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ABSTRACT. Riparian buffers are vegetated areas along water bodies that serve an array of functions, ranging from water quality
protection, soil erosion control, to species preservation. The establishment and maintenance of riparian buffers have been an important
environmental management practice in the United States since the 1970’s. Emerging along with this practice is a body of knowledge
about riparian buffers. In this article, over 500 articles published in the past three decades are reviewed, substantiating this still evolv-
ing field of inquiry, which we shall designate as riparian buffer studies. Among the major findings of the literature review are (1) the
literature starts to emerge with greater frequency in the 1980’s, grows in depth and scope throughout the 1990’s, and continues to the
present date; (2) publications surveyed fall into three broad thematic categories that relate to the functions, performance, and policies
of riparian buffers, respectively; (3) a large percentage of the publications (over 80%) address issues across thematic categories; (4)
this convergence of thematic categories may suggest not only the interwoven nature of the various aspects of riparian buffers, but also
the need for a holistic approach to riparian buffer studies; (5) geospatial information technology plays an integral role in the evolution
of riparian buffer studies; (6) emerging themes for riparian buffer studies include optimization of benefits, wildlife research, ecosystem
restoration, headwater stream functions, economics, restoration, performance, policy, active management, and disturbance ecology, just
to name a few.
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1. Introduction

Riparian buffers are vegetated areas along water bodies
that serve an array of functions (Hairston-Strang and Adams,
2000; Swanson et al., 1982), ranging from water quality pro-
tection (Carpenter et al., 1998), soil erosion control (Bilby,
1984), wildlife preservation (Boulet et al., 2003), to regula-
tory setbacks between certain human activities and a water
body (Payne et al., 1988). The establishment and maintenance
of riparian buffers have been an important environmental
management practice in the United States since the 1970’s
(Xiang, 1993a,b).

Emerging along with this practice is a body of knowledge
about various aspects of riparian buffers, which we shall de-
signate as riparian buffer studies. Drawing upon scholarly
contributions from a wide spectrum of academic fields — for-
estry, geography, botany, economy, political science, hydrolo-
gy, to name just a few, the literature of riparian buffer studies
is cross-disciplinary in nature. This is evidenced by the litera-
ture’s distribution among a wide array of scholarly journals (a
partial list can be found at the end of this article). Although
reviews of the literature that focuses on a specific area of ri-
parian buffer studies are beneficial (Correll, 2005; Wenger,
1999), thus far, a comprehensive review that systematically
examines the characteristics and evolution of this body of kn-
owledge across disciplines has yet to be conducted. Not only
will a review of this caliber present a holistic picture of this
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still emerging area of scientific investigation, but it can also
cultivate the development of a sustainable approach that seeks
a balance among economical, social and environmental goals
in the practice.

This article is intended to serve these purposes. Through
an in-depth literature review of over 500 articles from the past
three decades that substantiate the riparian buffer studies!, it
reveals the following characterizations of riparian buffer stud-
ies. (1) The literature starts to emerge with greater frequency
in the 1980°s, grows in depth and scope throughout the 1990°s,
and continues to the present date. (2) Publications surveyed
fall into three broad thematic categories that relate to the func-
tions, performance, and policies of riparian buffers, respec-
tively. (3) A large percentage of the publications (over 80%)
address issues across thematic categories; and (4) this conver-
gence of thematic categories may suggest not only the inter-
woven nature of the various aspects of riparian buffers, but
also the need for a holistic approach to riparian buffer studies.
(5) Geospatial information technology plays an integral role
in the evolution of riparian buffer studies. (6) Emerging them-
es for riparian buffer studies include optimization of benefits,
wildlife research, ecosystem restoration, headwater stream
functions, economics, restoration, performance, policy, active
management, and disturbance ecology, just to name a few.

The remainder of the article is organized as follows. Sec-
tion 2 discusses the methodology for the literature review.

'A copy of the entire database may be found at http://riparianliteratur
ereview.blogspot.com/
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Table 1. A List of the General Issues

General Issue

Definition

Agriculture

Buffer Composition
Buffer Widths
Ecology

Economy

Effectiveness

Efficiency

Forestry
Geospatial Information
Technology

Government

Habitat

Management

Pollution Filtration

-For the purpose of this paper, agriculture is used as a means of either an area to protect, create policy for,
study area, or as a non-point source of pollution.

-This is the biological or physical composition of a buffer zone, usually including trees, shrubs, and grass.
-This is the actual width of the buffer, which can be constant or variable.

-For the purpose of this paper, ecology is used as the study of ecosystems, ecology, biology, chemistry, or
restoration.

-For the purpose of this paper, an economic focus is used, such as Cost/Benefit analysis of buffers.

-This is the measurement of whether or not a buffer works with respect to such functions as pollutant
removal, habitat protection. It answers the basic yes or no question, was it effective?

-This is the measurement of how well a buffer works with respect to such functions as pollutant removal,
habitat protection. It answers the question, how effective was this buffer and by how much? Authors such
as Ice (2005) and Zorbist et al. (2005) refer to this as optimization.

-For the purpose of this paper, forestry is used with articles that referred to such terms as logging, stream
debris, or forested buffer strips.

-This is spatial technology; examples are GIS, Information Technology, Modeling, and Remote Sensing.

-The focus is from a public agency that conducts or commissions a buffer study or that issues buffer
regulations.

-The term habitat, species or wildlife within a buffer are used.

-This describes the management of buffers. This can be active management, stream management, ecosystem
management, forest management or habitat management for example.

-This is nutrient, pollutant or chemical filtering function or process of buffers.

-This is the protection of some function of the buffer, water quality, habitat and species protection is an

Performance -This is an optimization, effectiveness and efficiency of buffers.
Policy -Buffers are used in a regulatory manner or within a policy.
Protection

example.
Water Quality -This refers to quality of water.
Zone Types

-Generally describes buffer design or creation of buffer types, filter strips or areas of a riparian nature.

