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NOTE: We are using an alternate format for scientific citations in this report. Instead of
citing the authors and the date, each reference is assigned a number based on its
position in the alphabetic list of references at the end of this document. This is the
format used by scientific journals such as Science, Nature, and the Proceedings of the
National Academy of Science. This format is easier to read when a statement is
supported by multiple citations, and it reduces the length of the text.

1.0 Introduction
In 2005 the Washington State Department of Ecology (Ecology) published a synthesis of
scientific information available on freshwater wetlands, their functions, and their
management (81). The purpose of the synthesis was to provide local governments in the
state with the best available science (BAS) when managing their wetland resources. Using
BAS in making decisions was mandated by the 1995 amendment to the Growth
Management Act (Revised Code of Washington (RCW) 36.70A.172[1]).

Our scientific knowledge is continually increasing and changing and we recognized that the
synthesis would need periodic updates. Much of the information presented is still valid,
but research in the last decade has provided new data to expand and clarify many of the
conclusions made in the original synthesis. This is especially true for the information on
the role of buffers in protecting wetland functions.
Buffers are vegetated areas adjacent to aquatic resources that can, through various
physical, chemical, and/or biological processes, reduce impacts to these resources
from adjacent land uses. Buffers also provide some of the terrestrial habitats
necessary for wetland-dependent species that require both aquatic and terrestrial
habitats.

Several jurisdictions, including Island County and San Juan County, have developed their
own syntheses of scientific research based on some of the more recent information on
buffers. These syntheses focused on the wetlands found within their jurisdiction and the
information may be limited relative to other areas in the state. Ecology is expanding on
these efforts. The goal is to provide updated information on wetland buffers that can be
applied statewide. The objective is to synthesize the information on buffers that was
published between 2003 and the winter of 2012. We focus on wetland buffers, since
buffers are one of the most common elements of wetland regulations in Critical Area
Ordinances (CAO’s), and they are consistently the part of a CAO of most interest and
concern to the public. Limited resources prevent us from expanding our review and update
to other issues at this time.
This update revisits the conclusions and key points concerning wetland buffers made in the
2005 synthesis. Each conclusion is reviewed with respect to any new information that was
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published between 2003 and 2012, or information in earlier studies that we may have
missed and that has come to our attention. If the conclusion is still valid, new references
supporting it are noted. If the conclusion needs to be expanded or modified, then revised
conclusions are presented based on the new information. In reviewing the recent
information we also found that some of the studies address issues that were not commonly
discussed in the past. New conclusions that can be made from this information are
presented as updates of old conclusions in the appropriate sections.
This synthesis DOES NOT contain agency recommendations or suggestions for
implementing programs to protect or manage wetlands using buffers. Its purpose is to
identify the sources of information reviewed and relied upon by Ecology in the process
of updating our guidance on wetland buffers as required in state law (HB1113). Any
recommendations documented here are those that have been described in the literature.
They are included here only as part of the synthesis of existing scientific information.
Agency recommendations that stem from this synthesis will be provided as supplements
to the Appendices in Ecology publication #05-06-008, Wetlands in Washington State,
Volume 2: Guidance for Protecting and Managing Wetlands.
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2.0 Approach Used to Synthesize the Literature for the Update
As the amount of scientific information grows exponentially, scientists are developing tools
to help synthesize this information. This update was conducted using the guidelines for
scientific syntheses described by Pullin and Stewart (61). The guidelines involve a six-step
process that includes:
•
•
•
•
•
•

Formulating questions that need to be answered by the synthesis
Defining and implementing a strategy for searching the literature
Cataloguing and prioritizing the importance of articles based on the questions in #1
Reading and extracting key information relevant to the questions
Synthesizing the information by identifying connections among topics
Peer review of synthesis

2.1 Questions that need to be answered by the synthesis:
The questions posed for this synthesis are:
•
•

Are the conclusions and key points regarding wetland buffers made in the 2005
synthesis still valid?
If not, what new conclusions can be made from the recent research about how
buffers protect wetland functions?

The scope of the literature review on buffers is the same as described in Sections
1.2 and 1.3 of our original synthesis in 2005 (81). We focus our review on
information relevant to the effectiveness of buffers at protecting the functions of
freshwater wetlands in Washington State.
2.2 Strategy for searching literature

We began by starting a project file to hold paper copies of all the studies found in the
search. If we printed an article from a digital file, we also saved the digital version.

Initially, we reviewed and compiled articles referenced in more recent syntheses done
for Island County
(http://www.islandcounty.net/planning/criticalareas/BestAvailableSciencePhaseII.pd
f.pdf ) and San Juan County (http://www.co.san-juan.wa.us/cao/BAS_Synthesis.aspx).
We flagged all articles whose title or summaries met our search criteria (see bulleted
list below) and that were published after 2002. We obtained copies of these articles
from web searches, and if the entire article was not available, we printed and filed
copies of the abstract.
In addition, Ecology maintains a library of more than 5000 scientific articles related to
wetlands that has been updated weekly since 1992. The original database used to
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store bibliographic information was RefBase® but all entries were moved to
Endnote® when we switched to a Windows 7® platform. Ecology subscribed to ISI’s
Current Contents ® which provided a weekly list of the table of contents of over 150
journals in the ecological and biological sciences. Articles of interest to the program
were requested from the authors and added to the library and database when
received. For this synthesis we searched our database for articles published after 2002
using the same keywords listed below. The abstracts of these selected articles were
read, and if the data presented were relevant to the questions being asked in this
synthesis, a copy of the article was placed in the project file.
Next, we searched Google Scholar ® using “buffers” as a keyword, followed by each of
the following terms separately:
• Wetland
• Amphibians
• Mammals + wetland
• Birds + wetland
• Fish + wetland
• Names for each species of amphibians found in Washington as listed in Leonard
and others (46).
• Wetland + water quality
• Wetland + flood reduction
• Wetland + hydrologic functions
• Wetland + functions
Titles that appeared potentially useful were accessed on the web, and if the abstract
indicated the data were relevant to the questions, a copy of the article or abstract was
placed in the project file.

Finally, we searched for articles of interest that were cited in those found during the
basic search.
We reviewed over 300 abstracts and obtained 144 published articles for the project
file.

2.3 Cataloguing and prioritizing the importance of articles

All of the articles and reports in the project file were read and the important
information each contained was highlighted in the document. Articles were sorted
based on the following topics:
• Amphibians
• Birds
• Mammals
• Reptiles
• Fish
• Water Quality
• Policy and Regulation

Update on Wetland Buffers Final Report October 2013

4

In the 2005 synthesis we concluded that buffers do little to protect the hydrologic
functions of wetlands (storing water and reducing the velocity of flows within the
wetland itself). No articles were found in this search to suggest this conclusion needs
to be changed so we did not include this topic in the sorting.

Within each topic, articles were further sorted based on the location of the research
(Northwest, U.S. outside of the Pacific Northwest, elsewhere) and whether the research
discussed landscape issues or site scale issues.
During the initial screening, each article was categorized by its importance and
relevance to the synthesis as A (highest priority for inclusion in the synthesis), B
(moderate priority), and C (lowest priority). Highest priority was assigned to
publications that described original research in the Pacific Northwest and that met the
highest standards for “Best Available Science” as outlined in WAC 365-195-900
through 925. We assigned a lower priority (B) to publications that dealt with buffers
in general or research done outside the Pacific Northwest, and (C) to those that did not
undergo peer review. By peer review we mean articles that have been published in
peer reviewed journals or documents that were reviewed by outside experts and that
describe the review process in the document. We made a special effort to obtain
copies of articles in Category A.

2.4 Reading and extracting key information

We read all articles in Categories A and B, and some in Category C. As each article was
read, the keywords originally assigned to the article were checked and modified as
needed. Notes and keywords were written directly on a copy of each article and it was
then filed by topic and sub-topic. If an article addressed more than one topic we made
an additional copy for each topic. We incorporated relevant information from each
article directly in the text of this synthesis as it was being written, using the notes
made on the paper copy.

2.5 Synthesis of information

The 2005 synthesis contained numerous conclusions and key points made from the
literature review. Conclusions were in the beginning of each section and key points at
the end. For this synthesis we treated each of conclusion and key point made as a
separate item to update. Our objective was to determine if the new information in the
recent scientific studies was consistent with the older studies. If conclusions and key
points were not consistent, they were modified based on the more recent information
compiled.

2.6 . Peer Review

A preliminary draft was reviewed by habitat biologists from the Washington
Department of Fish and Wildlife and by wetland scientists at the Department of
Ecology. Their comments were incorporated into a draft that went out for a more
general review. This latter draft was sent to over 900 subscribers of Ecology’s wetlands
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list serve for comment and review. Subscribers to the list serve include wetland
scientists, consultants and regulators. The final draft incorporates the comments
received through October 2013 from these outside reviewers. All the comments and
our responses to them will be published in a separate document, and will be available
on our web site after January 2014:
http://www.ecy.wa.gov/programs/sea/wetlands/bas/index.html.
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3.0 Update on the Conclusions and Key Points from the 2005
Synthesis
We include all the conclusions and key points regarding buffers from the 2005
synthesis in italics. These are copied, unedited, from the original text.

3.1 General conclusions in the introduction to section 5.5 (section on buffers)
Conclusion - Page 5-23: The majority of research on buffers tends to focus on the processes
that buffers provide to filter sediment or take up nutrients (i.e., their influence on water
quality). Far fewer studies look at the influence of a buffer’s physical characteristics on
attenuating surface water flow rates, except as it relates to water quality. The long-term
effectiveness of buffers in providing such mechanical and biological processes is not well
documented in the literature and may represent a critical need for future research.
Update: This conclusion is still valid. We were unable to find any new research
documenting how buffers can attenuate surface water flow rates in the context of
reducing the intensity of stormwater flows and potential flooding in a wetland. Some
reports discuss the increased infiltration that occurs in vegetated buffers (35, 90), but
these studies are focused on the higher rates of nutrient removal that occur when
polluted waters enter vegetated buffers.

