 1999). However,
Rankins et al. (2001) found that big bluestem aasten gamagrass were more efficient in

trapping sediment than switchgrass.

FURURE RESEARCH NEEDS

Information is lacking on the overall impact of etgtive buffers on sediment trapping at a
watershed scale. For a typical watershed, beazitbe heterogeneity of the watershed (many
land uses, many types of soils and different togplyy), what would be the best locations to
install vegetative buffers to reduce sediment @elivto the watershed outlet such as a reservoir.
What would be the overall water quality impact detwveam and downstream lakes for buffers
installed upstream of the watershed? Watershdd stadels may provide an alternative way to

help understand this missing information.

SUMMARY AND CONCLUSIONS

Although sediment trapping capacities are sited§jpeand vegetation-specific, and many
factors influence the sediment trapping efficiertby, width of a buffer is important in filtering
agricultural runoff. Grass buffers as narrow as 8an remove significant amounts of sediments
from agricultural runoff with a maximum benefit aebed with widths of 6 m or more. The
Natural Resources Conservation Service (NRCS)dmsmmended a minimum grass buffer
width of 8-10 m to protect water quality (NRCS, I99which is sufficient for sediment
trapping.

Although sediment trapping efficiency igrsficantly affected by buffer width, there is btil

a lack of comprehensive understanding of the @atips between buffer width and trapping
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efficiency despite this ample research. Althouggerapts made to use the buffer width as a
predictor for sediment trapping efficiency was wety successful (figure 1), the analysis does
point out that the sediment trapping efficiency wakast 80% for all buffer widths of greater
than approximately 5 m. Case studies are stilptimaary source of information for buffer width
comparisons and planning.

Sediment trapping efficiency is also affected lppsl, but the overall relationship is not
consistent among studies. Overall, sediment trapeificiency did not vary by vegetation type
and grass buffers and forest buffers have roudtdysame sediment trapping efficiency. Among
grass buffer strips, switchgrass buffer strips sa@re efficient in trapping sediment than fescue
filter strips and cool-season grasses, but lessait than big bluestem and eastern gamagrass.

Sediment trapping potential of riparian bufferaliso related to sediment particle size.
Since sediment trapping efficiency is reduced dmsent size decreases (Lee et al., 2000).
Several authors concluded that more than 95% ocddigeegates larger than 40-um in diameter
could be captured in the first 5-m of the buffern(® et al., 2007). This suggests that trapping
efficiency depends on soil type from which the ssght is produced and rainfall energy as a
primary source of aggregate dispersion. Studssfalund that the performance of filter strips
for reducing sediment was significantly affectedrbgoff flow conditions and filter strips are

less effective in reducing sediment transport ucdecentrated flow conditions.
Notice: Although this work was reviewed by USEPA andrappd for publication, it

may not necessarily reflect official Agency policMention of trade names or commercial

products does not constitute endorsement or recomatien for use.

25



576

577
578

579

580
581

Sediment trapping efficiency

[

0.8
¢

0.6

PR 3 .’;

> &

0.4

y = 0.0714Ln(x) + 0.6774

Y 23 X

0.2

L K J

R? = 0.2959

5 10 15 20
Buffer width (m)

Figure 1. Buffer width and sediment trapping ey

Sediment trapping efficiency

0.9

0.8

0.7

0.6

L |OAverage

0.5 A
0.4
0.3 A
0.2
0.1

B Minimum
O Maximum

0-3m 4-6 m >6m
Buffer width category

Figure 2. Average, minimum and maximum sedimeapgng efficiency for different buffer width catego