Section 3 is a thematic categorization of the literature. Section
4 is a chronicle of buffer studies literature spanning the past
three decades. Section 5 is an examination of the convergence
of the literature. Section 6 draws conclusions.

2. Methodology

This literature review consists of three sets of activities -
literature survey, analysis, and synthesis.

2.1. Literature Survey

To gather literature pertaining to riparian buffer studies,
the survey began with online electronic resources — “Acade-
mic Search Elite” and “Web of Science”. The keywords “ripa-
rian” or “riparian buffering” were utilized. The search conti-
nued with the same keyword on Google, resulting in several
more articles. The references in these articles were used to
gather more literature for the survey. Additional readings were
included in the search, recommended by experts dealing with
riparian buffers. In conjunction with the expert suggested cita-
tions, expert opinions were also solicited. Literatures referen-
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ced in these publications were further retrieved and duplicate
articles were removed from the collection. As a result, over
500 articles were obtained and utilized. Once collected, all the
publications were documented in a Microsoft Access database
with information about the citation, publication date, and a
brief summary, preparing the database for this massive litera-
ture review analysis. It should be noted that more articles in
specialized areas can be found through a keyword search with
such terms as “streamside management,” “filter strips,” and
“active management”.

2.2. Literature Analysis and Synthesis

The review activities, including analysis and synthesis,
took place at three levels. Firstly, a thematic analysis grouped
publications into three broad thematic categories based upon
general issues raised in the literature and a literature review
by thematic category. Secondly, a chronicle explicated the
evolution of the literature from the 1980°s to the 2000’s.
Thirdly, a synthesis of the literature demonstrated a conver-
gent trend toward a holistic approach in riparian buffer studies.
The results of these activities are reported in the subsequent
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sections.

3. A Thematic Categorization of Riparian Buffer
Studies Literature

In the literature survey, 18 general issues were first iden-
tified as common key issues in the publications of riparian
buffer studies (see Tables 1). Based upon these general issues,
the publications surveyed were then aggregated into three
broad thematic categories that are related to the functions, per-
formance, and policies of riparian buffers, respectively (See
Table 2 and Figure 1).

Table 2. The Distribution of the General Issues among the
Three Categories

General Issue % Frequency Category
Pollution Filtration 61% Performance
Agriculture 37% Function
Water Quality 35% Function
Ecology 31% Function
Forestry 29% Function
Management 29% Policy
Protection 28% Function
Geospatial Information  27% Performance
Technology

Buffer Composition 25% Performance
Buffer Widths 23% Performance
Effectiveness 23% Performance
Performance 20% Performance
Habitat 19% Function
Policy 16% Policy
Economy 13% Function
Zone Types 8% Policy
Efficiency 7% Performance
Government 5% Policy

3.1. Buffer Function

Publications in the Buffer Function category are con-
cerned with (1) the roles that riparian buffers play in water
quality protection, soil erosion control, or species preservation;
and (2) their capabilities to play these various roles. Several
examples exist. Clausen et al. (2000) explored agriculture
related issues — a cornfield was reseeded with grass resulting
in a decrease in pollution entering the watersystem. Qiu and
Prato (1998) researched the economy of riparian buffers using
cost/benefit analysis and land use study. Ecology was a factor
addressed in Barfield et al. (1998). Their focus was placed on
water quality in natural riparian buffer areas, and buffer ef-
fectiveness or optimization with different land uses. Hibbs
and Bower (2001) described the usefulness of riparian buffer
studies related to forestry, explores tree regeneration factors
within the riparian buffer. Hanowski et al. (2003) observed
birds’ response to certain logging practices within the birds’
habitats — riparian forest buffers. Spruill’s (2004) measured

how well riparian buffers filter nitrates, providing an example
of the general issues protection and water quality of riparian
buffer literature.

[ Riparian Buffer Studies ]

s N\
Buffer-Function ][ Buffer-Performance J{ Buffer-Policy
Agriculture Buffer Cgmposmon Government
Economy Buffer Widths
. Management
Ecology Effectiveness .
. Policy
Forestry Efficiency Zone T
Habitat Geospatial Information Technology! one Lypes
Protection Performance
Water Quality Pollution Filtration
\ J/

Figure 1. Aggregation of general riparian buffer study issues
across three thematic categories.

3.2. Buffer Policy

Literatures in the Buffer Policy category focus on regula-
tions, plans or policies for the establishment and maintenance
of riparian buffers. Government (Barfield et al., 1998), mana-
gement (Ice, 1995), policy (Jorgense et al., 2000), and zone
types (Blackwell et al., 1999) are general issues in this cate-
gory. For instance, Inamdar and Dillaha (2000) studied buffer
width requirements. Castelle et al. (1999) examined best ma-
nagement practices (BMP) for water quality, tax incentives,
and buffer width functions. Zimmerman et al. (2003) invest-
tigated logging along with agricultural policies.

3.3. Buffer Performance

Publications in the Buffer Performance category scruti-
nize the measurement of effectiveness and efficiency of ripar-
ian buffers and/or examine tools for the studies of buffer ef-
fectiveness and efficiency. There are many examples in the li-
terature survey. For instance, in a review of buffer width re-
quirements, Castelle et al. (1999) analyzed a range of buffer
widths for their effectiveness of removing nutrients before
runnoff entered the water table. Lee et al. (2000) performed
simulated rainfall analysis using land use data, emphasizing
the importance of varying widths and buffer composition.
Hjelmfelt and Wang (1997) investigated buffer composition
and explained the impact vegetation has on water quality. The
general issue of buffer effectiveness is exemplified in Bouldin
et al. (2004). They performed a comparative assessment of a
ditch system’s capability of pollution reduction in wastewater
with that of the riparian buffers. Zhang et al. (2000) explored
the efficiency and effectiveness of buffers in pollution control
management. Buffers’ efficiency and effectiveness are clearly
related to their performance. For example, Clausen et al.
(1993) studied the effectiveness and efficiency of rehabili-
tating riparian buffers once the buffers are removed or damag-
ed. In this study, the efficiency and effectiveness of the ripa-
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rian buffer were used as the measurement of buffer perfor-
mance. Pollution filtration is a primary topic for several stu-
dies. Jacobs and Gilliam (1985) reported alternate facets of
pollution reduction. Kuusements et al. (2001) measured the
nutrients in water. Shannon et al. (2000) and Spruill (2000)
evaluated effectiveness of the buffers to reduce nitrate loads
to streams.