There is, however, one logical inference that can be made on how buffers protect the
hydrologic functions of certain types of wetlands. Depressional wetlands, especially
those with no outlet, reduce storm flows by storing water and releasing it more slowly
than the surrounding uplands (9, 40). The amount of stormwater a wetland can store
will be reduced if the surface flows coming into the wetland contain sediment and fill
the depression. A vegetated buffer can trap sediments before they reach the wetland
(35, 55, 95), and thus protect its storage capacity. This inference, however, has not
been validated with any studies.

Conclusion - Page 5-23: The literature on buffers related to wildlife is, in general, less focused.
Most studies document the needs of a particular species or guild relative to distances for
breeding or other life-history needs within a radius from aquatic habitats.
Update: Studies that document the needs of particular species or guilds continue to be
published. However, there have also been recent attempts to document and model the
abundance and extinction rates of amphibian populations relative to specific buffer
widths (e.g. 5, 29).

Conclusion - Page 5-23: There is substantial literature on the implications of habitat
fragmentation and connectivity, some of it related specifically to agricultural practices,
forestry practices, or the impacts of urbanization. This literature does not specifically address
the role of buffers in providing connectivity between wetlands and other parts of the
Update on Wetland Buffers Final Report October 2013
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landscape. It does, however, unequivocally support maintaining connectivity between
wetlands in order to maintain viable populations of species that are closely associated with
wetlands.
Update: The relationships between buffer width, habitat fragmentation, and
connectivity are increasingly being studied, especially as it relates to birds and
amphibians. Buffer widths are one of the variables that are analyzed in studies that
look at several landscape factors together to explain population dynamics and
abundances of wetland-dependent species (e.g., 54, 68, 69, 74, 83, 94). The new
information takes a closer look at the relationships between buffers, corridors and
fragmentation. These studies are reviewed in the sections discussing wildlife,
specifically birds and amphibians.

Conclusion - Page 5-23: Older research studied the tolerance limits of wetland wildlife for
disturbance—how closely a disturbance can approach animals before they are flushed from
wetlands—with particular emphasis on waterfowl. These studies tend to be older than 1990
and focus on the prairie pothole region of North America. Where the findings are germane
and where they have not been superseded by more recent work, they are included.
Update: A number of new articles have been published on the flushing distances for
wetland birds in different parts of the world (6, 22, 41, 93) to supplement past research.
In addition, one study (15) documents the impact of disturbance from a major highway
on populations of frogs in wetlands at different distances from the road.

3.2 The role of buffers in protecting water quality

Conclusions: Page – 5-27. Buffers protect the water quality of wetlands through four basic
mechanisms:
•

They remove sediment (and attached pollutants) from surface water flowing across
the buffer.

•

They biologically treat surface and shallow groundwater through plant uptake or by
biological conversion of nutrients and bacteria into less harmful forms

•

They bind dissolved pollutants by adsorption onto clay and humus particles in the soil

•

They help maintain the water temperatures in the wetland through shading and
blocking wind.

Update: Recent research indicates that buffers protect water quality through several
additional mechanisms:
•

•

They remove pollutants from groundwater flows through interaction of the soils
and deep-rooted plants (36, 49, 60, 63, 90).
They infiltrate polluted surface waters and slow the flow so pollutants can be
removed more effectively (8, 60).
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•

They may lose their effectiveness if they are subject to very high levels of
pollutants. If they become saturated with sediment and phosphorus they can no
longer trap these pollutants (56).

Some of the studies on the effectiveness of buffers at protecting water quality cited in the
original synthesis (81) and in this update were done in the buffers of streams and rivers
(commonly called the riparian zone). The ecological attributes by which buffers protect
water quality do not depend on whether the buffer is adjacent to a stream or a wetland.
The original synthesis (81) describes these ecological attributes that are common to
buffers of riparian areas and wetlands in more detail (Section 5.5).

Key point #1: Page 5-38. The use of buffers to protect and maintain water quality in
wetlands (removing sediments, nutrients, and toxicants) is best accomplished by ensuring
sheet flow across a well-vegetated buffer with a flat slope (less than 5%).
Update: Recent research suggests that the effectiveness of a buffer is also based on
factors other than sheet flow, vegetation, and slope.
•

•

•

Buffer width and slope are only two of the six factors found to be important (8).
The other four are soil infiltration, surface roughness (partially caused by
vegetation), slope length, and adjacent land use practices.

Mayer and others (49) analyzed 45 published studies on nitrogen removal in
buffers and concluded that there was a broad range of results in effectiveness
when only buffer width and vegetation were considered. Their analysis suggests
that soil type, subsurface water regime (e.g. soil saturation, groundwater flow
paths) and subsurface biogeochemistry (the supply of organic carbon and inputs
of nitrate) are also important factors.
A review of the literature on the removal of phosphorus in buffers (36) found
that the interactions between groundwater and surface water are important for
the biogeochemical processes governing phosphorus dynamics in buffers. The
different paths by which water moves through the buffer determine where and
how phosphorus compounds meet and interact with the minerals and how
phosphorus attached to sediments is trapped.

Key point #2: Page 5-38. Significant reductions in some pollutants, especially coarse
sediments and the pollutants adhered to them, can be accomplished in a relatively narrow
buffer of 16 to 66 feet (5 to 20 m), but removal of fine sediments requires substantially wider
buffers of 66 to 328 feet (20 to 100 m).

Update: Owen and others (55) confirmed the original conclusion that fine sediments are
not effectively removed in narrow buffers. Most of the recent research however, has
focused on refining the factors that have caused the large variations in the earlier
measurement of the efficiency of a buffer at trapping sediments.
Update on Wetland Buffers Final Report October 2013
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•

•

•

Yuan and others (95), in a review of literature on vegetated buffers in
agricultural areas, concluded that the efficiency in trapping sediments depended
on vegetation type, the density and spacing of plants, the size of sediment
particles, the slope gradient and length, and flow convergence, as well as the
buffer width.

Site-specific factors (vegetation density and spacing, initial soil water content,
saturated hydraulic conductivity, and sediment characteristics) are so important
in determining the effectiveness of a buffer that simple designs that do not
account for these factors can fail to perform their protective functions (60).

Only a small fraction of the total buffer area (9%-18%) in four sites measured
actually was in contact with surface runoff which may result in reducing the
trapping efficiency from 41%-99% to an actual 15%-43% (13).

Key point #3 – Page 5-38. Removal of dissolved nutrients requires long retention times
(dense vegetation and/or very low slope) and, more importantly, contact with fine roots in the
upper soil profile (i.e., soils that are permeable and not compacted). Distances for dissolved
nutrient removal are quite variable, ranging in the literature from approximately 16 to 131
feet (5 to 40 m).
Update: More recent research has focused on identifying the specific environmental
processes that remove nutrients in buffers and in modeling the removal of nutrients by
buffers at a watershed scale. Again, the research shows that the processes are more
complicated than initially reported, and they are very site specific (14). Also there are
differences in the processes that remove nitrogen from those that remove phosphorus
(25, 36, 49). During certain times of the year a buffer might release phosphorus rather
than trapping it, especially if it has been receiving excessive amounts (87, and a review
in 36).

Most of the studies that have been done in the last three decades focus on the efficiency
with which a buffer removes pollutants. These studies do not address the potential
impacts of the pollutants that escape the buffer into the wetland. We only found one
study (38) that monitored water quality in wetlands relative to the amount of forest
present in the surrounding landscape. The levels of sediment, nitrogen, and
phosphorus in 73 wetlands in Ontario, Canada were analyzed statistically relative to the
amount of forest to a distance of 5000m from the wetland. When these data were
analyzed, Houlahan and Findlay (38) found that the level of nitrogen and phosphorus
in wetlands was negatively correlated (i.e., concentrations of the pollutants in the
wetlands increased as the amount of forest decreased) with forest cover up to a
distance of 2250 m. The levels of phosphorus attached to the sediments coming into
wetlands was negatively correlated (using multiple linear regression models) with
forest cover up to a distance of 4000m from the wetland.
Update on the information on nitrogen (N) removal:
•

Removal of nitrogen in the groundwater flowing through a buffer does not
appear to be related to buffer width, while removal of nitrogen from surface
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•
•

•

•

water was only partly related to the width of the buffer (49). The reduction of
nitrate in groundwater flowing through a buffer has been attributed to
denitrification, uptake by vegetation as function of its density, and
immobilization by micro-organisms (review in 63).

Plant uptake and microbial immobilization represent only a temporary storage
since the nitrate will be released on death of the organisms (63).

Measurable rates of denitrification occur only if there is organic matter in the
soil and anoxic conditions (49, 63). Denitrification generally does not occur in
surface waters because they are oxygenated. In addition to anoxic conditions
and organic matter, the rates of denitrification are controlled by variability in
nitrate concentrations in the groundwater (13 references cited in the review by
63) and the flow path of groundwater (49).

The relative removal of nitrate in a buffer is reduced as the concentration of
nitrate in the incoming water is increased. Data collected in 14 sites across
Europe found that the rate of nitrate removal dropped to 0% when the
concentration of nitrate was above 20 mg/l (75).

Modeling nitrate removal at a watershed scale supports the view that in some
cases a buffer width of less than 20m (66ft) is sufficient for nitrate removal. This
conclusion, however, does not hold if the soils in the buffer are coarse grained or
nitrate transport occurs mainly through groundwater seeps that are fed by
infiltration within the watershed (90). Baker and others (2) have also found that
buffer width does not adequately quantify the effects of buffers on nutrient
dynamics at a watershed scale. They analyzed 503 watersheds in the
Chesapeake Bay drainage and found that variables based on the flow path
through the buffer and how the buffer functions provided greater detail and
flexibility in understanding nitrogen dynamics than just the width.

Update on the information on Phosphorus (P) removal:
•

Phosphorus in runoff coming into a buffer can be removed by sorption onto soil
particles, sedimentation of phosphorus bound to other particles, and through
uptake by plants. These processes however, may not be linked so it is difficult to
predict how well a buffer will remove phosphorus (35, 36). A review of the
research done regarding phosphorus (36) found that the effectiveness of a buffer
depends on many different factors including:
o Soil type (sorbents, redox state, pH)

o The degree of saturation of phosphorus on soil particles.
o The slope and width of the buffer.

o The types of plants present and how they are managed.

o The amount of land in the surrounding landscape that is the source of the
phosphorus.
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o

•

•

•

The ratio of the buffer area to the area of the source of the phosphorus.

o The flow path of surface and groundwater and its interaction with iron,
aluminum oxides, or other minerals that bind dissolved phosphorus.

