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The Office of Public Service and Outreach at the
Institute of Ecology provides scientific and legal ex-
pertise to the citizens of Georgia in the development
of policies and practices to protect our natural heri-
tage.  The goals of the office are to:

• Develop and implement a research agenda to meet
community needs;

• Provide an opportunity for students, faculty and
staff to work with other disciplines in integrated
environmental decisionmaking and problem-
solving to improve their ability to understand,
communicate with, and influence other
disciplines;

• Build capacity for service learning in the sciences
by providing students an opportunity to apply
skills learned in the traditional classroom setting
to pressing community concerns and problems;

• Support high quality science education in K-12
schools by providing programs for students and
instructional support and training  for teachers;

• Increase awareness of the importance of
addressing environmental issues proactively
within the university community and the greater
community.
The publication of this paper was made possible

by support from the Turner Foundation, R.E.M./
Athens, L.L.C., and the University of Georgia Office
of the Vice President for Public Service and Outreach.

For more information about the Office of Public
Service and Outreach at the Institute of Ecology, please
contact Laurie Fowler at 706-542-3948.
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EXECUTIVE SUMMARY

Many local governments in Georgia are
developing riparian buffer protection plans and
ordinances without the benefit of scientifically-
based guidelines.  To address this problem, over
140 articles and books were reviewed to establish
a legally-defensible basis for determining riparian
buffer width, extent and vegetation.  This docu-
ment presents the results of this review and
proposes several simple formulae for buffer
delineation that can be applied on a municipal or
county-wide scale.

Sediment is the worst pollutant in many
streams and rivers.  Scientific research has shown
that vegetative buffers are effective at trapping
sediment from runoff and at reducing channel
erosion.  Studies have yielded a range of recom-
mendations for buffer widths; buffers as narrow
as 4.6 m (15 ft) have proven fairly effective in the
short term, although wider buffers provide
greater sediment control, especially on steeper
slopes.  Long-term studies suggest the need for
much wider buffers.  It appears that a 30 m (100
ft) buffer is sufficiently wide to trap sediments
under most circumstances, although buffers
should be extended for steeper slopes.  An
absolute minimum width would be 9 m (30 ft).
To be most effective, buffers must extend along all
streams, including intermittent and ephemeral
channels.  Buffers must be augmented by limits on
impervious surfaces and strictly enforced on-site
sediment controls.  Both grassed and forested
buffers are effective at trapping sediment, al-
though forested buffers provide other benefits as
well.

Buffers are short-term sinks for phosphorus,
but over the long term their effectiveness is
limited.  In many cases phosphorus is attached to
sediment or organic matter, so buffers sufficiently
wide to control sediment should also provide
adequate short-term phosphorus control.  How-
ever, long-term management of phosphorus
requires effective on-site management of its
sources.  Buffers can provide very good control of
nitrogen, include nitrate.  The widths necessary
for reducing nitrate concentrations vary based on
local hydrology, soil factors, slope and other
variables.  In most cases 30 m (100 ft) buffers
should provide good control, and 15 m (50 ft)

buffers should be sufficient under many condi-
tions.  It is especially important to preserve
wetlands, which are sites of high denitrification
activity.

To maintain aquatic habitat, the literature
indicates that 10-30 m (35-100 ft) native forested
riparian buffers should be preserved or restored
along all streams.  This will provide stream
temperature control and inputs of large woody
debris and other organic matter necessary for
aquatic organisms.  While narrow buffers offer
considerable habitat benefits to many species,
protecting diverse terrestrial riparian wildlife
communities requires some buffers of at least 100
meters (300 feet).  To provide optimal habitat,
native forest vegetation should be maintained or
restored in all buffers.

A review of existing models for buffer width
and effectiveness showed that none are appropri-
ate for county-level buffer protection.  Models
were found to be either too data-intensive to be
practical or else lacked verification and calibra-
tion.  Potential variables for use in a buffer width
formula were considered.  Buffer slope and the
presence of wetlands were determined to be the
most important and useful factors in determining
buffer width.

Three options for buffer guidelines were
proposed.  All are defensible given the scientific
literature.  The first provides the greatest level of
protection for stream corridors, including good
control of sediment and other contaminants,
maintenance of quality aquatic habitat, and some
minimal terrestrial wildlife habitat.  The second
option should also provide good protection under
most circumstances, although severe storms,
floods, or poor management of contaminant
sources could more easily overwhelm the buffer.

Option One:

• Base width: 100 ft (30.5 m) plus 2 ft (0.61 m)
per 1% of slope.

• Extend to edge of floodplain.

• Include adjacent wetlands.  The buffer width
is extended by the width of the wetlands,
which guarantees that the entire wetland and
an additional buffer are protected.
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• Existing impervious surfaces in the riparian
zone do not count toward buffer width (i.e.,
the width is extended by the width of the
impervious surface, just as for wetlands).

• Slopes over 25% do not count toward the
width.

• The buffer applies to all perennial,
intermittent and ephemeral streams.

Option Two:

The same as Option One, except:

• Base width is 50 ft (15.2 m) plus 2 ft (0.61 m)
per 1% of slope.

• Entire floodplain is not necessarily included
in buffer, although potential sources of severe
contamination should be excluded from the
floodplain.

• Ephemeral streams are not included; affected
streams are those that appear on US
Geological Survey 1:24,000 topographic
quadrangles.  Alternatively, buffer can be
applied to all perennial streams plus all
intermittent streams of second order or larger

Option Three:

• Fixed buffer width of 100 ft.

• The buffer applies to all streams that appear
on US Geological Survey 1:24,000
topographic quadrangles or, alternatively, all
perennial streams plus all intermittent streams
of second order or larger (as for Option
Two).

For all options, buffer vegetation should
consist of native forest.  Restoration should be
conducted when necessary and possible.

All major sources of contamination should be
excluded from the buffer.  These include con-
struction resulting in major land disturbance,
impervious surfaces, logging roads, mining
activities, septic tank drain fields, agricultural
fields, waste disposal sites, livestock, and clear
cutting of forests.  Application of pesticides and
fertilizer should also be prohibited, except as may
be needed for buffer restoration.

All of the buffer options described above will
provide some habitat for many terrestrial wildlife
species.  To provide habitat for forest interior
species, at least some riparian tracts of at least
300 ft width should also be preserved.  Identifica-
tion of these areas should be part of an overall,
county-wide wildlife protection plan.

For riparian buffers to be most effective,
some related issues must also be addressed.  These
include reducing impervious surfaces, managing
pollutants on-site, and minimizing buffer gaps.
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Riparian buffers have gained wide acceptance
as tools for protecting water quality, maintaining
wildlife habitat and providing other benefits to
people and the environment (Lowrance 1998,
USEPA 1998).  Today in Georgia, as in many
other states, local governments are developing
programs to protect riparian buffers.  Laws such
as the Georgia Planning Act and the Mountain
and River Corridor Protection Act give counties
and municipalities strong incentives to incorpo-
rate aquatic resource protection into their plans
and ordinances.  However, scientifically-based
guidelines for local riparian buffer ordinances are
not readily available.  The minimum standards
issued by the Department of Natural Resources’
Environmental Protection Division (EPD) are not
based on current scientific research and do not
provide a strong level of resource protection.
Many local governments are interested in devel-
oping effective, comprehensive riparian buffer
regulations, but fear that without solid scientific
support, such ordinances would not be legally
defensible.

The purpose of this document is to provide a
scientific foundation for riparian buffer ordi-
nances established by local governments in
Georgia.  To achieve this goal more than 140
articles and books were reviewed with an eye
toward determining the optimal width, extent
(i.e., which streams are protected) and vegetation
(e.g., forest or grass) of riparian buffers.  This
task is challenging due to the lack of research in
certain geographic regions.  Although a large
number of riparian buffer studies have been
conducted in the Georgia Coastal Plain (see
Figure 1), there has been very little research
specific to the physiographic provinces of North
Georgia (Piedmont, Blue Ridge, Valley and
Ridge) or to urban and suburban areas.  Never-
theless, it is apparent in reviewing the literature
that there are general trends which cut across
geographic boundaries.  Based on current re-
search, it is possible to develop defensible
guidelines for determining riparian buffer width,
extent and vegetation that are applicable to much
of Georgia and beyond.  Naturally, these recom-
mendations will not be as accurate as those
supplied by data-intensive models applied on a
site-by-site basis (such as the REMM model

I. Background and Introduction

developed by Richard Lowrance and colleagues).
However, these guidelines have the virtue of
being simple enough to be incorporated into a
county or municipal ordinance.

The guidelines proposed in this document
should be viewed as a reasonable interpretation of
the best available scientific research.  If additional
riparian buffer studies are conducted in North
Georgia, urban areas, and other neglected regions,
it may be possible to refine the recommendations.
However, this in no way means that the current
state of our knowledge is insufficient to develop
good policy guidelines and implement effective
buffer ordinances.  As Lowrance et al noted in
1997:

“Research is sometimes applied to broad-scale
environmental issues with inadequate knowl-
edge or incomplete understanding.  Public
policies to encourage or require landscape
management techniques such as riparian
(streamside) management will often need to
proceed with best professional judgment
decisions based on incomplete understanding.”

Local officials and natural resource managers
are making decisions on riparian buffers today.
The scientific community would be remiss if it
failed to provide these decision makers with the
best available information.

To ensure that this review has covered the
most relevant research and has made reasonable
conclusions, other members of the scientific
community were asked to review its findings.
These reviewers included:

• Richard Lowrance, Ph.D., USDA-Agricultural
Research Service

• David Correll, Ph.D., Smithsonian
Environmental Research Center

• Cathy Pringle, Ph.D., University of Georgia

• Laurie Fowler, J.D., L.L.M., University of
Georgia

• Judy Meyer, Ph.D., University of Georgia

• Ronald Bjorkland, University of Georgia

• Michael Paul, University of Georgia

Background and Introduction
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Figure 1. Physiographic Provinces of Georgia.

Although there has been a signficant amount of riparian buffer research in the Georgia Coastal Plain,
there has been much less research conducted in the other physiographic provinces (Keys et al 1995, as
modified by J. P. Schmidt)

Background and Introduction

(Map of physiographic provinces)
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The corrections, additions and changes made
by these reviewers, as well as the comments and
suggestions other people have made on an earlier
draft of this document, have been incorporated
into this revised version.
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Scope of Review

There are literally hundreds of articles and
dozens of books written on the subject of riparian
buffer zones.  The 1997 version of David
Correll’s riparian bibliography (Correll 1997),
which is limited to works on nutrients, sediments
and toxic contaminants, lists 522 citations.  John
Van Deventer published a bibliography in 1992 of
an astounding 3252 articles that relate to riparian
research and management, though most of the
literature cited does not directly address buffer
zones (Deventer 1992).  Given the volume of
literature available, it was apparent from the
beginning that this review would have to be
limited in some ways.  Priority was given to:

• articles which specifically deal with the issues
of riparian buffer width, extent and
vegetation

• previous literature reviews

• articles focused on Georgia and the Piedmont

• seminal articles in the field

Background and Introduction
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• recent articles (1990-1998) especially those
not included in prior literature reviews

• articles from refereed journals (although
several good government documents and
other works from the “grey literature” are
included)

Over 140 sources are included in this review.

Why Another Literature Review?
As of this writing there exist several excellent

literature reviews on riparian buffer zones.  The
U.S. Army Corps of Engineers New England
Division conducted a 1991 literature review for
the State of Vermont called Buffer Strips for
Riparian Zone Management that is similar in
scope and purpose to this document.  It differs
from most other reviews in that it covers virtually
all of the functions of riparian buffers, including
instream and riparian wildlife habitat as well as
water quality functions.  It also shares this
document’s focus on buffer width, although it
ultimately makes no width recommendations.
Another thorough and useful review is Desbonnet
et al’s 1994 Vegetated Buffers in the Coastal Zone:
A Summary Review and Bibliography.  Despite its
title, this work reviews research from many
regions, not just the coastal zone.  The review is
rather weak on wildlife habitat studies, however,
since it predates much of the best literature.
Lowrance and a team of riparian buffer research-
ers collaborated on a 1997 paper that synthesizes
research on sediment and nutrient retention and
presents guidelines for buffers in the Chesapeake
Bay watershed.  Other useful reviews include
Clinnick et al 1985, Muscutt et al 1993, Osborne
and Kovacic 1993, Castelle et al 1994, Fennesy
and Cronk 1997 and Bjorkland (unpublished).

As useful as these previous works were, a new
review was necessary to include recent studies, to
consider the full range of buffer functions (nutri-
ent reduction, wildlife habitat, etc.), and to
address the primary issue of concern: determining
the optimal width, extent and vegetation for
buffer zones in Georgia.  This works relies heavily
on previous reviews, although in most cases the
original research articles were consulted as well.

Background on Riparian Zones
Definitions

Before proceeding it will be helpful to
establish definitions for some key concepts.  The
word riparian is especially subject to confusion,
and currently there appears to be no universally
accepted definition of the term.  One of the better
definitions comes from Lowrance et al (1985):
“‘Riparian ecosystems’ are the complex assem-
blage of organisms and their environment existing
adjacent to and near flowing water.”  Malanson
(1991) offers an attractively simple definition:
“the ecosystems adjacent to the river.”   Bjorkland
(unpublished) provides a thorough review of
published definitions for the term.  Some of these
definitions even use “riparian” to refer to the
edges of bodies of water other than streams and
rivers.  This broader usage reflects the original,
legal definition of the term, which referred to
land adjoining any water body (David Correll,
pers. com.).  In this review the term is used in two
ways: (1) to refer to the “natural” riparian area
(Figure 2), the zone along streams and rivers that
in its undisturbed state has a floral and faunal
community distinct from surrounding upland
areas, and (2) in the most general sense to refer to
the zone along streams and rivers which might
benefit from some type of protection.  Stream
corridor and river corridor will sometimes be
used synonymously with riparian zone.

A riparian zone that is afforded some degree
of protection is a riparian buffer zone.  The word
“buffer” is used because one of the functions of
the protected area is to buffer the stream from the
impact of human land use activities, such as
farming and construction.  Numerous other terms
are also used to refer to this protected zone, both
in this document and in the scientific literature:
riparian management zone, riparian forested
buffer strip, stream buffer zone and protected
stream corridor are all taken to be synonymous
with riparian buffer zone for the purposes of this
review.  Within this document the term is also
frequently shortened to buffer zone, riparian
buffer or simply buffer.  Note that in some fields,
especially agricultural research, the term buffer is
applied in a more general sense to a variety of
conservation practices.  The terms vegetated
buffer strip and vegetated filter strip (VFS) are
often used to refer to strips of grass or other
plants installed between or below agricultural

Background and Introduction
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fields to reduce erosion and trap contaminants.
For the sake of clarity, these terms are not used in
this review.

Significance of Riparian Zones
Riparian zones are a type of ecotone, or

boundary between ecosystems.  Like many other
ecotones, riparian buffer zones are exceptionally
rich in biodiversity (Odum 1978, Gregory et al
1991, Malanson 1993, Naiman et al 1993).
Naiman et al (1988) noted that ecotones can
display a greater variation in characteristics than
either of the systems they connect; rather than
being averages of the two systems, they are
something unique.  For this reason alone riparian
zones can be considered valuable.  In addition,
however, riparian zones perform a range of
functions with economic and social value to
people:

• Trapping /removing sediment from runoff

• Stabilizing streambanks and reducing channel
erosion

• Trapping/removing phosphorus, nitrogen, and
other nutrients that can lead to
eutrophication of aquatic ecosystems

• Trapping/removing other contaminants, such
as pesticides

• Storing flood waters, thereby decreasing
damage to property

• Maintaining habitat for fish and other aquatic
organisms by moderating water temperatures
and providing woody debris

• Providing habitat for terrestrial organisms

• Improving the aesthetics of stream corridors
(which can increase property values)

• Offering recreational and educational
opportunities

(based on Schueler 1995a, Malanson 1993)

Because they maintain all of these services,
riparian buffers can be thought of as a “conserva-
tion bargain”: preserving a relatively narrow strip
of land along streams and rivers— land that is
frequently unsuitable for other uses— can help
maintain good water quality, provide habitat for
wildlife, protect people and buildings against
flood waters, and extend the life of reservoirs.

“Vegetative buffer programs, however, are rarely
developed to fully consider the multiple benefits
and uses that they offer to resource managers and
to the general public” (Desbonnet et al 1994).
Often, buffer programs are developed for a single
goal, such as preventing erosion and sedimenta-
tion.  However important this goal may be,
programs with such a narrow focus inevitably
undervalue buffers (and riparian zones in general)
and may lack popular support if this goal is not
met.  On the other hand, programs that promote
the multiple functions of buffers are likely to
enjoy a wider and stronger base of support,
especially when people recognize the economic
benefits they can provide.  It is hoped that this
document will encourage the establishment of
multifunctional riparian buffer protection pro-
grams.

That said, it must be acknowledged that
certain buffer functions are given a higher priority
than others by local governments.  Water quality
and aquatic habitat functions are generally
considered of greatest importance.  Of slightly
less concern are terrestrial wildlife habitat, the
floodwater storage functions of the riparian
buffer, recreation and aesthetic values.  The
organization of this review reflects this hierarchy.
The next two sections review literature on the
water quality functions of riparian buffers.
Section four reviews aquatic habitat functions.
Section five considers the literature on buffers as
terrestrial habitat, along with other functions not
yet discussed.  Finally, section six develops
guidelines for buffer width, extent and vegetation,
taking into consideration various factors and
reviewing other models of buffer function.
Section seven is a discussion of important related
issues, such as impervious surface limits and
riparian buffer crossings.

A note on measurements: Riparian buffer
widths given in this review are for one side of the
stream measured from the bank.  Therefore, a 50
ft (15 m) buffer on a 25 ft (7.6 m) stream would
actually create a corridor 125 ft (38 m) wide.
Measurements are given in metric or English
units, according to how they were reported in the
literature, with the conversion in parentheses.
Buffer recommendations are made first in English
units because legislation in Georgia generally uses
this system.

Background and Introduction
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Figure 2. View of a River with an Intact
Riparian Zone.

This is the Etowah River in Cherokee County, GA.

In terms of volume, sediment is the largest
pollutant of streams and rivers (Cooper 1993).  In
much of Georgia, sediment levels in streams have
historically been high due to agricultural activi-
ties.  The decline in row crop acreage and im-
provements in erosion control practices have led
to decreased agricultural sedimentation, but in
urbanizing parts of the state these gains have been
offset by sedimentation from construction
(Kundell and Rasmussen 1995).

Effects
Excess amounts of sediment can have numer-

ous deleterious effects on water quality and
stream biota.  For a full discussion of this topic,
refer to Waters 1995 and Wood and Armitage
1997.  The following brief list summarizes the
major sediment effects.

• Sediment in municipal water is harmful to
humans and to industrial processes.

• Sediment deposited on stream beds reduces
habitat for fish and for the invertebrates that
many fish consume.

• Suspended sediment reduces light
transmittance, decreasing algal production.

• High concentrations of fine suspended
sediments cause direct mortality for many
fish.

• Suspended sediments reduce the abundance
of filter-feeding organisms, including
mollusks and some arthropods.

• Sedimentation reduces the capacity and the
useful life of reservoirs.

Sediment must be filtered from municipal
water supplies at considerable cost.  The greater
the turbidity levels in water, the higher the price
of treatment (Kundell and Rasmussen 1995).
Note that both suspended sediment (sometimes
approximated by turbidity measurements) and
benthic sediment have detrimental biological
effects, and that benthic sediment can become
resuspended during high flows.  Certain fish are
more responsive to sediments than others.

II. Sediment

Although many species of fish found in Georgia’s
waters are sediment tolerant, many of the threat-
ened and endangered species, such as darters,
tend to be very sensitive to siltation (Kundell and
Rasmussen 1995, Freeman and Barnes 1996,
Barnes et al 1997, Burkhead et al 1997).  The
many endangered species of native mussels may
be the most sensitive organisms of all (Morris and
Corkum 1996).

Sources
Sediment in streams either comes from runoff

from upland sources or from the channel itself.
Upland sources include row crop agricultural

Sediment
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fields, exposed earth at construction sites, and
logging roads, for example.  Channel-derived
sediment may result from the erosion of poorly
stabilized banks and from scouring of the stream
bed.  Livestock watering in streams can contribute
significantly to bank destabilization and erosion
(Waters 1992).  Note that much channel-derived
sediment may originally have been upland
sediment that is temporarily stored in the stre-
ambed or riparian zone (Trimble 1970, Wood and
Armitage 1997).

Construction Sites
In urban and urbanizing areas, construction is

likely to be the major source of sediment (see
Figure 3). Streams draining urban areas often
have higher sediment loads than those in agricul-
tural watersheds (Crawford and Lenat 1989) and
certainly have higher rates than forested areas
(Wahl et al 1997).  A recent report by the U.S.
Geological Survey found that urban streams in
Georgia are the most degraded (Frick et al 1998).

Mining
Various forms of mining can produce severe

sedimentation (Waters 1992, Burkhead et al
1997).  Gravel dredging can be considered a form
of mining which is especially harmful because it
takes place within the river itself.  This has direct
negative effects on stream organ-
isms and increases downstream
turbidity, as local residents and
canoeists have observed (Bob
James, pers. com.).  In addition,
dredging may release sediment-
bound contaminants (Burruss
Institute 1998) and contributes to
stream downcutting, both at the
site and upstream (Pringle 1997).

Agricultural Sources
According to Waters (1992),

row-crop agriculture and livestock
are the top two sources of sediment
nationwide.  Row crop agriculture
is no longer widely practiced in
much of North Georgia, and in
South Georgia row-crop agricul-
ture tends to be concentrated in

upland areas (Frick et al 1998).  However, cattle
are raised throughout Georgia (GA Department
of Agriculture 1997) and frequently are permitted
direct access to streams and rivers, resulting in
bank erosion (pers. obs.; see Figure 4).

Forestry
Streams in forested areas are not necessarily

pristine.  Improperly stabilized logging roads can
yield over 350 tons of sediment per acre per year
(Kundell and Rasmussen 1995).  Some of the first
research on riparian buffers was initiated to
determine logging road setbacks (e.g., Trimble
and Sartz 1957).  The Georgia Forestry Commis-
sion advocates Best Management Practices (BMPs)
for logging operations, but compliance is volun-
tary.  The most recent BMPs have placed limits on
logging in “streamside management zones”
(buffers), which vary in width from 20-100 ft (6-
30 m) depending on slope and stream type
(Georgia Forestry Commission 1999).