This period of time saw a surge in the use of geospatial
information technology in riparian buffer studies. For instance,
Xiang (1996) used geographic information systems (GIS) mo-
deling in land use planning to assess and create variable buf-
fers — buffer zones of non-constant width. Baker et al. (2001a)
and Von Waldow et al. (2002) used landuse and terrain data in
GIS to assess nutrient transport. Weng et al. (2003) utilized
hydrologic modeling to assess water quality. Lunetta et al.
(2003) used geospatial information technology and remote
sensing imagery in classifying riparian buffers.

4. A Chronicle of Riparian Buffer Studies Literature

The time series analysis in our research revealed the fol-
lowing evolutionary pattern. With a rather modest and less fo-
cused literature during the period of 1950’s through 1970’s
(for example, Gleason, 1953; Berntsen and Rothacher, 1959;
Fredriksen, 1970 and 1972; Moring and Lantz, 1975; Harr,
1976; Swanson and Lienkaemper, 1978; and Maser et. al.,
1978), the riparian buffer studies literature began to emerge
with a greater frequency in the 1980’s. It grew in both depth
and breadth throughout the 1990°s, and continues to increase
in this manner to the present date. There is a set of commonal-
ities widely shared, but each decade is featured by unique
characteristics, emerging themes and trends.

4.1. The 1980’s: Ecosystem, Design, and Filtration

The riparian buffer studies during the 1980’s covered all
three thematic areas of function, performance, and policy,
with focuses on such issues as design, function, and resilience
of riparian ecosystems, habitat reconstruction, farm subsidies,
and regulations.

4.1.1. Buffer function studies in the 1980°s

There was a rise in awareness of the importance of ripar-
ian buffers in the 1980’s. Vannote et al. (1980) described the
relationship of the design, function, and resilience of riparian
ecosystems, supporting the “River Continuum Concept” as a
major framework. Swanson et al. (1982) defined the riparian
zone as “the interface between aquatic and terrestrial environ-
ments in coniferous forests which forms a narrow riparian
zone.” They discussed the design, constituents, and functions
of riparian buffers at the ecosystem level. This riparian zone
research ties together scientific disciplines and ecosystem
components. Rapport et al. (1985) found the commonality be-
tween land and water riparian systems when they are under
stress and/or disruption, such as forest harvesting, habitat re-
structure, pollution, exotic species introduction, and/or in the
event of a natural disaster.
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4.1.2. Buffer policy studies in the 1980’s

Policy changes were a topic for some of the 1980’s litera-
ture. Advocating the idea of a worldwide stream management
approach, Petersen et al. (1987) stressed the importance of
riparian buffers to stream management, and emphasized the
interlink of water systems on the Earth. Sedell and Swanson
(1982), based upon the benefits of large woody debris for spe-
cies and habitat, highlighted the significance of forest vegeta-
tion to aquatic habitat in riparian ecosystems. Bisson and Se-
dell (1984) reported a study of certain fish species after forest
legislation mandated debris removal, immediately following
logging. They found that the types of species and age com-
position were different than prior to timber harvesting and that
this related to habitat change. Bilby (1984) found that removal
of large woody debris from streams can seriously change stre-
am channels and affect habitat. He suggested a revised guide
to the practice. Maser and Trappe (1984), through a synthe-
sis of data on trees that had fallen in unmanaged old-growth
forests, illustrated the ramifications of the practice of large
woody debris removal. Bisson et al. (1987) discussed the fun-
ctions and management of large woody debris in streams in
relation to habitat and sediment control as well as water qua-
lity issues. Heimlich (1986) measured the marginal cost of hi-
ghly erodible farmland. He described the policy of agricul-
tural land that was ranked as highly erodible, and suggested
that the provision of subsidies under certain farm programs
not be paid to those whose crops were raised on land predomi-
nate to erosion.

4.1.3. Buffer performance studies in the 1980’s

Cooper et al. (1987) and Jacobs and Gilliam (1985) in-
vestigated riparian buffer’s capability to filter pollutants. Phi-
llips (1989a,b,c) studied the filtration performance. Sedell et
al. (1989) explored the complexities associated with carbon
processing and fish habitat. The diverse interactions along wa-
terways, both spatial and temporal in manner, were discussed
as the interaction of the waterway with its forest lined banks
and floodplain as part of this critical process. Bradshaw (1983)
discussed habitat reconstruction and restocking wildlife and
plant species to enhance the performance of riparian buffers.

Osterkamp and Hupp (1984) found that distribution of
vegetation species is a controlled process of frequency and
intensity of stream flow, and that the plant locations may aid
in flood predictions. Harr (1981) examined hydro-meteorolo-
gical data, finding that erosion at headwater areas pertained to
snowmelt during rainfall causing downstream flooding. Cam-
pbell and Sidle (1984) calculated predictions for peak stream-
flows for culvert and road design. Adams et al. (1986) esti-
mated peak streamflow. These issues dealt with avoiding eco-
nomic and environmental costs associated with large storms
and bridge or culvert design failure over streams.

