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ABSTRACT / A buffer strip can perform a multitude of
functions, and these include channel stability, a filter for
sediment and nutrients, water purification (e.g., bacteria
and pathogens), a nondisturbance area, and the provision
of terrestrial and stream habitat. These functions are
reviewed with specific application to Australian conditions,

and methods for modeling their performance are outlined.
The primary focus is on the use of buffer strips to minimize
waterway pollution from diffuse sources since their use is
often justified on this basis. Particular attention is given to
the conditions under which a buffer strip will act as an
effective filter and the conditions under which it will fail.
Buffer strips are most effective when the flow is shallow
(nonsubmerged), slow, and enters the bufter strip
uniformly along its length. Their sediment trapping
performance decreases as the sediment particle size
decreases. Nutrients are often preferentially attached to
fine sediment. As a result, buffer strips are better filters of
sediment than of nutrients. Buffer strips should only be
considered as a secondary conservation practice after
controlling the generation of pollutants at their source and,
to be effective, buffer strips should always be carefully
designed, installed, and maintained.

The term buffer strip means different things to
different people. In agricultural and some forestry
operations a buffer strip normally implies a strip of
vegetation that acts as a filter for sediment and their
attached nutrients and pollutants. In this way it im-
proves or maintains the quality of water further
downslope. Some view a buffer strip as the wetlands
that delay and purify water adjacent to rivers and
streams, while others think of it as the riparian zone
(i-e., situated along the banks of a river or stream) that
influences bank and channel stability and which has a
primary role in determining the structure and func-
tion of the stream habitat. Each of these examples
involves a mixture of physical and biological processes
and often multiple functions. In determining if a
buffer strip is an appropriate management strategy
for a given problem, the following five questions need
to be answered: (1) What are the processes involved?
(2) What variety of functions can a vegetative strip
serve? (3) How well does it perform these functions?
(4) How often (i.e., when)? (5) Exactly where does it
need to perform these functions? The physical pro-
cesses that are involved vary, depending on a wide
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range of factors including soil type, vegetation, land
use, rainfall intensity and duration, and location
within a landscape. This paper examines these ques-
tions.

While a buffer strip can perform a multitude of
functions including channel stability, a filter for sedi-
ment and nutrients, water purification (e.g., bacteria
and pathogens), a nondisturbance area, and the pro-
vision of terrestrial and stream habitat, their use is
often justified on the grounds that they act as sedi-
ment and nutrient filters. The aims of this paper are
to: (1) review the different functions of a buffer strip;
(2) review their effectiveness at performing these
functions; (3) identify experiences with buffer strips
under Australian conditions; and (4) identify meth-
ods for modeling buffer strip performance. However,
the primary focus is on their role in the management
and mitigation of sediment pollution from diffuse
sources and the modeling of their sediment retention
performance characteristics.

Riparian Vegetation

Riparian vegetation plays an important role in the
structure and function of stream ecosystems. Riparian
ecosystems have two important attributes: an associa-
tion with laterally flowing water that rises and falls at
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least once within a growing season and a high degree
of connectivity with other ecosystems (Lowrance and
others 1985). Riparian vegetation creates a greater
diversity of food sources for in-stream fauna by pro-
viding organic matter input to the stream as well as
attracting insects to the riparian zone, which then fall
into the stream. Trees and large branches that fall
into a stream also contribute to the stream structure
by increasing the resistance to flow and providing
shelter for in-stream fauna. Riparian vegetation also
shades the stream and helps maintain lower water
temperatures. This can play an important part in the
life cycles of aquatic flora and fauna. Increased light
through clearing can cause an increase in stream pri-
mary production that may increase invertebrate den-
sities and alter community composition. Riparian veg-
etation is an important source of habitat for both
terrestrial and aquatic animals. In many cases riparian
areas provide a potential sanctuary as well as corridors
for the movement of native fauna between geograph-
ically separate areas and act as a source for reestab-
lishment of a variety of native flora. These functions
have been described by Gregory and Pressey (1982),
Lowrance and others (1985), Campbell and Doeg
(1989), Koehn and (’Connor {1990), and Parson
(1991).

Few authors have indicated how wide the riparian
zone must be in order to sustain both the terrestrial
and in-stream habitat. The Department of Conserva-
tion and Environment in Victoria (Australia) recom-
mend a width of at least 30 m on large rivers. Corbett
and others (1978) found that for light selective log-
ging, filter strips of 11-22 m on either side of the river
were effective in preventing water-quality deteriora-
tion. However, they considered that a vegetation re-
serve of 20-30 m was needed to maintain the stream
ecosystem. The work of Cormack (1949) in western
Canada, Erman and others (1977) in California, and
Hesser and others (1975) also supports these general
guidelines.

Vegetation helps stabilize stream banks, maintains
a stable alignment, and reduces undercutting and
stream bank collapse and therefore sediment loss to
the stream. For example, Smith (1976) found that in
Alberta streambanks with vegetation were 20,000
times more resistant to erosion than comparable
banks without vegetation. In Victoria (Australia) the
normal width of streamside vegetation is 5-10 m, but
the maximum benefits are achieved at widths of
20-30 m (Department of Conservation and Environ-
ment 1990).

Clearing of riparian vegetation and the transfor-
mation to agricultural systems both lowers the thresh-

old needed to cause catastrophic change and increases
the severity of the low frequency events that are at-
tributed with producing this change (Nanson and
Erskine 1988). For example, in many sugar cane
growing areas in northeastern Australia riparian veg-
etation has been cleared right up to the rivers edge by
pushing trees into the waterway and allowing flood
flows to carry them away. This has the combined ef-
fect of reducing the flood plain resistance and increas-
ing the likelihood of cutoffs developing (Ladson 1992
personal communication). It also greatly increases the
demand for management. Even if a narrow strip of
riparian vegetation is retained to increase the stability
of river banks, the long-term morphologic implica-
tions of a dense verge of streamside vegetation in an
otherwise largely cleared, unobstructed, and heavily
utilized river valley must be considered (Department
of Conservation and Environment 1990).