26



20

) . .
° .
T 0.8 * * .
o . .
k5 * *e
o 0.6 R *
c
g ‘ *
*
g o4 .
% *
E 0.2 ¢
S .
]
)
0 T T T T
0% 5% 10% 15% 20% 25%
Slope (%)
582
583 Figure 3. Slope and sediment trapping efficiency
584
1 ° . $ =° * v o
s s . . . |
3 0.8 - — .
S *
5 . ‘. s ¢ y = 0.0498Ln(x) + 0.6718
= | R?=0.174
()
o> 0.6
c *
o M .
é . y= 0-0721“‘()() +0.6833 @ slope less or equal to 5%
% 0.2 R =0.3203 B slope greater than 5%
w = LS Log. (slope less or equal to 5%)
Log. (slope greater than 5%)
0 T T T
0 5 10 15
Buffer width (m)
585
586 Figure 4. Slope and sediment trapping efficiency
587

27



588
589

590

Sediment trapping efficiency

o
oS
\

o
)

2
&

* R $ " | L -
s m . . |
—
. [
* * 2 y =0.1179Ln(x) + 0.5599
+ ¢ ¢ ] R?=0.1048
Forest Buffer Strips
. .
.

2

¢ Grass buffer strips
y = 0.0719Ln(x) + 0.6783

R?=0.2706 B Forest buffer strips
Grass Buffer Strips

o
N

—Log. (Grass buffer strips)

—Log. (Forest buffer strips)

4 6 8 10 12 14 16 18
Buffer width (m)

20

Figure 5. Vegetation type and sediment trappifigiehcy

28



591
592

593

594

595

596

597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625

REFERENCES

Arnold, J. G. and P. M. Allen. 1996. Estimatingllologic budgets for three lllinois Watershedsurnal of
Hydrology 176(1): 57-77.

Arnold, J. G., R. Srinivasan, C. Santhi, and K.Kkg. 2001. Modeling Sources of Nitrogen in thppér
Mississippi Basin. ASAE Paper No. 01-2144, Stepbs Mich.: ASAE.

Bingner, R. L., F. D. Theurer, and Y. Yuan. 20@nAGNPS Technical Processes. Available at
http://www.ars.usda.gov/Research/docs.htm?docid&52&cessed in March 2007.

Blanco-Canqui, H., C. J. Gantzer, S. H. Andersork .RAlberts, and A. L. Thompson. 2004a. Grassiéeand
vegetative filter strip effectiveness in reducingoff, sediment, nitrogen and phosphorus Id&&sl Sci. Soc.
Am. J. 68(5): 1670-1678.

Blanco-Canqui, H., C. J. Gantzer, S. H. Anderson, &. E. Alberts. 2004b. Grass barriers for reduc
concentrated flow induced soil and nutrient loSsil Sci. Soc. Am. J. 68(6): 1963-1972.

Blanco-Canqui, H., C. J. Gantzer, and S. H. Anders2006. Performance of Grass Barriers and Fiteps under
Interrill and Concentrated FlawJournal of Environmental Quality 35(6): 1969-1974.

Borah, D.K., M. Bera, and S. Shaw. 2003. Waterirsedt, nutrient, and pesticide measurements irgaicudtural
watershed in lllinois during storm eventBransactions of the ASAE 46(3): 657-674.

Borin, M. and E. Bigon. 2002. Abatement of NO3:dhcentration in agricultural waters by narrow bufftrips.
Environmental Pollution 117(1): 165-168.

Borin, M., M. Vianelloa, F. Moraria, and G. ZaninB005. Effectiveness of buffer strips in removpalutants in
runoff from a cultivated field in North-East ItalyAgriculture Ecosystems and Environment 105: 101-114.

Cooper, C. M., and W. M. Lipe. 1992. Water quaditd agriculture: Mississippi experienc#urnal of Soil and
Water Conservation 4(3):220-223.

Dabney, S. M., K. C., McGregor, L. D., Meyer, E, Brissinger, and G. R. Foster. 1993. Vegetdiasiers for
runoff and sediment control. In Integrated Resollemagement and Landscape Modification for
Environmental Protection, pp. 60-70. editted bi¢.JMitchell, Am. Soc. Agric. Engrs, St Joseph, Migdin,
USA.

Dabney, M. S., L. D. Meyer, W. C. Harmon, C. V. Afw, and G. R. Foster. 1995. Depositional pattefn
sediment trapped by grass hedgé@sansactions of the ASAE 38(6): 1719-1729.