Most of the phosphorus coming into a buffer is bound to sediments. Removal of
phosphorus is closely linked to the effectiveness of a buffer at trapping
sediments (8, 35, 36, 55).

The capacity for phosphorus removal is finite and a buffer may become
saturated so that it no longer removes phosphorus. This is especially true for
dissolved phosphorus that relies on binding to minerals in the soil. Once all
binding sites are full, the dissolved phosphorus will flow through the buffer. (35,
90).
Buffers may release stored phosphorus under certain conditions. This can result
in pulses of much higher phosphorus concentrations (8, 36 , 87) to the wetland.
If the soils in a buffer are saturated with phosphorus, changes in temperature,
pH, and volume of the flows coming through the buffer can cause a release of
phosphorus (87, 90).

Key point # 4: Page 5-38. The literature is consistent in finding that it takes a proportionally
larger buffer to remove significantly more pollutants because coarse sediments and the
pollutants associated with them drop out in the initial (outer) portions of a buffer. It takes a
longer time for settling, filtering, and contact with biologically active root zones to remove
fine particles and dissolved nutrients.

Update: The recent research and reviews confirm this conclusion (13, 49, 76, 95). In
general, the removal of pollutants relative to the width of the buffer follows a
mathematical curve that is exponential with fractional exponents (Figure 1). The figure
also shows that the relationship between the effectiveness of a buffer and its width is
not statistically very strong. Many data points lie far away from the actual curve. This
provides a graphical representation of the conclusion that buffer width is only one of
several variables that determine the efficiency of the buffer at removing nitrogen.
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Figure 1: An example of the removal of nitrogen as a function of the width of the buffer based on
data published for 89 individual measurements (figure is from 49).

Another meta-analysis by Zhang and others (96) analyzed the data from 73 published
papers on the effectiveness of buffers at removing pollutants. Their conclusions were that
width alone explains only part of the effectiveness of a buffer at removing pollutants.
Width alone as a variable explains only:
• 37% of the effectiveness at removing sediments,
• 60% of the effectiveness at removing pesticides,
• 44% of the effectiveness at removing nitrogen compounds,
• 35% of the effectiveness at removing phosphorus compounds.
The other environmental variables that were analyzed were slope, drainage category of
soil, and type of vegetation (trees, grasses, trees + grasses). Of these four additional
variables, only three were significantly correlated with removing pollutants. The soil
drainage type did not show a significant effect on the efficacy of removal.

Both the Mayer (49) and Zhang (96) studies have fit mathematical curves (called models)
to the data showing how effectiveness at removal increases with increasing buffer width
(the lines in Figure 1 above). These models however, do not provide much useful
information for establishing standards for removing pollutants based on width alone. The
variability in the data makes it difficult to assume that a specific width will provide
adequate protection. For example six of the 89 measurements (7%) show a release of
nitrogen (rather than removal) for buffers widths up to 50 m (~160ft). A buffer of 20 m
(66ft) can remove 30% of the nitrogen in one case and 75% in another.
Statisticians calculate a number called R2 that provides an estimate of how much the data
vary relative to the mathematical line they calculate. It is an estimate of the fraction of the
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variability in the data can be explained by the model. An R2 of 1 means all points lie on the
line and there is a perfect fit between the line and the data. An R2 of 0 means the data do
not fit the proposed mathematical line. In Figure 1 shown above (from 49) the R2 for all
data was 0.09 and 0.21 if only the nitrogen removal along the surface was considered. This
indicates that a buffer width chosen using the line will match the removal effectiveness
(numbers on vertical axis) only 21% of the time. For example, the model shows that a
buffer width of 50 meters (164 ft) will remove about 60% of the nitrogen coming through
in surface water. However, the low value for the R2 indicates that this will be true only
21% of the time.

Similar graphs in Zhang and others (96) had R2 values of 0.37 for the removal of sediment
vs. width; R2 = 0.44 for the removal of nitrogen; R2 = 0.60 for the removal of pesticides and
0.35 for the removal of phosphorus. Scientists, however, usually consider a line is a good fit
to the data if the R2 value is at least 0.7 or higher. From a management perspective, an R2 of
0.7 indicates that a proposed buffer width that falls on the line will provide the level of
protection modeled 70% of the time.
Key point #5: Page 5-38. The role of buffers in protecting the microclimate of streams is well
documented and may be applicable to wetlands, but no specific data on buffers and wetland
microclimate maintenance were found.
Update: We were unable to find any new information on how vegetated buffers may
protect the microclimate of wetlands. This function is acknowledged as probable (50),
but we have not found any field data to support this assumption.

The focus of current research is still on the role buffers play in protecting the
microclimate of streams. However, we judge that this information has a limited
applicability to wetlands. The shading and attenuation of wind by trees in the buffer
will only extend a short distance from the edge. Thus, the microclimate in the center of
larger depressional wetlands will be dependent on other factors. Forested buffers on
streams can have a larger impact on microclimate because streams are narrow and
linear, and the ratio of edge to total area is much larger. In addition, the research on
buffers, streams, and microclimates has focused on forested buffers. Many wetlands in
eastern Washington do not have forested buffers, and this work would not be
applicable in any case.

3. 3 The role of buffers in protecting wildlife habitat
Conclusions on how buffers function: bulleted list on Page 5-38. Wetland buffers are
essential to maintaining viable wildlife habitat because they perform three overlapping
functions:
•

Buffers can provide an ecologically rich and diverse transition zone between aquatic
and terrestrial habitats. This includes necessary terrestrial habitats for many wildlife
species that use and/or need wetlands but also need terrestrial habitats to meet
critical life requirements.
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•

Update: Some ecologists are now calling buffers that provide critical life
requirements for wetland dependent species “core habitats” rather than buffers (10,
79, 80, 82). The distinction is related to the idea that the buffer is not reducing
(buffering) impacts to the functions provided by a wetland. Rather, wetlands in
proximity to adjacent upland habitat provide a critical function. The combination of
the two habitat types is essential to a suite of species that would be absent from
either habitat alone. These core habitats are essential to a number of wetlanddependent species, including amphibians (80). Inadequate quantity or quality of
core habitat will increase the probability of local amphibian population extinction
(77). In addition, some scientists suggest that the core habitat itself requires a
buffer to protect its habitat functions from outside disturbances (80).

•

Update: This conclusion is often made (42, 50), but there is little new research to
provide additional documentation. Noise from an adjacent highway has been
hypothesized as one factor that reduces the species richness and abundance of frog
populations in wetlands with smaller buffers (15).

Buffers can screen wetland habitat from the disturbances of adjacent human
development.

Buffers may provide connectivity between otherwise isolated habitat areas.

Update: Recent research is emphasizing that relatively undisturbed uplands
between wetlands are important for maintaining the populations of many wetlanddependent species (3, 5, 66, 69, 77). A narrow undisturbed buffer can provide the
first stage of a connection between wetlands, or it alone can provide that connection
if wetlands are close together. A buffer, however, that is not part of a system of
connected upland and wetland habitats may not provide adequate protection for
populations of amphibians (5).

Conclusion: Page 5-38. In regard to wildlife, most of the scientific research is not directly
focused on the effectiveness of buffers for maintaining individuals or populations of species
that use wetlands. Some of the research simply documents use of upland habitats adjacent to
wetlands by wildlife to meet their life-history needs. For example, a substantial body of
research identifies the distances that amphibians may be found away from a wetland edge.
However, the implications to amphibian populations of providing buffers that are smaller
than those identified ranges are not well documented.
Update: The effects of buffers, their width and structure, on wildlife populations are
being increasingly studied. In the last decade there have been numerous studies
assessing the impact of buffer widths on populations of amphibians (5, 15, 29, 86) and
wetland-associated birds (12, 27, 28, 33, 48, 52, 58, 83, 84). These will be discussed in
more detail in the sections on amphibians and birds.

Conclusion: Page 5-41. One consideration not found for this synthesis was the implication of
the condition of the upland buffer relative to its provision of wildlife habitat. In several
studies on the use of upland buffers by native species, the study identified that the buffer was
upland forest. However, no studies were reviewed for this synthesis that compared wildlife
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use of mature forested buffers with buffers composed of meadow, shrubland, harvest forest, or
younger forests. Some research has identified the importance of intact forest habitat to
wetland-related species (Azous and Horner 2001, Richter 1997), but a comparison study was
not found for this synthesis.
Generally, wildlife species have varying needs for different types of adjacent habitat for
different life needs, such as breeding, foraging, and resting (Brown 1985). This makes it
difficult to prescribe one particular type of habitat as best for wildlife. Habitat is very species
specific. However, as a general rule, most researchers have recommended that buffers be
maintained or restored to a forested condition if only for the screening function they provide.
(Obviously, this has little relevance to the shrub-steppe ecoregion in Eastern Washington,
where trees are rarely found.)
Update: More recent research confirms that preferences for the type of vegetation in a
buffer are very species specific.

For example, among species of amphibians found in Washington State, the western toad
(Bufo boreas) prefers uplands that are forested (51) and specifically open forest over
forests with closed canopies (4). On the other hand, the Woodhouse toad (Bufo
woodhousii) and the northern leopard frog (Rana pipiens) prefer open landscapes
dominated by natural grasses (51). The Columbia spotted frog (Rana luteiventris)
found in Oregon prefers agricultural areas and shrub/clearcut (24).
Another study (69) using radio tags found that spotted salamanders (Ambystoma
maculatum) will actively seek a forested buffer for migration when part of the buffer is
grassland. Salamanders moved from water to upland habitat only along the side of the
wetland that was forested. If salamanders came across grasslands as they moved from
a wetland, they often returned to the wetland. Another study of this species found that
the strength of the grassland as a barrier can depend on weather conditions. Spotted
salamanders did move into grasslands when it rained and the grasses were wet (89).