Historic Sedimentation
Many streams and rivers in Georgia have

experienced a long history of sedimentation.
Throughout the 1800s and up until the 1940s,
massive soil erosion from cotton farming and
other forms of row crop agriculture led to severe
sedimentation of streams all across the Georgia

Figure 3. Impacts of Development.
This riparian zone has been stripped of vegetation in prepara-
tion for the construction of subdivisions.  A properly enforced
riparian buffer ordinance could prevent this type of problem.

Sediment
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Piedmont (Trimble 1970, Kundell
and Rasmussen 1995).  Some
areas, such as the upper Chatta-
hoochee and Etowah Rivers, were
also impacted by hydraulic gold
mining, when “entire hillsides”
were washed into streams (Glenn
1911), leading to rapid sedimen-
tation and aggradation of rivers
and floodplains (Leigh 1994).
The channels of many streams
were entirely filled with sediment
over time.  For example, the bed
of the Etowah River at Canton,
GA, rose 4.8 ft (1.46 m) between
1890 and 1949 (Walters unpub-
lished).  With the decline of gold
mining and agriculture in the
region, as well as the adoption of
better soil conservation practices,
sedimentation rates decreased and
many Piedmont streams experi-
enced downcutting, as channels
carved deeper and wider into the
loose beds of sand (Trimble 1970,
Burke 1996).  There is evidence,
however, that as of the 1980s sedimentation is
again increasing in some Piedmont rivers, perhaps
as a result of construction (Burruss Institute 1998,
Walters unpublished).

It appears likely that sediment now stored in
stream channels continues to cause high turbidity
during storms (Trimble 1970; Rhett Jackson, pers.
com.).  Sediment in the larger Piedmont streams
and rivers may also increase as sand from tributar-
ies migrates downstream.  Riparian buffers will
probably little effect on this sediment source
(except as they contribute to bank stability), but
they are essential in preventing additional degra-
dation to water quality, especially in smaller
tributaries.

Literature Review
Riparian buffers can reduce stream sedimen-

tation in six ways:

1) by displacing sediment-producing activities
away from flowing water (setbacks)

2) by trapping terrestrial sediments in surface
runoff

Figure 4. Bank Erosion from Livestock Intrusion.

Livestock intrusion into the riparian zone results in stream bank
erosion and water contamination.

3) by reducing the velocity of sediment-bearing
storm flows, allowing sediments to settle out
of water and be deposited on land (this
includes sediments previously suspended in
the river that are borne into the riparian
buffer during floods)

4) by stabilizing streambanks, preventing channel
erosion

5) by moderating stream flow during floods,
reducing bed scour, and

6) by contributing large woody debris (snags) to
streams; these can trap considerable sediment,
at least temporarily

(adapted in part from US ACE 1991)

Functions one, two and three are primarily
concerned with preventing terrestrial sediment
from reaching the water.  Functions four and five
involve reducing channel erosion.  This review of
sediment-related literature is divided into two
subsections corresponding to these two major
topics.  The literature on large woody debris is
reviewed separately in the section regarding in-
stream habitat protection.
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Sediment in Surface Runoff
Numerous studies have documented the

effectiveness of buffers in trapping sediment
transported by surface runoff.   The challenge lies
in determining the necessary width of the buffer.

Width
One of the greatest challenges in trying to

develop buffer width recommendations is that
most studies only examined one or a few buffer
widths.  Fennesy and Cronk (1997) noted this
problem:

“One problem in assessing minimum widths
necessary to protect adjacent surface water is
that many studies that make recommenda-
tions regarding the minimum width necessary
have arrived at the figure as a byproduct of
sampling design rather than deriving it
experimentally.”

Nevertheless, from the research that exists it is
evident that there is a positive correlation be-

tween a buffer’s width and its ability to trap
sediments.  In their 1994 review, Desbonnet et al
determined that increasing buffer width by a
factor of 3.5 provides a 10% improvement in
sediment removal.  According to the reviewers,
the most efficient width of vegetated buffers for
sediment removal is 25 m (82 ft).  For total
suspended solids, buffer widths need to increase
by a factor of 3.0 for a 10% increase in removal
efficiency, and 60 m (197 ft) wide buffers provide
the greatest efficiency.  It is important to note that
Desbonnet et al based this relationship on a
composite of data from studies conducted with
various methods at different location.  It may not
be appropriate to compare such study results.  It
is more illuminating to examine data from studies
that compared multiple width buffers in the same
location under the same study conditions.  Six
studies (Young et al 1980; Peterjohn and Correll
1984; Magette et al 1987, 1989; Dillaha et al
1988, 1989) have examined the effectiveness of
buffers of two widths in trapping total suspended
solids (TSS).  In every case, buffer effectiveness

Table 1.  Riparian Buffer Width, Slope and TSS Removal Rates.

The ability of riparian buffers to trap suspended solids is positively correlated with
width and negatively correlated with slope.

Author Width (m) % Slope % Removal of TSS

Dillaha et al (1988) 4.6 11 87

Dillaha et al (1988) 4.6 16 76

Dillaha et al (1988) 9.1 11 95

Dillaha et al (1988) 9.1 16 88

Dillaha et al (1989) 4.6 11 86

Dillaha et al (1989) 4.6 16 53

Dillaha et al (1989) 9.1 11 98

Dillaha et al (1989) 9.1 16 70

Magette et al (1989) 4.6 3.5 66

Magette et al (1989) 9.1 3.5 82

Peterjohn & Correll (1984) 19 5 90

Peterjohn & Correll (1984) 60 5 94

Young et al (1980) 21.3 4 75-81

Young et al (1980) 27.4 4 66-93
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increased with buffer width, although the rela-
tionship varied.  Table 1 and Figure 5 summarize
the results of these studies [Data from Magette et
al (1987) which appear in Figure 5 were taken
from Desbonnet et al (1993) because the original
document was not readily available].

In a series of studies using orchardgrass
buffers downslope from a simulated feedlot,
Dillaha et al (1988) reported average TSS reduc-
tions of 81% for a 4.6 m (15 ft) buffer and 91%
for a 9.1 m (30 ft) buffer.  Dillaha et al (1989)
later repeated the study using buffers of the same
width and vegetation below fertilized bare
cropland.  This time they found average sediment
reductions of 70% and 84% for buffers of 4.6 m
and 9.1 m width, respectively.  Magette et al
(1989) conducted a similar study with grassed
buffers of 4.6 m and 9.1 m downslope from plots
to which they added liquid nitrogen or chicken
waste.  They found average sediment reductions
of 66% and 82%, respectively.

Coyne et al (1994) also conducted a study of
similar design, although they only used strips of 9
m (30 ft) width and conducted only one rainfall
simulation rather than a series.  The researchers
added poultry waste to a test plot and found that
the grass buffers trapped 99% of sediment.  Young
et al (1980) tested the efficiency of buffer strips of
corn, orchard grass, oats and sorghum/sudangrass
at reducing surface runoff from feedlots.  They
found that buffers of 21.34 m (70 ft) reduced
total suspended solids by an average of 78%,
while 27.43 m (90 ft) wide buffers reduced TSS
by an average of 93%.  Buffer slope averaged four
percent.

Peterjohn and Correll (1984) found that a 50
m (164 ft) riparian buffer in an agricultural
catchment in the Mid-Atlantic Coastal Plain
trapped 94% of suspended sediment that entered.
Ninety percent was trapped in the first 19 m (62
ft).  Average slope of the buffer was about five
percent.
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Figure 5. Removal of TSS by Buffers of Different Widths.
The ability of a riparian buffer to remove total suspended solids (TSS) from runoff is a function of
the buffer's width.  Note that with the exception of Peterjohn and Correll (1984) these are short-
term studies; long-term studies have suggested that much wider buffers are necessary.  This figure
is only intended to convey the consistent relationship of buffer width and effectiveness.
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Only a few researchers have found buffer
width to be unimportant.  Daniels and Gilliam
(1996) found that 6 m (20 ft) wide grassed buffers
and 13 m (43 ft) or 18 m (59 ft) wide combina-
tion forest/grassed buffers all reduced sediments
by about 80%.  However, the wider buffers
included a farm vehicle access road which pro-
vided an additional source of sediment, so
comparisons are not valid.  Gilliam (1994)
mentions that a “narrow” buffer in the Piedmont
was found to trap 90% of sediment.  Rabeni and
Smale (1996) suggest that width of buffer may not
be as important as other, qualitative characteris-
tics, such as whether or not the topography can
maintain sheet flow.

Most of the studies described above were
short-term.  There is significant evidence from
long-term analyses that wider buffers are neces-
sary to maintain sediment control.  Lowrance et al
(1986) used sediment budgets to calculate that a
low-gradient riparian buffer ecosystem in the
Georgia Coastal Plain trapped large amounts of
sediment (35-52 Mg/ha per year) between 1880
and 1979.  Later studies by Lowrance et al (1988)
based on cesium-137 concentrations yielded a
much higher reduction rate of 256 Mg/ha per
year for the period between 1964 and 1985.  The
researchers found that sediments from agricul-
tural fields were deposited throughout the
riparian forest.  The greatest amount (depth) of
transported sediment was found 30 m (98 ft)
inside the forest and the greatest cesium signal
occurred 80 m (262 ft) into the forest.  The
results are confounded slightly by the higher
affinity of cesium-137 to clay particles, which are
transported farther than sand and silt (possibly
leading to a higher signal deeper in the buffer),
and deposition of sediment within the riparian
zone by floodwaters from the stream.  A similar
Cs-137 study by Cooper et al (1988) in the North
Carolina Coastal Plain reached similar conclu-
sions.  The riparian buffer trapped 84-90% of the
sediment eroded from agricultural fields, although
nearly 50% was transported more than 100 m
(328 ft) into the buffer.  Slopes ranged from 0-
20%.  These two studies suggest that although
riparian zones are efficient sediment traps, the
width required for long-term retention may be
substantially more than is indicated by short-term
experiments.  Buffers of 30-100 m (98-328 ft) or
more might be necessary.

Davies and Nelson (1994) found that buffers
can be highly effective in reducing sedimentation
to streams in logged forests, and buffer width is
the determining factor.  “All effects of logging
were dependent on buffer strip width and were
not significantly affected by [buffer] slope, soil
erodibility or time (over one to five years) since
logging.”  The authors found that a 30 m (98 ft)
buffer was necessary to prevent impacts.  These
recommendations are in agreement with a 1985
review of the use of riparian buffers to mitigate
the impacts of logging on forest streams (Clinnick
1985).  One study cited in that review found that
“streams with buffers of at least 30 m width
exhibited similar channel stability and biological
diversity to unlogged streams, whereas streams
with buffers less than 30 m showed a range of
effects similar to those found where no stream
protection was provided” (Erman et al 1977, as
cited in Clinnick 1985).

The sediment trapping efficiency of buffers
can be expected to vary based on slope, soil
infiltration rate, and other factors.  Slope may be
the best studied of these relationships.  Dillaha et
al (1988, 1989) found that as buffer slope in-
creased from 11% to 16%, sediment removal
efficiency declined by 7-38% (See Figure 6).  The
most thorough investigations of the relationship
between buffer width and slope have been
conducted by forestry researchers.  Trimble and
Sartz (1957) examined erosion of logging roads in
the Hubbard Brook Experimental Forest in New
Hampshire to determine how far roads should be
set back from streams.  They suggested a simple
formula:

25 ft + (2.0 ft)(% slope).

For municipal watersheds where water quality is
of very high importance, the setback should be
doubled.  Trimble and Sartz’ formula was the
basis of a Forest Service standard for many years.
Swift (1986) proposed an alternative formula
based on work in the Nantahala National Forest
in western North Carolina.  He found that when
brush barriers are employed below a road, erosion
is reduced dramatically.  He proposed a buffer
width formula of

32 ft + (0.40 ft)(% slope).

If barriers are not used the buffer width should be
increased to:

43 ft + (1.39 ft)(% slope)  (Swift 1986).
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Swift only measured coarse sediment in his study,
not silt and clay, which are transported much
further through a buffer.  This suggests that his
buffer recommendations are insufficiently wide.

Lowrance et al (1997) made some generaliza-
tions about buffer effectiveness in different
physiographic provinces.  They noted that buffer
effectiveness has been well established in the
Coastal Plain, where much research has been
conducted.  For the Piedmont and Valley and
Ridge provinces, they predicted sediment reduc-
tions of 50-90%, although they did not discuss
widths necessary to achieve this reduction.  The
Blue Ridge province was not discussed in their
review.  Daniels and Gilliam (1996) suggested that
the high level of runoff from Piedmont fields
makes buffers valuable.  They also pointed out,
however, that steeper slopes and lower soil
infiltration rates may make Piedmont buffers less
effective in terms of trapping efficiency than
buffers in the Coastal Plain.

Extent
It is very important that buffers be continuous

along streams (Rabeni and Smale 1996).  Gaps,
crossings or other breaks in the riparian buffer
allow direct access of surface flow to the stream,
compromising the effectiveness of the system.
The problem of buffer gaps is discussed further in
Section VI.

Riparian buffers are especially important
along the smaller headwater streams which make
up the majority of stream miles in any basin
(Osborne and Kovavic 1993, Binford and
Buchenau 1993, Hubbard and Lowrance 1994,
Lowrance et al 1997).  These streams have the
most land-water interaction and have the most
opportunities to accept and transport sediment.
“Protecting greenways along low-order streams
may offer the greatest benefits for the stream
network as a whole” (Binford and Buchenau
1993).

Ideally, therefore, a system of riparian buffers
should protect all streams and rivers, regardless of
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Figure 4. Removal of TSS by Buffers of Different Slopes.

Studies by Dillaha et al revealed an inverse relationship between buffer slope and reduction of
total suspended solids (TSS).  Slope is an important variable to use in determining riparian
buffer width.
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size.  Even ephemeral streams should be pro-
tected, since these waterways can carry appre-
ciable flow and sediment during storms.  Al-
though such universal protection will generally
not be feasible, buffer ordinances should be
written to protect as many stream miles as
possible— at least all perennial streams, as well as
intermittent streams of second order or larger.

Vegetation
The studies reviewed above have found that

for purposes of trapping sediment, both grass and
forested buffers are effective.  Grass buffers,
although more likely to be inundated by excep-
tionally high levels of sediment, are useful for
maintaining sheet flow and preventing rill and
gully erosion.  In sum, however, forested buffers
have other advantages (discussed in later sections)
which recommend them over grass in most cases.
A combination of grass and forested buffers has
been advocated by many researchers (e.g. Welsch
1991, Lowrance et al 1997) and represents a
reasonable compromise.

Limitations
Buffers are most effective when uniform,

sheet flow through the buffer is maintained; they
are less effective in stopping sediment transported
by concentrated or channelized flow (Karr and
Schlosser 1977, Dillaha et al 1989, Osborne and
Kovacic 1993, Daniels and Gilliam 1996).  When
these conditions occur, riparian buffers cannot
slow the flow sufficiently to allow infiltration of
water into the soil, although some sediment may
still be trapped by vegetation.  Clay particles are
unlikely to be trapped because they form colloids
in solution.  Jordan et al (1993) reported that
sediment increased across a 60 m (197 ft) wide
riparian buffer in the Delmarva Peninsula because
of rill erosion.  Daniels and Gilliam (1996) noted
that ephemeral channels in the North Carolina
Piedmont were ineffective sediment traps during
high-flow events.  They recommended dispersing
the flow from these channels through a riparian
area rather than allowing them to empty directly
into a perennial stream.  Sheet flow can be
encouraged by the use of level spreaders and
other structural techniques.  Welsch (1991)
recommended planting a strip of grass 20 ft (6.1
m) wide at the outer edge of a riparian buffer to

help convert concentrated flow to dispersed sheet
flow.

It is possible for buffer vegetation to be
inundated with sediments and decline in effective-
ness, although under normal conditions vegeta-
tion should be able to grow through the sediment
(Dillaha et al 1989).  Sediment can also accumu-
late to the point where it forms a levee that blocks
the flow of water from the slope to the stream
(Dillaha et al 1989).  Flow then runs parallel to
this berm until it reaches a low spot, at which
time it crosses into the stream in concentrated
flow.  Buffers on agricultural land with very high
erosion may require regular maintenance to
remain effective and should always be used in
conjunction with other erosion control methods
(Barling 1994).  The importance of on-site
sediment control is discussed further in a later
section.

Channel Erosion
In a long-term study between 1983 and 1993,

Stanley Trimble found that in San Diego Creek in
suburban Los Angeles, two thirds of stream
sediment resulted from channel erosion.  He
concluded that “stream channel erosion can be
the major source of sediment in urbanizing
watersheds, with deleterious downstream effects”
(Trimble 1997).  Clinnick’s 1994 review also
noted the importance of channel erosion, citing a
1990 study by Grissinger et al that suggested that
“better than 80% of the total sediment yield for
Goodwin Creek in northern Mississippi originates
as channel and gully erosion.”  Likewise, Rabeni
and Smale (1995), Cooper et al (1993) and
Lowrance et al (1985) found that the channel can
be a significant source of sediment.

One of the most important roles of protected
riparian buffers is to stabilize banks.  A study
(Beeson and Doyle 1995) of 748 stream bends
found that 67% of bends without vegetation
suffered erosion during a storm, while only 14%
of bends with vegetation were eroded.  Non-
vegetated bends were more than 30 times as likely
to suffer exceptionally severe erosion as fully
vegetated bends.  The authors concluded,
unsurprisingly, that “the denser and more com-
plete the vegetation around a bend, generally the
more effective it is in reducing erosion” (Beeson
and Doyle 1995).  Barling and Moore (1994) note
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that buffers can prevent the formation of rills and
gullies in riparian areas that are otherwise highly
susceptible to erosion.

Bank stabilization will not be effective if the
underlying causes of channel erosion are not
addressed.  The major problem in urban and
suburban areas is increased storm flows due to
elevated surface runoff from impervious surfaces.
This is discussed in more detail in Section VI.  In
rural areas, livestock that graze on banks and
enter streams are a direct source of severe channel
erosion (Figure 4).  A solution is to fence the
livestock out (Waters 1995) and provide alternate
means of watering the animals.  Use of offstream
watering tanks is the preferred method, but a
narrow, stabilized stream access point can also be
considered as a compromise (Cohen et al 1987).

Stream channelization contributes to channel
erosion by increasing stream power, leading to
incision (Karr and Schlosser 1977, Malanson
1993).  Formerly, stream channelization was
encouraged by government agencies such as the
Soil Conservation Service (now the Natural
Resources Conservation Service).  However,
channelization is now recognized as a short term
solution to drainage problems that results in long-
term damage to streams and agricultural fields.  In
a channelized stream in Illinois, flood waters from
one storm eroded as much as 1150 tons of soil
from a single bank in 1982 (Roseboom and
Russell 1985).  In 1978 Karr and Schlosser (1978)
noted that “money spent on preventing sediments
from entering streams will have minimum return
value in improving the quality of biota, if present
channelization practices continue to destroy the
habitat of stream organisms.”  Channelization and
gravel mining can also lead to upstream impacts,
resulting in headward erosion and channel
downcutting (Pringle 1997).

Width
Few studies have attempted to correlate

stream bank stability with riparian buffer width.
Common sense suggests that relatively narrow
vegetative buffers should be effective in the short
term (USACE 1991).  As long as banks are
stabilized and damaging activities are kept away
from the channel, width of the riparian buffer
would not appear to be a major factor in prevent-
ing bank erosion.  However, it is important to

recognize that some erosion is inevitable and
stream channels will migrate laterally, which
could eventually move the stream outside the
protected area.  Therefore, the buffer zone should
be wide enough to permit channel migration.  To
allow for all possible migration would require a
buffer the width of the active (100-year) flood-
plain (Rhett Jackson, pers. com.), but a narrower
buffer may still permit migration over a shorter
period of time.  As a general rule, buffer widths
sufficient for other purposes should also be
sufficient to prevent bank erosion and allow
reasonable stream migration.

Extent
All channels, regardless of stream size and

frequency of flow, can be subject to erosion if not
properly stabilized.  In their 1985 review,
Clinnick et al (1985) note:

“During storm events it is often the ephemeral
elements of the stream system that act as a
source of surface flow to permanent streams
(Hewlett and Hibbert 1967).  The prevention
of sediment accession to streams thus relies
primarily on protection of these ephemeral
elements.”

Daniels and Gilliam (1986) found that
forested ephemeral channels were temporary
sediment sinks during dry seasons but were
sources of sediment during storm events.  Binford
and Buchenau (1993) note that such gullies and
tributaries naturally have dense growth and
should have excellent capacity for sediment and
nutrient retention.  It is essential to maintain these
ephemeral channels in a vegetated condition to
allow them to slow water flow, trap sediment and
to prevent their serving as sediment sources
(Cooper et al 1987, Binford and Buchenau 1993).
Clinnick et al (1985) advocate a minimum of a 20
m wide buffer on ephemeral channels.  This may
not be practical in many situations, but at the
least, the banks and even the bed of such channels
should be vegetated and livestock intrusion
should be minimized.

Vegetation
To be effective, bank vegetation should have a

good, deep root structure which holds soil.
Shields et al (1995) tested different configurations
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of vegetation and structural controls in stabilizing
banks.  They found that native woody species,
especially willow, are best adapted to recolonizing
and stabilizing banks.  The authors noted that the
persistent exotic vine kudzu may be the most
serious barrier to vegetation restoration because it
can outcompete native vegetation.  Other restora-
tion ecologists believe that kudzu and certain
other exotics may still have a role in streambank
restoration because they can provide good root
structure (Carl Jordan, pers. com.).

Artificial methods of streambank stabilization,
such as applying riprap or encasing the channel in
cement, may be effective in reducing bank erosion
on site but will increase erosion downstream and
have negative impacts on other stream functions.
Artificially stabilized banks lack the habitat
benefits of forested banks and can be expensive to
build and maintain.  Overall, the negative conse-
quences of artificial bank stabilization generally
outweigh the benefits.

Summary and Recommendations
Riparian buffers are generally very effective at

trapping sediment in surface runoff and at
reducing channel erosion.  Studies have yielded a
range of recommendations for buffer widths;
buffers as narrow as 4.6 m (15 ft) have proven
fairly effective in the short term, although wider
buffers provide greater sediment control, espe-
cially on steeper slopes.  Long-term studies
suggest the need for wider buffers.  It appears that
a 30 m (100 ft) buffer is sufficiently wide to trap

sediments under most circumstances.  This is
consistent with the review of Castelle et al (1993),
which found that buffers must be 30 m wide to
maintain a healthy biota.  This width may be
extended to account for factors such as steep
slopes and land uses that yield excessive erosion.
It is possible to also make the case for a narrower
width, although the long-term effectiveness of
such a buffer would be questionable.  An absolute
minimum width would be 9 m (30 ft).  For
maximum effectiveness, buffers must extend
along all streams, including intermittent and
ephemeral segments.  The effectiveness of a
network of buffers is directly related to its extent;
governments that do not apply buffers to certain
classes of streams should be aware that such
exemptions reduce benefits substantially.  Buffers
need to be augmented by limits on impervious
surfaces and strictly enforced on-site sediment
controls (discussed in Section VI).