Daniels, R.B. and J. W. Gilliam. 1996. Sedimerd ahemical load reduction by grass and riparieré. Soil
Science Society of America Journal 60(1): 246-251.

Dillaha, T.A., R. B. Reneau, S. Mostaghimi, and_Be. 1989. Vegetative filter strips for agricultun@npoint
source pollution controlTransactions of the ASAE 32(2): 513-519.

Dosskey, M.G. 2001. Toward quantifying water ptidin abatement in response to installing bufferemp land.
Environmental Management 28(5): 577-598.

29



626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661

Foster, R. G., R. A. Young, and W. H. Neibling.859 Sediment composition for nonpoint source pioliu
analysis. Transactions of the ASAE 28(1): 133-139

Gilley, J. E., B. Eghball, L. A. Kramer, T. B. Maoan. 2000. Narrow grass hedge effects on rumaffsail loss.
Journal of Soil and Water Conservation 55(2): 190-196.

Grace lll, J. M. 2002. Effectiveness of vegetafio erosion control from forest road sideslop&sansactions of
the ASAE 45(3): 681-685.

Harmel, R. D., C. T. Haan, and R. Dutnell. 198&nk Erosion and Riparian Vegetation Influencegpér Illinois
River, Oklahoma.Transactions of the ASAE 42(5): 1321-1329.

Hook, P.B. 2003. Sediment retention in rangelaparian buffers. Journal of Environmental QuaB8(): 1130-
1137.

Hubbard, R. K and R. Lowrance. 1997. Assessmifurest management effects on nitrate removalifigrian
buffer systemsTransactions of the ASAE 40(2): 383-391.

Kemper, D., S.M. Dabney, L. Kramer, D. Dominickdah Keep. 1992. Hedging against erosibrsoil Water
Conservation 47:284—288.

Kim, P. S., N. K. Kabaluapa, K. H. Yoo, D. A. Shanpnand C. W. Wood. 2008. Alley cropping anddeimg
effects on surface runoff, soil erosion and losplaht nutrients.Journal of Environmental Hydrology 16(1): 1-
15.

Lee, K-H., Isenhart, T. M., Schultz, R. C., Mickats S. K. 1999. Nutrient and sediment removaswitchgrass
and cool-season grass filter strips in Central [QW@&A. Agroforestry Systems 44(2-3). 121-132.

Lee, K.-., T.M. Isenhart, and R. C. Schultz. 20@&&diment and nutrient removal in an establisheliitspecies
riparian buffer. Journal of Soil and Water Conservation 58(1): 1-8.

Lee, K.-., T.M. Isenhart, and R. C. Schultz, an&KSMickelson. 2000. Multispecies riparian bufférap sediment
and nutrients during rainfall simulations. JourofEnvironmental Quality 29(4): 1200-1205.

Liu, Y. W. Yang, and X. Wang. 2007. GIS-base&gnation of SWAT and REMM for estimating water qtyal
benefits of riparian buffers in agricultural wateesls. Transactions of the ASAE 50(5):1549-1563.

Lowrance, R. R., L. S. Altier, J. D. Newbold, R.&hnabel, P. M. Groffman, J. M. Denver, D. L. @irrJ. W.
Gilliam, J. L. Robinson, R. B. Brinsfield, K. W.&ter, W. C. Lucas, and A. H. Todd. 1997. Watealdy
Functions of Riparian Forest Buffer Systems in@neaspeake Bay Watershedswiron. Manage. 21(5):
687-712.

Lowrance, R. R., R. A. Leonard, and J. M. Sheridd®85. Managing Riparian Ecosystems to Contraipdint
Pollution. Journal of Soil and Water Conservation 40(1): 87-91.

Lowrance, R., R.K. Hubbard, and R.G. Williams. @O@ffects of a managed three Zone Riparian bgffetem on
shallow groundwater quality in the southeasterrsta@alain. Journal of Soil and Water Conservabb(R):
212-220.