4.2. The 1990°s: Technology, Modeling, and Land Use
Planning

The 1990°s saw an expansion in riparian buffer studies
along three dimensions of technology, modeling and land use
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planning. The foci spread among a wide range of topics, in-
cluding buffer policy, management, regulations, standards,
economics, buffer performance, geospatial information tech-
nology, buffer width and composition. The advancement in
science and technology elevated the level of sophistication in
riparian buffer studies. Geospatial information technology in
studying riparian buffers began an intense exploration, attest-
ing to the true functionality of this tool for riparian buffer
studies.

4.2.1. Buffer function studies in the 1990°s

Water quality protection remained a major function of the
riparian buffers. Karr (1991) called for “ecologically sound
tools” with a broad base of input from many disciplines to
protect water quality. Carpenter et al. (1998), Clausen et al.
(1993), Cooper (1993), and Nikolaidis et al. (1993) all focus-
ed on water quality by modeling the behavior of non-point
source pollutants (NPSP) from agricultural sources within a
riparian buffer. Hanson et al. (1994) examined Nitrogen and
Carbon contents within riparian buffers. Pinay et al. (1993)
explained the pattern of denitrification, estimating the magni-
tude of buffering capacities. Large et al. (1993) looked at re-
construction of floodplains for water quality protection. Mit-
sch et al. (1995) examined freshwater riparian marshes as a
retention area to extract pollutants from runoff. Blackwell et
al. (1999) discussed the use of conventional and alternative
locations for riparian buffer zones to remove nitrates from
agricultural runoff.

Also reported were other buffer functions that are related
to ecosystem components, including riparian habitat and wild-
life (for example, Carey and Johnson, 1995), vegetation chan-
ges, and stream channel changes. Smith et al. (1991) discus-
sed diversion of streams around hydro-electric plants and its
impacts on plant species appearance and growth. Sharitz et al.
(1992) recommended that the maintenance of ecological va-
lues be part of the management of natural resource and com-
mercial forestry. Hornbeck and Swank (1992) discussed com-
petition between different land uses for riparian sites. They
suggested strategies for demonstration of the non-compatible
landuses for the ecosystem. Stromberg et al. (1993) revealed
the threates that groundwater pumping imposed on species
and their habitats. Stromberg et al. (1996) assessed the im-
pacts of groundwater depletion on riparian ecosystems. De-
campls (1993) and Naiman et al. (1993) examined biodiver-
sity within riparian buffers. Bell et al. (1997) presented a me-
thodology for review of a large landscape and restoration of
ecosystems. Welsh and Ollivier (1998) examined the use of
stream amphibians as stress indicators for ecosystems. A
USDA report (1993) confirmed that the role of the riparian
buffers was important for wildlife habitat. Kerans and Karr
(1994) utilized the invertebrate data from the Tennessee Val-
ley Authority (TVA) water systems to assess the condition of
riparian habitat and the wildlife within. Debinski and Brussard
(1994) used riparian buffer areas to establish techniques for
studying species assemblages and their relationships to habi-
tat.

Berg (1995) wrote of the restoration of riparian forests

for habitat. Studies by Addy (1999), Darveau et al. (1998),
May and Homer (2002), and Weston (1995) examined issues
that pertain to riparian buffer performance, land use patterns
in and/or around the riparian buffers, biota and animal species
protections within buffer habitats. Stevens et al. (1995) stud-
ied marshland habitat and the species within. Sala et al. (1996)
examined the role of certain types of vegetation within a wet-
land. They looked for plants with the best water intake and
pollution filtration. Walsh and Harris (1996) monitored the
habitat preferences of bats within riparian buffers. Darveau et
al. (1997) performed a study of the risk of predations amongst
bird’s nests in riparian forests. Michener et al. (1997) exam-
ined storm impacts on coastal wetlands. Darveau et al. (1998)
monitored snowshoe hares on their riparian forest habitats.
May (1998) studied salmonid habitat in urban streams and
Knapp et al. (1998) used riparian buffers to measure spawning
habitat and recruitment of salmonids, while Torgerson et al.
(1999) examined salmon distribution and behavior. Skagen et
al. (1998) studied migrating land birds in a riparian environ-
ment. Dobkin et al. (1998) studied habitat, riparian meadow
systems, and grazing by livestocks. Stewart and Samways
(1998) sampled dragonflies within a riparian buffer habitat. In
order to predict bird species distribution across riparian for-
ests, Saab (1999) built their study on spatial scale using three
measurements - microhabitat (plant assembleges), macrohabi-
tat (overall riparian forest composition where these species
are found), and landscape (riparian buffer composition and
surrounding land use). Ferreras and Macdonald (1999) per-
formed a study that assessed the impacts of American mink
mustela on water birds. Hughes and Cass (1997) wrote about
the impact of flooding along riparian buffers on vegetation
patterns Toner and Keddy (1997) modeled hydrologic changes
in riparian buffer habitats. Scott et al. (1997) examined the
flood dependencies of plants modified by water management
activities. Snodgrass (1997) reported that species richness and
habitat diversity were attributed to beaver activities in many
riparian areas. Stohlgren et al. (1997) looked at riparian plant
diversity. Estades and Temple (1999) monitor bird communi-
ties and exotic plants within riparian buffer areas. Stohlgren et
al. (1999) performed an analysis to show how grazing and soil
quality affect plant life, both exotic and native. Young and
Huryn (1999) measured sedimentation and landuse to study
the affect of land use on a stream’s ecosystem.

Several publications addressed the buffer function issues
that are related to human activities. Marion and Cole (1996)
investigated the impacts of camping sites on vegetation and
soil within recreational areas inside riparian buffers. Christen-
sen et al. (1996) investigated the impact of residential deve-
lopment on woody debris abundance within the riparian zones.
Cairns and Heckman (1996) discussed human impacts on ri-
parian buffers, and buffer restorations. Reid et al. (1997) stu-
died the impacts of chemical pest-management and landuse
on riparian plants, wildlife, and habitat.