Forest Systems

Borg and others (1988) defined a buffer as a strip
of undisturbed forest comprised of overstorey and
understorey left along a watercourse to protect water
quality or left along a road for aesthetic reasons.
Buffer strips have been widely advocated as a method
for protecting streams in forestry systems (e.g., Clin-
nick 1985). The area required for protection of a wa-
ter resource can be predicted in two ways. The first is
to establish the area of the catchment contributing to
runoff following the change in transpiration and in-
terception aftter logging. The second is to establish
stream protection criteria based on transport dis-
tances through the vegetated area (Clinnick 1985). In
the first instance the buffer strip functions as a non-
disturbance zone. The source area that generates
stormflow runoff from within a catchment (partial
area runoff) is identified and logging operations are
not permitted in these areas. In studies of the impacts
of logging practices on water quality in a mountain
ash forest in southeastern Australia, Grayson and oth-
ers (1992) concluded that understanding the pro-
cesses that produce surface runoff, taking adequate
steps to minimize contamination of runoff, and pre-
venting contaminated runoff entering the waterways
were critical for effective management.

Stream Protection Based on Transport Distances
through the Buffer Strip

Recommendations of buffer strip widths in for-
estry operations in Canada, the United States, and
Australia are based mostly on observations of sedi-
ment travel through vegetation or event-oriented
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Table 1.
slopes (after Clinnick 1985)
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Stream buffer width and extent, reported in various studies, for differing soil types, geology and

Slope Buffer Buffer
Author/s Location Soil type Geology Erodibility (%) width (m) extent
Balmer and others (1982) UsA — — low 0, 30, 60 9, 32, 55 —
moderate 0, 30, 60 12,43, 71 —
severe 0, 30, 60 14, 52, 88 —
Bren and Turner (1980} Vic. clay loam sedimentary low — 20 springhead
Chalmers {1979) NSW — granite severe <33 <40 —
Corbett and others (1978) USA organic loam — — - 20-30 —
Cormack (1949) Canada — sedimentary — — 20 springhead eph.
streams
Cornish (1975) NSwW —_ — — — 20 >10-100 ha.
hazard specific
Graynoth (1979) New Zealand clay loam — moderate — 30 200300 m
upstream of point
of perenniality
Haupt (1959) USA — granite severe 20-28 6 —
— granite severe 60 43 -
Haupt and Kidd (1965) USA sandy loam granite severe — 310 —
Erman and others (1977) USA — — — — 30 —
O’Loughlin and others Aust. — — — variable variable springhead
(1982)
Packer (1967) USA — granite severe — 46 —
— basale moderate — 3 —
Plamondon {1982) Canada — quartzite — — 10-15 —
Trimble and Sartz (1957) USA sandy loam — — 0 8 FU?® —
0 15 DU —
30 26 FU —
30 52 bU —
60 44 FU —
60 88 DU —
van Groenewoud (1977) Canada — — — flat 15 —
— — — Steep 65 —
Wylie (1975) New Zealand — granite severe — 30 —

“FU, water for farm use; DU, water for domestic use.

sampling of strcams. The most commonly recom-
mended buffer width for stream buffers in forest ar-
eas is 30 m but is dependent on specific site condi-
tions. Table 1 lists the stream buffer width and extent
reported in various studies for differing soil types,
geology, and slopes (after Clinnick 1985). Soil conser-
vation officers in the state of Victoria, Australia often
use the following formula to determine the width of a
buffer strip, which is based on guidelines set down by
Trimble and Sartz (1957):

W=8+06S (1)

where W is the buffer strip width {(m), and § is the
slope (%).

One of the few studies in Australia that examined
the question of buffer strip widths was carried out by
Borg and others (1988). The results indicated that
halving of the buffer strip widths (from 200 to 100 m
and from 100 to 50 m) had little if any detrimental
effect on water quality. Complete removal of buffer
strips, however, led to minor changes in the stream
channel profile and to algal blooms. These occurred
in slow-moving or stationary waterbodies and were
attributed to an increase in light after logging, in-

creasing organic matter, and retardation of the flow
by debris in the water course. Borg and others (1987)
have also shown that the retention of riparian buffers
is an important control on stream salinity in areas of
Western Australia where groundwater of moderate
salinity is at or close to the streambed.

Stream Protection Based on Protection of Runoff
Generating Area

Cameron and Henderson (1979) recommended
that buffer strips be required where the catchment
area exceeds 100 ha and would frequently be re-
quired in much smaller catchments, particularly in
areas of high rainfall and readily eroded soils. All
perennial streams should be protected by buffer
strips and in high hazard areas intermittent streams
should be protected. In general, buffer strips should
extend to the springhead or runoff confluence point
of any subcatchment and should be well upstreamn of
any existing channel or streambed since flow will oc-
cur at a higher point in the catchment once the forest
has been cleared (Bren and Turner 1980, O’Loughlin
and others 1989, Finlayson and Wong 1982). van
Groenewood (1977) recommended that a buffer strip
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should extend the full length of a stream and should
also protect boggy areas. Cornish (1975) proposed
that catchment area, not stream permanence, be used
as the criterion in the provision of buffer strips.
Buffer strips should provide protection against peak
flow situations. Permanence of flow is not a good
yardstick for the provision of filter strips.

Methods for predicting and identifying runoff
source areas are therefore critical for the design and
implementation of buffer strip management strate-
gies. The factors that affect the location of variable
source areas of runoff generation and the distribution
of soil water include: (1) soil characteristics, (2) topog-
raphy, (3) vegetation, and (4) weather (Moore and
others 1991). Saturated source areas exist wherever
the accumulated drainage flux from upslope exceeds
the product of the soil transmissivity and the local
slope. Beven and Kirkby (1977, 1979) and
O’Loughlin (1986) have, respectively, derived the fol-
lowing equations for determining where this condi-
tion applies in complex landscapes:

; 1 4 A,
In TeAs =fz,,+— [Inf{—=1)dA (2
Ti[anBi Al .0 tanBl
T T; T
X [l{2)dA==
Th;tanp,; / (r) r )

where A;; (=A/b;) is the specific catchment area (i.e.,
the upslope contributing area per unit width of con-
tour), tanf; is an approximation of the local hydraulic
gradient (which is reasonable for shallow soils), T is
the transmissivity, T, is the catchment average value of
T, fis a parameter that describes the rate of decline of
soil transmissivity with depth and is assumed to be
constant over the catchment, z,, is the average depth
of the perched water table, #; is the local recharge rate
or drainage flux per unit area, and r is the catchment
average recharge rate. These equations only account
for the effects of topography and soil characteristics
on the location and size of saturated source areas.
O’Loughlin and others (1989) and Moore and others
(1993) have recently expanded these equations to ac-
count for spatially variable evapotranspiration, deep
drainage, and vegetation characteristics.