Magette, W.L., Brinsfield, R.B., Palmer, R.E., andod, J.D. 1989. Nutrient and sediment removal éyetated
filter strips.Transactions of the ASAE, 32(2): 663—667.

30



662 Mankin, K., R. Daniel, M. Ngandu, C. J. BardenL.SHutchinson, and W. A. Geyer. 2007. Grass-BHiparian
663 Buffer Removal of Sediment, Phosphorus, and Nitndgem Simulated Runoff. Journal of the American
664 Water Resources Association 43(5):1108-1116.

665  McGregor, C. K., S. M. Debney, and J. R. Johnst®#99. Runoff and soil loss from cotton plots watid without

666 stiff-grass hedgesTransactions of the ASAE 42(2): 361-368.

667  McKergow, L.A., Prosser, |.P., Grayson, R.B. & H&inD. 2004. Performance of grass and rainfoipatian
668 buffers in the wet tropics, Far North QueenslandVater quality. Australian Journal of Soil Research 42(4):
669 485-498.

670 Meyer, L. D., S. M. Dabney, and W. C. Harman. 19%&diment trapping effectiveness of stiff-grasddes.
671 Transactions of the ASAE 38(3): 809-815.

672  Mitchell, J. K., B. A. Engel, R. Srinivasan, andY¥s.Wang. 1993. Validation of AGNPS for small wegheds
673 using an integrated AGNPS/GIS systewiiater Resources Bulletin 29(5): 833-842.

674  Mufoz-Carpena, R., Z. Zajac and Yi-Ming Kuo. 20@&Aaluation of water quality models through global

675 sensitivity and uncertainty analyses techniquegliegtion to the vegetative filter strip model VFSD-W.
676 2007. Transactions of the ASABE 50(5):1719-1732.

677 Raffaelle B. J., K. C. McGregor, G. R. Foster, RCHllum. 1997. Effect of narrow grass stripscomservation
678 reserve land converted to croplanttansactions of the ASAE 40(6): 1581-1587.

679 Rankins A, D. R. Shaw, M. Boyette. 2001. Perdmgrass filter strips for reducing herbicide lossesunoff.
680 Weed Science 49(5): 647-651.
681 Ritchie, J. C., Kemper, W. D. & Englert, J. M. 199Narrow stiff grass hedges for erosion conti®iHS-AlSH

682 Publication 245: 195-203.
683  Ritchie, J. C. 2000. Combining 137Cs and topdgi@purveys for measuring soil erosion/depositiatigyns in a
684 rapidly accreting areaActa Geologica Hispanica 35(3-4): 207-212.

685 Robinson, C.A., M. Ghaffarzadah, and R.M. Crus@®61¥egetative filter strip effects on sediment@amtration in
686 cropland runoff.Journal of Soil and Water Conservation 50(3):220-223.

687 Rosenthal W. D., R. Srinivasan, and J. G. Arnofif5L Alternative river management using a linke&-Gl
688 Hydrology modelTrans. ASAE 38(3): 783—790.

689  Schoonover, J.E., KW.J. Williard, J. J. Zaczek, Mangun, and A.D. Carver. 2006. Agriculturadiseent

690 reduction by giant cane and forest riparian buffékter, Air, and Soil Pollution 169(1-4): 303-315.
691  Schultz RC, Colletti JP, Isenhart TM, Simpkins WMize CW and Thompson ML. 1995. Design and placeroént
692 a multi-species riparian buffer strip systefgrofor Syst 29: 201-226.

31



693
694
695
696
697

698

699

700

701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718

719

720

Sheridan, J. M., R. R. Lowrance, and D. D. Bost®99. Management Effects on Runoff and Sedimeangport
in Riparian Forest BuffersTransactions of the ASAE 42(1): 55-64.

Shih, G., W. Abtew, and J. Obeysekera. 1994. Aayucd nutrient runoff load calculations using timmemposite
sampling. Transaction of ASAE 37(2): 419-429.