4.2.2. Buffer policy studies in the 1990’s

A surge in publications surfaced that centers on riparian
buffer policy, management, regulations, and standards. Coo-
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per (1993) discussed management practices, and technology
with respect to assessment of riparian buffer functions. Keiter
(1998) called for an integrated approach, including legisla-
tions, to ecosystem management. He demonstrated how laws
can promote and hindered movement toward incorporation of
management and ownership. Barfield et al. (1998), Hubbard
and Lowrance (1994) reported buffer management studies on
the forest regulations along streams. Dupoldt (1997) and Ice
(1995) examined systematically buffer regulations for erosion
control, watershed management, water quality protection, and
flood controls. Robinson et al. (1997) discussed riparian buf-
fer regulations with examples for development of state stan-
dards. Ice et al. (1998) proposed an innovative approach to ri-
parian buffer practices. After examining both forest regula-
tions and buffer requirements, they suggested modification of
BMP policies regarding forest buffers and streams. Deutsch-
man and Leach (1998) and Sheridan et al. (1999) examined a
number of riparian buffer issues. These include BMP’s for
water quality protection, land use control, pollution reduction,
erosion control, and economic considerations in and around
the riparian buffers.

Some policy-oriented literature contributed to the eco-
nomic aspect of riparian buffer studies. Qiu and Prato (1998),
for example, through a cost/benefit analysis, studied the cost-
effectiveness of agricultural land assemblage with monetary
appraisal of riparian buffers.

4.2.3. Buffer performance studies in the 1990’s

Publications of this decade predominantly examined the
performance of riparian buffers. With an increase in enligh-
tenment of how well the riparian buffers control and reduce
NPSP (Addy et al., 1999; Gilliam, 1994; Lowrance et al.,
1997; Martin et al., 1999; Nikolaidis et al., 1993), issues of
buffer restoration (Clausen et al., 1993; Large et al., 1993) and
performance (Blackwell et al., 1999) became eminent.

Geospatial information technology, such as GIS, and ad-
vanced modeling were premier literature topics pertaining to
buffer performance of this period. As a prime example for the
use of GIS in riparian buffer modeling and environmental
planning, Xiang (1993a,b; 1996) demonstrated, through real
world case studies, how spatial technology and modeling can
help advance the riparian buffer studies. Tufford et al. (1998)
employed GIS to visualize the relationships among streams,
land use and pollution within riparian buffers. Xiang (1998)
studied the buffer-induced setback effects on riparian aesthe-
tics with GPS and GIS technology. During this period of time,
an emerging area of study was watershed modeling, and ex-
emplified by the development and application of such models
as the Groundwater Loading Effects of Agricultural Manage-
ment Systems (GLEAMS). Parsons et al. (1997), for instance,
experimented with the GLEAMS model to simulate overland
flow of animal wastewater.

Buffer width and composition in relation to buffer per-
formance received much attention from many authors. Based
upon Phillips’ (1989a,b,c) soil hydrological model, Xiang
(1993a,b) developed a GIS approach to calculating variable
riparian buffer widths. Bosch et al. (1994) assessed buffer per-
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formance in relation to different compositions. Brown et al.
(1997) compared the benefits of variable buffer widths versus
fixed buffers. Castelle et al. (1999) and a study by Kuusemets
and Mander (1999) considered varying riparian buffer compo-
sition and widths to be important parameters in buffer mode-
ling and scenario composition. Baillie et al. (1999) utilized
variable buffers in a soil erosion study. Keim and Schoenholtz
(1999) examined riparian buffers at a watershed level.

4.3. The 2000’s: Best Management Practices and
Geospatial Information Technology

The publications of the 2000’s feature such topics as buf-
fer function, water quality; buffer policy, management and
economics; and buffer performance, effectiveness, buffer wi-
dth, modeling, geospatial information technology, and remote
sensing imagery.

4.3.1. Buffer function studies in the 2000’s

At this point, there was a cumulated knowledge base
from previous decades. The authors further defined the role of
the buffer, stretching the fundamentals of riparian buffer stud-
ies, posing new questions and performing novel studies of
buffer function. This forging and expansion of the fundamen-
tals of riparian buffer knowledge is vital for growth of all
riparian buffer function studies.

For instance, Kreutzweiser et al. (2004) investigated the
effects of selective harvesting within a forest. Poole and Ber-
man (2001) and Jackson et al. (2001) studied the temperature
adjustment function of riparian buffers. Puckett et al. (2002)
and Vidon and Hill (2004) analyzed the run-off from melting
glaciers and its impacts on the environment. Wilzbach et al.
(2005) studied the interwoven relationship between salmon
and the forest, based upon the nitrogen nutrient left behind by
the fish.

A topic that has not lost focus from previous decades is
that of sedimentation and debris within the riparian system.
Ice (2005a,b) highlighted the importance of riparian buffers as
a source of wood and debris for streams. This aids water sys-
tem processes for species, sediment control and habitat. An
impact study by Moore and Wondzell (2005) discussed how
massive forest harvesting can be a cause of erosion, allowing
increased sediment to enter headwater streams, leading to po-
tential downstream flooding.

Water pollution issues continued to be a subject of buffer
function studies during this decade. Shannon et al. (2000) de-
monstrate the benefits of riparian buffers in cleansing water
pollution by examing denitrification rates on both poorly and
well-drained riparian soils. Davis and Hitchings (2000), Han-
tush and Marino (2001), Karr et al. (2001), Spruill (2004), and
Vellidis and Lowrance (2004) studied the buffer function of
ground water quality protection. Kuusemets et al. (2001) and
Wigington et al. (2003) explored the relationship between bu-
ffer compositions and buffer’s runoff purification efficiency.
Wiginton et al. (2003) analyzed the effectiveness of grass buf-
fers, while Kuusements et al. (2001) compared types of vege-
tation, meadow covered and tree covered land, with buffer
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purification efficiency. Meding et al. (2001) and Vellidis and
Lowrance (2004) utilized the riparian buffer’s natural filtra-
tion process to propose projects for municipal water filtration.
Their proposal was to spray irrigation over forested buffers
showing the capability of the buffer to protect the municipal
water supplies and cleanse reclaimed water. Reungsan et al.
(2001) explored removal of microbial organisms and pollut-
ants in differing soil types by spraying over forested buffers,
allowing the buffer’s capability to process.