The presence of a forested buffer was also found to be an insignificant factor in the
distribution of many bird species. Smith and Chow-Fraser (83) found that the presence
of a forested buffer surrounding a wetland in Ontario Canada was not an important
factor in predicting the distribution of generalist, wetland-dependent, or synanthropic
species in wetlands. (Synanthropic bird species are those that have adapted to living in
developed and residential areas).

Key point #1: Page 5-49. There is no simple, general answer for what constitutes an effective
buffer width for wildlife considerations. The width of the buffer is dependent upon the species
in question and its life-history needs, whether the goal is to maintain connectivity of habitats
across a landscape, or whether one is simply trying to screen wildlife from human
interactions.
Update: The recent research is showing that the answer for what constitutes an
effective buffer is even more complex than summarized in Key point #1. Studies and
models are beginning to address the impact of different buffer widths on populations.
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These studies address the question: what is the probability of extinction for a
population of a wetland-dependent species at different buffer widths?

For example, Figure 2 graphs the probability of extinction over time for the wood frog
(Rana sylvatica) and the spotted salamander (Ambystoma maculatum) for different
buffer widths (29, 51). The spotted salamander has a low probability of extinction as
long as the buffer is wider than 20m. The wood frog on the other hand, has a 10%
chance of extinction even with a buffer that is 1000m wide.
A

Figure 2: Results of model
simulation predicting the
probability of extinction of
(A) wood frog populations and
(B) populations of spotted
salamanders as a function of
the width of the terrestrial core
habitat (buffer) [from 51].

B

Key point #2: page 5-49. The majority of wildlife species in Washington use wetland habitats
for some portion of their life-history needs. Many species that are closely associated with
wetlands (those that depend upon wetlands for breeding, brood-raising, or feeding) depend
upon surrounding upland habitats as well for some life-history stages.
Update: The need for appropriate upland habitat has been well documented for
amphibians and continues to be a focus of recent research (10, 11, 17, 21, 29, 37, 51, 70,
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77, 86). Wetland-dependent birds are another wildlife group that continues to be a
focus (22,28, 33, 48, 72, 83, 93). In addition the research has also expanded to include
invertebrates such as dragonflies (7) and biting midges (Chironomids) (43).

Key point #3: Page 5-49. Many terrestrial species that are dependent upon wetlands have
broad-ranging habitats, some over 3,280 feet (1,000m) from the source wetland. Although
this might be expected for large mammals such as deer or black bears, it is also true for
smaller species, such as salamanders and other amphibians.

Update: Numerous studies document the habitat zones and needs for individual
wetland-dependent amphibians and birds. This research documents the movement of
wetland-dependent species into the surrounding uplands. Increasingly, studies are also
documenting the impact of types of buffer, their width, and other characteristics of the
surrounding landscape on populations. These studies have collected data on species
richness and abundance as well as presence/absence. Below is a summary of recent
results sorted by the major taxa.
Amphibians and Reptiles:

Semlitsch (79) summarized the results from studies of core habitat for 32 species of
amphibians and 33 species of reptiles in over 100 articles. The type and structure of
the appropriate core habitat will differ among species, but in general, all core habitats
are relatively undisturbed. Semlitsch’s results (Table 1) show that the minimum
distance required for buffer/core habitat ranges between 117m and 205m for
amphibians and reptiles.

Table 1: Mean minimum and maximum core habitat (uplands) for amphibians and reptiles.* (copied
from 79; We assume the last line represents the overall average, but this is not clear in the original
review)

Rittenhouse and Semlitsch (70) analyzed the data from 13 studies that tracked 404
individual amphibians. They used these data to develop a mathematical model that
plots the distribution of all these animals as a distance from the wetland edge. The
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model shows that one-half of the animals were found beyond 93 m (about 300 ft)
(Figure 3) even though the peak of the distribution occurred at 30m (100 ft).

Figure 3: The density of amphibians as a function of distance from the wetland edge. Arrows
represent the distance at which 50% and 95% of the populations were modeled (copied from 70).

One study (15) monitored the distribution and abundance of seven species of frogs as a
function of the distance from a major highway in 34 wetlands in a rural section of
Ontario, Canada. The distance of the wetlands from the highway ranged between 68m3262m (223ft – 10,700ft). The wetlands were at least 500 m apart with mixed buffers
of forest and fields. Lower abundances were measured in wetlands closest to the
highway for all seven species. In addition, lower abundances were found for four of the
seven species if the buffers were less than 250m (820 ft). The other three species had a
relatively linear response in abundance out to the maximum distance of over 3000m
(~10,000ft). This means that impacts on amphibian abundances were still being
observed in the wetlands that were farthest from the highway.
The reviews cited above incorporate data on species found in Washington as well those
that are not. Thus, the summaries they provide may not be exactly representative of
what the amphibians in Washington’s wetlands actually need as upland habitat. We
were unable to find much information for the first synthesis on the upland habitat
needs of amphibians specific to Washington. Research during the last decade however,
has improved our knowledge. Table 2 summarizes the information on upland habitat
use by amphibians found in Washington State. The research on a species may not have
been done in Washington State, but we assume that the habitat needs for an individual
species will not change significantly within its natural geographic range. Furthermore,
the data summarized in Table 2 indicate that the habitat requirements of species found
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in Washington fall within the range found for species that have been studies more
intensely.

Table 2: List of amphibian species found in Washington State. The second column summarizes the
information on upland habitat use that was found in the literature search. The list of species found
in Washington State is from the on-line field guide provided by the Burke Museum at the University
of Washington. http://www.burkemuseum.org/herpetology/amphibians (accessed February 4,
2013).

Amphibian species
Found in Washington
Taricha granulosa, Rough-skinned
newt
Ambystoma gracile, Northwestern
salamander
Ambystoma macrodactylum, Longtoed salamander
Ambystoma tigrinum, Tiger
salamander
Dicamptodon copei, Cope's giant
salamander
Dicamptodon tenebrosus, Coastal
giant salamander
Ensatina eschscholtzii, Ensatina

Plethodon dunni, Dunn's salamander
Plethodon larselli, Larch Mountain
salamander
Plethodon vandykei, Van Dyke
salamander
Plethodon vehiculum, Western redbacked salamander

Rhyacotriton cascadae, Cascade
torrent salamander
Rhyacotriton kezeri, Columbia
torrent salamander

Information on buffer widths, population
dynamics and landscape factors outside of
wetland
Occurrence best predicted by amount of forest cover
within 1km of wetland
200m of a forested upland buffer is home range for
most
Presence is highest in wetlands surrounded by 500m of
forest
Preferred dispersing through forested areas rather than
agricultural or shrub areas
Presence was best predicted by other landscape factors
rather than forest cover within 1000m
No information

Reference
57
68
51
24
51

No information
Populations did not decline over 10 years with forested
buffers as small as 14m
20% of trapped animals within 0-20m; 40% in a buffer
zone of 20-30m, and 40% in buffer zone of 30-40m
(40m was maximum distance of sampling)
80% of trapped animals found within a buffer of 10m,
remaining found within 40m (40m was maximum
distance of sampling)
No information

30
88
88

No information
Populations did not decline over 10 years with buffers
as small as 14m
30% of captures in buffer zone 0-10m; 70% captures
equally distributed to 40m (maximum distance of
sampling)
No information

30

70% of trapped animals within 0-10m buffer; the
remaining 30% equally distributed out to 40m
(maximum distance of sampling)
No information

88

Rhyacotriton olympicus, Olympic
torrent salamander
Rana pipiens, Leopard frog
Presence was best predicted by both grasslands within
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Ascaphus truei, Coastal tailed frog
Ascaphus montanus, Rocky
Mountain tailed frog
Bufo boreas, Western toad

Bufo woodhousei, Woodhouse toad
Rana pretiosa, Oregon spotted frog
Hyla (Pseudacris) regilla, Pacific
treefrog
Rana cascadae, Cascades frog
Rana aurora, Northern red-legged
frog
Scaphiopus intermontanus, Great
Basin spadefoot toad
Rana luteiventris, Columbia spotted
frog
Rana clamitans, Green frog
(introduced)
Rana catesbeiana, Bullfrog
(introduced)

500m and other open areas
Highway has a measurable impact on abundance in
wetlands that are buffered by over 1000m of mixed
forest and open land. Impacts are relatively linear
with distance from highway.
Populations declined over 10 years with buffers of
either 14m or 30m

15

30

No information
Presence was best predicted by landscape factors
rather than forest cover within 1000m
Males traveled 581m from wetland, while females
traveled 1105 m from wetland; females preferred
shrub areas over forested buffers and open forest
over closed canopies
A buffer of 30.5m (100 ft) did not adequately protect
critical upland habitat
Presence in wetlands was best predicted by both
grasslands within 500m and other open areas
No information
No information
No information
Strongly associated or even limited to forest habitat
and may commonly move >1000m in uplands
1000m of upland buffer is home range
No information
Presence was best predicted by landscape factors
rather than forest cover within 1000m
Preferred moving through agricultural and
shrub/clearcut areas rather than forested
Highway has a measurable impact on abundance in
wetlands that are buffered by over 1000m of mixed
forest and open land. Impacts are relatively linear
with distance from highway.
No information

51
87

23
51

31
68

51
24
15

Information about the requirements of wetland-dependent reptiles in Washington State
for buffers or core habitat is relatively sparse. The western pond turtle (Clemmys
marmorata) is listed in Washington as an endangered species, but its habitat needs are
not well documented and it has a very limited distribution in this state. The recovery
plan for the pond turtle (65) states that females generally move 20–100m (65–328 ft)
into the uplands, but nests have been found as far as 187m (614 ft) from the wetland
edge. In California, the turtles moved as far as 500m from their aquatic habitat (64).
The information on the painted turtle (Chrysemis picta) indicates that the distribution of
this species was not influenced by proximity to roads or the amount of forested buffer
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surrounding the wetland at 30m, 125m, 250m, 500m or 1000m (1). Painted turtles are
abundant in wetlands surrounded by a diversity of land uses in the immediate vicinity
of the wetland, although their overall distribution is affected by the range of land uses
at a landscape scale (71).
Birds

Much of the current research on birds involves riparian buffers along streams and
lakes. While we read some of these studies we did not consider them applicable to this
synthesis unless they also discussed wetlands. There is enough new research being
done on wetland-dependent birds that we judged there was no need to try to
extrapolate the information from streams to wetlands.