Simon, A., and Collsion, A.J.C., 2002. Quantifyihng Mechanical and Hydrologic Effects of Ripariaegetation

on Streambank Stabilitfarth Surface Processes and Landforms 27: 527-546.
Spruill, C. A., S. R. Workman, and J. L. Tarab@0@. Simulation of daily and monthly stream disgjeafrom
small watersheds using the SWAT mod&tans. ASAE 43(6): 1431-1440.

Stone, K.C., P.G. Hunt, J.M. Novak, M.H. Johnsarg B.W. Watts. 2000. Flow-proportional, time-comiped,
and grab sample estimation of nitrogen export feoneastern coastal plain watershBgnsactions of the
ASAE 43(2): 281-290.

Sugden, B.D., and R.L. Steiner. 2003. Effect€wirent and Historic Forest Practices on StreampBeature. in
Total Maximum Daily Load (TMDL) Environmental Regtions—II Proceedings of the 8-12 November 2003
Conference, pp 198-203 ASAE Publication NumberPABO03, ed. A. Saleh. Albuquerque, New Mexico USA.

Suttles, J.B., G. Vellidis, D. Bosch, R. Lowrandayl. Sheridan, and E.L. Usery. 2003. Watershedessiatulation
of sediment and nutrient loads in Georgia CoadthRBtreams using the Annualized AGNPS model.
Transactions of the ASAE 46(5):1325-1335.

Tomer, M.D., James, D.E., and Isenhart, T.M. 2@)&imizing the placement of riparian practices watershed
using terrain analysid. Soil Water Conserv. 58: 198—206.

Tomer, M. D., T. B. Moorman, J. L Kovar, D. E. Jssnand M. R. Burkart. 2007. Spatial patternseofiment and
phosphorus in a riparian buffer in western lowaurnal of Soil and Water Conservation 62(5): 329-338.

White, W.J., Morris, L.A., Pinho, A.P., JacksonRC& West, L.T. 2007. Sediment retention by foeestilter
strips in the Piedmont of Georgidournal of Soil and Water Conservation 62(6): 453-463.

Yuan, Y., R.L. Bingner, and R.A. Rebich. 2001.akxtion of AnnNAGNPS on Mississippi Delta MSEA
WatershedsTransactions of the ASAE 45(5):1183-1190.

Yuan, Y., R. L. Bingner, and J. Boydstun. 2006&vBopment of TMDL Watershed Implementation Plaimgs

Annualized AGNPS .Land Use and Water Resources Research 6: 2.1-2.8.

32



Appendix A. Summary table of buffer effectiven@ssrapping sediment by buffer width, vegetatiopeysoil type, slope and rainfall (runoff).