4.3.2. Buffer policy studies in the 2000’s

The previous two decades brought about the creation of
policies and management of riparian buffer studies. During
the 2000’s, studies were focusd on re-evaluating policy and
management strategies, as well as establishing BMP’s. These
included such topics as adaptation of management tools for
restoring riparian buffer zones, water quality impacts, and
data base development for policy implementation (Jorgense et
al., 2000). A prime example is the best forest management
practices in the Mid-Atlantic region by the Mid-Atlantic Inte-
grated Assessment Program (MAIA) (Thornton et al., 2000).
MAIA's is an organization made up of both government and
non-government agencies that provides the Mid-Atlantic re-
gion with supports for environmental decision-making proc-
esses. These include, but are not limited to, scientific and mo-
nitoring tools, products and reports, and provision of reliable
data (EPA, 2005). Jorgense et al. (2000) found some aspects
of MAIA were in need of revamping, and suggested goals and
tools for managing different aspects of riparian buffers eco-
system restoration.

Other policy related studies were reported from a wide
range of topic areas. We found several authors discussed ripa-
rian management practices (Booth et al., 2002; Scott et al.,
2002; Vache et al., 2002). Hancock (2002) demonstrated the
importance of buffer performance to land use policies, calling
for more effective land use practices and policies for pollution
filtration. To improve the efficiency and effectiveness of pol-
lution control management, Zhang et al. (2000) examined fac-
tors that contribute to the transport of pollutants from waste-
water sites. Nerbonne and Vondracek (2001) studied erosion
control along with habitat, pollution and buffer composition in
defining the optimal buffer zones, relating to riparian buffer
management practices. Scott et al. (2002) discussed the bene-
fits of retaining and managing native natural buffer areas. Ice
(2000) wrote of the importance of an active management ap-
proach to the achievement of a balance between environ-
mental and economic goals at the watershed level. Horner et
al. (2002) discussed Storm Water BMP designs. Booth et al.
(2002) studied a BMP case for watershed conservation in the
rural areas. Vache et al. (2002) suggested BMP for water qua-
lity protection through the scenarios composed with the Soil
& Water Assessment Tool (SWAT).

Part of re-evaluation of policy and management envel-
oped economic aspect of riparian buffer studies. Ice (2005a,b)
compared U.S. Pacific Northwestern states forest practice
rules looking at the point of diminishing return between the
environmental and economic implications involved. Matero

(2004) wrote about the cost-effectiveness of managing ripa-
rian buffers. To achieve the dual objective of reducing phos-
phorus leaching and minimizing cost, he proposed a series of
measures, including maintenance of proper drainage, riparian
buffer creation, and suggested that multiple factors be taken
into account. These include such factors as the affects on wa-
ter pollution, forest harvesting, a technology review, econo-
mic factors, and cost effectiveness. The USDA Cost Share
Program attached economic incentives to the maintenance of
riparian buffers and the species within (Lowrance et al., 2001).
Utilized a hydrologic modeling process, Riparian Ecosystem
Management Model (REMM), the program scrutinized quail-
ty of water and nutrient load, pointing out the importance of
acceptable variable buffer widths for optimal effectiveness.

4.3.3. Buffer performance studies in the 2000’s

During this time period, the performance studies embra-
ced a broader range of factors, such as type, width and com-
position of riparian buffers. Oelbermann and Gordon (2000)
studied how buffer restoration can enhance buffer’s perfor-
mance. Zimmerman et al. (2003) studied habitat and erosion
control, investigating land use’s contribution to loading sedi-
ment into waterways and its impacts on the fish communities.
Wynn et al. (2004) considered performance issues when exa-
mining stream-bank stabilization. Bouldin et al. (2004) resear-
ched buffer’s effectiveness and/or capability of runoff pol-
lution removal in camparison with those of ditch systems.
Dukes et al. (2002) tested riparian buffer widths in water qua-
lity studies. Hannon et al. (2002) measured performance of ri-
parian buffers, before and after harvesting, with respect to va-
rious species residing within an experimental forest buffer of
variable width. Hanowski et al. (2003) studied bird species’
response to different harvesting techniques in their habitats.

The measurement of riparian buffer performance can also
be used as the evaluation of effectiveness and optimal buffer
width. Spruill (2000) measured nitrates on ground water qual-
ity, looking for the most effective process. Lowrance et al.
(2001) studied riparian buffers to calculate optimal buffer wi-
dth. Both authors were searching for the optimal buffer effect-
tiveness by looking at two different processes. This trend con-
tinued as a favored topic in conjunction with other topics in
publications of this instance of time. Kreutzweiser and Capell
(2002) examined whether riparian buffers reduce sediment
load delivered from selective harvesting land, and made the
suggestion that buffer effectiveness analysis be integral part of
ground water management practices. In a water supply master
plan review, Choi (2001) assessed the effectiveness of riparian
buffers in protecting water supplies. Denny (2001) discussed
management of riparian buffers for effectiveness.