Recent studies indicate that the protection provided for wetland-dependent birds
depends to a large degree on the species involved and on factors other than width, such
as the type of vegetation in the buffer, land uses within 500m or 1 km of the wetland,
and whether the setting is urban or rural.

Most of the wetland-dependent birds investigated have broad geographic ranges that
include Washington State even though the studies were done outside our region. It was
not, however, possible to sort out the data in these studies for those species found in
Washington, and to summarize the information only for those species found in the
state. Much of the recent research has focused on groups of similar birds (guilds and
function groups) and it was not possible to separate out species based on their local
distribution. Furthermore, the number of bird species involved is much larger than the
number of amphibians. For example, McKinney and others (52) found 55 species
associated with the wetlands in their study in Rhode Island. Of these, 41 species are
also found in Washington (list in reference compared to list in BirdWeb: Seattle
Audubon's Guide to the Birds of Washington State, http://birdweb.org/birdweb/
accessed February 6, 2013).
New information relating to the distribution of birds in wetlands and their buffers
include:
•

•

Obligate marsh-nesting species preferred rural over urban wetlands; generalist
marsh-nesting birds showed no preference; while synanthropic generalist
species had higher richness and abundance in urban marshes. The presence of a
forested buffer surrounding the marsh in both rural and urban areas, however,
was not an important factor in predicting the distribution of any of these bird
groups (83).

Ward and others (92) monitored the abundance and distribution of 12 species of
wetland-dependent birds in 196 wetlands over a period of 26 years in the
Chicago area. Seven species experienced significant declines, three showed no
change, and two had significant increases. These changes were attributed to
changes in the structure of the wetlands resulting from increased flows and
nutrients caused by development. The percent forest cover or grasslands in a
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•

•

Fish

2km buffer around the wetlands were not significant factors in explaining these
changes because the extent of these land uses did not change as a result of
development. The development occurred at the expense of agricultural lands.

Large buffers of woods, grasslands, and other wetlands were a good predictor of
abundance for 36 species of wetland-dependent birds [mean width of buffer in
wetlands studied = 256m (840 ft) (range 20- 619m)] (53). Mathematical
modeling of the data showed a potential benefit for the population as the width
of a buffer increased up to 1000m (~3300 ft) for diving and dabbling ducks and
up to 2000m (> 1 mile) for birds whose main habitat was the emergent plants in
the wetland (53).
The ecological integrity of a marsh bird community in the Chesapeake Bay area
shows a threshold response to development within 500m and 1000m (1640 ft –
3281 ft). The integrity of the bird community was significantly reduced when
the amount of urban/suburban development exceeded 14% or the total area
within 500m of the wetland, or 25% within 1000m (12). Rooney and others
(73) reported similar results where a bird-based index of integrity was best
predicted by land used within 500m of wetlands rather than 100m, 300m,
1000m, or greater.

We did not find any references on the relationship between buffers and fish in wetlands
for the initial synthesis in 2005. The studies reviewed addressed the effect of riparian
buffers on fish populations in stream and river systems. It is difficult to extrapolate the
results of studies in streams to those in wetlands because the habitat provided by
streams is quite different from that in wetlands. This lack of information on fish in
wetlands continues to this day. We were unable to find any articles on the subject that
were written between 2003 and 2012. We did, however, find one study that analyzed
the impact of vegetated buffers on fish species in lakes from the Pacific Northwest. This
study might provide some useful insights into what might happen in larger,
permanently ponded, wetlands.

Francis and Schindler (18) analyzed the food in the guts of fish from 28 lakes in the
Pacific Northwest. They found a significant threshold when more than 10% of the
lakeshores were developed; where “developed” was defined as shorelines where the
vegetated buffers were less than 10m (33ft). The diet of trout and bass in lakes where
more than 10% of the shoreline was developed was almost completely aquatic in origin.
On the other hand, the diet of these species was over 50% terrestrial in origin in the
lakes where less than 10% of the lakeshore was developed. Furthermore, a detailed
analysis of the energy balance done in four lakes indicated that trout averaged a 50%
greater energy intake in lakes that were not developed (i.e. had vegetated buffers of
more than 10m for at least 90% of the lake’s circumference).
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Mammals

We found little new research on the buffer requirements of wetland-dependent
mammals. One article (19) found that mammal diversity and abundance had some
positive correlation with 500m and 1000m buffers, but not with 250m buffers. This
complements the results from Puget Sound that were cited in the 2005 synthesis, where
the highest number of small mammal species was found in wetlands that had a 500m
buffer that was at least 60% forested.

Key point #4: page 5-49. Human access and land uses adjacent to wetlands influence the use
and habits of wildlife through noise and light intrusions, as well as elimination or degradation
of appropriate upland habitats. Even passive activities, such as bird/nature-watching, have
been shown to have effects on roosting and foraging birds.
Update: The impacts of noise on amphibians and birds have received some attention in
the last decade, and a wide variety of responses has been found, again based on
differences among species. The overall impact of human land uses adjacent to wetlands
has also been studied at a landscape scale. These results indicate that the impacts of
such land uses on the richness and abundance of wetland-dependent species may take
over two decades to become measurable. Specifically:
•

•

•

•

Lengagne (45) found that playing traffic noises to male tree frogs triggered a
decrease in calling activity. However, the impacts were decreased when tree
frogs were calling in a chorus, probably because the frogs themselves were
drowning out the traffic noise. Sun and Narins (85) found a similar response to
airplane noise and low-frequency motorcycle noise in three species of frogs, but
the noise increased the calling rate in one species.

Herrera-Montes and Aide (34) found that the species richness of frogs in a
wetland with a 100m forested buffer from a highway (noise>60db) was not
different from a wetland with a 300m forested buffer (noise<60db). However,
they also found that birds with low-frequency songs were absent from sites
nearer the highway (at 100m).

The severity of impacts from increasing development on amphibian populations
may take several decades to manifest themselves. Lofvenhaft and others (47)
measured a time lag of several decades between changes in urban land use and
traffic density and the occurrence of amphibians. Gagne and Fahrig (20) found
that the relative abundance of four out of five frog species continued to decrease
for at least 54 years after residential development occurred.
In Melbourne, Australia, Hamer and Parris (26) found that the breeding
assemblage of frogs was greatly increased if the breeding ponds were
surrounded by a high proportion of green open space within 1km. Conversely,
there was a strong negative correlation between the number of people living
within the 1km circle and the frog populations. They hypothesized that the
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human preference for tidy ornamental ponds where aquatic plants are often
removed as well as shading from tall buildings could be factors for this negative
correlation.

Key point #5: page 5-49. Synthesis documents that evaluated many studies discussing the
protection of habitat provided by wetland buffers generally recommend buffer widths
between 50 and 300 feet (15 to 100 m), depending on specific factors. These factors include
the quality of the wetland habitat, the species needing protection, the quality of the buffer,
and the surrounding land uses.

Update: Recent synthesis documents provide a more focused approach to buffer widths
that is based on the many functions provided by a buffer. In addition, the more recent
recommendations specify buffer widths that go beyond 300 ft for many wildlife species.
The Planner’s Guide to Wetland Buffers for Local Governments prepared by the
Environmental Law Institute (42) recommends a range of 100–1000ft for wildlife, 30–
100ft for sediment removal, 100-180ft for nitrogen removal, and 30-100ft for
phosphorus removal. 1 The Southeast Wisconsin Regional Planning Commission (82)
recommends a minimum range of 400–580 ft for birds, salamanders, turtles, snakes and
frogs (Figure 4) for buffers along streams and wetlands based on the research and
synthesis done by Semlitsch and Bodie (79). The synthesis done for Wisconsin states:
Determining what buffer widths are needed should be based on what functions are
desired as well as site conditions. For example, as shown above (figure 4), water
temperature protection generally does not require as wide a buffer as provision of
habitat for wildlife. Based on the needs of wildlife species found in Wisconsin, the
minimum core habitat buffer width is about 400 feet and the optimal width for
sustaining the majority of wildlife species is about 900 feet. Hence, the value of large
undisturbed parcels along waterways which are part of, and linked to, an
environmental corridor system. The minimum effective buffer width distances are
based on data reported in the scientific literature and the quality of available habitats
within the context of those studies.

1

This document was peer reviewed by five independent wetland scientists and and by staff from the Environmental
Protection Agency. Normallly, scientific journals only require peer review by three scientists.
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Figure 4: Recommended widths of buffers to protect aquatic resources (from 81).

The minimum recommended buffers for wetland-dependent species in Wisconsin (82) are
shown in Table 3. The table also indicates the number of scientific studies on which the
recommendations are based. Three of the 12 frog species, and one species of salamander,
found in Wisconsin are also found in Washington State. The recommendations therefore
are somewhat applicable to Washington.
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Table 3: Minimum and optimum buffers (core habitat) recommended for wetland and riparian wildlife in
Wisconsin (from 81). The last column shows the number of studies on which the recommendations are
based. 2

3.4. Buffers and Plants
We did not find any references on the relationship between buffers and the plant
community in wetlands for the 2005 synthesis. The studies reviewed in that synthesis
addressed the impact of increased nutrients on the plant community. Since buffers can
reduce the nutrient input into wetlands, they can be considered important for protecting
the plant communities sensitive to increased nutrient inputs. Several more-recent studies
directly link the width of a buffer to the plant communities found in wetlands. The results
show that buffers of at least 70-100m are needed to protect the diversity of the wetland
plant community.
•

•

Houlahan and others (39) monitored plant diversity in 58 wetlands in Ontario,
Canada and found that forest cover in the buffer was an important predictor of
species richness in the wetlands. Statistically significant changes in overall
richness were observed when the forest cover was changed to other land uses as
far as 250-300m (820ft – 985ft) from the wetland. The richness of the different
functional groups of plants in the wetlands (e.g. native, exotic, annual, perennial,
forest, open, aquatic), however, did not respond in the same way even though
the overall trend was that larger buffers increased richness.
Rooney and others (73) found that the integrity of the plant community in 45
wetlands in Alberta was best predicted using data on land cover within 100m

2

This table was adapted from reference 78 by the author of reference 81.
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•

(330ft) rather than other distances ranging up to 3000m (1.9 miles). They used
a plant-based index of biological integrity (IBI).
Ervin (16) found that the presence of a forested buffer of at least 70-100m (230
– 330 ft) was associated with an increase in the quality of wetland vegetation
(using a modified plant-based IBI).