Vegetation | Sediment (Mg/haor mg/L?) Buffer Characteristics Percent Rainfall
type Inflow Outflow width soil slope rgductlon Intensity | Amount | Runoff Study
(m) inload | (ke | (mm) | (mmihr)
Switch-grass NA NA 3 Coland silty 3% 0.69 51 51 11.2 Lee et al. (199P)
clay loam
NA NA 6 - 3% 0.78 51 51 Lee et al. (1999)
0.0343 0.0104 7.1 - 5% 0.7 25 50 Lee et al. (200D)
0.4838 0.1459 7.1 - 5% 0.7 69 69 Lee et al. (2000)
NA NA 7.1 - 5% 0.95 Natural rainfall Lee et alO@B)
10.6' 0.9 0.7 Mexico silt 5% 0.92 66 66 Blanco-Canqu
loam et al. (2004a)
13.6 0.96 0.7 Mexico silt 5% 0.93 66 66 C* Blanco-Canqu
loam et al. (2004b)
NA NA 0.72 Monona silt | 8-16% 0.63 64 64 Gilley et al.
loam (2000)
NA NA 0.14 Bubbs I sandy 5% 0.39 1.31 Meyer et al.
loam 0.29 2.62 (1995)
NA NA 0.2 Bubbs | sandy| 0.61 0.66 Meyer et al.
loam 0.46 1.31 (1995)
0.35 1.97
0.35 2.62
NA NA 0.31 Bubbs Il sandy 5% 0.79 0.33 Meyer et al.
loam 0.75 0.66 (1995)
0.73 0.98 concentrated
0.67 1.31 flow condition
0.66 1.64
0.63 1.97
0.60 2.29
0.60 2.62
NA NA 0.76 Bubbs | sandy 5% 0.62 0.66 Meyer et al.
loam 0.48 1.31 (1995)
0.36 1.97
0.43 2.62
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2.85 0.83 0.3 Brooksville 3% 0.71 Natural | rainfall Rankins et al.
silty clay (2001)
Vetiver grass NA NA 0.2 Bubbs | sandy 5% 0.6 0.66 Meyer et al.
hedges loam 0.5 1.31 (1995)
0.5 1.97
0.34 2.62
NA NA 0.2 Bubbs Il sandy 5% 0.78 0.66
loam 0.74 1.31
0.67 1.97
0.64 2.62
Vetiver hedges NA NA 15 Krasnozems 15% 0.65 Natural rainfall McKergow et &
clay (2004)
Miscanthus NA NA 0.15 Bubbs I sandy 5% 0.24 NA NA 1.31 Meyer et al.
loam (1995)
NA NA 0.3 Providence silt 5% 0.71 NA 76 McGregor et al.
NA NA 0.3 loam 5% 0.78 NA 64 (1999)
NA NA 0.3 5% 0.66 Natural rainfall
Big bluestem 2.85 0.57 0.3 Brooksville 3% 0.80 Natural | rainfall Rankins et al.
silty clay (2001)
Eastern 2.85 0.62 0.3 Brooksville 3% 0.78 Natural | rainfall Rankins et al.
gamagrass silty clay (2001)
Cool- season NA NA 3 Coland silty 3% 0.62 51 51 Lee et al. (199¢
grass clay loam
NA NA 6 - 3% 0.75 51 51 Lee et al. (199
4433 51° 15.3 Hobbs silt 4% 0.99 40-65 Mankin et al.
loam (2007)
Fescue filter 10.2 2.0 0.7 Mexico silt 5% 0.8 66 66 Blanco-Canqui
Strip loam et al., 2004a
10.2 0.7 4.0 - 5% 0.93 66 66
10.2 0.3 8.0 - 5% 0.97 66 66
13.2 3.74 0.7 - 5% 0.72 66 66 C*
13.2 1.23 4.0 - 5% 0.91 66 66 C*
13.2 0.38 8.0 - 5% 0.97 66 66 C*