Riparian buffers should be viewed as an
essential component of a comprehensive, perfor-
mance-based approach to sediment reduction.
Periodic testing of instream turbidity should be
conducted to assess the effectiveness of sediment
control measures.  Kundell and Rasmussen (1995)
recommend a maximum instream standard of 25
NTU (nephelometric turbidity units), measured at
the end of a designated segment (not below site of
impact).  Regular monitoring and enforcement of
this standard will help ensure the effectiveness of
riparian buffers and other sediment-control
practices.
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A. Phosphorus

Effects
Phosphorus has long been implicated in the

eutrophication (overfertilization) of lakes.
Eutrophication unbalances an aquatic ecosystem,
leading to massive blooms of some types of algae.
When these algae die off and decay, oxygen is
consumed, sometimes to the point where fish and
other animals cannot survive.  Eutrophication can
lead to other harmful effects, such as the blooms
of the dinoflagellate Pfiesteria documented in East
Coast estuaries in recent years.  Pfiesteria has been
linked to massive fish kills and releases toxins that
are poisonous to humans (Burkholder 1998).  In
at least some Georgia lakes and reservoirs, such as
Lake Allatoona, phosphorus is the most problem-
atic nutrient and possibly the greatest pollutant
overall (Burruss Institute 1998).

Sources
Potential nonpoint sources of phosphorus

include:

• Fertilizers applied to agricultural fields

• Animal wastes from concentrated animal
feeding operations (CAFOs) spread onto
fields

• Septic drain fields

• Leaking sewer pipes

• Fertilizers applied to lawns

The relative impact of each of these sources will
vary across the state.  Cropland fertilization is
probably not a major problem in most of north
Georgia, but land-applied chicken waste from
CAFOs is likely to be a significant source of
pollution in some watersheds (Burruss Institute
1998, Frick et al 1998).  There are hundreds of
millions of chickens raised in North Georgia
(Bachtel and Boatright 1996).  In suburban areas
septic drain fields are probably more significant,
and sewer lines, especially those that run through

stream valleys, can also be important phosphorus
sources.  The impact of lawn fertilization is
unclear but potentially quite high.  In 1984, the
EPA estimated that Americans apply nearly a
million tons of chemical fertilizers to their lawns
per year.  According to surveys, about 70% of
lawn acreage is fertilized regularly whether or not
additional nutrients are required (Barth 1995).
The 1998 USGS report on the Appalachicola-
Chattahoochee-Flint basin reported the highest
phosphorus levels in streams draining urban,
suburban and poultry-producing regions (Frick et
al 1998).

Literature Review
Width

Since most phosphorus arrives in the buffer
attached to sediment (Karr and Schlosser 1977,
Peterjohn and Correll 1985, Osborne and Kovacic
1993) or organic matter (Miguel Cabrera, pers.
com.), buffer widths sufficient to remove sedi-
ment from runoff should also trap phosphorus.
In the short term researchers have found riparian
buffers retain the majority of total phosphorus
that enters, and retention increases with buffer
width.  Studies in Sweden by Vought et al (1994)
determined that after 8 m (26.2 ft), grassed
buffers retained 66% of phosphate in surface
runoff while after 16 m (52.5 ft) 95% was
retained.  Mander et al (1997) in Estonia found
total phosphorus trapping efficiencies of 67% and
81% for riparian buffer widths of 20 m (65.6 ft)
and 28 m (91.9 ft), respectively.

A number of studies (Dillaha et al 1988 and
1989, Magette 1987 and 1989) have documented
the performance of grass buffer strips in reducing
total phosphorus levels (the design of these
studies was briefly described in the previous
section on sediment).  The results are summarized
in Table 2.  These authors all noted that effective-
ness of the buffers declined over time (the data in
Table 2 represent averages of several trials), and
that soluble phosphate reductions were lower
than total phosphorus reductions.  In one case,
Dillaha et al (1988) noted that the buffer released
more phosphorus than entered.  Presumably this
increase represented previously trapped phospho-

III. Nutrients and Other Contaminants
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rus that was remobilized.  With the excep-
tion of Dillaha et al 1988, these studies show
that increasing buffer width reduces the
concentration of phosphorus in runoff.
Desbonnet et al also observed this correla-
tion in their 1993 review.  Based on data
from a number of studies, they reported that
buffer width must increase by a factor of 2.5
to achieve a 10 percent increase in phospho-
rus removal.  Figure 7 displays the results
shown in Table 2 along with results from
Vought et al (1994) and Mander et al
(1997).

Limitations
The long-term effectiveness of riparian

buffers in retaining available phosphate is
questionable.  Whereas nitrate can be
denitrified and released into the atmosphere,
phosphorus is either taken up by vegetation,
adsorbed onto soil or organic matter,
precipitated with metals, or released into the
stream or groundwater (Lowrance 1998).  It is
possible for a buffer to become “saturated” with
phosphorus when all soil binding sites are filled;
any additional phosphorus inputs will then be
offset by export of soluble phosphate (Daniel and
Moore 1997; Miguel Cabrera, pers. com.; Dave
Correll, pers. com.).  Soils become saturated at
different rates, depending on factors such as
cation exchange capacity and redox potential.
Harvesting vegetation may be the only reasonable
management technique that permanently removes
phosphorus from the system.  Such harvesting can
destabilize the riparian area and lead to erosion,
however (USACE 1991), and so should be
restricted to areas well away from the stream
bank.  Welsch (1991) recommends 15 ft (4.6 m),
although 25-50 ft (7.6 -15.2 m) would provide a
greater margin of safety.

Riparian buffers are typically effective at
short-term control of sediment-bound phosphorus
but have low net dissolved phosphorus retention
(Lowrance et al 1997).  For example, Daniels and
Gilliam (1986) found that riparian buffers of
unspecified width reduced total phosphorus by
50%, while soluble phosphate declined by only
20%.  Peterjohn and Correll (1984) found that
84% of total phosphorus and 73% of soluble
phosphate were removed from surface runoff
passing across a 50-m (164 ft) riparian buffer in

the Maryland Coastal Plain.  On the other hand,
Young et al (1980) reported little difference in the
reductions of soluble phosphate and total phos-
phorus across a 21 m (68.9 ft) wide buffer of
corn.  Total phosphorus declined by 67%, while
soluble phosphate was reduced by 69%.

The sediment-bound phosphorus trapped by
buffers may slowly be leached into the stream,
especially once the buffer is saturated (Omernik et
al 1981, Osborne and Kovacic 1993, Mander
1997).  A number of studies have shown either no
net reduction or a net increase in groundwater
phosphate as it crosses the riparian buffer.
Studies in which swine waste was applied to 30 m
(98.4 ft) buffer strips in South Georgia showed no
reduction of phosphate in shallow groundwater
(Hubbard 1997).  In fact, phosphate levels
increased from 0.5 mg/L to 1.0 mg/L over the
course of the study, although whether this repre-
sented a trend or an anomaly was unclear.
Peterjohn and Correll (1984) likewise found that
total phosphorus concentrations in shallow
groundwater rose at their 50-m (164 ft) riparian
buffer study site.  In one transect, phosphorus
concentrations doubled and in another they
quadrupled.  A study by Osborne and Kovacic
(1993) found that neither a 16 m (52.5 ft) wide
forested buffer nor a 39 m (128 ft) wide grass
buffer reduced subsurface phosphate loads from
crop land.

Table 2. Removal of Total Phosphorus by
Grass Buffers.

With one exception, studies by Dillaha et al and
Magette et al found a positive correlation between
the width of grass riparian buffers and the ability to
trap total phosphorus in surface runoff.

Study
Total P Removal

4.6 m buffer 9.1 m buffer

Dillaha et al 1988 71.5% 57.5%

Dillaha et al 1989 61% 79%

Magette et al 1987
41% 53%

Magette et al 1989 18% 46%
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Note, however, that even when saturated,
riparian buffers may still perform a valuable
service by regulating the flow of phosphorus from
the land to the stream.  Sediments and organic
materials that carry phosphorus in runoff during
storms can be trapped by riparian vegetation.
The phosphorus will still slowly leak into the
water, but the stream is protected from extreme
nutrient pulses (Ronald Bjorkland, pers. com.).

Vegetation
Both grass and forested buffers have been

proven effective at reducing total phosphorus,
and both vegetation types have also been shown
to lose phosphate to the stream.  Osborne and
Kovacic found that forested buffers leaked
phosphate to the stream faster than grassed
buffers.  Mander et al (1997) found that uptake in

younger riparian forest stands was higher than
that in more mature stands.  Several researchers
(Lowrance et al 1985, Groffman et al 1991,
Vought et al 1994) suggest periodic harvesting of
riparian vegetation to maintain higher nutrient
uptake.  Such harvesting is recommended in zones
two and three (zones greater than 15 ft (4.6 m)
from the stream) of the three-zone system pro-
moted by the USDA (Welsch 1991).  Other
researchers have noted, however, that even
mature forests can accumulate nutrients (USACE
1991), and Herson-Jones et al (1995) declared
that “Mature forests are thought to have the
greatest capacity for modulating the flow of
nutrients and water throughout the ecosystem.”

Similarly, phosphorus could be permanently
removed before it reaches the buffer if an addi-
tional field of unfertilized crops or mowed
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Figure 7.  Phosphorus Removal from Surface Runoff by Buffers of
Different Widths.
All but one study (Dillaha et al 1988) showed that the phosphorus trapping ability of a
riparian buffer increases with width.  In most cases, the data points shown here repre-
sent the averages of multiple runs.
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hayfields were planted between the phosphorus
source and the riparian buffer.  Young et al (1980)
found average total phosphorus reductions of
83% in 27 m (89 ft) and 21 m (69 ft) wide
cropped buffers.  Cropping allows for productive
use of land and permanent removal of much
phosphorus before runoff reaches the riparian
buffer.

Extent
As for sediment control, effective nutrient

control requires continuous buffers on all streams.
Gilliam (1994) has noted that for purposes of
nutrient reduction, “there should be a strong
effort to preserve a wet, vegetated buffer next to
ephemeral and intermittent channels or streams.”
Despite their limitations, riparian buffers are still
very important because they separate phosphorus-
producing activities from streams.  Every unpro-
tected stream segment or gap in the stream
represents a point at which pollution can have
direct access to the water.  In areas without
buffers, phosphorus-laden sediments and soluble
phosphate can run directly into waterways with
very little chance of removal.  Sorrano et al
(1996) predicted that in an agricultural watershed
in Wisconsin, converting all riparian (within 100
m (328 ft) of a stream) agricultural land to forest
would reduce phosphorus loading by 55% during
a high runoff year, even assuming no net retention
of phosphorus by the riparian zone.

Summary and Recommendations
Although riparian buffers can effectively trap

phosphorus in runoff, they do not provide long-
term storage and are not effective at filtering
soluble phosphate.  Phosphorus trapped in a
buffer may gradually leak into the stream, espe-
cially once the buffer becomes P-saturated.
Harvesting of riparian vegetation does provide a
method of permanently removing some phospho-
rus from the system.

Riparian zones wide enough to provide
sediment control (15-30 m, increasing with slope)
should provide short-term control of sediment-
bound phosphorus.  Wider setbacks should be
considered for application of animal waste,
fertilization, and other activities that yield large
amounts of nutrients.  Buffer zones should be
placed on all streams.  For phosphorus removal,

both forested and grassed buffers are equally
useful.

Due to their limitations, riparian buffers
should not be viewed as a primary tool for
reducing phosphorus loading of streams.  Every
effort should be made to reduce phosphorus
inputs at their sources.  This can be accomplished
through effective erosion control methods;
judicious application of fertilizers; proper place-
ment, inspection and maintenance of sewer lines;
and restrictions on the land application of waste
from concentrated animal feeding operations
(CAFOs).  If phosphorus is managed responsibly
on-site, buffers can store significant amounts of
the excess; but if phosphorus is uncontrolled,
buffers can quickly become saturated and over-
whelmed.  Even with their limits, buffers still
perform a valuable service by displacing phospho-
rus-producing activities away from streams and
regulating the flow of phosphorus.

B. Nitrogen

Effects
Like phosphorus, nitrogen contributes to the

eutrophication of waters.  Nitrogen occurs in
numerous organic and inorganic forms which are
interconvertible under suitable circumstances.
Nitrate (NO3

-) has been the target of many buffer
programs because it is potentially toxic to humans
and animals at concentrations greater than 10 mg/
L.  Ammonium (NH4

+) is another common form
of nitrogen that is toxic to many aquatic organ-
isms and is readily taken up by plants and algae.
Removal of nitrate and ammonium from drinking
water can be a significant water treatment ex-
pense (Welsch 1991).

Sources
Nonpoint sources of nitrogen are similar to

those of phosphorus: fertilizers applied to agricul-
tural fields; waste from concentrated animal
feeding operations (CAFOs); septic drain fields;
leaking sewer pipes; and fertilizers applied to
lawns.  The relative significance of these sources
will vary from region to region.
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Literature Review
In their 1994 literature review, Desbonnet et

al concluded that total nitrogen removal rates for
buffers are good, but nitrate reductions are
variable and low.  There is significant evidence
that this is not a valid conclusion.  A number of
studies either not included in the Desbonnet et al
review or published more recently show signifi-
cant nitrate reductions.  Fennesy and Cronk
(1997) reviewed riparian buffer literature with a
focus on nitrogen reduction and concluded that
riparian buffers of 20-30 m (66-98 ft) can remove
nearly 100% of nitrate.  Gilliam (1994) declares
that,

“Even though our understanding of the
processes causing the losses of NO3

- are
incomplete, all who have worked in this
research area agree that riparian zones can be
tremendously effective in NO3

- removal.”

On a landscape level, channelized tributaries with
little or no riparian buffer zones may have two to
three times the annual nitrate concentration of
natural stream reaches with wetland or riparian
buffers (Cooper et al 1994).

There are two major ways in which a riparian
buffer strip can remove nitrogen passing through
it, both of which can be significant:

• Uptake by vegetation

• Denitrification
Denitrification is the conversion of nitrate into
nitrogen gas by anaerobic microorganisms.  It
represents a permanent removal of nitrogen
from the riparian ecosystem and may be the
dominant mechanism of nitrogen reduction in
many riparian systems.  Denitrification also
occurs within stream channels themselves,
though at rates much lower than in riparian
areas, especially wetlands (Fennessy and
Cronk 1997).

Unlike phosphorus, nitrate is quite soluble
and readily moves into shallow groundwater
(Lowrance et al 1985).  In many areas, most
nitrate enters the riparian zone via subsurface
pathways (Lowrance et al 1984, 1985,
Haycock and Pinay 1993, Muscutt et al 1993,
Fennesy and Cronk 1997; but see Dillaha et al
1988).  The amount of nitrogen reduction
depends a great deal on the nature of these
pathways: if the flow is shallow and passes

through the root zone of riparian vegetation,
vegetative uptake and denitrification can be
significant.  If the flow bypasses the riparian zone
and recharges an aquifer or contributes to base
flow of a stream, nitrogen loss may be much less
(see Figure 9).  This review first looks at the
buffer width necessary to remove nitrogen from
surface runoff, then considers nitrogen removal
from subsurface flow.  Denitrification is then
examined in greater detail.

Width
Reduction of various forms of nitrogen in

surface runoff is reasonably well correlated with
buffer width.  Dillaha et al (1988) found that 4.6
m (15 ft) and 9.1 m (30 ft) grassed filter strips
were moderately effective in removing total
nitrogen from surface runoff from a simulated
feed lot, but ineffective in removing nitrate.
Other studies of similar design by Dillaha et al
(1989) and Magette et al (1987, 1989) yielded
similar results.  Total nitrogen removal efficiencies
in all studies increased with buffer width (Table 3).

In their feedlot studies, Young et al (1980)
found that 21.34 m (70 ft) buffers of cropped
corn reduced total Kjeldahl nitrogen by 67% and
ammonium by 71%, though nitrate increased
across the buffer.  Extrapolating from the data,
Young et al suggested that 36 m (118 ft) wide
buffers are sufficient to protect water quality.

Table 3. Removal of Total Nitrogen by Grass
Buffers.

Studies by Dillaha et al and Magette et al found a
positive correlation between the width of grass
riparian buffers and the ability to trap total nitrogen
in surface runoff.

Study
Total N Removal

4.6 m buffer 9.1 m buffer

Dillaha et al 1988 67% 74%

Dillaha et al 1989
54% 73%

Magette et al 1987 17% 51%

Magette et al 1989
0% 48%
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Vought et al (1994) reported surface nitrate
reductions of 20% after 8 m (26.2 ft) and 50%
after 16 m (52.5 ft) for grass buffers in Sweden.
They concluded that “a buffer strip of 10-20 m
will, in most cases, retain the major part of the
nitrogen and phosphorus carried by surface
runoff.”  Jacobs and Gilliam (1985) found that in
buffers downslope from Coastal Plain fields
without artificial drainage, the nitrate concentra-
tion in surface runoff was reduced from 7.9 mg/l
to 0.1 mg/l (99%).  Though they did not report
width of buffer strips used, the authors said that
buffer strips of 16 m (52.5 ft) were effective.

A study by Daniels and Gilliam (1996) in the
North Carolina Piedmont determined that grassed
buffers of 6 m (20 ft) width and combination
grass-forested buffers of 13 m (42.7 ft) and 18 m
(59.1 ft) width retained 20-50% of ammonium
and 50% of both total nitrogen and nitrate.
Because sites had different characteristics it is not
possible to determine whether width was a factor.
In addition, like the Dillaha (1988, 1989) and
Magette (1987, 1989) studies summarized above,
Daniels and Gilliam only studied surface flow, not
subsurface flow.  Since in many cases most nitrate
passes through buffers in the interflow, studies
that ignore it may greatly underestimate (or, in
some cases, overestimate) nitrate reduction.

In their studies in
the Mid-Atlantic
Coastal Plain,
Peterjohn and Correll
(1985) found that a 50
m (164 ft) buffer
reduced all forms of
nitrogen in surface
runoff.  Nitrate in
shallow groundwater
was reduced consider-
ably across the buffer,
but other forms of
nitrogen increased in
the subsurface flow.
These results are
summarized in Table 4.

Like Peterjohn and
Correll, many other
researchers have found
that nitrate reduction
in subsurface flow is
high, although the

optimal buffer width depends on factors such as
the hydrologic pathway and denitrification
potential.  Hanson et al (1994) reported that a 31
m (102 ft) wide riparian buffer downslope from a
septic tank drain field reduced shallow groundwa-
ter nitrate concentrations by 94%, from 8 mg/L to
0.5 mg/L.  Jordan et al (1993) found that a 60 m
(197 ft) wide riparian buffer adjacent to cropland
in the Delmarva Peninsula reduced subsurface
nitrate levels from 8 mg/L to less than 0.4 mg/l
(95%).  Most of the change occurred abruptly
within the riparian forest at the edge of the
floodplain, where  conditions were optimal for
denitrification.  Mander et al (1997) found total
groundwater nitrogen removal efficiencies of 81%
and 80% for riparian buffer sites of 20 m (65.7 ft)
and 28 m (91.9 ft) width, respectively.

Researchers at the USDA Agricultural Station
in Tifton, Georgia applied swine waste to 30 m
(98.4 ft) riparian buffer strips of various types.
Preliminary results from 1996 showed that
shallow groundwater nitrate levels were reduced
from 40 mg/L at the top of the plots to 9 mg/L at
the lower end of the plots, a reduction of 78%
(Hubbard 1997).  Previous research in the region
had determined that buffers less than 15 m (49.2
ft) wide can remove significant amounts of nitrate
in surface and subsurface flow (Hubbard and

Table 4. Nitrogen Reductions Reported by Peterjohn and
Correll (1985).
Values show initial concentration of nutrients entering the 50-m buffer and
final concentrations after passing through the buffer.  Values in parenthe-
ses are the percent reductions across the buffer.

Nitrate (mg/L) Exchangeable
NH4+ (mg/L)

Particulate
Org. N (mg/L)

Surface Runoff
Initial: 4.45 0.402 19.5

Final: 0.91 (79%) 0.087 (78%) 2.67 (86%)

Subsurface
Transect 1

Initial: 7.40 0.075 0.207

Final: 0.764 (90%)
0.274
(increase)

0.267
(increase)

Subsurface
Transect 2

Initial: 6.76 0.074 0.146

Final: 0.101 (99%)
 0.441
(increase)

0.243
(increase)
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Figure 8. Subsurface Nitrate Removal in Several Studies.

Numerous studies of riparian buffers have reported high rates (>75%) of nitrate removal from
shallow groundwater.  There is not a clear correlation between nitrate removal rate and
riparian buffer width, however.

Lowrance 1994).  Another study in the Tifton
area (Lowrance 1992) had determined that a 50-
60 m (~160-200 ft) wide riparian buffer reduced
groundwater nitrate levels from 13.52 mg/L to
0.81 mg/L (94%) at depths of 1-2 m (3.3 - 6.6 ft).
The greatest reduction occurred in the first 10 m
(33 ft).  Still another study using a mass balance
approach (Lowrance 1984) found that a buffer of
unspecified width removed 68% of total nitrogen.

Osborne and Kovacic (1993) reported that a
16 m (52.5 ft) wide forested buffer in Illinois
reduced shallow groundwater nitrate levels of 10-
25 mg/L to less than 1.0 mg/L (a maximum 96%
reduction).  A 39 m (128 ft) wide grassed buffer
in the same area reduced nitrate levels of 15-44
mg/L to about 2.4 mg/L (a maximum 95%
reduction).

In reviewing other studies, Vought et al
(1994) concluded that nitrate reduction in
subsurface flow approaches 100% between 10 m
(33 ft) and 20 m (66 ft) into the buffer; increasing
the riparian width beyond 20-25 m (62-82 ft) had
no further effect.  Pinay and Descamps, as
referenced by Muscutt et al (1993), concluded
that 30 m (98 ft) buffers are sufficient for remov-
ing nitrogen.  Results from these studies are
summarized in Table 5 and Figure 8.

Denitrification
There is an ongoing debate as to which is the

dominant mechanism for nitrogen removal:
denitrification or vegetative uptake.  Fennessy and
Cronk (1997) claim that denitrification is the
most significant, and there is some evidence to
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support this view (e.g., Jacobs and Gilliam 1985,
Peterjohn and Correll 1985).  Lowrance (1992)
has made the case for vegetative uptake and has
emphasized that, whichever method is dominant,
vegetation is necessary for nitrogen removal.
Lowrance (1992) and Hanson et al (1994) have
reported significant nitrate reductions in shallow
groundwater one to two meters deep that appear
to be correlated with high denitrification rates at
the surface.  It appears that vegetation takes up
the nitrate and transfers it to the surface layer,
where it is denitrified.  In the end, local condi-
tions will likely determine which mechanism
dominates (Gilliam 1994).