Agricultural Systems

Most research characterizing the behavior of sedi-
ment- and pollutant-laden runoff through grass
bufter strips has been published in the “agricultural
engineering” literature. Extensive experimental pro-
grams have been conducted and a range of models

have been developed to describe the performance of
buffer strips (e.g., Wilson 1967, Butler and others
1974, Tollner and others 1976, 1977, 1982, Barfield
and others 1977, 1979, Vanderholm and Dickey
1978, Hayes and others 1979a—c, Hayes and Hairston
1983, Dillaha and others 1985, 1989, Williams and
Nicks 1988, Flanagan and others 1989, Lee and oth-
ers 1989, Dillaha and Hayes 1992). A wide variety of
terms have been used to describe a grass buffer strip
in the agricultural engineering literature and these
mclude vegetative filter strips, grass filters, vegetative
buffer strips, filter strips, or buffer strips.

Sediment Deposition

One of the earliest studies of the use of vegetative
filter strips to reduce sediment concentration was con-
ducted by Wilson (1967). His results show that an
inverse relationship exists between the filtration
length needed to produce a maximum concentration
of a given particle size in the deposited sediment and
particle size. This occurs because sediment deposition
is a selective process where sand and large aggregates
are deposited preferentially to silt and clay-sized par-
ticles (Alberts and others 1981). The optimum trap-
ping distances for sand, silt, and clay particles were 3
m, 15 m, and 122 m, respectively, for a flow rate of
1.02 liters/sec/m, which was sufficiently low not to pro-
duce submergence of the grass. Wilson (1967) recog-
nized that the filtration length varies depending on
the application rate, surface slope, and grass charac-
teristics (i.e., roughness coefficient, which depends on
the grass species, the stage of growth, and the submer-
gence). In subsequent trials submergence was pro-
duced with higher flow rates and clipped grasses,
and under these conditions filtration efficiencies
were markedly reduced. Mechanical sedimentation
through a reduction of the flow velocity was viewed as
the primary mechanism by which the grass filtered
the sediment.

Neibling and Alberts (1979) used a rainfall simula-
tor to show that a grass filter reduced sediment dis-
charge by over 90% from a 7% slope, 6.1-m-long bare
soil plot. The clay size fraction in the runoff was re-
duced by 37%, 78%, 82%, and 83% for 0.6, 1.2, 2.5,
and 4.8-m-long filter strips, respectively. Observa-
tions revealed that a significant amount of solids was
deposited just upslope of the filter strips leading edge,
and 91% of the incoming sediment was deposited in
the first 0.6 m of the filter.

The most comprehensive research on sediment
transport in vegetative filter strips has been con-
ducted by researchers at the University of Kentucky
in the United States. Tollner and others (1976) pre-
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sented a series of design equations relating the frac-
tion of sediment trapped in artificial rigid vegetal me-
dia (metal pins) to the mean flow velocity, flow depth,
particle fall velocity, filter length, and the spacing hy-
draulic radius of the artificial vegetal media. Barfield
and others (1979) developed a steady-state model
(Kentucky filter strip model) for determining the sed-
iment filtration capacity of grass media as a function
of flow, sediment particle size, flow duration, slope,
and media density. Outflow concentrations were
found to be primarily a function of slope and media
spacing for a given flow condition. Hayes and others
(1979a) then extended this model to account for un-
steady flow and nonhomogenous sediment. Using
three different types of grasses, model predictions
were found to be in close agreement with laboratory
plot data. Field data were then used to evaluate the
model for multiple storms (Hayes and Hairston
1983). Once again, the model predictions agreed well
with the measured sediment discharge values. The
results showed that the majority of sediment was de-
posited just upslope and in the first few meters of the
filter, until the upper part of the filter was buried with
sediment. The subsequent sediment that flowed into
the filter caused a wedge-shaped sediment deposit to
advance down the filter strip. The trapping efficiency
of the filter was high as long as the vegetal media was
not submerged, but decreased significantly when the
media was inundated at higher runoff rates (Dillaha
and others 1988).

Sediment and Nutrients

The movement of nutrients through buffer strips
has been investigated by several researchers but very
few have developed mathematical models or design
criteria. Doyle and others (1977) evaluated the effec-
tiveness of forest and grass buffer strips in improving
the water quality of manure-polluted runoff. They
showed that both forest and grass buffer strips pro-
duced significant reductions in nutrient levels, partic-
ularly in the first few meters. For example, soluble
nitrogen (N), phosphorus (P), and potassium (K) de-
creased by 94.7%, 99.7%, and 95.0%, respectively,
after 3.8 m in the forest buffer strip. In the grass
buffer strip soluble P was reduced by 62% after 4.0 m,
while the other nutrients all approached the levels
from the control plots. The results of McColl (1978),
Smith (1987, 1989), and Bingham and others (1980)
also provide strong support for the use of buffer
strips along stream channels as a means of protecting
streams from phosphorus and other nutrient losses.

Alberts and others (1981) used a rainfall simulator
to study the effectiveness of different lengths and per-
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centage cover of cornstalk residue in reducing total
nitrogen and phosphorus discharges associated with
sediment. For example, a 2.7-m-long residue strip
with 50% cover reduced nutrient discharges by about
70%. The reductions in P and N loads with increasing
length and cover were about 5% less than the corre-
sponding reduction in sediment load. Further reduc-
tions in sediment and nutrient discharges with in-
creasing length and percentage cover of residue were
almost proportional. The sediment was separated into
ten size fractions ranging from >2 to <0.002 mm in
diameter by sieving and gravity sedimentation. The N
and P concentrations of the sediment leaving the resi-
due strips were higher than the concentrations enter-
ing the residue strips. In this study the enrichment
was partly attributed to the preferential transport of
the finer soil fractions, but also to the dynamic sorting
based upon particle density that allows the less dense
particles of higher clay content to erode preferentially
to the denser particles of lower clay content. Alberts
and others (1981) stated that “increases in N and P
concentrations have been generally attributed to an
increase in the selectivity of the erosion process for
finer soil {ractions. In the broadest sense, this concept
of sediment enrichment is correct because the per-
centage of clay in the sediment is generally inversely
related to the amount of sediment transport. How-
ever, the concept of nutrient enrichment occurring
only because of the preferential transport of the finer
soil fractions is an oversimplification of a dynamic and
complex process.”