3.5. Buffer Maintenance and Effectiveness over Time

Key point #1: page 5-51. Human actions can reduce the effectiveness of buffers in the long
term through removal of buffer vegetation, soil compaction, sediment loading, and dumping
of garbage.
Update: We found no new research to support or refute this conclusion. General
synthesis documents continue to make similar conclusions (42, 91).

Key point #2: page 5-51. Buffers may lose their effectiveness to disperse surface flows over
time as flows create rills and channels, causing erosion within the buffer.

Update: Ongoing research supports this conclusion (60, 95). A study in an agricultural
environment found that only a small fraction of the total buffer area (9% -18% of the
buffer zone) in four sites was actually in contact with surface runoff (13).

Key point #3: page 5-51. Leaving narrow strips of trees can result in tree loss due to
blowdown.

Update: We found no recent studies on this subject, but we did find one additional
study done in 1998 in California. The results indicate that a 30m wide selective cut in a
buffer increases the rate of fall in the innermost 15m of uncut buffer by an order of
magnitude (65).

Key point #4: page 5-51. Buffers may become saturated with sediment over time and become
less effective at removing pollutants. The literature indicates that this should be considered
when determining buffer widths.
Update: In addition to becoming saturated with sediment, buffers can become
saturated with phosphorus. Two reviews (56, 36) conclude that the effectiveness of a
buffer at trapping phosphorus can be reduced because the soils become saturated with
this pollutant.
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4.0 Update on Buffer Ranges and Other Characteristics
Key point #1: page 5-51. Many researchers have recommended using four basic criteria to
determine the width of a buffer:
•
•
•
•

the functions and values of the aquatic resource to be protected by the buffer
the characteristics of the buffer itself and of the watershed contributing to the aquatic
resource
the intensity of the adjacent land use (or proposed land use) and the expected impacts
that result from that land use
the specific functions that the buffer is supposed to provide, including the targeted
species to be managed and an understanding of their habitat needs.

Update: Recent recommendations on buffers confirm that these basic criteria are still
valid (42, 82). In addition, the recent research has focused on identifying the
characteristics of the buffer itself that provide the protection of wetland functions (see
sections 3 and 4). For water quality these include the soils, the source of water, the
infiltration rate, the slope, and the surrounding land uses. For habitat, the research has
reinforced the fact that buffer requirements need to be targeted at the species of
interest. For example, a forested buffer is optimal for some species but not for others.
Fish may need only a 100ft buffer, but some species of amphibians need a 1000ft buffer.

Key point #2: page 5-51. Protecting wildlife habitat functions of wetlands generally requires
larger buffers than protecting water quality functions of wetlands.
Update: This conclusion is still valid and supported by the more-recent research (see
sections 3.2 and 3.3).

Key point #3: page 5-51. Effective buffer widths should be based on the above factors. They
generally should range from:
•
•
•

25 to 75 feet (8 to 23 m) for wetlands with minimal habitat functions and lowintensity land uses adjacent to the wetland
75 to 150 feet (15 to 46 m) for wetlands with moderate habitat functions and
moderate or high-intensity land uses adjacent to the wetland
150 to 300+ feet (46 to 92+ m) for wetlands with high habitat functions, regardless of
the intensity of the land uses adjacent to the wetland.

Update: Recent synthesis documents recommend a focused approach to buffer widths
that is based on the many functions provided by a buffer. In addition, the more recent
recommendations specify buffer widths that are larger than those recommended in the
2005 synthesis. The Planner’s Guide to Wetland Buffers for Local Governments, prepared
by the Environmental Law Institute (42), recommends a range of 100ft–1000ft for
wildlife, 30–100ft for sediment removal, 100-180ft for nitrogen removal, and 30-100ft
for phosphorus removal.
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If prescribed buffers are to be used to adequately protect wetland wildlife, they will
probably have to be larger than what is currently used. Based on the needs of wildlife
species found in Wisconsin (some of which are also found in Washington State), the
minimum buffer width is about 400 ft, and the optimal width for sustaining the majority
of wildlife species is about 900 ft (81).

Key point #4: page 5-51. Fixed-width buffers may not adequately address the issues of
habitat fragmentation and population dynamics. Several researchers have recommended a
more flexible approach that allows buffer widths to be varied depending on site-specific
conditions.

Update: A request for a more flexible approach is a common theme among recent
articles (42, 62, 67, 95). The research reinforces the fact that buffers and fragmentation
are only two of many variables that affect the dynamics of wildlife populations. Other
factors that have been found to affect the survival of wetland-dependent species are
surrounding land use, the structure of the plant community, and the intensity of human
disturbance. If buffers are to be used to protect the water quality in wetlands, the
factors that need to be considered are slope, soil chemistry, soil structure and the plant
community.
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5.0 Synthesis of New Information on Buffers
The initial questions posed at the beginning of this literature review were:

1. Are the conclusions and key points regarding wetland buffers made in the 2005
synthesis still valid?
2. If not, what new conclusions can be made from the recent research about how
buffers protect wetland functions?

In addition, a synthesis should “involve the integration of disparate data with existing
concepts and theories to yield new knowledge, insights, and explanations.” ( 59). Below we
provide our synthesis of the information we presented in the previous chapters. Some
conclusions that come out of a synthesis may not have been made previously by others and
thus cannot be cited because they provide new knowledge and explanations.

5.1 Conclusions on protecting water quality by using buffers (Section 3.2)

The research in the last decade supports the basic conclusion that buffers trap pollutants
before they reach a wetland, thus protecting its functions. The recent research has also
increased our understanding of the many different factors that control the effectiveness of
a buffer at trapping pollutants. These factors include:
•
•
•
•
•
•
•
•
•
•

Width
Slope
Type of vegetation (herbaceous, shrub, trees)
Type of pollutant (e.g. nitrogen, phosphorus, sediment, coliform bacteria)
Geochemical and physical properties of the soil
Infiltration rates of soils
Source of pollutants (surface water or groundwater)
Concentration of pollutants
Path of surface water through the buffer
For phosphorus, the amount of phosphorus already trapped by the soil.

All else being equal, wider buffers should be more effective than narrower ones. However,
the other site-specific factors listed above can change the effectiveness of wider buffers.
For example, a wide buffer where surface runoff has formed a small channel will probably
not be as effective as a narrower buffer with no channels. In the latter case, the surface
flows carrying pollutants have a chance to diffuse through the vegetation and percolate into
the ground. In the former case the pollutants have less opportunity to interact with the
processes that trap and transform them.

The approach of using the width of buffers as the only means for protecting water quality
in a wetland can be complicated. Different buffers widths may be needed to achieve the
same level of protection because other environmental factors are also important.
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5.2 Conclusions on protecting wetlands as wildlife habitat by using buffers
(Section 3.3)
The research in the last decade indicates the habitat needs of wetland-dependent species
are highly variable. Protecting wetland-dependent wildlife will probably require a broader,
landscape-based approach.
Current research indicates that:
•

•

•

•

•

•

Some species of amphibians require large areas of relatively undisturbed uplands if
their populations are to survive. Models that estimate the extinction rate show that
some amphibian populations have a high probability of becoming extinct in a
wetland within few decades as buffers are sized using current guidance (100 – 300
ft).

We found information on the upland habitat needs for 15 of the 27 species of
amphibians found in Washington State. These articles do not specify a minimum
distance that is required to protect a population, but they show that the species can
range 40m (~130ft) to over 1km (0.6 miles) from the edge of a wetland. The type of
upland habitat used by species found in Washington are similar to what these
species use in other parts of their range. Thus, many of the general conclusions
reported in the literature will probably also be valid, even though the research was
done on these species in other locations.
The uplands surrounding a wetland can serve as critical habitat for certain wetlanddependent species. Because this expands the concept of wetland buffer from simply
protecting the wetland to protecting species in the uplands, some have suggested
using the term core habitat rather than buffer. Many wetland-dependent species
will probably not survive unless an adequate amount of core habitat is present.

Studies on birds as well as amphibians report that core habitat for many species
needs to extend between 300m (1000ft) and 1000 m (0.6mi) from the wetland edge.
However, we were unable to find information on how much of the wetland edge has
to be connected to the core habitat to maintain populations.

The composition of plants in buffers and core habitats is also an important factor.
Some species prefer grasslands while others prefer shrubs and forests.

Policies and regulations will probably need to protect the upland habitats that are
an integral part of their habitat needs.

The current research indicates that a broader approach to protecting wildlife is needed.
Buffers alone may not prevent the populations of many species from declining. Wetland
policies that rely on only on buffer widths may be ineffective at protecting amphibians or
other wetland species that disperse across the landscape. Bauer and others (5) combined
an economic cost model with models of amphibian populations and found that in the
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majority of human-dominated landscapes, some amount of protection for the upland core
habitat is necessary for long-term survival of these amphibians. However, in landscapes
with less intense land uses, such as low-intensity residential, and a high pond density,
wetland buffers may be all that is required (5).

5.3 Conclusions on protecting plant biodiversity in wetlands using buffers
(Section3.4)

Very little research has been done correlating plant biodiversity in wetland with buffer
width. The research that has been done suggest that wetlands may require buffers that are
at least 200 ft (60m) to protect sensitive plants.

Update on Wetland Buffers Final Report October 2013

33

References Cited
1 Attum, O., Y.M. Lee, et al. (2008). Wetland complexes and upland-wetland linkages:
landscape effects on the distribution of rare and common wetland reptiles. Journal of
Zoology 275:245-251.