Denitrification is one of a number of coupled
processes which are best described by thermody-
namic theory (Hedin 1998).  Interestingly, there is
a significant inverse relationship between denitri-
fication and phosphorus removal.  Highly reduc-
ing conditions that are suitable for denitrification
also favor reduction of iron oxyhydroxides, which
can release bound phosphorus and increase the
phosphate that is exported from the buffer
(Jordan et al 1993).

Soil microorganisms have the capacity to
process nitrate at much higher concentrations
than they normally experience (Duff and Triska
1990, Groffman et al 1991a, b, Lowrance 1992,
Hanson et al 1994, Schnabel 1997).  Denitrifica-
tion rates can increase quite rapidly in response to
nitrate increases.  In some cases, microorganisms
can denitrify all of the available nitrate, but
ammonium and organic N pass through the buffer
because they are not processed (nitrified) quickly
enough (Lowrance 1992).  Many soils are also
carbon limited or become carbon limited at high
nitrate levels (Groffman et al 1991a, b; Hedin et
al 1998).  Hedin et al (1998) reported on a
carbon-limited site with very high nitrate levels
close to the stream; when sufficient carbon was
added, denitrification levels were exceedingly
high (equivalent to 6600 kg N/ha per year).  To
promote more carbon availability, Hedin et al
recommended maintaining organically rich
riparian wetlands.  Duff and Triska (1990)
observed denitrification in the hyporheic zone of
a small headwater stream.  In their study site,
groundwater had a high concentration of dis-
solved organic carbon (DOC) which was reduced

Table 5.  Nitrate Removal in Shallow Groundwater.
Studies have demonstrated consistently high removal rates for nitrate from
shallow groundwater passing through riparian buffers.  “Final Conc.” is the
concentration of nitrate in groundwater leaving the riparian buffer.  Concentra-
tions over 10 mg/L (ppm) are considered potentially harmful.

Width (m) % Reduction Final Conc. (mg/L)

Osborne and Kovacic (1993) 16 96 <1.0

Haycock and Pinay (1994) 16 84 N.R.

Haycock and Pinay (1994) 20 99 N.R.

Mander et al (1997) 20 81 N.R.

Mander et al (1997) 28 80 N.R.

Hubbard (1997) 30 78 9

Hanson et al (1994) 31 94 0.5

Osborne and Kovacic (1993) 39 95 <1.0

Jordan et al (1993) 60 95 0.4

Lowrance (1992) 60 94 0.81
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as it passed through the riparian zone.  Denitrifi-
cation was greatest farther from the stream where
nitrate was in greatest supply.  Rhodes et al
(1985) reported 99% nitrate removal in riparian
forests and wetlands at a high-altitude undis-
turbed watershed in Nevada.

Denitrification takes place under conditions
of reduced oxygen availability and is correlated
with soil moisture.  Rates are typically very high
in wetlands (Groffman et al 1991a, b; Hanson et
al 1994; Collier et al 1995b).  In field studies in
Rhode Island Groffman et al reported that
variability in nitrate reduction in subsurface flows
(ranging from 14% to 97%) was almost entirely
explained by soil moisture.  Wetland soils had
consistently high nitrate removal, while better
drained upland soils had lower and more variable
nitrate removal efficiencies.  Since denitrification
is the most permanent method for removing
nitrogen, good management practices call for
preservation of areas of high denitrification
activity, such as wetlands (Collier et al 1995b,
Hedin et al 1998).  Note, however, that denitrifi-
cation has also been observed under well oxygen-
ated soil conditions, presumably indicating that
there can be sites of local anoxia (Duff and Triska
1990).

Nitrate loss does not appear to be limited to
warm months.  In a study during the winter
season in Britain, Haycock and Pinay (1993)
reported that a 20 m (65.6 ft) wide poplar
forested site retained 99% of the nitrate that
entered, no matter how high the load level.  A 16
m (52.5 ft) wide grass riparian zone retained
nearly 100% of nitrate at lower concentrations
but only 84% at high concentrations.  All flow
was subsurface.  In the poplar site nitrate reduc-
tion was essentially complete after the first 5 m
(16 ft) of flow.  Bacterial denitrification was
assumed to be the mechanism for nitrate loss,
since the vegetation was dormant and uptake rates
would be low.  The variation between the sites
may have been due to the larger amounts of
carbon contributed by the poplars (Haycock and
Pinay 1993).  Lowrance (1992) and Osborne and
Kovacic (1993) also reported nitrate removal
rates that were independent of season.  Lowrance
noted that dormant season nitrate removal is not
just due to denitrification but can result from
uptake by trees as well.  Groffman et al (1991b)
conducted analyses of denitrification in surface

soils at sites in Rhode Island.  They reported total
nitrogen removal efficiencies of 40% to 99% for
overland flow during the summer, but rates of less
than 30% in the winter.  Additional field studies
conducted by the same team failed to find an
influence of seasonality on nitrate removal.  They
theorized that elevated water tables in winter may
have brought denitrifying bacteria into contact
with more nitrate-laden water, compensating for
the lack of vegetative uptake (Groffman et al
1991b).

The characteristics of groundwater flow will
determine where within the riparian buffer
denitrification will occur.  Lowrance (1992)
found that most nitrate loss occurred at the
buffer-field interface.  Hedin et al (1998) and
Schnabel et al (1997) studied systems in which
shallow groundwater with very high nitrate
concentrations entered the buffer very close to the
stream.  Some studies (e.g. Jordan et al 1993)
have shown that denitrification rates are greatest
at the edge of the floodplain.  In all cases, nitrate
removal occurred at locations where the water
table was near the surface and both carbon and
nitrate were in good supply.  Determining all
these factors in the field is not easy and the
hydrology of many riparian areas is still poorly
understood, making accurate predictions of
nitrogen removal difficult (Gilliam 1994).

It appears that few researchers have docu-
mented nitrate reductions in subsurface flow in
the Piedmont or Blue Ridge physiographic
provinces.  Lowrance et al (1997) cited data from
studies by Daniels and Gilliam that show large
reductions in groundwater nitrate levels in North
Carolina Piedmont locations.  The study sites
were characterized by high water tables and
shallow groundwater flow through the root zone
of riparian vegetation (see Figure 9-a).  When
these conditions are present, as in areas of thin
soils, high rates of nitrate reduction should occur
(Lowrance et al 1997).  However, in Piedmont
soils underlain by schist/gneiss bedrock, an
appreciable amount of flow may move into
regional aquifers in the saprolite, bypassing the
riparian root zone and contributing to the base
flow of streams (Figure 9-b).  A moderate level of
denitrification is expected under these conditions
(Lowrance et al 1997).  In Piedmont soils under-
lain by marble bedrock, most flow may enter
regional aquifers and nitrate loss in riparian areas
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Figure 9.  Different Possible Groundwater Flow Paths.

Based in part of Lowrance et al (1997).

Figure 8c. Groundwater flow paths across a riparian buffer in a wide, flat floodplain 
with a high water table.  Area of greatest nutrient removal will likely be the edge of the 
floodplain.

Figure 8a. Groundwater flow paths across a riparian buffer with shallow soils or an 
aquitard (semi-impervious layer).  Flow should pass through root zone, allowing 
significant removal of nutrients and contaminants.

Figure 8b. Groundwater flow paths across a riparian buffer with moderately deep 
soils.  Some flow passes through root zone, but some bypasses the riparian area  
The area of greatest nutrient removal may be very close to stream.

Figure 9a. Groundwater flow paths across a riparian buffer with shallow soils or an aquitard
(semi-impervious layer).  Flow should pass through the root zone, allowing significant re-
moval of nutrients and contaminants.

Figure 9b. Groundwater flow paths across a riparian buffer with moderately deep soils.  Some
flow should passes through the root zone, but some bypasses the riparian area.  The area of
greatest nutrient removal may be very close to the stream.

Figure 9c. Groundwater flow paths across a riparian buffer across a wide, flat floodplain with
a high water table.  Area of greatest nutrient removal will likely be the edge of the floodplain.
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is probably much less significant (Lowrance et al
1997) (Figure 9-d).  However, in their study of
riparian sites in the Valley and Ridge physi-
ographic province, Schnabel et al (1997) found
significant denitrification rates where nitrate-rich
groundwater emerged close to the stream bank.
These sites had flow-restrictive layers 8-10 m
(26.2 - 32.8 ft) below the surface, as would
Piedmont soils with marble bedrock.  The deeper
flow paths changed the location of denitrification
activity but did not prevent nitrate reduction.
Hedin (1997) also observed a similar phenom-
enon at a site in Michigan with deep glacial soils.

Even within the Coastal Plain hydrology can
vary significantly, affecting how nutrient reduc-
tion takes place.  Human modifications also alter
these patterns.  Jacobs and Gilliam (1985) found
that at a site in the Middle Coastal Plain of North
Carolina most transport was via subsurface
pathways.  In a Lower Coastal Plain site, on the
other hand, most movement was by surface flow.
Fields in this area were drained by ditches, and a
dense clay B layer prevented deeper subsurface
flow.

Rates of nutrient reduction are influenced by
the length of time water is retained in the buffer
(Fennessy and Cronk 1997), which in turn is
determined by slope, rainfall, soil characteristics,
hydrologic flow path, and the width of buffer
(Phillips 1989a,b).  Retention time may actually
be longer than would be indicated by these
factors, because some researchers have shown that
the flow of water is not perpendicular to the
channel but oblique to the channel.  Residence
times in a 27 m wide buffer along a Thames,

England headwater stream ranged from 12 days
to over three years (Fennessy and Cronk 1997).
Research on the Georgia Coastal Plain showed
that it can take several seasons for nutrients and
contaminants to pass through a 50-m wide
riparian buffer where shallow lateral flow is the
dominant pathway (Hubbard and Lowrance
1996).  On the other hand, when overland flow
occurs, water can pass through the buffer in a
matter of minutes.  Models have been developed
to predict buffer effectiveness based on detention
time (Phillips 1989a, b), but their accuracy is
unproven.

Extent
As discussed in previous sections, protection

of water quality requires preservation of buffers
on as many streams as possible.

Vegetation
Both grass and forested buffers have been

shown to reduce nitrogen effectively.  In studies in
Rhode Island, Groffman et al (1991a) found that
when nitrate was added to soil cores, soils from
grass plots exhibited denitrification rates an order
of magnitude higher than those from forested
plots.  Schnabel et al (1997) also reported higher
denitrification rates for grassed buffer sites.
Haycock and Pinay (1993) and Osborne and
Kovacic (1993), on the other hand, found higher
rates of nitrate retention in forested buffers.
Lowrance has concluded that overall, grass
buffers are not effective at removing nutrients
from shallow groundwater (Lowrance 1998).

Figure 8d. Groundwater flow paths across a riparian buffer with very deep soils or 
fractured bedrock.  Much groundwater bypasses the riparian buffer, and nutrient 
removal may be lower than in other systems.

Figure 9d.  Groundwater flow paths across a riparian buffer with very deep soils or fractured
bedrock.  Much groundwater bypasses the riparian buffer, and nutrient removal may be lower
than in other systems.
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Both grass and forested buffers have proven
effective in removing surface nutrients from
surface runoff, although grass buffers have been
more heavily studied.

Summary and Recommendations
The nitrogen removal capacity of riparian

buffers has been well established.  Nitrogen
removal in surface runoff has been correlated
with buffer width, but rates appear to be lower
than for subsurface reduction.  Studies have
documented high levels of nitrate removal from
shallow groundwater, which is the dominant
mode of nitrate transport through many buffers.
Nitrate may be removed by both vegetative
uptake and denitrification.  The buffer width
necessary for nitrate reduction depends greatly on
the hydrologic flow paths, and numerous studies
would be required to fully characterize the
pathways of shallow groundwater flow in all areas
of Georgia.  However, based on existing research,
most areas of Georgia should generally support
significant nitrogen removal in the riparian buffer.

Because the distribution of denitrification
sites vary spatially, wider buffers will on average
include more denitrification sites than narrower
buffers.  A minimal width of 15 m (50 ft) is
probably necessary for most buffers to reduce
nitrogen levels.  Wider buffers of 30 m (100 ft) or
greater would be more likely to include other
areas of denitrification activity and provide more
nitrogen removal.  Buffers should be preserved
along as many streams as possible, and it is
especially important to preserve riparian wet-
lands, which are sites of high nitrogen removal.

C. Other Contaminants

Organic Matter and Biological
Contaminants

Human and animal waste contribute to
aquatic degradation in ways other than nutrient
contamination.  First, these wastes carry with
them an array of pathogenic microorganisms.
Secondly, when organic matter is broken down by

aerobic bacteria in water, oxygen is consumed
rapidly.  High levels of organic matter with high
biological oxygen demand (BOD) can use up all
of the available oxygen in a stream, river or lake,
killing fish and other organisms.  Whereas surface
waters naturally have a BOD of 0.5 to 7 mg/L,
chicken wastes may have a BOD of 24,000 to
67,000 mg/L (Cooper et al 1993).

Fecal coliform is used as an indicator of
pathogenic microorganisms.  The levels of fecal
coliform can vary temporally at a single site and
can be quite high, even in areas of Georgia
considered less impacted.  At a monitoring station
in Lake Allatoona near where the Etowah River
enters the reservoir, fecal coliform levels ranging
from 1.8 colonies (in May) to 24,000 colonies (in
November) per 100 ml were recorded.  For
reference, the recommended limit for water that
people directly contact  (i.e., the “primary contact
standard”) is 200 colonies / 100 ml.

Sources of organic matter and biological
contaminants include leaking sewer pipes, im-
properly functioning septic systems,  animal waste
sprayed onto fields and animal waste lagoons.
Burkholder et al (1998) documented a large fish
kill in deoxygenated water after a swine lagoon
ruptured into the Neuse River in North Carolina.

Riparian buffers can trap waste transported in
surface runoff in the same way that they trap
sediments and associated nutrients.  In the face of
very high waste levels, however, trapping effi-
ciency may not be adequate to reduce contami-
nants to a safe level.  Coyne et al (1995) applied
poultry manure to two test plots and measured
fecal coliform reduction across 9 m (30 ft) wide
grass filter strips.  After artificial rain was applied,
researchers found that fecal coliform concentra-
tions were reduced by 74% and 34% in the two
strips.  Nevertheless, runoff exceeded the primary
contact standard in every sample.  A 1973 study
by Young et al found that a 60 m (197 ft) long
grass filter strip reduced fecal coliform by 87%,
total coliform by 84% and BOD by 62% (Karr
and Schlosser 1977).  Cooper et al (1993) found
that constructed wetlands removed 76% of BOD
when coupled behind an anaerobic lagoon.  There
do not appear to be other studies which have
addressed this issue.
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Pesticides and Metals
Pesticides are intended to be toxic.  When

these chemicals are introduced into aquatic
systems they can cause both direct mortality to
organisms and various sublethal effects (Cooper et
al 1993).  Although a number of the most persis-
tent and toxic pesticides have been banned in the
U.S., many that are currently applied are still
quite dangerous.  According to Cooper et al
(1993), “Some insecticides in current use not only
accumulate, they can be as toxic as and often
more toxic than banned organochlorines.”

Besides their use in row crop agriculture,
pesticides are gaining favor in forestry in the
Southeast (Neary et al 1993) and are commonly
used on lawns and plantings in urban areas.  The
EPA estimates that nearly 70 million pounds of
active pesticide ingredients are applied to urban
lawns each year.  One survey of 500 homes found
that 50 different pesticides were used (Schueler
1995a, b).  Even long-banned insecticides like
DDT and chlordane are commonly found in
urban streams.  Chlorpyrifos also appears in
runoff at levels toxic to a range of wildlife
including geese, songbirds and amphibians
(Schueler 1995b).  A recent study by the U.S.
Geological Survey found that urban and suburban
streams in the Atlanta region had levels of
diazinon and carbaryl that exceeded aquatic life
criteria (Frick et al 1998).  Heavy metals are
usually associated with industrial activities, and
concentrations tend to be highest in streams
draining urban areas (Crawford and Lenat 1989).

Buffers are very important in displacing
pesticide application away from streams, prevent-
ing direct contamination and reducing the danger
of drift.  Many pesticides are broken down within
buffer soils, while metals may bind to soil par-
ticles.  Greater buffer width increases the reten-
tion time for chemicals (allowing more opportuni-
ties for contaminants to decompose) and provides
more sites for binding metals.  Frick et al (1998)
attribute the unexpectedly low pesticide levels in
agricultural Coastal Plain streams to the largely
intact forested wetlands and floodplains.

The mechanisms of pesticide transport are
not well understood (Muscutt et al 1993).
Lowrance et al (1997) examined changes in
pesticide concentrations crossing a 50-m (164 ft)
wide buffer in the Georgia Coastal Plain.  Atra-
zine and Alachlor were reduced from 34 µg/L and

9.1 µg/L, respectively, to less than 1 µg/L.  The
chemicals took three years to enter groundwater,
and it appeared that they first moved laterally
across the buffer before infiltrating deeply.
Hatfield et al (1995) found that grassed filter
strips of 40 ft (12.2 m) and 60 ft (24.4 m) re-
moved 10-40% of the atrazine, cyanazine and
metolachlor passing across them.  Arora et al
(1996) found that 20.12 m (66 ft) wide riparian
buffers of 3% slope retained 8-100% of the
herbicides (atrazine, metolachlor and cyanazine)
that entered during storm events.  The variation
was related to the amount of runoff that occurred
during the storms.  None of these studies exam-
ined the long-term fate of pesticides or their
degradation products.

Neary et al (1993) reviewed recent studies in
the Southeast on the use of buffers in reducing
pesticide contamination of water.  They found
that cases of high concentrations of pesticides in
water only occurred when no buffer was used or
when they were applied within the buffer (i.e., the
buffer was violated).  Regular use of buffer strips
kept pesticide residue concentrations within
water-quality standards.  Neary concluded that
“Generally speaking, buffer strips of 15 m (49 ft)
or larger are effective in minimizing pesticide
residue contamination of stream flow.”

Herson-Jones et al (1995) concluded that
urban buffers have shown a moderate to high
ability to remove or retain hydrocarbons and
metals from surface runoff.  They cited data from
a 1992 study by the Metropolitan Seattle Water
Pollution Control Department which found
removal rates exceeding 40% for lead, 60% for
copper, zinc and iron, and 70% for oil and grease.
Studies in Rhode Island (Groffman et al 1991b)
also found high metal retention rates.  The
authors reported that riparian buffers retained all
the copper that was added to them.  This reten-
tion depends on cation exchange capacity (CEC)
of the soil, however, and it is possible for buffer
CEC to become saturated, just as it can under
high phosphorus loads.

Summary and Recommendations
Based on the limited studies available,

riparian buffers are useful for reducing levels of
biological contaminants and organic matter, but
by themselves may not be sufficient to protect
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water quality.  Buffers at least 9 m (~30 ft) wide
and probably much wider are needed; width
should be extended for steeper slopes that would
reduce buffer contact time.  Every effort should
be made to reduce these contaminants at their
source, and it is wisest to prohibit sources within
the floodplain, regardless of buffer width.

Buffers can remove pesticides and heavy
metals, but the width necessary is unclear from
the existing research.  Neary’s (1993) recommen-
dation of 15 m (49 ft) should be viewed as a
minimum width, since  the studies by Hatfield et
al (1995) and Lowrance et al (1997) suggest that
significantly wider buffers may be required.

Aquatic habitat quality is very important in
the Southeast, which has a high level of fish and
mussel diversity.  Probably the most important
factor affecting the habitat of aquatic organisms is
sediment, discussed in detail in Section II.  This
section will discuss other factors that influence the
habitat of stream organisms and the characteris-
tics of buffers required to support high quality
habitat.

Woody Debris and Litter Inputs
Large woody debris (LWD) deposited into the

stream from the riparian zone provides essential
habitat for many fish.  According to May et al
(1996), LWD is the most important factor in
determining habitat for salmonids (salmon, trout
and related fish).  Leaf litter and other organic
matter from riparian forests, including terrestrial
invertebrates that drop into the water, are an
important source of food and energy to stream
systems.

In studies in Alaska, researchers found that
during the winter, salmonid survival depended
upon the amount of debris in streams (Murphy et
al 1986).  Stream reaches that were protected by
15-130 m (49-427 ft) wide riparian buffers were
found to be similar in habitat quality to old
growth reaches.  Clear cutting led to short-term
increases in summer salmonid populations
because overall stream production increased, but
in the winter there was insufficient debris to
provide shelter for fish.  Forested stream corridors
are necessary to provide regular inputs of LWD
and removal of riparian forest can have long-term
negative effects.  Gregory and Ashkenas note that

“of all the ecological functions of riparian areas,
the process of woody debris loading into chan-
nels, lakes and floodplains requires the longest
time for recovery after harvest” (Gregory and
Ashkenas 1990).  Collier et al (1995a) recom-
mend a buffer width of at least one tree height to
maintain inputs of LWD, although for stability
purposes (i.e., to prevent windthrow) they suggest
that a width equal to three tree heights may be
necessary.

The type and amount of riparian vegetation is
correlated with different fish communities (Baltz
and Moyle 1984), and studies indicate that native
vegetation is important for proper stream func-
tioning (Abelho and Graça 1996, Karr and
Schlosser 1978).  Stream organisms may not be
adapted to the leaf fall patterns or the chemical
characteristics of leaves from nonnative trees,
suggesting that management schemes should
include the maintenance and restoration of native
vegetation (Abelho and Graça 1996).

Removal of riparian forests can cause a
fundamental shift in stream energy dynamics,
moving the system from heterotrophy (where
production is based on inputs of leaves and other
terrestrial matter) to autotrophy (where produc-
tion is based on algae) (Allan 1995).  This shift
also alters the seasonal dynamics of the stream
(Schlosser and Karr 1981).  Streams with riparian
vegetation experience a peak in organic matter in
the fall, but streams without riparian vegetation
experience peaks in the summer.

Aquatic invertebrates are important compo-
nents of the stream system, so much so that they
are commonly used as indicators of stream health.