In a similar study, Dillaha and others (1989) ap-
plied manure and fertilizer to bare fallow plots (5.5 m
wide X 18.3 m long) with different filter strip lengths
of 0 m, 4.6 m, and 9.1 m. The 9.1-m and 4.6-m filter
strips with shallow uniform flow (11% and 16%
slopes) removed an average of 84 and 74% of the
incoming solids, 79 and 61% of the incoming P, and
73 and 54% of the incoming N, respectively. The re-
moval of P and N from the runoff was nearly as effec-
tive as the sediment removal, and this was expected
since 97%, 92%, and 90% of the P and 78%, 65%, and
66% of the N leaving the 0-m, 4.6-m, and 9.1-m filter
strips, respectively, was sediment-bound. Soluble nu-
trients in the runoff from the filters were sometimes
greater than the incoming soluble nutrient load,
which was thought to be due to the lower removal
efficiencies for soluble nutrients and the release of
nutrients that had been trapped in the filter during
previous runs. In general, the concentrated flow plots
were as effective as the uniform flow plots for sedi-
ment, P, and N removal. However, it is difficult to
compare the results on an equal footing because these
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plots were only on a 5% slope, whereas the uniform
flow plots had slopes of 11% and 16%, respectively.
These results, however, were contradicted to some
extent by the work of Dillaha and others (1988) in the
previous year, where it was shown that filters with
concentrated flow were 40-60%, 70-95%, and 61—
70% less effective in sediment, P, and N removal,
respectively, than were the uniform flow plots.

Magette and others (1989) performed an almost
identical series of experiments to those of Dillaha and
others (1989), but were only able to conclude that: (1)
the performance of vegetated filter strips in reducing
nutrient losses from agricultural lands is highly vari-
able, (2) vegetated filter strips are more effective in
removing suspended solids from runoff than in re-
moving nutrients, (3) vegetated filter strips appear to
be less effective in reducing loss of nutrients and sus-
pended solids as more and more runoff events occur,
and (4) the performance of vegetated filter strips gen-
erally diminishes as the ratio of vegetated to unvege-
tated area decreases.

During each of the different runs, Dillaha and oth-
ers (1989) observed that most of the sediment re-
moved by the vegetative filter strip was deposited just
upslope or in the first few meters of the vegetative
filter strip. This was also found by Tollner and others
(1976) and Barfield and others (1979) in their labora-
tory experiments. However, once the vegetation in
the upper portion of the vegetative filter strip was
buried, sediment began to move into the area just
below the previous zone of deposition (typically 0.25—
0.40 m wide). This process then continued until either
the simulation ceased or until the entire filter strip
was inundated with sediment. Due to progressive in-
undation of the filter strip, their effectiveness in re-
moving sediment, P, and N decreased over time as
their lengths progressively shortened. This may or
may not be a problem in the real world if the vegeta-
tion is able to grow through the accumulated sedi-
ment (Dillaha and others 1989).

The performance of vegetative filter strips gener-
ally falls into two categories, which depend mainly on
the topography of the site (Dillaha and others 1989).
In hilly catchments, filter strips have generally been
judged to be ineffective for removing sediment and
nutrients from surface runoff because overland flow
normally concentrates in natural drainage-ways
within a catchment before it reaches the buffer strip.
During larger runoff events, flow across the buffer
strips is concentrated, and the vegetation is locally
inundated and therefore ineffective. However, al-
though the filters in these areas may fail to trap sedi-
ment and nutrients effectively, they can be extremely

beneficial in providing effective cover in areas adja-
cent to streams that are susceptible to severe localized
channel and gully erosion. In effect, these filter strips
act as grass waterways. Grass waterways are designed
to transmit runoff from agricultural land at velocities
that prevent erosion in drainage-ways. In many in-
stances the erosion of soil in drainage-ways can pro-
duce as much, if not more, sediment than is generated
by the flow on adjoining agricultural land (Barling
and others 1988). Flanagan and others (1989) also
argued that because agricultural catchments often
have large flow concentrations, appropriate locations
for filter strips are limited. In such cases, practices
such as conservation tillage combined with grass
waterways might be more appropriate. In flatter
areas, vegetative filter strips have been found to be
more effective (Dillaha and others 1989). In such
cases, slopes are generally more uniform and most of
the runoff crosses the filter strips as shallow uniform
flow, producing significant accumulations of depos-
ited sediment. Thus care in the placement of filter
strips and a realistic assessment of their value is ad-
vised.

Natural Buffer Strips: Wetlands and Floodplains

Riparian wetlands and floodplains have been
shown to be important depositional zones for sedi-
ment and nutrients. For example, Cooper and others
(1987) used '*’Cs to map the areal extent and thick-
ness of sediment to determine the amount of depos-
ited sediment in riparian areas of two catchments dur-
ing the previous 20 years. At the field—forest edge
0.15-0.50 m of '3’Cs sediment accumulated while less
than 0.05 m of '*’Cs sediment was deposited in the
floodplain swamp downstream. Although only a thin
layer of sediment had been deposited in the flood-
plain swamp, the large area available made it an im-
portant depositional zone. Approximately 80% of the
137Cs sediment was deposited above the floodplain
swamp with greater than 50% of this in the first 100 m
of the forest. At the forest edge, the deposition of
sand dominated, while silt and clay contents were high
in the floodplain swamp. Approximately 85-90% of
the sediment removed from cultivated areas re-
mained in the catchment. In a similar study by Low-
rance and others (1986), the sediment deposition rate
was estimated to be 35-52 Mg/ha™Yyr~!. Peterjohn
and Correll (1984) studied the role of a riparian forest
in the nutrient dynamics of an agricultural watershed.
An estimated 4.1 Mg of particulates, 11 kg of particu-
late organic N, 0.83 kg ot dissolved ammonium N, 2.7
kg of nitrate N, and 3.0 kg of total particulate P per
hectare were removed from surface runoff that had
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transited approximately 50 m of riparian forest. In
addition, an estimated 45 kg/ha of nitrate N was re-
moved from the subsurface flow and this was attrib-
uted mainly to denitrification processes. Riparian ar-
eas are thus important sinks for P, but their utility is
probably dependent upon the continued deposition
of fresh sediments because of the limited capacity of
current sediments to sorb P from the overlying water
{Cooper and Gilliam 1987). The deposition of total P
is closely related to the deposition of clay.