2 Baker, M E., D E. Weller, et al. (2006). Improved methods for quantifying potential
nutrient interception by riparian buffers. Landscape Ecology 21(8):1327-1345.

3 Baldwin, R.F., J.K. Calhoun, et al. (2006). Conservation Planning for Amphibian Species
with Complex Habitat Requirements: A Case Study Using Movements and Habitat
Selection of the Wood Frog Rana sylvatica. Journal of Herpetology 40:443-454.

4 Bartelt, P. ., C.R. Peterson, et al. (2004). Sexual differences in the post-breeding
movements and habitats selected by western toad (Bufo boreas) in southeastern Idaho.
Herpetologica 60(4):455-467.

5 Bauer, D.M., P.W.C. Paton, et al. (2010). Are wetland regulations cost effective for
species protection? A case study of amphibian metapopulations. Ecological Applications
20:798-815.
6 Bregnballe, T., K. Aaen, and A.D. Fox (2009). Escape distances from human pedestrians
by staging waterbirds in a Danish wetland. Wildfowl Special Issue 2:115-130.
7 Bried, J.T. and G.N. Ervin (2006). Abundance patterns of dragonflies along a wetland
buffer. Wetlands 26:878-883.

8 Buffler, S., C. Johnson, J. Nicholson, and N. Mesner (2005). Synthesis of design guidelines
and experimental data for water quality function in agricultural landscapes in the
Intermountain West. USDA Forest Service/UNL Faculty Publications. Paper 13.

9 Bullock, A. and M. Acreman (2003). The role of wetlands in the hydrologic cycle.
Hydrology and Earth System Sciences 7:358-389.

10 Crawford, J.A. and R. Semlitsch (2007). Estimation of core terrestrial habitat for streambreeding salamanders and delineation of riparian buffers for protection of biodiversity.
Conservation Biology 21:152-158.

11 Cushman, S.A. (2006). Effects of habitat loss and fragmentation on amphibians: A
review and prospectus. Biol. Conserv. 128(2):231-240.

12 DeLuca, W.V., C. Studds, L.L. Rockwood, and P.P. Marra (2004). Influence of land use on
the integrity of marsh bird communities of Chesapeake Bay, USA. Wetlands 24:837847.
13 Dosskey, M.G., M.J. Helmers, D.E. Eisenhauer, and K.D. Hoagland (2002). Assessment of
concentrated flow through riparian buffers. Journal of Soil and Water Conservation
57:336-343.

Update on Wetland Buffers Final Report October 2013

34

14 Dosskey, M G., P. Vidon, N.P. Gurwick, C.J. Allan, T.P Duval, and R. Lowrance (2010). The
Role of Riparian Vegetation in Protecting and Improving Chemical Water Quality in
Streams. Journal of the American Water Resources Association 46(2):261-277.
15 Eigenbrod, F., S. Hecnar, et al. (2009). Quantifying the road-effect zone: threshold
effects of a motorway on anuran populations in Ontario, Canada. Ecology and Society
14(1): 24 online.

16 Ervin, G. N. (2009). Relationship of wetlands vegetation and land cover as an indicator
of ecologically appropriate wetland buffer zones. Report on Northern Gulf Institute
project: Waershed Modelling Improvements to Enhance Coastal Ecosystems, subtask
W5b- Correlation of buffer zone characteristics with water quality.
17 Ficetola, G.F., E. Padoachioppa, and F. de Bernard (2009). Influence of Landscape
Elements in Riparian Buffers on the Conservation of Semiaquatic Amphibians.
Conservation Biology 23(1):114-123.

18 Francis, T B. and D E. Schindler (2009). Shoreline urbanization reduces terrestrial
insect subsidies to fishes in North American lakes. Oikos 118(12):1872-1882.

19 Francl, K.E. and S.B. Castleberry (2004). Small mammal communities of high elevation
central Appalachian wetlands. American Midland Naturalist 151:388-398.

20 Gagne, S.A. and L. Fahrig (2010). Effects of time since urbanization on anuran
community composition in remnant urban ponds. Environmental Conservation
37(2):128-135.

21 Gamble, L.R., K. McGarigal, C.L. Jenkins, and B.C. Timm (2006). Limitations of regulated
buffer zones for the conservation of marbled salamanders. Wetlands 26(2):298-306.

22 Glover, H.K., M.A. Weston, G.S. Maguire, K.K. Miller, and B.A. Chritie (2011). Towards
ecologically meaningful and socially acceptable buffers: Response distances of
shorebirds in Victoria, Australia, to human disturbance. Landscape and Urban Planning
103(3-4):326-334.
23 Goates, M.C., K.A. Hatcha, and D.L. Eggett (2007). The need to ground truth 30.5 m
buffers: A case study of the boreal toad (Bufo boreas). Biological Conservation 138(34):474-483.

24 Goldberg, C.S. and L.P. Waits (2010). Comparative landscape genetics of two pondbreeding amphibian species in a highly modified agricultural landscape. Molecular
Ecology 19(17):3650-3663.

25 Gumiero, B., B. Boz, P. Cornelio, and S. Casella (2011). Shallow groundwater nitrogen
and denitrification in a newly afforested, subirrigated riparian buffer. Journal of
Applied Ecology 48(5):1135-1144.

26 Hamer, A.J. and K.M. Parris (2011). Local and landscape determinants of amphibian
communities in urban ponds. Ecological Applications 21(2):378-390.

Update on Wetland Buffers Final Report October 2013

35

27 Hannon, S. J., C. A. Paszkowski, S. Boutin, J. DeGroot, S.E. Macdonald, M. Wheatley, and
B.R. Eaton (2002). Abundance and species composition of amphibians, small mammals,
and songbirds in riparian forest buffer strips of varying widths in the boreal
mixedwood of Alberta. Canadian Journal of Forest Research 32:1784-1800.
28 Hanowski, J., N. Danz, and J. Lind (2006). Response of breeding bird communities to
forest harvest around seasonal ponds in northern forests, USA. Ecology and
Management 229:63-72.

29 Harper, E., T.A.G. Rittenhouse, and R. Semlitsch (2008). Demographic consequences of
terrestrial habitat loss for pool breeding amphibians: predicting extinction risks
associated with inadequate size of buffer zones. Conservation Biology 22:1205-1215.
30 Hawkes, V. C. and P. Gregory (2012). Temporal changes in relative abundance of
amphibians relative to riparian buffer width in western WA. Forest Ecology and
Management 274:67-80.

31 Hayes, M.P., T. Quinn, K.O. Richter, J.P Schuett-Hames, and J.T. Shean (2008).
Maintaining lentic breeding amphibians in urbanizing landscapes: the case study of the
Northern Red-legged frog (Rana aurora). Urban Herpetology. eds. J. C. Mitchell and R. E.
Brown, Society for the study of amphibians and reptiles. pp.139-155.
32 Hays, D.W., K.R. McAllister, .A. Richardson, and D.W. Stinson (1999). Washington State
recovery plan for the western pond turtle. Olympia WA, Washington State Department
of Fish and Wildlife. 66.
33 Henning, B.M. and A. J. Remsberg (2009). Lakeshore vegetation effects on avian and
anuran populations. American Naturalist 161:123-133.

34 Herrera-Montes, M.I. and T.M. Aide (2011). Impacts of traffic noise on anuran and bird
communities. Urban Ecosystems 14(3):415-427.

35 Hickey, M.B.C. and B. Doran (2004). A review of the efficiency of buffer strips for the
maintenance and enhancement of riparian ecosystems. Water Quality Research Journal
Canada 39:311-317.
36 Hoffman, C.C., C. Kjaergaard, J. Uusi-Kampa, H.C. Hansen and B. Kronvang (2009).
Phosphorus retention in riparian buffers: review of their efficiency. Journal
Environmental Quality 38:1942-1955.

37 Homan, R.N., B.S. Windmiller, and M. Reed (2004). Critical thresholds associated with
habitat loss for two vernal pool-breeding amphibians. Ecological Applications
14(5):1547-1553.
38 Houlahan, J.E. and C.S. Findlay (2004). Estimating the 'critical' distance at which
adjacent land-use degrades wetland water and sediment quality. Landscape Ecology
19(6):677-690.

Update on Wetland Buffers Final Report October 2013

36

39 Houlahan, J E., P.A. Keddy, K. Makkay, and C.C. Findlay (2006). The effects of adjacent
land use on wetland species richness and community composition. Wetlands 26(1):7996.
40 Hruby, T. (2004). Washington State Wetland Rating System for Western Washington –
Revised. Washington State Department of Ecology Publication #04-06-025.

41 Ikuta, L.A. and D T. Blumstein (2003). Do fences protect birds from human disturbance?
Biological Conservation 112:447-452.
42 Environmental Law Institute (2008). Planner's guide to wetland buffers for local
governments. 25pp. ISBN 978-58576-137-1.

43 Kiffney, P M., J.S. Richardson, and J.P. Bull (2003). Responses of periphyton and insects
to experimental manipulation of riparian buffer width along forest streams. Journal of
Applied Ecology 40(6):1060-1076.

44 Kiffney, P M., J.S. Richardsonand J.P. Bull (2004). Establishing light as a causal
mechanism structuring stream communities in response to experimental manipulation
of riparian buffer width. Journal of the North American Benthological Society
23(3):542-555.
45 Lengagne, T. (2008). Traffic noise affects communication behaviour in a breeding
anuran, Hyla arborea. Biological Conservation 141(8):2023-2031.

46 Leonard, W P., H A. Brown, L.L.C. Jones, K.R. McAllister, and R.M. Storm (1993).
Amphibians of Washington and Oregon. Seattle, WA, Seattle Audubon Society.

47 Lofvenhaft, K., S. Runborg, and P. Sjorgren-Gulve (2004). Biotope patterns and
amphibian distribution as assessment tools in urban landscape planning. Landscape
and Urban Planning 68(4):403-427.
48 Martin, T.G., S. McIntyre, C.P. Catterall, and H.P. Possingham (2006). Is landscape
context important for riparian conservation? Birds in grassy woodland. Biological
Conservation 127:201-214.