There were performance studies that focused on invest-
ment; policy and inventory of wetlands. For example, Reeves
(2004) examined the policy of tax credits given for forest
buffered land, and measured whether it is efficient for the
company to use the tax credits. He found that the monetary
value of the trees exceeded the value of the total tax credit
amounts for logging of certain crops. For future restoration
and management of conservation easements along certain
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streams, Thompson (2001) assessed feasibility of performance
and effectiveness of a riparian buffer. On a calculation of ef-
fectiveness, May and Horner (2002) proposed stream design
standards, and called for a minimization of impervious sur-
faces. Lamb et al. (2003) called for a re-evaluation of buffer
management guidelines to incorporate the effectiveness and
performance of the riparian buffer policies.

The advancement in geospatial information technology,
especially GIS, continued to contribute to buffer performance
studies. Montas et al. (2000) used Hydrosub to measure the
riparian buffer impacts on water quality. Leland (2000) re-
ported the use of GIS in studies of stream temperature within
a riparian zone. Baker et al. (2001a,b) used GIS based models
that incorporated multiple factors, such as land use/cover and
terrain-based data to prove the buffer’s potential for reducing
water pollutants. Carver et al. (2004) and Stewart et al. (2001)
applied GIS to delineation of riparian buffer boundaries. They
also demonstrated how GIS can help determine the best
vegetation compositions for buffers.

Spatial modeling made further advancement in the mea-
surement of buffer performance. Clausen et al. (2000) used
modeling and simulation of ground conditions in a buffer ana-
lysis, measuring several aspects of the riparian buffer zone
against one another. Utilizing GIS, Fitzpatrick et al. (2001)
was able to determine water quality indicators for stream as-
sessment. Poole and Berman (2001) argued that there is an
ecological perspective on stream-temperature impact assess-
ment in the Mechanistic Temperature Models, and demon-
strated that geospatial information technology tools can bene-
fit the modeling of these complex processes. Vellidis (incon-
stant with the reference) and Lowrance (2004) used the Re-
duction of NPSP Model and Management model (RFBS) to
describe the movement of water runoff and nitrate in ground-
water toward streams. Simpkins et al. (2002) applied Recircu-
lation Infusion Mash System (RIMS System) to model buffers
along shallow groundwater flow systems. Stone et al. (2001)
and Cerucci and Conrad (2003) expanded nutrient transport
models. They used the Groundwater Loading Effects of Agri-
cultural Management Systems (GLEAMS) and REMM in
their riparian buffer studies. These types of studies relayed vi-
sualization of the processes within the buffer. Popular hydro-
logic models SWAT (Vache et al., 2002; Cerucci and Conrad,
2003) and MARTHE (Weng et al., 2003) were used to simu-
late water flow issues. There were still other ecological risk
assessment frameworks that were used to predict NPSP vul-
nerability. Potter et al. (2004) assessed the risk of water qua-
lity and aquatic biodiversity associated with land use varia-
tions, and demonstrated how this information can help policy
makers and natural resources managers to improve their pra-
ctice. Djodjic et al. (2002) used GLEAMS as an environmen-
tally focused Decision Support System to facilitate planning
practitioners to develop BMP’s. A comprehensive index of th-
ese and other riparian buffer models can be found in Parsons
et al. (2001).

Remote sensing of the landscape emerged as a subject of
riparian buffer performance studies during the 2000’s. For ex-
ample, Lunetta et al. (2003) reported a project in which GIS,
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remote sensing imagery and quantitative assessment models
were integrated to support decision-making in and around
riparian buffers. The use of imagery has eased the need for
some field collection tasks. Klemas (2001) discussed the alter-
native management scenarios using rasterized land use data
derived from satellite imageries. In a scenario analysis, Con-
galton et al. (2002) used changing parameters in datasets to
produce and run riparian buffer simulation studies. Their ap-
proach can be readily adapted by analysts in different policy
environments. A comprehensive index of riparian buffer mo-
dels can be found in Parsons et al. (2001).

5. The Convergence of the Literature

Although the above thematic categorization serves the
purpose of analysis well, a large percentage of the publica-
tions (over 80%) address issues across thematic categories.
This convergence of thematic categories in the literature may
reflect the realization within the riparian buffer studies com-
munity about the interwoven nature of the various aspects of
riparian buffer studies. As shown in the Venn Diagram in Fig-
ure 2, the convergence takes place at three levels.

BUFFER
POLICY

BUFFER
FUNCTION _

BUFFER
. PERFORMANCE

Figure 2. The Interconnectivity between the three thematic
categories.

5.1. The Three Levels of Literature Convergence

A publication qualifies for placement in first-order con-
vergence when it clearly falls within one of the three thematic
categories (that is, buffer function, buffer policy, or buffer per-
formance). Over 10% of the literature fits within this realm.

Literature may only fall within the Function Category.
For instance, Sedell and Swanson (1982) discussed the char-
acteristics of stream ecology, habitat, wildlife, debris and sedi-
ment. Vannote et al. (1980) discussed the physical character-
istics of a river system. Literature may also only fall within
the Policy Category. For example, Brinson and Rheinhardt
(1996) measured the function of wetlands. This proposed a
standardized approach to analysis may then reinforce this tie
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between wetland policy, resources and ethics. Some literature
may only fall within the Performance Category. For instance,
Soranno et al. (1996) measured NPSP, utilizing GIS modeling.
Goetza et al. (2003) examined the use of IKONOS satellite
imagery for resource management. Nagler et al. (2005) cre-
ated a vegetation index model from Moderate Resolution Ima-
ging Spectrometer (MODIS).

A publication qualifies for placement in second-order
convergence when it has a combination of two out of the three
categories (that is, buffer function and buffer policy, buffer
function and buffer performance, or buffer policy and buffer
performance). Over 50% of literatures fall within this realm.
However, there is no clear division between most of the buffer
publications — many overlap in thematic category. There are
several examples from the literature which illustrate this over-
lap of thematic categories. Subjects vary.

A number of publications, from our literature survey,
have a tendency to be in the category of buffer policy and buf-
fer performance. McGlynn and Seibert (2003) wrote an article
on applied computation of effectiveness that encompasses the
general issues of policy and performance. Another example is
the buffer width and the composition requirements study by
Dukes et al. (2002).