Brinson and others (1984) studied the nutrient as-
similative capacity of a floodplain swamp to deter-
mine relevant guidelines for the management of these
swamps for wastewater treatment. The capacity for
nutrient removal of the swamp was highest for ni-
trate, intermediate for ammonium, and lowest for
phosphate. Nitrate loss by denitrification was rapid
and persistent with only a slight accumulation in sur-
face water and no detectable accumulation in the sed-
iment or soil. Ammonium accumulated in cation ex-
change sites but was transformed to nitrate during
drydown of sediments in summer and autumn, Phos-
phorus accumulated in sediments principally in acid-
extractable form, with little evidence of loss after the
additions ceased. At such high loading rates, the up-
take of N and P by vegetation was small in comparison
to the accumulation in sediments or the removal
through denitrification. Unlike denitrification in the
N cycle, there is no process to remove P to the atmo-
sphere. Therefore, movement of P out of riparian
areas can only occur by the removal of the enriched
sediment and organic mater or by desorption to the
overlying water (Cooper and Gilliam 1987). This
means that the capacity of riparian areas to serve as a
P sink is finite.

Modeling Sediment and Pollutant Transport
through a Vegetative Filter Strip

From the previously cited studies, it is clear that
vegetative filter strips (VFSs) reduce sediment and
pollutant delivery from agricultural land (Flanagan
and others 1989). However, it is also clear, that buffer
strips are very much a secondary conservation prac-
tice that should “. . . be used only in conjunction with
in-field conservation practices. In-field conservation
practices are preferable to VFSs because they reduce
pollutant generation and keep soil and plant nutrients
in the field where they are resources rather than pol-
lutants. Vegetative filter strips, on the other hand,
trap sediment and nutrients below the field and these
resources are lost from the agricultural system unless
they are mechanically transported back to the field”
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(Dillaha and Hayes 1992). Grass bulfer strips must
also be designed, constructed, and maintained in a
proper way to fulfill this function if failure is to be
avoided. To do this requires appropriate design crite-
ria based on models of sediment and pollutant trans-
port through vegetative filter strips.

Vegetative waterways and VFSs have important
functional similarities, but also important differences.
Vegetative waterways are designed to remove runoff
quickly without excessive erosion of the channel,
whereas VFSs are designed to remove sediment, or
other pollutants, from flowing water. As a result, flow
velocities through VFSs are typically much lower than
the limiting velocities in vegetative waterways (Hayes
and Dillaha 1992). Most of the available literature re-
lates to the design of vegetative waterways and little
deals specifically with the design of VFSs.

Mechanisms and Conceptual Models

Historically, the design of vegetative filter strips
has been based upon experience because of the ab-
sence of acceptable design procedures (Dillaha and
others 1985). In many cases, however, “inadequate
knowledge of vegetative filter strip dynamics has re-
sulted in vegetative filter strip installation in areas
where they are inappropriate because of topographic
limitations” (Dillaha and others 1989). In order to
develop design recommendations for the use of grass
filter strips as a standard practice for sediment and
pollutant control, both conceptual and mathematical
models of the movement of sediment and pollutants
through the filter material must be developed.

Sediment and pollutant removal in a grass buffer
strip involves changes in the flow hydraulics that en-
hance infiltration, deposition of suspended solids, fil-
tration of suspended solids by vegetation, absorption
to plant and soil surfaces, and adsorption of pollut-
ants by plants. Because high flows tend to submerge
the grass and decrease the hydraulic roughness, filter
strips are most effective when the flow is shallow (i.e.,
nonsubmerged), slow, and enters the strip uniformly
along its length (Flanagan and others 1989, Lee and
others 1989). For example, Figure 1 is a plot of Man-
ning’s roughness coefficient (n) against flow depth
(Ree and Palmer 1949), and this plot illustrates the
complexity of the problem. Flows at very shallow
depths encounter a maximum resistance because the
vegetation is upright in the flow. At intermediate
flows, the grass bends over and the resistance drops
off sharply as the vegetation begins to be submerged.
Concentrated flow also has concomitant deep flows
and high flow velocities, and both of these effectively
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short-circuit the hydraulic retardation afforded by fil-
ter strips.

Vegetative filter strips increase the hydraulic
roughness of the tlow surface, which reduces the flow
velocity and the shear stress exerted on the soil by the
flow. Therefore, as sediment-laden flow impinges on
a filter, its velocity is retarded and its transport capac-
ity is reduced. The reduction in transport capacity
promotes deposition in the strip itself and in the
ponded water just above the strip if the transport capac-
ity is less than the inflowing sediment load (Barfield and
others 1979, Flanagan and others 1989). Deposition is a
size-selective process and so the trapping efficiency of
vegetative filter strips is highly dependent on sedi-

in an artificial rigid media (after Barfield
and others 1979).

ment particle size. The pollutants that are bound to
deposited sediment are also removed during the dep-
osition process (Lee and others 1989).

Conceptually, four zones of deposition exist in a
filter strip, and these are shown in Figure 2 (Barfield
and others 1979). Initially most incoming sediment is
deposited along the leading edge of the grass filter
(zone A). As deposition continues, the sediment forms
a triangular wedge that continues to advance down-
slope, and the slope of this wedge flattens out over
time (zone B). Deposition causes the bed slope to in-
crease with a resulting increase in the velocity and
sediment transport capacity down the face of deposi-
tion. Eventually the upstream face approaches the



Buffer Strips and Management of Waterway Pollution

P in Source Areas

Dislodgement processes

P in runoff

Trapping processes

Figure 3. Schematic diagram of Phospho-
rus movement during overland flow (after
Lee and others 1989).

height of the media as the deposition front continues
to advance downstream. When this occurs, sediment
transport in zone A is along the top of the inundated
media and essentially all of the incoming sediment is
transported. When the flow reaches zone B, sediment
is deposited along the entire deposition front. The
slope of this deposition front corresponds to that re-
quired to yield a transport capacity between that of
zone A and zone C for the given flow. In zone C
sufficient sediment has been deposited on the original
channel bed so that all surface irregularities are filled,
allowing sediment to be transported as bedload. How-
ever, the slope of the surface in zone C has not yet
been significantly altered by the deposition of sedi-
ment. Thus the transport capacity of the flow in zone
C is determined by the bed slope and the depth of
flow. In zone D an insufficient amount of material has
been deposited on the bed to fill the surface irregular-
ities and all sediment reaching the bed is assumed to
be trapped.

Barfield and others (1979) and Hayes and others
(1979a) developed equations to describe the flow and
transport in the four zones. The derived equations
are based on modifications of Manning’s equation,
Einstein’s transport equation, and an equation based
on probabilistic reasoning. They are complex and re-
quire an iterative solution scheme. A graphical solu-
tion procedure was developed subsequently by Hayes
and others (1979b). This model, known as the Ken-
tucky grass filter model has been modified by Hayes
and others (1984) to consider the significant amount
of sediment trapped in the area of ponded water up-
stream of a grass filter infiltration along the grass
filter, and the change in sediment size distribution
that results from differential deposition. The last
modification was deemed necessary because predic-
tions based on a single soil particle diameter can erro-
neously indicate that complete trapping has occurred

P in sink Areas Solution P ‘
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despite the fact that the fine particles have not been
trapped.