IV. Other Factors Influencing Aquatic Habitat
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Aquatic invertebrates are the major food source
for many, if not most freshwater fish.  Riparian
vegetation, in turn, provides leaves and other
forms of litter that feed these invertebrates.
Additionally, most aquatic invertebrates emerge
from the stream as adults and use the riparian
zone for reproduction (Erman 1984).  Riparian
vegetation also influences the amount and type of
terrestrial invertebrates that fall into streams.
Some fish, such as brown trout, may rely on
terrestrial invertebrates for most of their food
(Dahl 1998).  A study in New Zealand  found that
pasture streams had a much lower biomass (1/6th
to 1/12th) of terrestrial invertebrates than either
ungrazed grassland or forest streams (Edwards
and Huryn 1996).  Other factors, such as altitude
and stream width, were not found to be signifi-
cant in the study.  Of course, the importance of
terrestrial organisms as a food source is most
important in headwater streams and less signifi-
cant in larger streams and rivers that have higher
algal production (Vannote et al 1980).

Temperature and Light Control
In Georgia, like most of the U.S., the native

vegetation in riparian zones is hardwood forest.
These  forests keep headwater streams cool by
providing shade for the surface water and reduc-
ing the  temperature of the shallow groundwater
that feeds the stream.  Removing these riparian
forests will increase stream temperatures, and
even minor changes in temperature can cause
major changes in the fish community (Baltz and
Moyle 1984).

Although increases in temperature and light
can generate increased aquatic production in
some cases, many aquatic organisms can only
survive within a relative narrow temperature
range (Allen 1995).  Trout are a well-known and
commercially important example of a fish that
cannot tolerate high temperatures.  Thermal
fluctuations can have a range of direct effects on
mussels, including reproductive problems and
death (Morris and Corkum 1996).  Higher water
temperatures also decreases oxygen solubility,
which harms many organisms and also reduces
the water’s capacity to assimilate organic materi-
als and increases the rate at which nutrients
solubilize and become readily available (Karr and
Schlosser 1978).

Factors other than shading affect stream
temperature, however.  Dams can cause profound
changes to the stream thermal regime that
override the influence of riparian forests.  Im-
poundments that release water from the top
increase downstream water temperature, while
bottom-release dams decrease downstream water
temperature.  Additionally, discharges of cooling
water from power plants can greatly increase
water temperature.

On small streams, however, shading is likely
to be the most important factor.  A study by
Barton et al (1985) found that most of the
variation in the maximum water temperature was
related to the fraction of forested bank within 2.5
km upstream of the study site, while maximum
weekly temperature was correlated with buffer
length and width.  This regression accounted for
90% of temperature variability.  The authors
reported that water temperature was the only
important factor determining the presence of
trout.  For these fish to be present, 80% of banks
within 2.5 km upstream had to have forests of at
least 10 m (33 ft) wide, or sufficient to shade the
stream (Barton et al 1985).  In Georgia, Gregory
et al (in press) found that mean water tempera-
tures in some Coastal Plain streams with no
riparian cover approached 37° C in the summer,
while nearby streams with forested riparian zones
were 15° cooler.  Temperature in the streams
varied by as much as 20° C in the winter and
spring.  The authors suggested that the thermal
variability was likely to be a factor in the variabil-
ity in aquatic invertebrate communities they
found in the streams.

A study of mussels in Ontario found dramatic
differences between mussel communities in
forested and agricultural catchments (Morris and
Corkum 1996).  Agricultural streams were
dominated by one species of tolerant mussel
(Pyganodon grandis), which represented 62.5% of
individuals in those rivers (and only 1% in
forested basins).  The authors identified tempera-
ture as an important variable influencing the shift,
although nutrients may also have been a factor.

In a review of several articles on the subject,
Osborne and Kovacic (1993) concluded that
buffer widths of 10-30 m (33-98 ft) can effec-
tively maintain stream temperatures.  Shading has
the greatest impact on smaller streams.  Collier et
al (1995b) note that “generally, protecting or

Aquatic Habitat



36

planting small headwater streams achieves the
greatest temperature reduction per unit length of
riparian shade.”  This again indicates the need to
establish buffers on even the smallest streams
when possible.

Summary and Recommendations
Removal of riparian forests has a profoundly

negative effect on stream biota.  Davies and
Nelson (1994) summarized the range of effects
clearcutting can have on stream communities:
“Logging significantly increased riffle sediment,
length of open stream, periphytic algal cover,
water temperature and snag volume.  Logging
also significantly decreased riffle macroinverte-
brate abundance, particularly of stoneflies and
leptophlebiid mayflies, and brown trout abun-

dance.”  The researchers recommended a 30 m
(98 ft) buffer to mitigate these effects.  At a
minimum, a 50 ft (15 m) buffer appears necessary
to provide woody debris inputs to the stream.  No
tree harvesting should occur within 25 ft (12 m)
of the stream (50 ft/15 m is preferable), and
harvesting in the remainder of the buffer should
leave some mature and senescent trees.  Native
vegetation should be preserved whenever pos-
sible.  To maintain stream temperatures, riparian
buffers must be at least 10 m (30 ft) wide, for-
ested, and be continuous along all stream chan-
nels to maintain proper stream temperatures.  It is
important to note that while some other riparian
functions (e.g., sediment and nutrient retention)
can be performed adequately by grassed buffers,
forested buffers of native vegetation are vital to
the health of stream biota.

Article Widths Studied (m) Min. Width
Recommendation (m)

Hodges and Krementz (1996) 36-2088 100

Keller et al (1993) 25-800 100

Kilgo et al (1998) 25-500 both narrow and wide

Kinley & Newhouse (1997) 14-70 70

Smith & Schaefer (1992) 20-150 no recommendation

Spackman and Hughes (1995) 25-200 150-175

Thurmond et al (1995) 15-50 15

Triquet et al (1990) 15-23 no recommendation

Table 6. Riparian Buffer Recommendations from Avian Studies.
The recommendations of the literature on riparian corridor widths for birds are
summarized here.   The second column shows the range of buffer widths
studied by the authors.  The third column shows the authors’ recommenda-
tions for the minimum corridor widths necessary to support bird populations.
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Riparian corridors support an exceptional
level of biodiversity, due to natural disturbance
regimes, a diversity of habitats and small-scale
climatic variation (Naiman et al 1993).  Gregory
and Ashkenas (1990) found that riparian forests
in the Willamette National Forest support ap-
proximately twice the number of species than are
found in upland forests.  Riparian zones also
support many rare species (Naiman et al 1993).
Riparian areas are a declining habitat, however.
Malanson (1993) estimates that 70% of natural
riparian communities have been lost; in some
areas losses may be as high as 98%.  Naiman et al
(1993) put the loss at an average 80% for North
America and Europe.

Literature Review
Gregory and Ashkenas (1990) have noted that

riparian buffers established for water quality and
fisheries needs may not meet the habitat require-
ments of terrestrial wildlife.  The ability of a
stream corridor to support wildlife is usually
directly related to its width (Schaefer and Brown
1992).  Narrow buffers may support a limited
number of species, but wide buffers will be
required to maintain populations of riparian-
dependent interior species.  Generally, most
researchers advocate preserving as wide a buffer
as possible.  Schaefer and Brown (1992) have
suggested that a protected river corridor should
cover the floodplain and an additional upland
area on at least on one side.  Other researchers
have attempted to quantify the necessary width
according to the needs of various riparian-
dependent species.

Birds
Over the last decade there has been an

abundance of research on the use of riparian
corridors by birds.  The recommendations of
many of these studies are summarized in Table 6.

Triquet et al (1990) examined bird popula-
tions in mature forest, clearcut forest, and
clearcuts with a 15-23 m (49-76 ft) wide riparian
buffer.  They found that retaining the buffer
provides habitat for some species of mature-forest
and edge-dwelling songbirds that otherwise would

be absent.  Birds associated with mature forests
virtually disappeared from the clearcut site,
though at the buffer strip site the decline was
much less (Triquet et al 1990).

Keller et al (1993) assessed bird species at 117
riparian corridors of 25 m (82.0 ft) to 800 m
(2624 ft) width in Maryland and Delaware.  They
found that the total number of neotropical
migrant species increased with forest width, and
ten species increased in abundance as width
increased.  Keller et al recommended preserving
riparian corridors at least 100 m (328 ft) wide,
and even wider corridors when possible.  Where
intact riparian areas exist, they suggested giving
priority to the widest corridors available.  How-
ever, they said efforts to create or increase
riparian forest width should focus first on streams
with no vegetation and then on narrow (<50 m /
164 ft) forests: “The presence of even a narrow
riparian forest dramatically enhances an area’s
ability to support songbirds compared to a stream
surrounded only by agricultural fields or herba-
ceous riparian habitats” (Keller et al 1993).

In surveys in Vermont forests, Spackman and
Hughes (1995) found that 90% of bird species are
included within 150-175 m (492-574 ft) buffers
along most streams.  At two streams the distance
was less.  For most sites, 90% of plant species are
represented within 15 m (49 ft) of the stream.
Because Spackman and Hughes studied riparian
areas that were part of intact mature forests,
however, their findings are not completely
relevant to riparian buffers bounded by open
fields or urban development.

Kilgo et al (1998) studied bird richness and
abundance in bottomland hardwood forests in
Southern South Carolina.  Widths of forests
ranged from less than 50 m (164 ft) to over 1000
m (3280 ft), measured on both sides of the stream
(except on the Savannah River, where forest on
only one side was measured because the river was
a flight barrier).  Uphill land cover was either
closed-canopy pine or field-scrub.  The authors
reported that species richness showed a strong
positive correlation with bottomland forest width,
even though the adjacent habitat was also for-
ested.  They did not find a significant buffering
effect of the pine habitat.  That is, sites with field-

V. Terrestrial Wildlife Habitat
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scrub habitat uphill rather than pine forest
showed no decrease in bird abundance and
richness.  This may be due to the great width of
most of the buffers the researchers studied.  Kilgo
et al (1998) recommend protecting both narrow
and wide riparian buffers, although they point out
the importance of preserving the few remaining
areas of wide bottomland hardwood forest.

In a study in the Altamaha basin of the
Georgia Coastal Plain, Hodges and Krementz
(1996) measured densities of neotropical migrant
birds in narrow (36-330 m/118-1082 ft), medium
(440660 m/1443-2165 ft) and wide (1520 - 2088
m/~0.95-1.3 mi) riparian corridors.  They found
a significant increase in bird densities for several
species between 50 m (164 ft) and 100 m (328 ft).
Beyond 100 m, there was little increase associated
with wider corridors.  The researchers suggested
that “forest corridors of about 100 m should be
sufficient to maintain functional assemblages of
the six most common species of breeding
neotropical migratory birds.”

Thurmond et al (1995) examined bird
populations in narrower riparian corridors in the
Ogeechee River basin in the Upper Coastal Plain
of Georgia.  Riparian buffers of 50 ft (15.2 m),
100 ft (31 m) and 164 ft (50 m) adjoining pine
plantations of less than five years age were
compared to mature riparian areas.  The authors
found that breeding forest interior species were
virtually absent from all buffer strips, although
overall abundance and densities in these strips
were higher than in the adjacent pine plantations.
They concluded that narrow protected stream
corridors are important in maintaining greater
bird diversity even though they are insufficent for
protecting interior species.

Smith and Schaefer (1992) found small
differences between bird populations in narrow
(20-60 m/ 66-197 ft) and wide (75-150 m/246-
492 ft) naturally vegetated buffers in an urbanized
North Florida watershed.  Area-sensitive species
such as Acadian Flycatchers and Hooded Warblers
were not found in the narrow buffers.  Summer
Tanagers were not recorded anywhere in the
urbanized area, but they were found in a nearby
undisturbed riparian forest.  The researchers
found that during spring, bird species diversity
and evenness were less in Hogtown Creek, but
average density was greater.  During winter, bird

density and richness were greater in Hogtown
Creek.

Kinley and Newhouse (1997) studied breed-
ing bird populations in riparian buffers of 14 m
(46.0 ft), 37 m (121 ft) and 70 m (230 ft) in
British Columbia.   They found that densities of
all birds increased as buffer width increased, and
they concluded that “narrower riparian reserve
zones are of less value than wider reserve zones.”

Researchers have frequently reported bird
densities and richness that are equal or greater in
narrow buffers or clearcut areas.  After
clearcutting, bird diversity and abundance may
increase because of the influx of open-habitat and
edge-habitat birds (e.g., Triquet et al 1990).  This
is an example of the edge effect: boundaries like
forest edges (and riparian zones) tend to be
especially rich in biodiversity.  It is a management
problem in some ecosystems to maximize both
edge habitat and interior habitat.  In addition,
many species require more than one ecological
system in which to complete their life cycles
(Naiman et al 1988).  However, generally speak-
ing, animals that exploit impacted areas and edges
are more likely to be habitat generalists that are
less in need of protection.  Measurements of
species richness and population density are less
useful than indices of similarity between devel-
oped and undeveloped sites.  Management on the
local scale for maximum richness and density will
almost certainly result in the loss of habitat
specialists.

Mammals
Few studies have explicitly addressed the

issue of how wide riparian buffers need to be to
support mammal populations.  Cross (1985)
found that riparian zones in mixed conifer forest
sites in southwest Oregon supported a higher
diversity and density of small mammal species
than upland habitat.  Diversity and species
composition in a 67 m (220 ft) wide riparian
buffer bordered by a clearcut were found to be
comparable to undisturbed sites.

Large mammals, as well as large reptiles such
as alligators, are also important for the role they
play in determining the structure of streams and
riparian zones (Naiman and Rogers 1997).  For
example, beavers create wetlands in areas where
they would otherwise not exist, increasing the
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overall diversity of the aquatic community in
those regions (Snodgrass and Meffe 1998).
Removal of large animals leads to simplification
of the ecosystem and loss of diversity (Naiman
and Rogers 1997).

Reptiles and Amphibians
Riparian zones are often rich in both diversity

and abundance of reptiles and amphibians.  In
some mountainous areas the number and biomass
of salamanders can exceed that of birds and
mammals (Brode and Bury 1984).

Reptiles and amphibians vary in their depen-
dence upon riparian areas.  Many amphibians
spend their entire lives within the stream and
riparian zone, while other species use it for
breeding or as part of a larger range (Brode and
Bury 1984).  In Western Oregon reptiles and
amphibians that are dependent upon riparian
areas may require buffers of 75-100 m (246-328
ft) (Gomez and Anthony 1996).  The authors
noted that many species may also require preser-
vation of large areas of old growth and upland
habitat as well.  Likewise, in a study of Carolina
Bays, Burke and Gibbons (1995) found that a 275
m (902 ft) upland buffer is required to protect all
nest and hibernation sites for certain freshwater
turtles.   Beyond a certain width, however, habitat
heterogeneity is probably more important than
habitat width.  Burbrink et al (1998) found that
100 m (328 ft) naturally vegetated riparian zones
supported reptile and amphibian diversities that
were as high as 1 km (0.62 mi) wide naturally
vegetated riparian zones.

Vegetation
Relatively few riparian studies have focused

on the needs of native terrestrial vegetation.
Gregory et al (1992) observed that “riparian
zones are commonly recognized as corridors for
movement of animals within drainages, but they
also play an important role within landscapes as
corridors for dispersal of plants.”  Riparian zones
provide areas of habitat heterogeneity and can
support high plant diversity.   In the Vermont
Appalachians, Spackman and Hughes (1995)
found that 90% of plant species surveyed were
represented within 15 m (49 ft) of the stream.

Many floodplain plants require regular cycles
of flooding for seed dispersal and germination.
Dam regulation of the Savannah River has
desynchronized the conditions necessary for
germination of tupelo and cypress seeds
(Schneider et al 1989; Sharitz et al 1990).  As a
result, these once-dominant species are no longer
reproducing effectively, which may ultimately lead
to a shift in the forest composition.  Similarly,
dam-altered flow regimes have prevented regen-
eration of cottonwood trees in areas of the
western United States (Poff et al 1997).

In terms of vegetation required for terrestrial
wildlife, it is almost axiomatic that native plants
are necessary to support healthy populations of
native species.  Studies have shown that pine
plantations and other monoculture or nonnative
vegetation tend to support a lower abundance and
diversity of wildlife (e.g., Dickson 1978).  Native
riparian vegetation should always be protected
and restored when necessary.  Preserving the
natural hydrology of the stream system will also
help preserve native plants.

Riparian Buffers as Movement Corridors
One of the incidental benefits frequently

ascribed to riparian buffers is their use as move-
ment corridors for terrestrial wildlife.  Riparian
corridors may be more suitable in this role than
other types of corridors because they tend to be
environmentally diverse (Cross 1985).  However,
there has been considerable debate concerning
whether animals actually use corridors and
whether corridors should be a conservation
priority.  Reed Noss (1983, 1987) has been a
strong advocate of movement corridors for
connecting preserves and maintaining genetic
exchange between animal populations.  Simberloff
and Cox (1987) and Simberloff et al (1992) have
pointed out that corridors have some potential
negative consequences and are not always the
wisest use of conservation funds.  A lack of
empirical research on both sides of the issue has
prevented resolution of the debate.

Harrison (1992) suggested minimum corridor
widths for migration of large mammals, but the
scale of his recommendations (0.6 to 22 km wide)
is not appropriate for most riparian corridors.
Machtans et al (1996) examined songbird abun-
dance in 100 m (328 ft) wide buffer strips adja-
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cent to clearcut forest to determine whether birds
used them as movement corridors.  They found
that juveniles do use the corridors for dispersal,
but that the adults in the buffer are probably
residents.  Given the lack of consensus and
research on the use of riparian buffers as move-
ment corridors, it is more defensible to base
buffer width on habitat requirements of terrestrial
organisms.  Because there is general agreement
that riparian buffers offer important high-quality
habitat, there is little need to debate their merits
as movement corridors at this time.

Summary and Recommendations
While narrow buffers offer considerable

habitat benefits to many species, protecting
diverse terrestrial riparian wildlife communities
requires some buffers of at least 100 m (~300 ft).
Bird abundance and diversity may be high in
impacted areas, but sensitive interior-dwelling
species will be lost unless some wide riparian
tracts are preserved.  To provide optimal habitat,
native forest vegetation should be maintained or
restored in all buffers.  Riparian buffers may also
serve as movement corridors, but considering the
contentiousness of this issue it is most defensible
to base buffer width on habitat requirements.

However desirable they might be, however,
300 ft wide buffers are not practical on all
streams in most areas.  Therefore, minimum
riparian buffer width should be based on water
quality and aquatic habitat functions.  This should
result in an abundance of narrow riparian corri-
dors that will offer good habitat for many terres-
trial species.  In addition, at least a few wide (300-
1000 ft/~90300 m) riparian corridors and large
blocks of upland forest  should be identified and
targeted for preservation.  This will provide
habitat for those species that rely on areas of
interior forest.  Protection of these wide riparian
corridors for terrestrial wildlife should be a part
of an overall habitat-protection plan for the
county or region.

Flood Control and Other Riparian Buffer
Functions

Flooding is a natural feature of aquatic and
riparian ecosystems.  The frequency, duration and
magnitude of floods helps to determine both the

physical and biological characteristics of the
riparian zone (Junk et al 1989).  As discussed
above, many riparian plants rely on cycles of
flooding for seed dispersal and recruitment, while
many fish species use riparian zones as nurseries,
spawning grounds or feeding areas during high
flows.  A healthy riparian zone and a healthy
stream system requires the maintenance of the
natural flow regime (Poff et al 1997).

Of course, while floods are good for the
stream and the riparian zone, they can be very
damaging to human structures and activities.
Removal of riparian vegetation, drainage of
wetlands and development of floodplains leads to
larger magnitude floods that cause greater damage
to property (Poff et al 1997, FIFMTF 1996).
Michener et al (1998) reported that flooding in
South Georgia in 1994 and 1997 was greatly
ameliorated by the largely intact natural riparian
areas.  Riparian wetlands are especially valuable
for flood water storage.

Other factors can exacerbate flooding and
need to be considered.  Channelization, although
in many cases conducted for flood control
purposes, can actually increase the magnitude of
flooding downstream (Roseboom and Russell
1985, Poff et al 1997).  The Federal Interagency
Floodplain Management Task Force now discour-
ages such structural controls on flooding and
promotes the preservation of floodplains in a
natural state (FIFMTF 1996).  Impervious
surfaces also greatly increase stream storm flows,
as discussed in Section VID.

To provide maximum protection from floods
and maximum storage of flood waters, a buffer
should include the entire floodplain.  Short of
this, the buffer should be as wide as possible and
include all adjacent wetlands.

As outlined in the introduction, riparian
buffers perform a number of other important
functions, such as providing recreational and
aesthetic benefits.  These are beyond the scope of
this document, although some of the economic
benefits of buffers are discussed in a separate
paper.
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From the literature discussed above, it is
relatively easy to recommend guidelines for buffer
extent and vegetation:

Extent: Buffers should be placed on all
perennial, intermittent and ephemeral streams to
the maximum extent feasible.  The overall
effectiveness of the buffer is a function of how
many stream miles are included.  A good practical
goal is to protect all perennial streams as well as
all intermittent streams of second order and
higher.

Vegetation: Buffers should consist of native
forest along the stream to maintain aquatic
habitat.  Further from the stream (at least 25-50
ft), some harvesting of trees may be permissible
and an outer belt of mowed grass can be useful
for retaining nutrients and dissipating the energy
of runoff.

Width, however, is somewhat more problem-
atic.  Although some buffer functions do not
demand great width, others (especially removal of
sediment) require significant width under some
conditions.  Current regulations in Georgia
mandate fixed width buffers, regardless of
topographic conditions or other factors.  How-
ever, it is evident from the discussion so far that
numerous variables influence buffer function.
The question is, which of these variables are the
most important?  Is it possible to incorporate the
most significant factors into a variable-width
formula?  To help answer these  questions, several
previously developed models and formulae for
describing buffer function or determining buffer
width are reviewed.

A. Review of Models to Determine Buffer
Width and Effectiveness

Phillips (1989a, 1989b) derived two equa-
tions to describe buffer performance, both of
which compare a given buffer with a reference
buffer.  The first (the Hydraulic Model) focuses
exclusively on overland flow of sediments and
sediment-bound contaminants:

Bb/Br= (Kb/Kr)(Lb/Lr)0.4(sb/sr)-1.3(nb/nr)0.6

Where B=buffer effectiveness, K=saturated
hydraulic conductivity, L=width of buffer,
s=slope, and n=Manning’s roughness coefficient.
Subscripts b and r denote the buffer in question
and the reference buffer, respectively.

The second formula, the Detention Model,
considers both overland flow and subsurface flow.

Bb/Br= (nb/nr)0.6(Lb/Lr)2(Kb/Kr)0.4(sb/sr)-
0.7(Cb/Cr)

Where C= soil moisture storage capacity and
the other variables are the same as in the above
equation.