Literatures that straddle between the thematic categories
of buffer function and buffer performance adhere to several
issues. These include, ecological effects from certain land use
(Zimmerman et al., 2003 and Boothroyd et al., 2004), water
quality protection and economic values of buffers (Qiu and
Prato, 2001; Boothroyd et al., 2004), effects of logging (Dig-
nan and Bren, 2003), watershed impacts (Montas et al., 2000),
buffer restoration and buffer performance (Clausen et al.,
2000), buffer widths and composition (Lee et al., 2000). In
addition, Hubbard and Lowrance (1994) performed an impact
stream assessment in search of criteria for an optimal ap-
proach to water quality protection by riparian forest buffers.
The US Geological Survey (USGS) reported on the effective-
ness of different riparian buffers in controlling ground-water
discharge of nitrate to streams (Spruill, 2004). Bosch et al.
(1994) assessed the performance of different field types in
water quality protection. Lowrance et al. (1997) observed the
herbicide transport under different vegetation covers and in
various spatial locations with respect to stream proximity.
Wigington et al. (2003) examined the effectiveness of grass
buffers in pollutant removal from streams.

Literature covering buffer function and buffer policy var-
ied by topic, geared toward such issues as habitat, species,
vegetation, regulation, standards, conservation, and/or rehabi-
litation. Shirley (2004) discussed the influences of riparian
buffers on habitat, diversity, and buffer width. McClain and
Cassio (2003) utilized multiple criteria to measure specific ve-
getation features with focus on the riparian environments.
They also answered questions about mechanisms for conser-
vation, while reviewing the values local residents place on the
riparian environments. Miltner et al. (2004) called for a larger
regulatory framework with supportive rationale. May and
Horner (2002) and Nerbonne and Vondracek (2001) designed
storm water management standards for conservation and habi-

tat preservation. Within this integration order, Large et al.
(1993) and Poole and Berman (2001) called for the develop-
ment of sound management strategies for rehabilitating ripa-
rian buffer zones to serve the purposes of conservation and
water quality protection.

A publication qualifies for placement in third-order con-
vergence if it has components of all three thematic categories
(that is, buffer function, buffer policy, and buffer performan-
ce). This will be referred to hereafter as a holistic approach to
riparian buffer studies as it strives to reach a balance among
economical, environmental, and social goals. A significant
portion of the literature, roughly 30%, is within this realm.
Simpkins et al. (2002) looked at the use of modeling, while
Cerucci and Conrad (2003) used geospatial information tech-
nology, to provide decisions for protecting water quality, buf-
fer performance, and optimizing affordable riparian buffers
widths. Qiu and Prato (1998) deemed the importance of the
cost and benefit analysis in riparian buffer studies. The USDA
set standards for BMP’s, recommending different buffer wi-
dths to protect forests and protect water quality (Sheridan et
al., 1999). Ice (2005a) discussed the streamside management
zones and forestry programs for several U.S. Pacific North-
western States. Ice (2005b) systematically addressed several
issues, including active management, assessment tools, mo-
dels, selective harvesting, the use of exclusion zones, zone
types and economic aspects of riparian buffers, and the idea of
riparian buffer optimization. Similar idea of optimization was
discussed in Zorbist et al. (2005). They took a holistic view of
various issues surrounding riparian buffers, including legisla-
ture, management, buffer composition and widths, ecosystem
health, logging, efficient economics and performance, and
habitat protection. Jorgense et al. (2000) combined restoration,
monitoring, design, composition and assessment of riparian
areas. Choi (2001) described the buffer establishment and ma-
nagement in a master plan for water supply source protection.
Denny (2001) discussed the building of a wetland inventory
system and development of a management policy. Nerbonne
and Vondracek (2001) suggested BMP’s in riparian buffer
zones for habitat and species, erosion, pollution, management,
composition and widths. Ice et al. (1998) described state gui-
delines for modification of forest practice rules, and discussed
buffer requirements under a fully integrated approach. This
convergence of thematic categories suggests clearly a thrust
towards a holistic approach to riparian buffer studies.

5.2. Distribution of the Literature across the Three Levels

The distribution of this integration reveals a movement
of the literature towards this third-order convergence. The dis-
tribution resembles a pentagon (see Figure 3.). Most of the li-
terature currently falls into the second-order convergence, the
next largest group falls into the third-order convergence.

5.3. A Chronicle of the Convergence

The convergence of thematic categories intensifies from
1980’s through the 2000’s, suggesting a movement towards a
holistic approach to riparian buffer studies. In the 1980’s, the
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literature was mainly focused on buffer function or buffer po-
licy. In the 1990’s, there was an increasing number of the lite-
rature that address buffer function, buffer policy and buffer
performance. In the 2000’s, there was a slight, although im-
portant, shift in the literature towards the research topics and
activities that involve issues across all three thematic catego-
ries. This convergence of the literature is evident as shown in
Figure 4.

FUNCTION
3l Order POLICY
PERFORMANCE
271 Order;
FUNCTION FUNCTION POLICY
POLICY PERFORMAMCE PERFORMANCE
FUNCTION POLICY PERFORMAMNCE
1% Order

Figure 3. The riparian buffer studies distribution by
characteristic.
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Figure 4. The chronicle of literature by thematic category.

6. Conclusions

The two most eminent characteristics of riparian buffer
studies that our review of over 500 articles revealed are the
sustained advocacy for a holistic approach from authors ac-
ross a vast range of disciplines, and the successful adaptation
of geospatial information technology by the research com-
munity. We predict that there will be more publications that
cover the emerging topics discussed in the review, and there
will be new emerging topics to be reported. We expect future
publications on the successful implementation of the holistic
approach to riparian buffer studies.
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