A grass buffer strip can also purify water by filtra-
tion of suspended solids and through the adsorption
and absorption processes, although these are not as
well understood as the infiltration and deposition
processes. Filtration is probably most significant with
larger suspended solids particles, while adsorption
and absorption processes are probably more signifi-
cant with respect to the removal of dissolved species
(Lee and others 1989).

Figure 3 is a schematic diagram of a conceptual
model showing the movement of P in overland flow
(Lee and others 1989). Before P can be transported by
overland flow, it must be dissolved or the sediment to
which it is adsorbed detached from the parent mate-
rial. During the transport phase, the P compounds
exist in dynamic equilibrium between their dissolved
and sediment-bound forms. Phosphorus in overland
flow can be deposited with sediment; adsorbed on to
suspended particles, the soil surface, and vegetation;
be assimilated by microorganisms and plants; move
into the soil profile with infiltration; or be transported
further downslope by the overland flow. Therefore,
to model the fate of P compounds in the soil, the
nutrient routing model needs to describe the dis-
lodgement, transport, and trapping processes of both
the particulate and soluble forms of the nutrient (Lee
and others 1989).

Sediment-Bound Pollutant Transport

Equations describing the flow and transport in the
different zones of a buffer strip can be developed by
applying the equation of conservation of mass to the
particular form of the pollutant for a given particle
size class (Lee and others 1989). The input and output
components can be summarized as:
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Input from rain
Y(D)AA

Surface runoff inflow
qCAt

Adsorption to sediment
X(t,C,S) AtV

Biological uptake:
AtV
o Surface runoff outflow
@+80)C+ 2 aon
1

Infiltration

fCax Figure 4. Movement of dissolved chemical
Desorption from floor in element of surface runoff (after Lee and

Z(q,t) AxAt others 1989).
Inputs surface runoff inflow = ¢f,S,A¢ (Beasley and others 1980), CREAMS (Knisel 1980), or

)
® rainfall = R,(¢)S,, AxAt

® detachment = B,(q,1)S;, AxAt
® adsorption to sediment = XAtV

surface runoff outflow

= (¢ + Ag) [f3S,, +

¢ deposition = D(q,1)S,,.AxAt
® infiltration = f{t)f, .S aAxAL

Outputs ®

3(fxS) Ax]AC
ox

The governing equation is then given by:

(1S o(qfiS
y U2 Sy 1,y +fi0pls,
LGS ~ Bia S~ R0S, =0 ()

where §, is the P concentration in each particle size
class at time ¢, f, is the concentration of each particle
size class per unit volume of runoff, f, , is the average
value of f; in the control volume, §,,, is the average
value of S, in the control volume, g is the runoff dis-
charge per unit channel width, R, is the addition of
solids from rainfall, §,, is the concentration of the
chemical in particulates in rainwater, B, is the addi-
tion of solids due to detachment from the land sur-
face, S;; is the concentration of the chemical in de-
tached soil particles, Dy is the deposition of sediment,
and x is the downstream distance. The parameters B,,
D,, and f; can be estimated by models that simulate
runoff, erosion, and sediment transport such as SED-
IMOT II (Warner and others 1981), ANSWERS

WEPP (Lane and Nearing 1989).

Dissolved Constituent Transport

A similar mass balance for the dissolved chemical
form (Figure 4) can be derived

Inputs @ surface runoff inflow = qCA¢
® input from rain = YAxAt¢
® desorption from the soil surface =
Z(g.)AxAt
Outputs ® surface runoff outflow

8C
= (g + Ag)(C + ™ Ax)At
X

® infiltration = f(#)C, AxAt
® adsorption = X(¢,C,S)AtV
® biological uptake = K,,CAtV

Applying mass conservation to the elemental volume,
the concentration of the chemical with respect to time
yields:

5(¢C)
™ + ™ + [f(t) + 9K, ]C
+3X(ACs) - Y () — Z{gt) =0 (5)

where y is the depth of water, C is the concentration of
the dissolved chemical, C,, is the average C value in
the control volume, f is the infiltration rate, K,, is the
first-order biological uptake rate, ¢ is the runoff dis-

charge per unit channel width, § is the concentration
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of the sediment-bound form, V is the control volume
(=yAx), X is the adsorption on sediment, Y is the input
from rainfall, Z 1s the nutrient exchange with the land
surface, x is the downstream distance, and ¢ is the time.

After selecting appropriate component relation-
ships for the different inputs and outputs in equations
4 and 5, Lee and others (1989) were able to formulate
an event-based mathematical model of P transport in
grass buffer strips known as GRAPH by incorporat-
ing these subroutines into SEDMOT 11, which is a
stormwater and sediment transport model developed
for analyzing surface mine reclamation and rehabili-
tation. GRAPH simulates the time varying infiltra-
tion, runoff discharge, sediment yield, particle size
distribution, and dissolved and sediment-bound P dis-
charge along with the sediment and trapping efficien-
cies of the filter strip. The required input data include
rainfall intensity and duration, an inflow hydrograph,
a sediment graph, sediment size distribution, the di-
mensions and hydraulic characteristics of the grass
buffer strip, inflow graphs for dissolved P, P desorp-
tion and adsorption coefficients for soil and plant ma-
terial, and the P content of the different particle size
fractions (Lee and others 1989). The GRAPH model
has been verified using data from experimental plot
studies.