)
)
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NA NA 0.28 Dubbs | sandy 5% 0.45 0.66mi Meyer et al.
loam n-m (C*) (1995)
NA NA 0.28 - 5% 0.33 1.31
NA NA 0.28 - 5% 0.23 1.97
NA NA 0.28 - 5% 0.15 2.62
Fescue filter 2.85 0.96 0.3 Brooksville 3% 0.66 Natural | rainfall Rankins et al.
Strip silty clay (2001)
NA NA 4.6 Woodstown 3% 0.52 48.3 48.3 Magette et al.
NA NA 9.2 sandy loam 3% 0.75 48.3 48.3 (1989)
NA NA 3 Cecil sandy 4.9% 0.38 Natural rainfall Daniels and
NA NA 6 loam to clay 4.9% 0.68 Natural rainfall Gilliam (1996)
NA NA 3 loam 2.1% 0.44 Natural rainfall
NA NA 6 2.1% 0.56 Natural rainfall
Bermudagrass NA NA 8 Alpha loamy 3.5% 0.8 Natural rainfall Sheridan et al.
sand (1999)
NA NA 0.6 Lexington silt |  10% 0.67 64 128 Raffaelle et al
loam (1997)
Orchardgrass | 2.1/3538 | 0.36/1792 4.6 Groseclose silf 5% 0.83 50 50 Dillaha et al.
filter strip loam soil (1989)
2.173538 [ 0.14/582 9.1 - 5% 0.93 50 50 -
3.93/5513 | 0.56/676° 4.6 - 11% 0.86 50 50 -
3.93/5513 | 0.10/354 9.1 - 11% 0.97 50 50 -
8.94/15929 | 4.22/6063 4.6 - 16% 0.53 50 50 -
8.94/15929 | 2.71/3404 9.1 - 16% 0.7 50 50 -
Bromegrass NA NA 3.0 Fayette silt 7% 0.7 Natural rainfall Robinson et al.
filter strip loams (1996)
NA NA 3.0 - 12% 0.8 Natural rainfall
NA NA 9.1 - 7% 0.85 Natural rainfall
NA NA 9.1 - 12% 0.85 Natural rainfal
Switch-grass 10.8 0.4 0.7+3.3 Mexico silt 5% 0.96 66 66 Blanco-Canqui
plus fescue loam et al. (2004a)
filter Strip 10.8 0.2 0.7+7.3 - 5% 0.98 66 66
13.6 0.39 0.7+3.3 - 5% 0.97 66 66 C* | Blanco-Canqui
13.6' 0.171 0.7+7.3 - 5% 0.99 66 66 C* | etal. (2004b)
Switch-grass 10.3 0.7 0.7+3.3 - 5% 0.93 66 66 Blanco-Canqui
plus natural 10.3 0.2 0.7+7.3 - 5% 0.98 66 66 et al. (2004a)

35



grass strip

0)

0)

Fescue filter NA NA 5 Cecil sandy 3.3% 0.5 Daniels and
Strip plus loam to clay Gilliam (1996)
groundcover loam
NA NA 13 - 3.3% 0.9
Forest filter NA NA 10 Silt loam 1-2% 0.72 NA NA 155L /min  White et al.
strip NA NA 10 Sandy loam 5-7% 0.67 NA NA 184 L/min
NA NA 10 - 10-12% 0.65 NA NA 193 L/min (2007)
NA NA 10 - 15-17% 0.86 NA NA 180 L/mirn
NA NA 10 - 20-22% 0.79 NA NA 204 L/min
Giant cane NA NA 3.3 Hayond silt 1% 0.94 Natural rainfall Schoonover et al
filter strip loam (2006)
NA NA 6.6 - 1% 0.89 Natural rainfall
NA NA 10.0 - 1% 1.00 Natural rainfal
Mixed NA NA 3.3 - 1% 0.50 Natural rainfall
deciduous NA NA 6.6 - 1% 0.86 Natural rainfall
forest buffer NA NA 10.0 - 1% 0.76 Natural | rainfal
5-m cool- 4433 127 9.7 Hobbs silt 3.9% 0.99 40-65 Mankin et al.
season grasses$ loam (2007)
plus 4.7-m
plum shrub
5-m switch 4433 109 12.3 Hobbssilt | 3.8% 0.99 40-65 Mankin et al.
grasses plus loam (2007)
7.3-m plum
shrub
7.1-m switch- 0.0343 0.0021 16.3 Coland silty 5% 0.94 25 50 Lee et al. (200
grass plus 9.2 0.4838 0.0388 16.3 clay loam 5% 0.92 69 69 Lee et al. (200
m m woody NA NA 16.3 5% 0.97 Natural rainfall Lee et al. (2001
plant
Fescue filter NA NA 7 Cecil sandy 3.3% 0.73 Natural rainfall Daniels and
Strip plus NA NA 18 loam to clay 3.3% 0.82 Natural | rainfall Gilliam (1996)
groundcover
Tree-grass-tree NA NA 6 Fulvi-calcaric 1.8% 0.92 Natural rainfall Borin et al.
Cambisol (2005)
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* C refers to concentrated flow. — means theisdihe column is the same as above column. Uretiingent column, the numbghas units of Mg/ha. and

the numbef has units of mg/L, NA means data were not avadlél reporting.
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