As noted by Muscutt et al (1993), Phillips did
not verify his models experimentally, nor were
they field-tested or calibrated.  It is also important
to note that the equations are only as good as the
reference buffer selected for comparison.  The
parameters for reference buffers in Phillips’
studies were not based on real reference sites, but
rather were based on typical recorded values from
the regions under study.  Phillips admits his
choices are “somewhat arbitrary” (Phillips
1989b).  Although his second model is designed
to address nitrogen removal, many factors
influencing denitrification and vegetative uptake
of nutrients (the two major mechanisms for
nitrogen reduction) are ignored.  Thus, according
to the model, wetland areas are poor riparian
buffers, a prediction that runs counter to both
scientific research and common sense.  Neverthe-
less, Phillips’ model may represent a good starting
point and could prove somewhat useful if experi-
mentally verified and calibrated.

Despite the limitations of Phillips’ model,
Xiang (1993, 1996) and Xiang and Stratton
(1996) used Phillips’ detention model as a basis
for a series of studies using a Geographic Informa-
tion System (GIS) to delineate buffers in North
Carolina.  Although these studies provide an
excellent example of the utility of GIS for large-
scale delineation and study of buffers, they are
still based on an untested formula.

VI. Development of Riparian Buffer Guidelines
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The Riparian Ecosystem Management Model
simulates the daily processing of water, sediment,
carbon, and nutrients in a three-zone buffer
system (Lowrance 1998).  It is a computer
simulation that allows buffer managers to deter-
mine the water quality impacts of buffer systems
of different widths, slopes, soils, and vegetation.
So far it has been tested and calibrated at sites
near Tifton, Georgia, in the Coastal Plain, and
additional verification is planned for other sites
around the country.  Initial testing revealed that
REMM is accurate at predicting buffer function
under many conditions, but at times appreciable
error was observed (Lowrance 1998).

REMM is probably the most detailed and
realistic model of riparian buffer function devel-
oped so far.  Once it has been tested and cali-
brated for different regions, it should be a very
useful tool for determining buffer characteristics
on a site-by-site basis.  Sensitivity analyses may
also reveal which environmental factors are the
most significant in different areas, and this
information could be used to develop a simpler
model that could be applied county- or municipal-
ity-wide.  At this point, however, REMM is too
data-intensive to be useful for policy purposes.

Williams and Nicks (1988) used the Chemi-
cal, Runoff, and Erosion from Agricultural
Management Systems (CREAMS) model to
evaluate grass filter strips of widths of 3-15 m,
slopes of 2.4-10% and various roughness coeffi-
cients on a 1.6 ha wheat site.  They concluded
that CREAMS “can be a useful tool for evaluating
filter strip effectiveness in reducing sediment
yield.”  The authors only conducted one experi-
mental verification, however, which showed
moderately close correlation (erosion was overes-
timated by 38%).  Flannagan et al (1989) found
that under ideal conditions, CREAMS can
effectively predict sediment deposition in grass
filter strips.  The authors developed a simplified
version of the model with extremely good
correlation (r2= 0.99) to the original.  In a later
study, Williams and Nicks (1993) used CREAMS
and WEPP (Water Erosion Prediction Project) to
evaluate the effectiveness of riparian buffers of
20-30 m at 200 Conservation Reserve Program
sites in Central and Eastern U.S.  Only selected
results were reported.  Predictions from WEPP
and CREAMS varied, sometimes greatly: in one

case, WEPP predicted an 85% reduction in soil
loss while CREAMS predicted a 10% reduction.
No attempt was made to verify predictions with
field observations.

Mander (1997) also developed a model for
buffer width:

P=(tqfi1/2)/(mKin)

Where P= buffer width, t= a conversion constant
(0.00069), q= the mean intensity of overland
flow, f= either the distance between stream and
watershed boundary or the ratio of catchment
area to stream segment length, i= slope, m=
roughness coefficient (not Manning’s), Ki= water
infiltration rate and n= soil adsorption capacity.

At this time, there does not appear to be any
published verification of Mander’s model.

Nieswand et al (1990) determined that slope
and width were the main factors influencing the
effectiveness of buffers in trapping sediment and
associated pollutants.  They developed a simple
formula for determining width based on a modi-
fied Manning’s equation:

W= k(s1/2)

Where W= width of buffer in feet

k = 50 ft (constant)

s = percent slope expressed as a whole
number (e.g., 5% slope=5)

The constant “50 ft” is somewhat arbitrary; it
was chosen based on common buffer recommen-
dations, with the assumption that a 50 ft buffer at
one percent slope provides adequate protection to
streams.  The authors also recommend that slopes
greater than 15% and impervious surfaces are
ineffective and should not be credited in buffer
width calculations (Nieswand et al 1990).

An unusual system of determining buffer
width was developed by Budd et al (1988) for a
county east of Seattle, Washington.  While not a
formula or model as such, it is worth mentioning
because it purports to consider various stream
corridor variables.  The method for width deter-
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mination involves  a subjective evaluation of
stream buffer characteristics, such as erosion
potential, wildlife habitat quality, etc., along with
the threats to the stream segment.  Based on these
factors, the assessor recommends a width for
protected buffers, much as a doctor recommends
a prescription for a patient.  It is unclear, how-
ever, how the assessor actually determines the
width.  No rules or guidelines are supplied.
When Budd et al (1988) applied this method to
Bear-Evans Creek in Washington, they almost
invariably recommended a width of 50 feet,
regardless of local conditions.  Clearly the results
of such a survey will reflect the biases of the
assessor, and without guidelines such a protocol is
of little practical use.

It is evident that none of these models are
appropriate for delineating riparian buffers at the
county scale.  Some are too data-intensive to be
easily applied on large scale, some have not been
properly  field-tested or calibrated, some do not
account for factors influencing significant pro-
cesses, and some yield inconsistent results with
one another.  A new, simple formula is needed.
The next section considers what variables should
be incorporated into this formula.

B. Factors Influencing Buffer Width
It is evident from the preceding sections that

there are a range of variables that influence the
effectiveness of buffers.  These include:

• slope of banks and areas contributing flow to
the stream segment

• rainfall

• soil infiltration rate (saturated hydraulic
conductivity) and other soil factors (redox
potential, pH, temperature)

• soil moisture content

• floodplain width

• catchment size

• land use

• impervious surfaces

• vegetation, including litter and other surface
cover characteristics (often quantified as a
roughness coefficient such as Manning’s N)

Clinnick (1985) identified soil type, slope and
cover factors as important variables.  Binford and
Buchenau (1993) thought the most important
factors were catchment size, slope, and land use.
Fennessy and Cronk (1997) identified detention
time as the most important variable; this is
actually an aggregate of several variables, includ-
ing slope, soil factors, surface cover characteris-
tics, hydrological factors, and others.  Osborne
and Kovacic (1993) suggested that factors influ-
encing nutrient removal efficiency of buffers
include sedimentation rates, drainage characteris-
tics, soil characteristics (i.e. redox potential),
organic matter content and type, temperature,
successional status and nutrient loading rates.

The following is a discussion of each of these
factors and considerations on the practicality of
incorporating them into a variable-width buffer
formula that can readily be applied county-wide.
As will be seen below, in many cases it is clear that
some factors are important, but practical consid-
erations make it difficult to incorporate them on a
large scale.  The purpose of this paper is to
develop guidelines that are not only scientifically
defensible and reasonably accurate, but that can
also be readily applied  to any property with
minimal effort and data collection.  When it is
possible to conduct a detailed analysis of on-site
conditions to determine the optimal buffer for a
specific tract of land, additional variables should
be considered.  In that case, a more accurate
model, such as REMM, should be used.

Slope
The slope of the land on either side of the

stream may be the most significant variable in
determining effectiveness of the buffer in trapping
sediment and retaining nutrients.  The steeper the
slope, the higher the velocity of overland flow
and the less time it takes nutrients and other
contaminants to pass through the buffer, whether
attached to sediments or moving in subsurface
flow.  Slope is a variable in virtually all models of
buffer effectiveness and should definitely be
included in a formula for buffer width.

Although Nieswand et al (1990) make a case
for a width that varies exponentially with slope,
research by Trimble and Sartz (1957) and Swift
(1986) found a linear relationship in their field
studies.  Trimble and Sartz suggested that width
should increase by either two or four feet for each
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percent increase in slope; Swift suggested that
width should increase either 0.40 or 1.39 feet for
each percent increase in slope.  Since Swift
ignored small silt and clay particles, his variables
are apt to be low.  Therefore, this review follows
Trimble and Sartz’ recommendation of increasing
the buffer by 2 ft per 1% increase in slope.

Many researchers have noted that very steep
slopes cannot effectively remove contaminants,
though there is debate over what constitutes a
steep slope.  Among the recommendations are:

• 40% slope (Cohen et al 1987)

• 25% slope (Schueler 1995a)

• 15% slope (Nieswand et al 1990)

• 10% slope (Herson-Jones et al 1995)

Georgia’s minimum standards for Mountain
Slope Protection apply to certain slopes over
25%.  Soil surveys typically do not recommend
agriculture on slopes over 10% because of the
erosion hazard.  On the other hand, Swift found
that riparian buffers on logging roads were able to
trap sediment even on extremely steep (80%)
slopes, though again small particles are not
considered.  There appear to be no other studies
which evaluate buffer effectiveness at greater than
moderate slopes.  Any cutoff will be somewhat
arbitrary, but 25% appears to be reasonable given
the range shown above, until further research can
clarify the issue.  Therefore, the buffer width
should increase by two feet for each slope percent
up to 25%.  Slopes steeper than this are not
credited toward the buffer width.

Rainfall
The pattern and intensity of rainfall are

important factors in determining the effectiveness
of buffers.  Daniels and Gilliam (1996) found that
most of the sediment that passed through a
riparian buffer did so during a single storm.  One
study cited by Karr and Schlosser (1976) found
that 75% of agricultural erosion occurs during
four storms a year, but another study they cite
found that smaller rain events caused at least 50%
of erosion and there was significant regional
variability.  It would be expected that in regions
where rainfall is uniform and light, narrower
buffers may effectively manage most of the

sediment and nutrients that enter them.  In areas
that experience seasonal storms of high intensity,
wider buffers may be necessary.  However, there
do not appear to be any studies that quantify the
relationship between rainfall and buffer effective-
ness.  Several studies (e.g. Dillaha et al 1988,
1989; Magette et al 1987, 1989) described in this
review simulated heavy rainfall conditions on test
plots, but the studies were short-term and rainfall
intensity comparisons were not made.  Magette
(1987) reported that buffer effectiveness declined
as rainfall events increased.  Others (Cooper et al
1987, Lowrance et al 1988) have examined the
effectiveness of buffers over a sufficiently long
time frame to include large storms.  These long-
term studies indicated the need for wider buffers
than were recommended by most short-term
studies.  Groffman et al (1991b) suggested that
denitrification rates are lower during storms
because buffer residence times are decreased, but
no empirical evidence was available.  Hanson et al
(1994) reported increases in denitrification rates
in response to storms.  Precipitation is incorpo-
rated into the “R” factor of the Universal Soil Loss
Equation, which provides a rough estimate of
erosion from agricultural fields or other plots.  It
may be possible to use this factor in a formula for
buffer width; this warrants further investigation.

Buffers should be designed to effectively
handle runoff and subsurface flow-rates from a
one-year storm event.  Just as for other
stormwater best management practices, allow-
ances should be made for exceptional (10-year or
25-year) events.  In the absence of hard data,
however, it is not possible to draw a valid rela-
tionship between rainfall patterns and buffer
width.  When possible, buffer effectiveness should
be assessed through stream water quality measure-
ments during or after storms.  When buffers are
found to be ineffective they should be widened or
additional on-site controls should be imple-
mented.

Catchment Size/Hydraulic Loading
It is logical that an increase in catchment size

will demand an increase in buffer width.  That is,
a stream segment that drains five acres will collect
more pollutants than one draining two acres, and
a larger buffer will be required.  The relationship
may not be so simple, however.  Sorrano et al
(1996) argue that sediment/nutrient loading
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models that directly correlate loading rate with
catchment area ignore the fact that as distance
from the stream increases, sediments and nutri-
ents are less likely to actually enter surface water.
In other words, the areas closest to stream
channels are far more important than more distal
areas, and an increase in contributing area does
not necessarily correspond to an increase in
contaminant loading.  Hatfield et al (1995)
reported that catchment size had little influence
on pesticide removal by buffer strips.

Additionally, denitrification rates usually
increase to accommodate increased nitrate
loading rates, as long as carbon does not become
limiting.  Haycock and Pinay (1993) reported
99% nitrate reductions in 20 m (66 ft) wide
wooded riparian buffers regardless of the level of
nitrate loading.  Mander et al (1997) found that
nutrient retention bears a strong log-log relation-
ship with nutrient load; i.e., as load increases,
retention increases (They also make a rather
unconvincing case that retention efficiency
declines slightly with higher loads).  It appears
that increased nutrient and/or hydraulic load does
not necessarily require a wider buffer.  In any
case, the relationship is sufficiently complex that
catchment size is not a reasonable variable to
include in a simple buffer model.

Soil Factors
Soil characteristics determine in large part

whether or not overland flow occurs, how fast
water and contaminants move to the stream, and
other factors relevant to the effectiveness of the
riparian buffer.  Denitrification rates are strongly
influenced by soil moisture and soil pH
(Groffman et al 1991a,b).

However, determining soil characteristics on
a county-wide scale is somewhat problematic.
According to Steve Lawrence of the Natural
Resources Conservation Service, soil survey maps
may not be sufficiently accurate for application in
a model for buffer width (pers. com.).  The
minimum mapping unit is 3-4 acres, and inevita-
bly some “inclusions” occur: these are small areas
of different soil type lumped in with the dominant
soil type.  Mapping accuracy is even lower for
soils that have been disturbed by construction or
other activities (Elizabeth Kramer, pers. com.).
Therefore, without detailed and potentially
expensive on-site soil analyses, it is unlikely that

including soil factors as variables would add
greatly to the accuracy of a model.  Of course, it
may be reasonable to consider very general soil
characteristics, such whether a soil is hydric
(frequently flooded) and the overall hydrology of
the area.  In cases where on-site analysis is
possible, it may be reasonable to adjust buffer
width accordingly.

Soil Moisture & Wetlands
Denitrification rates show a positive correla-

tion with soil moisture content (e.g. Groffman et
al 1991a, b, Hanson et al 1994, Schnabel et al
1997).  Wetlands, those soils with the highest
moisture levels, have long been recognized for
their value in trapping sediment and nutrients.
They are also recognized as important animal
habitat and are valuable in reducing flood im-
pacts.

Riparian wetlands are significant enough to
merit automatic inclusion in a buffer system.  The
width of the buffer should be extended by the
width of all adjacent wetlands.  For example, if a
site that would otherwise have a 75 ft (22.9 m)
wide buffer is found to include part of a 50 ft
(15.2 m) wide area of riparian wetlands, total
buffer width should be extended to 125 ft (38 m).
Constructed wetlands are becoming more com-
mon as a component in human and animal waste
treatment systems.  However, natural wetlands
require buffers of their own and should never be
used to process untreated waste (Lowrance
1997b, Hubbard 1997).

Floodplain
The floodplain represents the region of

material interchange between land and stream, as
well as the limits of stream channel migration.
Studies reviewed above have shown that the
entire floodplain can be a site of significant
contaminant removal.  For this reason, it makes
sense to extend the buffer to the edge of the
floodplain whenever possible.  In their buffer
guidelines for Willamette National Forest, Gre-
gory and Ashkenas (1990) declare that “the
riparian management zone should include the
entire [100 year] floodplain.  Failure to do so will
seriously jeopardize the riparian management
objectives during major floods.”  Schueler (1995)
also recommends including the floodplain.
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Including the entire floodplain is, naturally, also
the best way to minimize damage from floods.

Therefore, whenever feasible, the riparian
buffer should be extended to the edge of the 100-
year floodplain.  Even when this is not possible,
certain activities and structures should be ex-
cluded from the floodplain because of the risk
they pose to the stream.  These include animal
waste lagoons, animal waste spray fields, hazard-
ous and municipal waste disposal facilities, and
other potential sources of severe contamination.

Land Use
Urban and agricultural watersheds experience

greater sedimentation and eutrophication than
forested watersheds (Crawford and Lenat 1989).
A study in coastal South Carolina found that a
stream draining an 11 ha urbanized watershed
had a 66% greater sediment load than a stream
draining a 37 ha forested watershed, despite its
smaller catchment area (Wahl et al 1997).  Studies
by Crawford and Lenat (1989) clearly showed
that for all indicators (sediment, nutrients, metals,
fish, invertebrates), urban streams are more
heavily impacted than either forested or agricul-
tural streams.  Agricultural watersheds also
display serious impacts, although they can still
retain a healthy (if altered) biota (Crawford and
Lenat 1989).  A recent study by the U.S. Geologi-
cal Survey found that Piedmont, Georgia streams
draining watersheds that are mostly forested
maintain the healthiest fish communities.  Agricul-
tural and suburban streams are worse, and urban
streams tend to be the most degraded.

Incorporating land use into a formula for
riparian buffer width presents some practical
difficulties, however, because the relationship is
quite complex.  For example, even though urban
streams tend to suffer greater impacts than other
streams, urban buffers also tend to be less effec-
tive because storm drains deliver a large propor-
tion of runoff directly to the channel.  Therefore,
widening a buffer in an urban area may have less
of an effect on water quality than widening a
buffer in an agricultural area.  In a similar vein,
does a pristine stream running through a forest
need a smaller or larger buffer than an agricul-
tural stream?  Although the stream may not
appear to be threatened, the absence of a suffi-

ciently wide buffer might allow a logging road to
be built too close, damaging the stream with
sediment.  Furthermore, land uses of the same
general category (e.g., farming) could have very
different effects on a stream.  For example, one
property zoned agricultural might be planted to
cotton and produce massive sediment loads, while
another might be planted to unmanaged pine
trees.  Administration of such a program would be
difficult and subject to frequent challenges.

A more practical approach is to establish
riparian buffer widths that are sufficiently wide to
mitigate the great majority of land use impacts.
Specific activities that are especially damaging
should be subject to additional setbacks.  In
addition, pollution should be managed on-site,
impervious surfaces should be limited and ripar-
ian buffer bypasses should be minimized (see
below).  These controls may do more to improve
stream water quality and habitat than additional
increases in the riparian buffer width.

Impervious surfaces
Because impervious surface area is so closely

correlated with stream water quality, it may be
considered as a variable for determining buffer
width.  It is far more effective, however, to treat
impervious surface as a controllable variable and
implement impervious surface limits and controls.
This is discussed in more detail in a later section.
In any case, however, preexisting impervious
surfaces near the stream will not effectively
perform buffer functions and should not count
toward buffer width.  For example, if a 30 ft wide
road parallels a stream, the riparian buffer should
be increased by 30 ft on the road side.

Vegetation
Vegetation characteristics may influence

buffer effectiveness and therefore necessary
width.  However, in this report vegetation is
considered a factor under management and not a
width variable.

Riparian Buffer Guidelines



47

C. Buffer Guidelines for Water Quality
Protection

In the previous section it was established that
buffer width should vary based on slope and
should include wetlands.  One final task remains
before buffer guidelines are presented: to deter-
mine the minimum width of the buffer.  Without
considering terrestrial habitat, most recommenda-
tions for minimum buffer widths range from 15 m
(~50 ft) to 30 m (~100 ft).  It might be possible
to determine the correct width from within this
range by conducting additional research in the
region of interest.  In the absence of this, how-
ever, the choice of minimum width amounts to a
choice regarding margin of safety or, conversely,
acceptable risk.  The greater the minimum buffer
width, the greater the margin of safety in terms of
water quality and habitat preservation.  Accord-
ingly, several options are proposed: The first two
are variable-width options, one with a 100 ft base
width, and one with a 50 ft base width.  The first
can be considered the “conservative” option: it
meets or exceeds many buffer width recommen-
dations, and therefore should ensure high water
quality and support good habitat for native
aquatic organisms.  The second is the “riskier”
option: it should, under most conditions, provide
good protection to the stream and good habitat
preservation, although heavy rain, floods, or poor
management of contaminant sources could more
easily overwhelm the buffer.  All of these options
are defensible given the literature reviewed here.
As a third option, a 100 ft fixed-width riparian
buffer is recommended for local governments that
find it impractical to administer a variable-width
buffer.

Option One:

• Base width: 100 ft (30.5 m) plus 2 ft (0.61 m)
per 1% of slope.

• Extend to edge of floodplain.

• Include adjacent wetlands.  The buffer width
is extended by the width of the wetlands,
which guarantees that the entire wetland and
an additional buffer are protected.

• Existing impervious surfaces in the riparian
zone do not count toward buffer width (i.e.,
the width is extended by the width of the
impervious surface, just as for wetlands).

• Slopes over 25% do not count toward the
width.

• The buffer applies to all perennial,
intermittent and ephemeral streams.

Option Two:
The same as Option One, except:

• Base width is 50 ft (15.2 m) plus 2 ft (0.61 m)
per 1% of slope.

• Entire floodplain is not necessarily included
in buffer, although potential sources of severe
contamination  be excluded from the
floodplain.

• Ephemeral streams are not included; affected
streams are those that appear on US
Geological Survey 1:24,000 topographic
quadrangles.  Alternatively, the buffer can be
applied to all perennial streams plus all
intermittent streams of second order or
larger.

Figure 9 shows an example of how Option
Two can be applied to a theoretical riparian
landscape.

Option Three:

• Fixed buffer width of 100 ft.

• The buffer applies to all streams that appear
on US Geological Survey 1:24,000
topographic quadrangles or, alternatively, all
perennial streams plus all intermittent streams
of second order or larger (as for Option
Two).

All of the buffer options described will
provide habitat for many terrestrial wildlife
species.  However, significantly wider buffers are
necessary to provide habitat for forest interior
species, many of which are species of special
concern.  The most common recommendation in
the literature on wildlife (most of which focuses
on birds) is for a 100 m (300 ft) riparian buffer.
Although this is not practical in many cases, local
governments should preserve at least some
riparian tracts of 300 foot width or greater.
Identification of these areas should be part of an
overall, county-wide wildlife protection plan.
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Activities Prohibited in the Buffer
As a general rule, all sources of contamination

should be excluded from the buffer.  These
include:

• land disturbing activities

• impervious surfaces

• logging roads

• mining

• septic tank drain fields

• agricultural fields

• waste disposal sites

• application of pesticides and fertilizer (except
as necessary for buffer restoration)

• livestock

One exemption to this list that local govern-
ments may wish to consider is construction of a
single family home.  Minimum standards for river
corridor protection issued by the Environmental
Protection Division cannot by law prohibit the
building of a single-family dwelling within the
buffer for protected River Corridors (OCGA 12-
2-8).  Local governments that develop ordinances

more stringent than the minimum standards may
also wish to make this exemption.