Flanagan and others (1989) developed a simplified
procedure for calculating the effectiveness of filter
strips for removing sediment from shallow overland
flow using equations from CREAMS. CREAMS is a
field-scale model that was developed to predict the
movement of chemicals, runoff, and erosion from ag-
ricultural areas (Knisel 1980). Flanagan and others
(1989) demonstrated that the CREAMS model ade-
quately simulated the depositional processes that oc-
cur in a vegetative filter strip, particularly as trapping
efficiencies approach 100% given that the assump-
tions in the model are met. These assumptions are:
flow is fairly shallow and uniformly distributed along
its length, concentrated flow effects are minimal,
the grass is not submerged and flattened by the flow,
and previously trapped sediment does not affect
future sediment delivery capacity. Equations in the
CREAMS model were then simplified for the case of
high sediment loads entering a dense grass strip
where flow concentration effects are minimal to allow
rapid hand calculations of the sediment delivery. The
sediment delivery ratio (SDR) is given by:

5
SDR = T fx,*d; (6)
i=1

with x,* = x,/l and &; = Bud/o where f; is the fraction
of particle size ¢ entering the strip, 7 is the particle size
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index, x, and [ are the distances from the drainage
divide to the start and end of the vegetative filter strip,
respectively, B is a turbulence factor, v/ is the particle
fall velocity, and o is the excess rainfall rate. Further
testing showed that predictions using these equations
were close to those produced from the complete
CREAMS model (** = 0.99). In the design methodol-
ogy, Flanagan and others (1989) proposed that the
CREAMS model be used to construct tables for differ-
ent soil types with different sediment particle-size dis-
tributions entering the filter strip and the USLE be
used to determine the soil loss from an area. The
simplified equations were then used to determine the
buffer strip dimensions to produce the desired reduc-
tion in sediment load. Williams and Nicks (1988) have
also used the CREAMS model to predict the possible
performance of grass filter strips of different widths
and grass qualities. They found that the filter strip
width or grass quality, or both, need to be increased to
maintain the desired reduction in soil loss as the sedi-
ment load increased. The simulations, however, also
indicated that there is a point beyond which increases
in filter strip width have no impact on soil loss. For
events with little runoff, the filter strips were pre-
dicted to have little impact on soil loss. During these
low-flow events the clay fraction was the dominant
sediment size fraction moved and was not trapped by
the filter strip.

Recently, Hayes and Dillaha (1992) have devel-
oped a site suitability and design methodology for
vegetative filter strips that uses the basic equations
developed by Barfield and others (1979) and Hayes
and others (1979a,b). The design method uses the
equation for the downstream zone (i.e., zone D in
Figure 2) because it has the lowest transport capacity
of any of the four VFS zones and controls the net
amount of sediment leaving the VFS. The hillslope
profile version of WEPP was chosen as a suitable
model to estimate the sediment and hydraulic input to
the VFSs. This particular version of WEPP is a contin-
uous simulation computer model that predicts both
spatial and temporal soil loss and deposition on a hill-
slope (Lane and Nearing 1989).

Table 2 lists the screening guidelines proposed by
Hayes and Dillaha (1992) for determining if a site is
suitable to warrant more detailed design investiga-
tions. This table is a useful guide to the potential suit-
ability of a site for a buffer strip, irrespective of the
design considerations. If the site is deemed to be suit-
able for a vegetative filter strip, the design process is
continued. The catchment is first divided into subar-
eas and the VFSs are located in each subarca. The
necessary data for each subarea is then collected for
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Table 2. Check list to determine suitability of a site
for vegetative filter strip (Hayes and Dillaha 1992)

1. Is the slope of the field to be protected less than 10%?
Sites with higher slopes are not suitable for VFS
because runoff will tend to flow through the VFS too
fast, thus reducing VFS trapping efficiency to
unacceptably low values

2. Is the slope of the field to be protected less than 1%?
If so, the site is not suitable for VFS. Sites with very
small slopes are not suitable for VFS because the
hydraulic gradient will be insufficient.

3. Is less than 50% of the field drained by internal field
drainage-ways, which allow surface runoff to
concentrate and cross the VFSs in a few limited areas?
If so, is it possible to install VFS to intercept the
surface runoff before the runoff concentrates in the
drainage-ways? If not, the field is not suitable for VFS
because too small a proportion of the field’s runoff
enters the VFS as shallow flow.

4. Can VFSs be installed approximately on the contour or
are other means available to ensure that surface runoff
is forced to cross the VFS as sheet flow?

5. Are soil loss rates from the adjacent field greater than
22.5 Mg/ha? If so, the site is unsuitable for VFS unless
other in-field conservation practices can be used to
reduce soil loss to an acceptable level.

6. Are field area/VFS area ratios greater than 50:1? If so,
the site is unsuitable for VFS unless the soil erosion
rates are very low.

7. Is the landowner/operator willing and able to maintain
the VFSs? If not, VFSs are not suitable for the site.
Required maintenance includes mowing (and
harvesting if possible), application of herbicides to
control growth of undesirable weeds, inspection and
repair of VFS after major storm events, liming and
fertilizing according to soil test recommendations,
exclusion of animals and vehicles from the VFS area,
particularly during wet portions of the year and
during grass establishment.

both the WEPP and VIS models. The WEPP model is
run for 50 years and a design storm is defined using
extreme event analysis as the event whose sediment
yield is exceeded on average once in 10 years (i.e.,
10-year recurrence interval sediment yield). This ap-
proach avoids the problems of defining the appropri-
ate duration of a 10-year recurrence interval storm
and the initial conditions (e.g., soil moisture and

cover) at the start of the event. The characteristics of

the VFS are then specified (e.g., slope, length, grass
density, modified Manning’s n, and the maximum al-
lowable flow depth) and the equilibrium flow depth
for the VFS calculated. If the depth of flow is greater
than maximum allowable flow depth, the VFS is over-
topped, in which case failure is assumed to occur and
the trapping efficiency is assumed to be zero. If fail-
ure does not occur the VFS model (which is spread-
sheet based) calculates the trapping etficiency for

each particle size class, the overall trapping efficiency
of the VFS, the average depth of accumulated sedi-
ment, the gross soil loss from the field in the absence
of a VFS, and the gross soil loss with the VFS in place.
The long-term effectiveness of the VFS (e.g., esti-
mated life, percent reduction in soil loss from the
subarea and the average annual accumulation of sed-
iment in the VFS) is then estimated using the results
from the 50-year WEPP simulations. These calcula-
tions are then repeated for each subarea. If the reduc-
tion in sediment is not sufficient to meet water-quality
goals or if another system of best management prac-
tices is more effective or economical, then the VFS
scenario under investigation is inappropriate.

In these studies, the models have been used pri-
marily for evaluating the possible impact of filter
strips rather than to simulate catchment hydrology
and water-quality response precisely. [n most studies
the model response was close enough for comparative
purposes. Whichever model is used, it must simulate
the correct processes on the catchment itself. For ex-
ample, models such as CREAMS, SEDIMOT II, AN-
SWERS, or WEPP normally only simulate infiltration
excess overland flow and are probably not strictly ap-
plicable in the more temperate southern parts of Aus-
tralia where saturation overland flow is often an im-
portant runoff-producing mechanism. Moreover,
most of the models represent only net erosion or dep-
osition. Under field conditions soil particles are con-
tinuously detached and entrained, transported, de-
posited, and then reentrained. Hairsine and Rose
(1992a,b) have recently proposed a new model for
simulating water erosion due to overland flow that
specifically represents the entrainment and reentrain-
ment processes and so offers some distinct advantages
in modeling the performance of buffer strips.