49 Mayer, P.M., S.K. Reynolds Jr., M.D. McCutchen, and T.J. Canfield (2007). Meta-analysis
of nitrogen removal in riparian buffers. Journal of Environmental Quality 36:11721180.
50 McElfish, J.M., R.L. Kihslinger, and S. Nichols (2008). Setting buffer sizes for wetlands.
National Wetlands Newsletter 30:6-10.

51 McIntyre, C. (2011). Predicting amphibian occurrence based on wetland and landscape
level factors in Montana. M.S. Thesis, University of Montana.
52 McKinney, R A., K.B. Raposa,and R.M. Cournoyer (2011). Wetlands as habitat in
urbanizing landscapes: Patterns of bird abundance and occupancy. Landscape and
Urban Planning 100(1-2):144-152.

Update on Wetland Buffers Final Report October 2013

37

53 Mora, J.W., J.N.I. Mager, and D.J. Spieles (2011). Habitat and landscape suitability as
indicators of bird abundances in created and restored wetlands. ISRN Ecology
2011(Article ID 297648):10.

54 Naugle, D.E., R. R. Johnson, M.E. Estey, and K.F. Higgins (2001). A landscape approach to
conserving wetland bird habitat in the prairie pothole region of eastern South Dakota.
Wetlands 21:1-17.
55 Owens, P.N., J.H. Duzant, L.K. Deeks, G.A. wood, R.P.C. Morgan, and A.J. Collins (2007).
Evaluation of contrasting buffer features within an agricultural landscape for reducing
sediment and sediment-associated phosphorus delivery to surface waters. Soil Use and
Management 23(Suppl. 1):165-175.
56 Parkyn, S. (2004). Review of riparian buffer zone effectiveness. Wellington NZ, Ministry
of Agriculture and Forestry: 31pp.
57 Pearl, C.A., M.J. Adams, N. Leuthold, and R.B. Bury (2005). Amphibian occurrence and
aquatic invaders in a changing landscape; implications for wetland mitigation in the
Willamette valley, Oregon, USA. Wetlands 25:76-88.
58 Pearson, S.F. and D A. Manuwal (2001). Breeding Bird response to riparian buffer
width in managed Pacific Northwest Douglas-fir forests. Ecological Applications
11:840-853.

59 Pickett, S.T.A., Kolasa, J. and C.G. Jones (2007). Ecological understanding: The nature of
theory and the theory of nature (2d edition) Academic Press, Amsterdam, 233 pp.

60 Polyakov, V., A. Fares, and M.C. Ryder (2005). Precision riparian buffers for the control
of nonpoint source pollutant loading into surface water: a review. Environmental
Review 13:129-144.
61 Pullin, A.G. and G.B. Stewart (2006). Guidelines for systematic review in conservation
and environmental management. Conservation Biology 20:1647-1656.

62 Qiu, Z.Y. (2009). Assessing Critical Source Areas in Watersheds for Conservation Buffer
Planning and Riparian Restoration. Environmental Management 44(5):968-980.
63 Ranalli, A. J. and D.L. Macalady (2010). The importance of the riparian zone and instream processes in nitrite attenuation in undisturbed and agricultural watersheds -- a
review of the scientific literature. Journal of Hydrology 389:406-415.

64 Reese, D A. and H.H. Welsh (1997). Use of terrestrial habitat by western pond turtles,
Clemmys marmorata: implications for management. Conservation, restoration, and
management of tortoises and turtles: An international conference, New York.

65 Reid, L. and S. Hilton (1998). Buffering the Buffer. Proceedings of the conference on
coastal watersheds: the Caspar Creek Story; 6 May 1998, Ukiah, CA, United States
Department of Agriculture, Forest Service, Pacific Southwest Research Station.

Update on Wetland Buffers Final Report October 2013

38

66 Ribeiro, R., M A. Carretero, N. Sillero, G. Alarcos, M. Ortiz-Santaliestra, M. Lizana, and
G.A. Llorente (2011). The pond network: can structural connectivity reflect on
(amphibian) biodiversity patterns? Landscape Ecology 26(5):673-682.

67 Richardson, J.S., R. Naiman, and P.A. Bisson (2012). How did fixed-width buffers
become standard practice for protecting freshwaters and their riparian areas from
forest harvest practices? Freshwater Science 31(1):232-238.

68 Richter, K.O., D.W. Kerr, and B.J. Earle (2008). Buffer-only wetland protection:
implications for pond-breeding amphibians. Urban Herpetology. J. C. Mitchell and R. E. J.
Brown, Society for the Study of Amphibians & Reptiles. pp. 489-504.
69 Rittenhouse, T. and R. Semlitsch (2006). Grasslands as movement barriers for a forest
associated salamander: migration behavior of and juvenile salamanders at a distinct
habitat edge. Biological Conservation 131:14-22.
70 Rittenhouse, T. and R. Semlitsch (2007). Distribution of amphibians in terrestrial
habitat surrounding wetlands. Wetlands 27:153-161.

71 Rizkalla, C. and R.K. Swihart (2006). Community structure and differential responses of
aquatic turtles to agriculturally induced habitat fragmentation. Landscape Ecology
21:1361-1375.

72 Rodgers, J. A. J. and S. T. Schwickert (2003). Buffer zone distances to protect foraging
and loafing waterbirds from disturbance by airboats in Florida. Waterbirds 26(4):437443.

73 Rooney, R.C., S E. Bayley, I.F. Creed, and M.J. Wilson (2012). The accuracy of land coverbased wetland assessments is influenced by landscape extent. Landscape Ecology
27(9):1321-1335.

74 Rubbo, M.J. and J. M. Kiesecker (2005). Amphibian breeding distribution in an
urbanized landscape. Conservation Biology 19(2):504-511.

75 Sabater, S., A. Butturini, J. Clement, T. Burt, D. Dowrick, M. Hefting, V. Maitre, G. Pinnay,
C. Postolache, M. Rzepecki, and F. Sabater (2003). Nitrogen removal by riparian buffers
along a European climatic gradient: Patterns and factors of variation. Ecosystems.
6(1):20-30.
76 Sahu, M. and R. R. Gu (2009). Modeling the effects of riparian buffer zone and contour
strips on stream water quality. Ecological Engineering 35(8):1167-1177.

77 Semlitsch, R. (2007). Differentiating migration and dispersal processes for pondbreeding amphibians. Journal of Wildlife Management 72:260-267.

78 Semlitsch, R. (2011). Web page introduction. Wetland Buffers Symposium: Theory,
Science, Policy And Implementation.
http://www.wisconsinwetlands.org/2011symposium.htm

Update on Wetland Buffers Final Report October 2013

39

79 Semlitsch, R. and J. R. Bodie (2003). Biological criteria for buffer zones around
wetlands and riparian habitats for amphibians and reptiles. Conservation Biology
17(5):1219-1228.

80 Semlitsch, R. and J. B. Jensen (2001). Core habitat, not buffer zone. National Wetlands
Newsletter July-August 2001:5-11.

81 Sheldon, D., T. Hruby, P. Johnson, K. Harper, A. McMillan, T. Granger, S. Stanley, and E.
Stockdale (2005). Wetlands in Washington State - Volume 1: A Synthesis of the Science.
Washington State Department of Ecology. Publication #05-06-006. Olympia, WA.

82 Slawski, T. (2010). Managing the water's edge: Making natural connections.
Southeastern Wisconsin Regional Planning Commission Booklet 24pp.

83 Smith, L. A. and P. ChowFraser (2010). Impacts of adjacent land use and isolation on
marsh bird communities. Environmental Management 45: 1040-1051.

84 Smith, T.A., D.L. Osmond, C.E. Moorman, J.M. Stucky, and J.W. Gilliam (2008). Effect of
vegetation management on bird habitat in riparian buffer zones. Southeastern
Naturalist 7:277-288.

85 Sun, J.W.. and P A. Narins (2005). Anthropogenic sounds differentially affect amphibian
call rate. Biological Conservation 121(3):419-427.
86 Trenham, P.C. and H.B. Shaffer (2005). Amphibian upland habitat use and its
consequences for population viability. Ecological Applications 15:1158-1168.

87 Uusi-Kamppa, J. (2005). Phosphorus purification in buffer zones in cold climates.
Ecological Engineering 24:491-502.

88 Vesely, D.G. and W.C. McComb (2002). Salamander abundance and amphibian species
richness in Riparian Buffer strips in the Oregon Coast Range. Forest Science 48(2):291297.

89 Veysey, J., K.J. Babbitt, and A. Cooper (2009). An experimental assessment of buffer
width: Implications for salamander migratory behavior. Biological Conservation
142:2227-2239.

90 Vidon, P.G. and A.R. Hill (2006). A landscape-based approach to estimate riparian
hydrological and nitrate removal functions. Journal of the American Water Resources
Association 42(4):1099-1112.

91 Wade, A. A. and D.M. Theobald (2010). Residential Development Encroachment on US
Protected Areas. Conservation Biology 24(1):151-161.

92 Ward, M P., B. Semel, and J.R. Herkert (2010). Identifying the ecological causes of longterm declines of wetland-dependent birds in an urbanizing landscape. Biodiversity and
Conservation 19(11):3287-3300.

Update on Wetland Buffers Final Report October 2013

40

93 Weston, M A., M.J. Antos, and H.K. Glover (2009). Birds, buffers, and bicycles: a review
and case study of wetland buffers. The Victorian Naturalist 126:79-86.

94 Willson, J.D. and M E. Dorcas (2003). Effects of habitat disturbance on stream
salamanders: implication for buffer zones and watershed management. Conservation
Biology 17:763-771.

95 Yuan, Y.P., R.L. Bingner, and M.A. Locke (2009). A Review of effectiveness of vegetative
buffers on sediment trapping in agricultural areas. Ecohydrology 2(3):321-336.

96 Zhang, X., X. Liu, M. Zhang, and R.A. Dahlgren (2010). A review of vegetated buffers and
an meta-analysis of their mitigation efficacy in reducing nonpoint source pollution.
Journal of Environmental Quality 39:76-84.

Update on Wetland Buffers Final Report October 2013

41