The Three-Zone Buffer System
A three-zone riparian buffer system has been

suggested for agricultural areas to allow some
limited use of riparian land while preserving
buffer functionality (Welsch 1991).  Zone one,
which extends from the bank to 15 ft (4.6 m)
within the buffer, is undisturbed forest. Zone two
is a managed forest, beginning 15 ft (4.6 m) from
the bank and extending to 75 ft (22.9 m).  Peri-
odic harvesting and some disturbance is accept-
able within this zone.  Zone 3 is a grassed strip,
beginning 75 ft (22.9 m) from the bank and
extending to the buffer’s edge at 95 ft (29.0 m).
Controlled grazing and mowing may be permitted
in this zone.

While the three-zone system represents a
good compromise for buffers on agricultural land,
it introduces an added level of complexity to a
buffer ordinance that may not be warranted,
especially if a variable-width system is used.
Local governments may want to encourage the
three-zone system as a voluntary practice on

25 ft

Wetland 10% slope

30% slope

Impervious
surface

10% slope

Channel

Average slope: 12%. 
Base width: 74 ft.
Total width: 126 ft.

25 ft 40 ft 10 ft 17 ft 9 ft

limit of buffer

not counted not counted

Figure 9. Example of the Application of Buffer
Guidelines to a Hypothetical Riparian Landscape.
Base distance is calculated as 50 ft (for "Option 2") plus 2 ft
per 1% of slope.  Wetlands, slopes over 25%, and
impervious surfaces do not count toward the buffer width.

Figure 10. Example of the Application of Buffer Guidelines to a Hypothetical Riparian
Landscape.
Base distance is calculated as 50 ft (for “Option 2”) plus 2 ft per 1% slope.  Wetlands, slopes over 25%,
and impervious surfaces do not count toward the buffer width.

Average slope: 12%
Base width: 74 ft
Total width: 126 ft
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agricultural lands.  Additional information is
available from the Natural Resources Conserva-
tion Service.

Is This Possible?
An ordinance that establishes 100 ft or wider

buffers on all perennial streams may sound
unrealistic or too heavy-handed for most local
governments.  But such an ordinance is not as
draconian as it first sounds.  It is important to
bear in mind that in most areas, such land use
laws must of necessity exempt existing land uses:
no local government is going to tell a small
property owner that he must move his house or
convert his lawn to forest (although he could be
actively encouraged to do the latter).  The people
who are most affected are developers, who must
now incorporate buffers into their designs.  This
will not necessarily have a negative economic
impact.  Several studies have shown that people
will pay a premium to live or work near
greenways or other protected areas, and this
allows the developer to recoup at least some of
the costs of not developing up to the stream bank.
Finally, any buffer ordinance should always
include clear, fair rules for variances, which will
insure that anyone who is unfairly impacted by
the law can obtain relief.  More information on
how local governments can develop and imple-
ment riparian buffer ordinances is included in a
separate “Guidebook for Developing Local
Riparian Buffer Ordinances,” available from the
University of Georgia Institute of Ecology Office
of Public Service and Outreach.  The document
discusses various tools for protecting buffers, case
studies of existing buffer protection programs,
important issues of concerns such as “takings,”
and includes model riparian buffer ordinances.

D. Other Considerations
Establishing a system of protected riparian

buffers is an important step in preserving healthy
streams.  However, a number of other steps must
be taken if buffers are to be truly effective.

Reducing Impervious Surfaces

In a natural forested watershed, overland
flow is quite rare, occurring only during the most

severe rainstorms.  Impervious surfaces, on the
other hand, transfer most precipitation into
runoff, leading to increased surface erosion,
higher and faster storm flows in streams, and
increased channel erosion.  As a consequence,
urban streams characteristically have greatly
elevated sediment levels (Wahl et al 1997, Frick et
al 1998).  Flow from impervious surfaces also
carries pollutants directly to streams, bypassing
the natural filtration that would occur by passage
through soil.  Impervious surfaces are so closely
correlated with urban water pollution that they
are commonly used as an indicator of overall
stream quality (Arnold and Gibbons 1996).  May
et al (1997) note that impervious surfaces are the
“major contributor to changes in watershed
hydrology that drive many of the physical changes
affecting urban streams.”  Trimble (1997) ascribed
the cause of large-scale channel erosion in San
Diego Creek to increased impervious surfaces in
the watershed.  Impervious surfaces also decrease
groundwater recharge and stream base flow levels
(Ferguson and Suckling 1990).  In a study of
Peachtree Creek in Atlanta, Ferguson and Suck-
ling (1990) also linked impervious surfaces to an
increase in evapotranspiration; water evaporates
quickly from impervious surfaces, creating a
warm microclimate which increases transpiration
rates in trees and plants.  This further reduces
stream flows, except during rainstorms.  In short,
impervious surfaces cause “flashy” streams with
low base flows and very high storm flows.

Riparian buffers cannot protect a stream from
channel erosion if the stream is constantly scoured
by high storm flows caused by runoff from
impervious surfaces.   All municipalities and
counties experiencing urban and suburban growth
should consider enacting impervious surface
controls in addition to riparian buffer ordinances.
These limits can range from 10-12%, the point at
which streams are considered impacted, to 30%,
the point at which streams can be considered
degraded (Klein 1979).  If existing technologies
were vigorously applied, impervious surfaces
could be nearly eliminated (Bruce Ferguson, pers.
com.).  Further information on reducing impervi-
ous surfaces is available in the publication Land
Development Provisions to Protect Georgia Water
Quality (UGASED 1997) and in a recent publica-
tion of the Etowah Initiative (Miller and
Sutherland 1999).
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On-Site Management of Pollutants

Riparian buffers alone are not enough to
mitigate the effects of otherwise uncontrolled
upland activities (Binford and Buchenau 1993).
As Barling (1994) notes, “buffer strips should
only be considered as a secondary conservation
practice after controlling the generation of
pollutants at their source.”  In many cases it may
be easier, cheaper and preferable to prevent
pollutants from moving off site in the first place.

Sediment
In the case of agricultural regions, erosion

reduction efforts should focus on keeping soil in
fields, where it is usable, rather than trapping it in
the riparian zone, where it is much more difficult
to salvage.  The Natural Resources Conservation
Service, the Georgia Soil and Water Conservation
Commission, extension agencies and other
governmental and non-governmental organiza-
tions can provide detailed information on effec-
tive best management practices to reduce erosion.
It is essential to follow these BMPs in addition to
protecting functioning riparian buffer strips.
Local governments need to take a coordinating
role in ensuring that the various agencies and the
agricultural community cooperate to reach water
quality goals for the basin.

Likewise, BMPs must be faithfully imple-
mented and enforced in construction projects.  A
review by Brown and Caraco (1997) found that in
many cases, half of all practices specified in
erosion and sediment control (ESC) plans were
not implemented correctly and were not working.
Contractors habitually saved money by cutting
ESC installation and maintenance.  Surveys also
found that ESC practices rated as “most effective”
by experts were seldom applied while those rated
“ineffective” are still widely used.  The authors
also report that a field assessment of silt fences
found that 42% were improperly installed and
66% were inadequately maintained.  They
conclude that while a substantial amount of
money is now spent on ESC practices, “much of
this money is not being well spent— practices are
poorly or inappropriately installed, and very little
is spent on maintaining them” (Brown and Caraco
1997).  Kundell and Rasmussen (1995) have
noted the importance of inspections and enforce-
ment of BMPs in Georgia.

Nutrients
Because riparian zones can become saturated

with phosphorus, it is very important to manage
sources of this nutrient.  Septic drain fields and
sewer pipes can leak soluble phosphorus and
should be located as far from streams as possible.
Frequently, however, sewer pipes are routed
through stream corridors, creating an extreme
hazard if they should leak.  Although a review of
setback recommendations for septic tank drain
fields and sewer pipes is beyond the scope of this
document, a minimum distance of 100 ft (~30m)
appears prudent considering the magnitude of the
risk.  Sewer pipes should only cross streams when
absolutely necessary.

Concentrated Animal Feeding Operations
(CAFOs) typically dispose of large amounts of
nutrient-rich waste by holding it in waste lagoons
and applying it to fields either as fertilizer or
simply as a disposal method (Linville 1997).
Large CAFOs may be considered point source
polluters and can be required to obtain a federal
permit (issued in Georgia by the EPD), but
nationally only 12% of CAFOs are actually
permitted (Linville 1997).  Waste lagoon spills can
be devastating to rivers (Burkholder 1997,
Linville 1997), and placement of such lagoons
should be carefully regulated.  It is probably best
to determine placement on a site-by-site basis to
ensure that if a spill occurs, its effect on the
stream system will be minimized.  At the least,
lagoons should be located outside of riparian
buffers and the 100-year floodplain.

Because riparian buffers are generally effec-
tive at removing nitrogen from animal waste
(Groffman et al 1991a), manure application
strategies should be based on phosphorus, espe-
cially in watersheds where it is a limiting nutrient
(Daniel and Moore 1997, Miguel Cabrera, pers.
com.).  Studies by Miguel Cabrera have shown
that the concentration of phosphorus in runoff is
proportional to the amount applied to the field,
and that current application rates are many times
higher than they should be to maintain phospho-
rus at acceptable levels (pers. com.).  New ap-
proaches to phosphorus management are gaining
acceptance and hold some promise for reducing
the amount of phosphorus that can reach the
stream.  However, even with the best available
controls, manure application rates likely will need
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to be reduced substantially to prevent phosphorus
pollution of streams (Miguel Cabrera, pers. com.).

Riparian Buffer Crossings/Bypasses

Road crossings and other breaks in the
riparian buffer effectively reduce buffer width to
zero and allow sediment and other contaminants
to pass directly into the stream (Swift 1986).
Buffer crossings, or even just narrow points in the
buffer, may be the locations of the majority of
contaminant transport to the stream (Weller et al
1998).  All buffer crossings should be minimized,
but when they are necessary, Schueler (1995)
suggests the following guidelines:

• Crossing width should be minimized

• Direct (90 degree) crossing angles are
preferable to oblique crossing angles

• Construction should be capable of surviving
100-year floods

• Free-span bridges are preferable to
culvertizing or piping the stream

Special care must be taken to stabilize banks
around the buffer crossing.  Crossings should be
regularly monitored, especially after severe storms
and floods, to determine if excessive sedimenta-
tion is occurring.  Sewer lines which cross streams
should also be inspected to ensure they are not
leaking or damaged in any way.

It is also essential to minimize practices which
cause water flow to bypass the riparian zone.
Drain tiles used to improve drainage from
agricultural fields discharge flow directly into the
stream (Fennessy and Cronk 1997, Osborne and
Kovacic 1993, Vought et al 1994).  Jacobs and
Gilliam (1985) compared fields drained by a

riparian buffer with fields drained by ditches and
drain tile.  They observed high nitrate reduction
in the riparian buffer, but much lower nitrate loss
in drainage ditches and very little nitrate removal
for fields drained by tile.  Nitrate levels in tile
drains in Georgia agricultural fields have been
found to be several times higher than the levels in
the shallow aquifer (Frick et al 1998). Construct-
ing riparian wetlands at the outfall of the drain
tile would help to slow the transport of pollutants
into the stream and permit nutrient uptake and
removal (Osborne and Kovacic 1993).

Similarly, in urban areas, storm drains carry
contaminant-laden water from impervious
surfaces directly into streams.  This practice
should be discontinued.  Ideally, runoff should be
allowed to infiltrate into the soil as close as
possible to the source.  If some drainage is
required, outflow should either be directed in the
form of sheet flow across a suitably wide riparian
buffer or into a storm water detention ponds or
constructed wetlands.  When necessary, con-
structed wetlands may be incorporated into the
riparian buffer if they are properly located and do
not harm existing wetlands or other critical
riparian features (Schueler 1995a).

For More Information

For additional information on how local
governments can develop riparian buffer ordi-
nances, a “Guidebook for Developing Local
Riparian Buffer Ordinances,” is available from the
University of Georgia Institute of Ecology Office
of Public Service and Outreach (phone: 706-542-
3948; email: lfowler@uga.cc.uga.edu).  For
additional scientific information on riparian
buffers, all of the sources cited in this review are
listed in the References section which follows.

Riparian Buffer Guidelines



52

Allan, J. D., 1995. Stream Ecology: Structure
and Function of Running Waters.  London, UK:
Chapman and Hall.

Abelho, M. and M. A. S. Graça. 1996. Effects
of eucalyptus afforestation on leaf litter dynamics
and macroinvertebrate community structure of
streams in Central Portugal. Hydrobiologia 324:
195-204.

Anderson, K. , B. R. Dubrow, S. Paladino, M.
Paul and T. Schofield. Date unknown. Intercounty
Cooperation on the Upper Etowah: A Window of
Opportunity.  Atlanta, GA: Georgia Institute of
Technology.

Arnold, C. L., Jr. and C. J. Gibbons. 1996.
Impervious Surface Coverage: The emergence of
a key environmental indicator. APA Journal
62(2):243-258.

Arora, K., S. K. Mickelson, J. L. Baker, D. P.
Tierney, C. J. Peters. 1996. Herbicide retention by
vegetative buffer strips from runoff under natural
rainfall.  Transactions of the ASAE 2155-2162.

Baltz, D. M. and P. B. Moyle. 1984. The
influence of riparian vegetation on stream fish
communities of California. Pp 183-187 in R. E.
Warner and K. M. Hendrix (eds), California
Riparian Systems: Ecology, Conservation and
Management. Berkeley, CA: University of Califor-
nia Press.

Barling, R. D. and I. D. Moore. 1994. Role of
buffer strips in management of waterway pollu-
tion: A review. Environmental Management
18(4):543-558.

Barnes, K. H., J. L. Meyer and B. J. Freeman.
1997. Sedimentation and Georgia’s fishes: An
analysis of existing information and future
research. In: Hatcher, K. J., ed., Proceedings of the
1997 Georgia Water Resources Conference.
Athens, GA: University of Georgia.

Barth, C. A. 1995. Nutrient movement from
the lawn to the stream? Watershed Protection
Techniques 2(1): 239-246.

Barton, D. R., W. D. Taylor and R. M. Biette.
1985. Dimensions of riparian buffer strips
required to maintain trout habitat in southern

Ontario streams. North American Journal of
Fisheries Management 5: 364-378.

Beeson, C. E. and P. E. Doyle. 1995. Com-
parison of bank erosion at vegetated and non-
vegetated channel bends. Water Resources Bulletin
31(6):983-990.

Binford, M. W. and M. J. Buchenau. 1993.
Riparian greenways and water resources. In:
Smith, D. S. and P. Cawood, eds. Ecology of
Greenways. Minneapolis, MN: University of
Minnesota Press.

Bjorkland, R. J. Unpublished. Riparian Zones:
The Multiple Use Ecosystems— A Review.

Black, S., P. Broadhurst, J. Hightower and S.
Schauman. 1985. The value of riparian habitat
and wildlife to the residents of a rapidly urbaniz-
ing community. In: Riparian Ecosystems and their
Management: Reconciling Conflicting Uses (First
North American Riparian Conference). Ft. Collins,
CO: Rocky Mountain Forest and Range Experi-
ment Station (Gen. Tech. Report RM-120).

Brode, J. M. and R. B. Bury, 1984. The
importance of riparian systems to amphibians and
reptiles. Pp 30-36 in R.E. Warner and K.M.
Hendrix (eds.), California Riparian Systems:
Ecology, Conservation and Management. Berkeley,
CA: University of California.

Brown, W. E. and D. S. Caraco. 1997. Muddy
Water In— Muddy Water Out? Watershed Protec-
tion Techniques 2(3):393-403.

Budd, W. W., P. L. Cohen, P. R. Saunders and
F. R. Steiner. 1987. Stream corridor management
in the Pacific Northwest: I. Determination of
stream-corridor widths. Environmental Manage-
ment 11(5): 587597.

Burbrink, F. T., C. A. Phillips and E. J. Heske.
1998.  A riparian zone in southern Illinois as a
potential dispersal corridor for reptiles and
amphibians. Biological Conservation 86: 107-115.

Burke, M. A. 1996. Historic Evolution of
Channel Morphology and Riverine Wetland
Hydrologic Functions in the Piedmont of Georgia
(Master’s Thesis). Athens, GA: University of
Georgia.

References

References



53

Burke, V. J. and J. W. Gibbons. 1995. Terres-
trial buffer zones and wetland conservation: A
case study of freshwater turtles in a Carolina Bay.
Conservation Biology 9(6):1365-1369.

Burkhead, N. M., S. J. Walsh, B. J. Freeman
and J. D. Williams. 1997. Status and restoration
of the Etowah River, an imperiled Southern
Appalachian Ecosystem. In: Benz, G. W. and D. E.
Collins, eds., Aquatic Fauna in Peril: The Southern
Perspective. Decatur, GA: Southeast Aquatic
Research Institute (Special Publication 1).

Burkholder, J. M., M. A. Mallin, H. B.
Glasgow, Jr., L. M. Larsen, M. R. McIver, G. C.
Shank, N. Deamer-Melia, D. S. Briley, J. Springer,
B. W. Touchette, and E. K. Hannon. 1997.
Impacts to a coastal river and estuary from
rupture of a large swine waste holding lagoon.
Journal of Environmental Quality 26:1451-1466.

A. L. Burruss Institute of Public Service
(Burruss Institute), Kennesaw State University.
1998. Lake Allatoona Phase I Diagnostic-Feasibil-
ity Study Report for 1992-1997. Kennesaw, GA:
A. L. Burruss Institute of Public Service,
Kennesaw State University.

Castelle, A. J., A. W. Johnson and C. Conolly.
1994. Wetland and stream buffer requirements—
A review. Journal of Environmental Quality
23:878-882.

Clinnick, P. F. 1985. Buffer strip management
in forest operations: A review. Australian Forestry
48(1): 34-45.

Cohen, P., P. R. Saunders, W. W. Budd and F.
R. Steiner. 1987. Stream corridor management in
the Pacific Northwest: II. Management strategies.
Environmental Management 11(5): 599-605.

Collier, K. J., A. B. Cooper, R. J. Davies-
Colley, J. C. Rutherford, C. M. Smith, R. B.
Williamson. 1995a. Managing Riparian Zones: A
Contribution to Protecting New Zealand’s Rivers
and Streams.  Vol. 1: Concepts. Wellington, NZ:
Department of Conservation.

Collier, K. J., A. B. Cooper, R. J. Davies-
Colley, J. C. Rutherford, C. M. Smith, R. B.
Williamson. 1995a. Managing Riparian Zones: A
Contribution to Protecting New Zealand’s Rivers
and Streams.  Vol. 2: Guidelines. Wellington, NZ:
Department of Conservation.

Cooper, C. M. 1993. Biological effects of
agriculturally derived surface water pollutants on
aquatic systems— a review. Journal of Environ-
mental Quality 22:402-408.

Cooper, J. R., J. W. Gilliam, R. B. Daniels and
W. P. Robarge. 1987. Riparian areas as filters for
agricultural sediment. Soil Science Society of
America Journal 51:416-420.

Correll, D. S. 1997. Vegetated Stream Ripar-
ian Zones: Their Effects on Stream Nutrients,
Sediments, and Toxic Substances (An Annotated
and Indexed Bibliography). [http://
www.serc.si.edu/documents/ ripzone.html].
Accessed 9/25/98.

Coyne, M. S., R. A. Gilfillen, R. W. Rhodes
and R. L., Blevins. 1995. Soil and fecal coliform
trapping by grass filter strips during simulated
rain. Journal of Soil and Water Conservation
50(4): 405-408.

Crawford, J. K. and D. R. Lenat. 1989.
Effects of land use on the water quality and biota
of three streams in the Piedmont Province of
North Carolina. In: Water Resources Investigation
Report 89-4007. Raleigh, NC: US Geological
Survey.

Cross, S. P. 1985. Responses of small mam-
mals to forest riparian perturbations. In: Riparian
Ecosystems and Their Management: Reconciling
Conflicting Uses (First North American Riparian
Conference). Ft. Collins, CO: Rocky Mountain
Forest and Range Experiment Station (Gen. Tech.
Report RM-120).

Dahl, J. 1998. The impact of vertebrate and
invertebrate predators on a benthic stream
assemblage. Oecologia 117: 217-226.

Daniel, T. C. and P. A. Moore. 1997. Manag-
ing Phosphorus in Manure: Causes, Concerns and
BMPs. In: Proceedings of the Southeastern Sus-
tainable Animal Waste Workshop. Athens, GA:
University of Georgia.

Daniels, R. B. and J. W. Gilliam. 1996.
Sediment and chemical load reduction by grass
and riparian filters. Soil Science Society of
America Journal 60:246-251.

Davies, P. E. and M. Nelson. 1994. Relation-
ships between riparian buffer widths and the
effects of logging on stream habitat, invertebrate

References



54

community composition and fish abundance.
Australian Journal of Marine and Freshwater
Resources 45: 1289-1305.

Desbonnet, A., P. Pogue, V. Lee and N. Wolf.
1994. Vegetated Buffers in the Coastal Zone: A
Summary Review and Bibliography. Providence,
RI: University of Rhode Island.

Dickson, J. G.  1978. Forest bird communi-
ties of the bottomland hardwoods. Pages 66-73
in: R. M. DeGraaf, tech. coord., Proceedings of
the Workshop Management of Southern Forests for
Nongame Birds. Asheville, NC: Southeastern
Forest Experimental Station (U. S. Forest Service
General Technical Report SE-14).

Dillaha, T. A., J. H. Sherrard, D. Lee, S.
Mostaghimi, V.O. Shanholtz. 1988. Evaluation of
vegetative filter strips as a best management
practice for feed lots. Journal of the Water Pollu-
tion Control Federation 60(7):1231-1238.

Dillaha, T. A., R. B. Reneau, S. Mostaghimi,
D. Lee. 1989. Vegetative Filter Strips for Agricul-
tural Nonpoint Source Pollution Control. Transac-
tions of the ASAE 32(2):513-519.

Duff, J. H. and F. J. Triska. 1990. Denitrifica-
tion in sediments from the hyporheic zone
adjacent to a small forested stream. Canadian
Journal of Fisheries and Aquatic Science 47:1140-
1147.

Edwards, E. D. and A. D. Huryn. 1996.
Effect of riparian land use on contributions of
terrestrial invertebrates to streams.  Hydrobiologia
337: 151-159.

Erman, N. A. 1984. The use of riparian
systems by aquatic insects. Pp 177-182 in R.E.
Warner and K.M. Hendrix (eds), California
Riparian Systems: Ecology, Conservation and
Management. Berkeley, CA: University of Califor-
nia Press.

Federal Interagency Floodplain Management
Task Force (FIFMTF). 1996. Protecting Flood-
plain Resources: A Guidebook for Communities.
Federal Emergency Management Agency (FEMA
268/June 1996).

Fennessy, M. S. and J. K. Cronk. 1997. The
effectiveness and restoration potential of riparian
ecotones for the management of nonpoint source
pollution, particularly nitrate. Critical Reviews in

Environmental Science and Technology 27(4):285-
317.