Phillips (1989a) recognized that not all riparian for-
ests are equal but show significant variations in topo-
graphic roughness, gradients and lengths, soil, hydro-
logic properties, and vegetation and that these factors all
influence the riparian zone’s ability to delay or assimilate
runoff and associated contaminants. Using these ideas
he developed two versions of what he called the ripar-
ian buffer delineation equation (RBDE) that com-
putes the effectiveness of a given buffer (B;) to that of
a reference buffer (B,) for a given imposed flow. In
the first model, known as the “hydraulic model,”
Phillips (1989a) assumed that pollutant transport
through a buffer strip is related to the energy of over-
land flow, which can be described by Bagnold’s stream
power concept. The “hydraulic model” is given by:

Bb_ Kb 04 Lb 0.4 51, —-1.3 nb 0.6
EEECE -
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where K is the saturated hydraulic conductivity, L is
the length of the reach, s is the sine of the slope angle
relative to the horizontal, and n is the Manning rough-
ness coefficient. In the second model, called the “de-
tention time model,” the buffer strip effectiveness was
assumed to be a function of the total contact time of
both surface runoff and throughflow and is based on
Darcy’s law and Manning’s equation. This assumption
is true for most pollutants that are decomposed or
transformed during transport such as biological oxy-
gen demand, nutrients, and coliform bacteria. Deten-
tion time is also an index for conservative pollutants
because longer detention times are associated with
lower flow velocities, reduced overland flow energy,
and a lower particle transport capacity. Delaying flow
does, of course, create opportunities for removal of
conservative pollutants via deposition, adsorption,
and bioassimilation. The “detention time model” is
given by:

& B @ 0.6 & 2 Iﬁ) 0.4 & -0.7 EQ
Br - nr) Lr K1> <sr Cr (8)

where C is the soil moisture storage capacity and the
other terms are as previously defined. The relative
importance of each variable in determining buffer
effectiveness was then assessed using data from an
area in North Carolina. The results showed that
where sediment transport in overland flow is the ma-
jor concern, slope gradient is the most critical factor,
followed by soil hydraulic conductivity. Where dis-
solved pollutants that are transported by surface and
subsurface flow are of concern, buffer width was
shown to be by far the most important factor, with soil
moisture storage capacity also playing a role.

In a second study, Phillips (1989b) used the “deten-
tion time model!” to evaluate the nonpoint source pol-
lution control effectiveness of riparian forests for ar-
cas on the Lower Tar River basin, North Carolina.
Specific combinations of soil, topography, and vegeta-
tion were compared in terms of their relative ability to
filter nitrate in agricultural runoff. All riparian for-
ests within the study area provided significant protec-
tion of water quality, although some systems were
much more effective than others. Butfer strips rang-
ing from 15 to 80 m were required for the soil-land-
form-vegetation complexes in the study area. This
highlights the problem of trying to recommend a sin-
gle width of buffer strip. A low figure (e.g., 20 m)
would not provide an adequate filter in many situa-
tions, while a broad filter (e.g., 50 m or more) would
be needlessly wide in other cases. Therefore, a range
of buffer widths is required, with exact dimensions
dependent on the specific site conditions (Phillips
1989b).
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Summary and Conclusions

A buffer strip may perform a multitude of func-
tions and because of this the term means many things
to many different people. Some of the terms that have
been used include buffer strip, vegetative filter strip,
riparian zone, and riparian strip. Some of the func-
tions that such a vegetated strip may perform include
maintaining channel stability, providing terrestrial
and instream habitat, filtering sediment and nutri-
ents, purifying of bacteria and pathogens, and pro-
viding a nondisturbance zone for runoft-producing
areas.

The most commonly recommended buffer width
for streams in forested areas is 30 m; however, there
have been no Australian studies to determine the ef-
fectiveness of, or appropriate widths for, buffer strips
in forestry operations, and few studies have been car-
ried out elsewhere. In forest systems in particular
there are two possible approaches for locating buffer
strips: one based on determining appropriate trans-
port distances through the buffer strip and the other
that attempts to protect runoff-generating areas in
the landscape.

Buffer strips are more effective at removing sedi-
ment than nutrients from the flow and are more ef-
fective at removing coarse rather than fine sediment
from the flow. This is because deposition is a size-
selective process that is dependent on the settling
characteristics of the sediment, where coarse sedi-
ment is preferentially deposited. The particle size dis-
tribution in the selective deposition process is thus
extremely important and needs additional study.

Filter strips are most cffective when the flow is
shallow (nonsubmerged), slow, and enters the strip
uniformly along its length. In hilly terrain flow rap-
idly concentrates, producing higher flow velocities
and larger flow depths that can rapidly submerge the
vegetation and significantly reduce the effectiveness
of the filter strip. In such locations grass waterways (a
particular form of buffer strip, as opposed to a vege-
tative filter strip) should be used more extensively as
conduits of polluted water without causing concen-
trated flow erosion. The effects of both macro and
microtopography on the suitable locations of buffer
strips remains to be adequately investigated. Further-
more, the preferred vegetation types ftor filter strips
need to be determined based on their hydraulic char-
acteristics and their resilience to low moisture avail-
ability. Most rescarch on vegetation performance in
buffer strips has been carried out in the United States
and is not directly transferable to semiarid environ-
ments such as Australia.

Wetlands and floodplains used as buffer strips can
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be an important source of nitrogen removal via deni-
trification, but are sinks for sediment and phospho-
rus. The potential for flushing these sinks of sediment
and phosphorus during large runoff events and the
resultant impact on the downstream ecology is largely
unexplored. As a result, the long-term effects of accu-
mulation of phosphorus, pesticides, and nitrogen in
buffer strips and the impact of large-scale events in
removing previously deposited material need to be
determined. There have been proposals to use wet-
lands as buffer strips for pathogen removal, but the
processes and mechanisms are poorly understood.

Buffer strips should be viewed as only a secondary
conservation practice to be used in conjunction with
other on-site management strategies that reduce ero-
sion, sediment transport, and runoff. To be effective
and to avoid failure, butfer strips should be designed,
constructed, and regularly maintained. Finally, future
modeling studies should be linked to field programs
and vice versa.
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