Ferguson, B. K. and P. W. Suckling. 1990.
Changing rainfall-runoff relationships in the
urbanizing Peachtree Creek Watershed, Atlanta,
Georgia. Water Resources Bulletin 26(2):313-322.

Flanagan, D. C., G. R. Foster, W. H. Neibling,
and J. P. Burt. 1989. Simplified equations for filter
strip design. Transactions of the ASAE 22:2001-
2007.

Freeman, B. J. and K. H. Barnes. 1996.
Identification and Mapping of Critical Habitats in
the Etowah River Corridor of Northern Georgia
(Annual Report). Athens, GA: University of
Georgia.

Frick, E. A., D. J. Hippe, G. R. Buell, C. A.
Couch, E. H. Hopkins, D. J. Wangsness, J. W.
Garrett. 1998. Water Quality in the Apalachicola-
Chattahoochee- Flint Basin, Georgia, Alabama,
and Florida, 1992-1995. U.S. Geological Survey
Circular 1164.

Georgia Department of Agriculture. 1997.
Georgia Agricultural Facts. Athens, GA: Georgia
Agricultural Statistics Service.

Georgia Forestry Commission. 1999.
Georgia’s Best Management Practices for Forestry.
Macon, GA: Georgia Forestry Commission.

Gilliam, J. W. 1994. Riparian wetlands and
water quality. Journal of Environmental Quality
23: 896900.

Glenn, L. C. 1911. Denudation and Erosion
in the Southern Appalachians. USGS Professional
Paper Number 72.

Gomez, D. M. and R. G. Anthony. 1996.
Amphibian and reptile abundance in riparian and
upslope areas of five forest types in western
Oregon. Northwest Science 79(2): 109-119.

Gregory, B., C. M. Pringle, G. Vellidis and R.
R. Lowrance. In Press. Using benthic macroinver-
tebrate assemblages to assess the effectiveness of
riparian forest buffer zones in intermittent
Southeastern Coastal Plain streams.

Gregory, S. and L. Ashkenas. 1990. Field
Guide for Riparian Management. USDA Forest
Service.

References



55

Gregory, S. V., F. J. Swanson, A. McKee and
K. W. Cummins. 1991. An Ecosystem Perspective
of Riparian Zones: Focus on links between land
and water. Bioscience 41(8): 540-551.

Groffman, P. M., E. A. Axelrod, J. L.
Lemonyon and W. M. Sullivan. 1991a. Denitrifi-
cation in grass and forest vegetated filter strips.
Journal of Environmental Quality 20: 671-674.

Groffman, P. M., A. J. Gold, T. P. Husband,
R. C. Simmons, W. R. Eddleman. 1991b. An
Investigation Into Multiple Uses of Vegetated
Buffer Strips. Kingston, RI: University of Rhode
Island.

Hanson, G. C., P. M. Groffman and A. J.
Gold. 1994. Denitrification in riparian wetlands
receiving high and low groundwater nitrate
inputs. Journal of Environmental Quality 23:917-
922.

Harrison, R. L. 1992. Toward a theory of
inter-refuge corridor design. Conservation Biology
6(2): 293-295.

Hatfield, J. L., S. K. Mickelson, J. L. Baker,
K. Arora, D. P. Tierney, and C. J. Peter. 1995.
Buffer strips: Landscape modification to reduce
off-site herbicide movement. In: Clean Water,
Clean Environment, 21st Century : Team Agricul-
ture, Working to Protect Water Resources, Vol. 1.
St. Joseph, MI: American Society of Agricultural
Engineers.

Haycock, N. E. and G. Pinay. 1993. Ground-
water nitrate dynamics in grass and poplar
vegetated riparian buffer strips during winter.
Journal of Environmental Quality 22:273-278.

Hedin, L. O., J. C. von Fischer, N. E. Ostrum,
B. P. Kennedy, M. G. Brown and G. P. Robertson.
1998. Thermodynamic constraints on nitrogen
transformations and other biogeochemical
processes at soil-stream interfaces. Ecology
79(2):684-703.

Herson-Jones, L. M., M. Heraty and B.
Jordan. 1995. Riparian Buffer Strategies for
Urban Watersheds. Washington, DC: Metropoli-
tan Washington Council of Governments.

Hodges, M. F. Jr. and D. G. Krementz. 1996.
Neotropical migratory breeding bird communities
in riparian forests of different widths along the

Altamaha River, Georgia. Wilson Bulletin 108(3):
495-506.

Hubbard, R. K. 1997. Riparian buffer systems
for managing animal waste. Proceedings of the
Southeastern Sustainable Animal Waste Workshop.
Athens, GA: University of Georgia.

Hubbard, R. K. and R. R. Lowrance. 1994.
Riparian forest buffer system research at the
Coastal Plain Experimental Station, Tifton,
Georgia. Water, Air and Soil Pollution 77: 409-
432.

Hubbard, R. K. and R. R. Lowrance. 1996.
Solute transport and filtering through a riparian
forest. Transactions of the ASAE 39(2): 477-488.

Jacobs, T. C. and J. W. Gilliam. 1985. Ripar-
ian losses of nitrate from agricultural drainage
waters. Journal of Environmental Quality 14(4):
472-478.

Jordan, T. E., D. L. Correll and D. E. Weller.
1993. Nutrient interception by a riparian forest
receiving inputs from adjacent cropland. Journal
of Environmental Quality 22:467-473.

Junk, W. J., P. B. Bayley and R. E. Sparks.
1989. The flood pulse concept in river-floodplain
systems. Pp 110-127 in D. P. Dodge (ed.) Proceed-
ings of the International Large River Symposium.
Canadian Special Publication in Fisheries and
Aquatic Science 106.

Karr, J. R. and I. J. Schlosser. 1977. Impact of
Nearstream Vegetation and Stream Morphology on
Water Quality and Stream Biota. Athens, GA: U.S.
EPA Ecological Research Series (EPA-600/3-77/
097).

Karr, J. R. and I. J. Schlosser. 1978. Water
resources and the land-water interface. Science
201: 229-234.

Keller, C. E., C. S. Robbins and J. S. Hatfield.
1993. Avian communities in riparian forests of
different widths in Maryland and Delaware.
Wetlands 13(2):137-144.

Keys, Jr., J., C. Carpenter, S. Hooks, F.
Koenig, W. H. McNab, W. Russel and M. L.
Smith. 1995. Ecological Units of the Eastern
United States-- First Approximation. Atlanta, GA:
U.S.D.A. Forest Service.

References



56

Kilgo, J. C., R. A. Sargent, B. R. Chapman, K.
V. Miller. 1998. Effect of stand width and adja-
cent habitat on breeding bird communities in
bottomland hardwoods. Journal of Wildlife
Management 62(1):72-83.

Kinley, T. A. and N. J. Newhouse. 1997.
Relationship of riparian reserve zone width to
bird density and diversity in Southeastern British
Columbia. Northwest Science 71(2):75-86.

Klein, R. D. 1979. Urbanization and stream
quality impairment. Water Resources Bulletin
15(4):948-963.

Kundell, J. E. and T. C. Rasmussen. 1995.
Erosion and Sedimentation: Scientific and Regula-
tory Issues. Athens, GA: University of Georgia.

Leigh, D. S. 1994. Gold mining’s impact on
North Georgia floodplains: Mercury contamina-
tion and floodplain sedimentation. Pp 215-224
in: Marston, R. A. and V. R. Hasfurther (eds.),
Effects of Human-Induced Changes on Hydrologic
Systems. American Water Resources Technical
Publication Series TPS94-3.

Linville, I. H. 1997. Animal waste manage-
ment issues: A federal perspective. In: Proceedings
of the Southeastern Sustainable Animal Waste
Workshop. Athens, GA: University of Georgia.

Lowrance, R. R. 1992. Groundwater nitrate
and denitrification in a Coastal Plain riparian
forest. Journal of Environmental Quality 21:401-
405.

Lowrance, R. R. 1997. Wetland processes and
manure management. In: Proceedings of the
Southeastern Sustainable Animal Waste Workshop.
Athens, GA: University of Georgia.

Lowrance, R. R. 1998. Riparian forest
ecosystems as filters for nonpoint-source pollu-
tion. Pp. 113-141 in: M. L. Pace and P. M.
Groffman (eds.), Successes, Limitations and
Frontiers in Ecosystem Science.  Springer Verlag.

Lowrance, R., R. Todd, J. Fail, Jr., O.
Hendrickson, Jr., R. Leonard, and L. Asmussen.
1984. Riparian forests as nutrient filters in
agricultural watersheds. BioScience 34(6):374-
377.

Lowrance, R., R. Leonard and J. Sheridan.
1985. Managing riparian ecosystems to control

nonpoint pollution. Journal of Soil and Water
Conservation 40(1): 87-91.

Lowrance, R., J. K. Sharpe and J. M.
Sheridan. 1986. Long-term sediment deposition
in the riparian zone of a Coastal Plain watershed.
Journal of Soil and Water Conservation 41(4):266-
271.

Lowrance, R. R., S. McIntyre and C. Lance.
1988. Erosion and deposition in a field/forest
system estimated using cesium-137 activity.
Journal of Soil and Water Conservation 43: 195-
99.

Lowrance, R., G. Vellidis, R. D. Wauchope, P.
Gay and D. D. Bosch. 1997. Herbicide transport
in a managed riparian forest buffer system.
Transactions of the ASAE 40 (4): 1047-1057.

Lowrance, R., and 12 others. 1997. Water
quality functions of riparian forest buffers in
Chesapeake Bay watersheds. Environmental
Management 21(5):687-712.

Lowrance, R., L. S. Altier, R. G. Williams, S.
P. Imadar, D. D. Bosch, J. M. Sheridan, D. L.
Thomas, R. K. Hubbard. 1998. The Riparian
Ecosystem Management Model: Simulator for
ecological processes in riparian zones. Proceedings
of the First Federal Interagency Hydrologic
Modeling Conference.

Machtans, C. S., M-A Villard and S. J.
Hannon. 1996. Use of riparian buffer strips as
movement corridors by forest birds. Conservation
Biology 10(5):1366-1379

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

Malanson, G. P. 1993. Riparian Landscapes.
Cambridge, UK: Cambridge University Press.

Mander, Ü., V. Kuusemets, K. Lohmus, T.
Mauring. 1997. Efficiency and dimensioning of
riparian buffer zones in agricultural catchments.
Ecological Engineering 8: 299-324.

May, C. W., R. R. Horner, J. R. Karr, B. W.
May, and E. B. Welch. 1997. Effects of urbaniza-
tion on small streams in the Puget Sound Lowland
Ecoregion. Watershed Protection Techniques
2(4):483-494.

References



57

Meador, M. R. and A. O. Layher. 1998.
Instream sand and gravel mining: Environmental
issues and regulatory process in the United States.
Fisheries 23(11): 6-13.

Michener, W. K., E. R. Blood, J. B. Box, C. A.
Couch, S. W. Golladay, D. J. Hippe, R. J. Mitchell
and B. J. Palik. 1998. Tropical storm flooding of a
coastal plain landscape. Bioscience 48(9): 696-
705.

Miller, A. E. And A. Sutherland. 1999.
Reducing the Impacts of Stormwater Runoff
Through Alternative Development Practices.
Athens, GA: University of Georgia.

Morris, T. J. and L. D. Corkum. 1996.
Assemblage structure of freshwater mussels
(Bivalvia: Unionidae) in rivers with grassy and
forested riparian zones. Journal of the North
American Benthological Society 15(4):576-586.

Murphy, M. L.,  J. Heifetz, S. W. Johnson, K.
V. Koski and J. F. Thedinga. 1986. Effects of
clear-cut logging with and without buffer strips on
juvenile salmonids in Alaskan streams. Canadian
Journal of Fisheries and Aquatic Science 43: 1521-
1533.

Muscutt, A. D., G. L. Harris, S.W. Bailey and
D. B. Davies. 1993. Buffer zones to improve
water quality: A review of their potential use in
UK agriculture. Agriculture, Ecosystems and
Environment 45: 59-77.

Naiman, R. J., H. Décamps, J. Pastor and C.
A. Johnston. 1988. The potential importance of
boundaries to fluvial ecosystems. Journal of the
North American Benthological Society 7(4): 289-
306.

Naiman, R. J., H. Décamps and M. Pollock.
1993. The role of riparian corridors in maintain-
ing regional biodiversity. Ecological Applications
3(2): 209-212.

Naiman, R. J. and K. H. Rogers. 1997. Large
animals and system-level characteristics in river
corridors: Implications for river management.
Bioscience 47(8): 521-529.

Neary, D. G., P. B. Bush and J. L. Michael.
1993. Fate, dissipation and environmental effects
of pesticides in southern forests: A review of a
decade of research progress. Environmental
Toxicology and Chemistry 12: 411-428.

Nieswand, G. H., R. M. Hordon, T. B.
Shelton, B. B. Chavooshian and S. Blarr. 1990.
Buffer strips to protect water supply reservoirs: A
model and recommendations. Water Resources
Bulletin 26(6):959-966.

Noss, R. F. 1983. A regional landscape
approach to maintain diversity. Bioscience
33(11):700-706.

Noss, R. F. 1987. Corridors in real land-
scapes: A reply to Simberloff and Cox. Conserva-
tion Biology 1(2): 159-164.

Odum, E. P. 1978. Ecological importance of
the riparian zone. Pp 2-4 in: Johnson and
McCormick (tech. coords.), Strategies for Protec-
tion and Management of Floodplain Wetlands and
Other Riparian Ecosystems. U.S. Dept. of Agricul-
ture Forest Service Gen. Tech. Report WO-12.

Omernik, J. M., A. R. Abernathy and L. M.
Male. 1981. Stream nutrient levels and proximity
of agriculture and forest land to streams: Some
relationships. Journal of Soil and Water Conserva-
tion 36(4): 227-231.

Osborne, L. L. and D. A. Kovacic. 1993.
Riparian vegetated buffer strips in water-quality
restoration and stream management. Freshwater
Biology 29: 243-258.

Peterjohn, W. T. and D. L. Correll. 1984.
Nutrient dynamics in an agricultural watershed:
Observations on the role of a riparian forest.
Ecology 65(5): 1466-1475.

Phillips, J. D. 1989. Nonpoint source pollu-
tion control effectiveness of riparian forests along
a Coastal Plain river. Journal of Hydrology 110:
221-237.

Phillips, J. D. 1989. An evaluation of the
factors determining the effectiveness of water
quality buffer zones. Journal of Hydrology 107:
133-145.

Poff, N. L., J. D. Allan, M. B. Bain, J. R. Karr,
K. L. Prestegaard, B. D. Richter, R. E. Sparks and
J. C. Stromberg. 1997. The natural flow regime:
A paradigm for river conservation and restora-
tion. Bioscience 47(11): 769-784.

Pringle, C. P. 1997. Exploring how distur-
bance is transmitted upstream: Going against the

References



58

flow.  Journal of the North American Benthologi-
cal Society 16(2): 425-438.

Rabeni, C. F. and M. A. Smale. 1995. Effects
of siltation on stream fishes and the potential
mitigating role of the buffering riparian zone.
Microbiologia 303: 211-219.

Rhodes, J., C. M. Skau, D. Greenlee and D.
L. Brown. 1985. Quantification of nitrate uptake
by riparian forests and wetlands in an undisturbed
headwaters watershed. In: Riparian Ecosystems
and their Management: Reconciling Conflicting
Uses (First North American Riparian Conference).
Ft. Collins, CO: Rocky Mountain Forest and
Range Experiment Station (Gen. Tech. Report
RM-120).

Roseboom, D. and K. Russell. 1985. Riparian
vegetation reduces stream bank and row crop
flood damages. In: Riparian Ecosystems and their
Management: Reconciling Conflicting Uses (First
North American Riparian Conference). Ft. Collins,
CO: Rocky Mountain Forest and Range Experi-
ment Station (Gen. Tech. Report RM-120).

Schaefer, J. M. and M. T. Brown. 1992.
Designing and Protecting Riparian Corridors for
Wildlife. Rivers 3(1):14-26.

Schlosser, I. J. and J. R. Karr. 1981. Water
quality in agricultural watersheds: Impact of
riparian vegetation during base flow. Water
Resources Bulletin 17(2):233-240.

Schnaebel, R. R., J. A. Shaffer, W. L. Stout
and L. F. Cornish. 1997. Denitrification distribu-
tions in four Valley and Ridge riparian ecosys-
tems. Environmental Management 21(2):283-290.

Schneider, R. L., N. E. Martin and R. R.
Sharitz. 1989. Impact of dam operations on
hydrology and associated floodplain forests of
Southeastern rivers. Pp 1113-1122 in: Sharitz and
Gibbons (eds), Freshwater Wetlands and Wildlife.
Oak Ridge, TN: USDOE Office of Scientific and
Technical Information (CONF-8603101).

Schueler, T. 1995a. The architecture of urban
stream buffers. Watershed Protection Techniques
1(4).

Schueler, T. 1995b. Urban pesticides: From
the lawn to the stream. Watershed Protection
Techniques 2(1):247-253.

Sharitz, R. R., R. L. Schneider and L. C. Lee.
1990. Composition and regeneration of a dis-
turbed river floodplain forest in South Carolina.
Pp 195-218 in Gosselink, Lee and Muir (eds.),
Ecological Processes and Cumulative Impacts:
Illustrated by Bottomland Hardwood Wetland
Ecosystems. Chelsea, MI: Lewis Publishers.

Shields, F. D., Jr., A. J. Bowie and C. M.
Cooper. 1995. Control of streambank erosion due
to bed degradation with vegetation and structure.
Water Resources Bulletin 31(3):475-490.

Simberloff, D. and J. Cox. 1987. Conse-
quences and costs of conservation corridors.
Conservation Biology 1(1):63-71.

Simberloff, D., J. A. Farr, J. Cox, and D. W.
Mehlman. 1992. Movement corridors: Conserva-
tion bargains or poor investments? Conservation
Biology 6(4):493-504.

Smith, R. J. and J. M. Schaefer. 1992. Avian
characteristics of an urban riparian strip corridor.
Wilson Bulletin 104(4):732-738.

Snodgrass, J. W. And G. K. Meffe. 1998.
Influence of beavers on stream fish assemblages:
Effects of pond age and watershed position.
Ecology 79: 928-942.

Sorrano, P. A., S. L. Hubler, S. R. Carpenter
and R. C. Lathrop. 1996. Phosphorus loads to
surface waters: A simple model to account for
spatial pattern of land use. Ecological Applications
6(3): 865-878.

Spackman, S. C. and J. W. Hughes. 1995.
Assessment of minimum corridor width for
biological conservation: Species richness and
distribution along mid-order streams in Vermont,
USA. Biological Conservation 71: 325-332.

Swift, L. W. Jr. 1986. Filter strip width for
forest roads in the Southern Appalachians.
Southern Journal of Applied Forestry 10:27-34.

Thurmond, D. P., K. V. Miller and T. G.
Harris. 1995. Effect of streamside management
zone width on avifauna communities. Southern
Journal of Applied Forestry 19(4): 166-169.

Trimble, G. R. and R. S. Sartz. 1957. How far
from a stream should a logging road be located?
Journal of Forestry 55: 339-341.

References



59

Trimble, S. 1970. Culturally Accelerated
Sedimentation the Middle Georgia Piedmont
(Master’s Thesis). Athens, GA: University of
Georgia.

Trimble, S. W. 1997. Contribution of stream
channel erosion to sediment yield from an
urbanizing watershed. Science 278:1442-1444.

Triquet, A. M., G. A. McPeek, and W. C.
McComb. 1990. Songbird diversity in clearcuts
with and without a riparian buffer strip. Journal
of Soil and Water Conservation July-Aug: 500-
503.

University of Georgia School of Environmen-
tal Design (UGASED). 1997. Land Development
Provisions to Protect Georgia Water Quality.
Athens, GA: Georgia Department of Natural
Resources.

United States Environmental Protection
Agency (USEPA). 1998.  Clean Water Action Plan:
Restoring and Protecting America’s Waters.
Washington, DC: USEPA (EPA-840-R-98-001).

U.S. Army Corps of Engineers (USACE).
1991. Buffer Strips for Riparian Zone Manage-
ment. Waltham, MA: USACE.

Van Deventer, J. S. 1992. A Bibliography of
Riparian Research and Management: Fish, Wild-
life, Vegetation, and Hydrologic Responses to
Livestock Grazing and Other Land Use Activities.
Moscow, Idaho: Idaho Riparian Cooperative,
University of Idaho.

Vannote, R. L., G. W. Minshall, K. W.
Cummins, J. R. Sedell, and C. E. Cushing. 1980.
The river continuum concept. Canadian Journal
of Fisheries and Aquatic Science 37:130-137.

Vought, L. B.-M., J. Dahl, C. L. Pedersen and
J. O. Lacoursière. 1994. Nutrient retention in
riparian ecotones. Ambio 23(6): 343-348.

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

Walters, D. M. (unpublished). Fluctuation of
channel elevation of an upper Piedmont river in
response to human disturbance of the watershed.

Weller, D. E., T. E. Jordan and D. L. Correll.
1998. Heuristic models for material discharge
from landscapes with riparian buffers. Ecological
Applications 8(4): 1156-1169.

Welsch, D. J. 1991. Riparian Forest Buffers:
Function and Design for Protection and Enhance-
ment of Water Resources. Radnor, PA: USDA
Forest Service.

Williams, R. D. and A. D. Nicks. 1993. A
modeling approach to evaluate best management
practices. Water Science and Technology 28(3-5):
675-678).

Williams, R. D. and A. D. Nicks. 1988. Using
CREAMS to simulate filter strip effectiveness in
erosion control. Journal of Soil and Water Conser-
vation Jan-Feb:108-112.

Wood, P. J. and P. D. Armitage. 1997. Biologi-
cal effects of fine sediment in the lotic environ-
ment. Environmental Management 21(2):203-
217.

Xiang, W-N. 1996. GIS-based riparian buffer
analysis: injecting geographic information into
landscape planning. Landscape and Urban Plan-
ning 34: 1-10.

Xiang, W-N. 1993. A GIS method for
riparian water quality buffer generation. Interna-
tional Journal of Geographical Information
Systems 7(1): 57-70.

Xiang, W-N and W. L. Stratton. 1996. The b-
function and variable stream buffer mapping: a
note on ‘A GIS method for riparian water quality
buffer generation.’ International Journal of
Geographical Information Systems 10(4): 499-
510.

Young, R. A., T. Huntrods and W. Anderson.
1980. Effectiveness of vegetated buffer strips in
controlling pollution from feedlot runoff. Journal
of Environmental Quality 9(3):483-487.

References


