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Section I. Introduction 
Purpose of this document  
 
This document was developed to provide shoreline planners and managers with a summary of 
current science and management recommendations to inform protection of ecological functions 
of marine riparian areas (defined in Section III). Washington Administrative Code (WAC 173-
26-186(8)) directs that Shoreline Master Programs (SMPs) “include policies and regulations 
designed to achieve no net loss of those ecological functions.”  The Washington State 
Department of Ecology has produced guidelines to help achieve this standard on marine 
shorelines of Washington (http://www.ecy.wa.gov/programs/sea/sma/guidelines/index.html). In 
addition, the state’s Aquatic Habitat Guidelines (AHG) program developed recommendations for 
protecting marine riparian functions: Protecting Nearshore Habitat and Function in Puget Sound: 
An interim Guide (2007) (http://wdfw.wa.gov/hab/nearshore_guidelines/). The AHG program is 
a partnership of state agencies dedicated to providing science guidance for protection of marine, 
freshwater, and riparian ecosystems. The AHG program develops guidance documents that can 
aid local governments updating Shoreline Master Programs (SMP) and Critical Areas 
Ordinances (CAO).  
 
This information contained in this report will help inform local decisions regarding what is 
needed to protect ecological functions of marine riparian areas. Specifically, we summarize the 
range of marine riparian buffer widths (Appendix G) needed to meet particular levels of 
ecosystem function based on a literature review and input from an expert panel workshop.  
 
Protection of marine riparian areas 
 
Puget Sound’s marine shorelines and riparian areas have been altered over the last 160 years by 
human activities including agriculture, forestry and development. Nearly all of the merchantable 
timber along the marine shorelines of Puget Sound was harvested or burned by 1884 (Chasan, 
1981). Although natural regeneration of riparian vegetation occurred in the years that followed, 
human manipulation of vegetation continues to influence marine shorelines today.  
 
During the past three decades, an extensive body of research has emerged documenting the 
importance of riparian areas in providing ecological functions. These functions include: 
 

 Water quality maintenance 

 Fine sediment control  

 Large woody debris (LWD) delivery and retention  

 Microclimate moderation 

 Nutrient delivery and retention 
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 Fish and wildlife habitat creation and maintenance 

 Hydrology/slope stability 

Most riparian research has focused on stream and riverine ecosystems. Attention to marine 
riparian processes and functions has only emerged in the literature during the past decade, and 
research in this area is increasing. Nevertheless, riparian areas provide ecological functions 
regardless of whether they are adjacent to freshwater or marine water bodies (Desbonnet et al. 
1994, 1995; NRC 1996; NRC 2002; Brennan and Culverwell 2004).  
 
Organization of document 
 
In addition to the Introduction above, this document contains the following sections:  

 Methodology used to compile information.  

 Overview of marine riparian areas.  

 Description of the seven most ecologically important riparian functions and 
recommendations for protecting (sustaining?) these functions. 

 Impacts to riparian functions from activities associated with development, agriculture and 
forest practices.  

 Recommendations to protect and sustain marine riparian functions.  
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Section II. Approach/Methods 
This document summarizes our literature review and synthesis of scientific and technical 
information on riparian areas and presents recommendations to help protect marine riparian 
functions from common human activities. The following seven riparian functions are the focus of 
this document:  

 Water quality 
 Fine sediment control  
 Shade/microclimate  
 Large woody debris (LWD)  
 Detritus and nutrients  
 Fish and wildlife habitat  
 Hydrology and slope stability 

 
We addressed the following questions regarding the seven riparian functions listed above:  

 What are the mechanisms or processes by which riparian areas perform each of the seven 
functions? 

 How do human activities (i.e., agriculture, forestry, and development) affect riparian area 
function? 

 What management approaches are most likely to protect each function? 
 What data gaps and uncertainties exist relative to each function? 

 
 
We paid particular attention to buffer-effectiveness research; that is, research focused 
specifically on the performance of buffers of varying widths at protecting riparian function for 
both freshwater and marine settings within and outside the Puget Sound region. We examined 
seven riparian buffer review documents to help determine the buffer widths that have been 
recommended to protect the seven riparian functions. These seven documents were selected 
because we identified them as being among the most thorough, frequently cited, and 
scientifically sound sources available (Appendix B). They were also selected because of their 
relevance to Washington State (Castelle et al. 1992; FEMAT 1993; Knutson and Naef 1997), the 
Puget Sound lowlands (Castelle et al. 1992; May 2000), and coastal systems (Desbonnet et al. 
1994, 1995).  Because some of the review documents did not consider wildlife, we added some 
pre 2000 references dealing with buffer recommendation for protection of wildlife that we 
encountered during the literature review.   
 
We reviewed books, journals, online gray literature from government sites (USGS, US EPA, 
USDA, Washington State Departments of Ecology, Natural Resources, and Fish and Wildlife); 
online databases [Web of Science, CAB Abstracts, ProQuest, ScienceDirect, Agricola], and 
bibliographies [most notably one written by David Correll for the Smithsonian Institution, 
Correll 1999]. A summary of this information is contained in Appendix C, Tables 1-7.   
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In Appendix G, we summarized buffer width recommendations from Appendix C to achieve 80-
100% effectiveness. We did this in three ways. First we report the smallest and largest buffer 
widths recommended in the literature that achieved a minimum of 80% effectiveness for that 
function. For example, the buffer width recommendation for the water quality function ranges 
from 5-600 m (16 -1920 ft) across all water quality studies.  
 
Secondly, we present average values, which are based on the arithmetic mean of all buffer 
widths recommendations from the literature cited in Appendix C that achieve a minimum 
effectiveness of 80%. For example, the mean width to achieve a minimum of 80% effectiveness 
among 11 studies in appendix C for water quality function was 109 m (608 ft). For single studies 
that offer a range of buffer widths to achieve a minimum of 80% effectiveness, we took the 
average of that range before including it with data from other studies. For example, for the water 
quality function, Mayer et al (2006) offer a buffer range of 6-70 m (19 -224 ft) to achieve 91-
99% effectiveness for subsurface flows for a grass forest buffer. We used a value of 38 m (122 ft, 
i.e., the average of 6 and 70 m; 19-224 ft) to represent this study.  
 
Finally we provide buffer width recommendations to meet 80% effectiveness based solely on 
FEMAT curves. The FEMAT curves plot the relationship between the effectiveness of a mature 
forests buffer at providing an ecosystem function at various buffer widths. For example, the 
FEMAT curve for LWD indicates that an approximately 40 m (131 ft) buffer width achieves 
80% effectiveness of the LWD function. In some cases, the FEMAT function curves illustrate 
several parameters e.g., the water quality FEMAT curve shows total suspended solids (TSS), 
sediment, nitrogen and phosphorus. In this case, a range of widths is reflected in the 
recommendations, to address each parameter of concern.  FEMAT curves did not address 
hydrology/slope or wildlife functions.  FEMAT (1993) uses site potential tree height (SPTH) as a 
proxy for buffer width where one SPTH = 61 meters (200 ft). FEMAT defines site potential tree 
as “a tree that has attained the average maximum height possible given site conditions where it 
occurs” (FEMAT 1993). Like other characteristics of Puget Sound marine shorelines, site 
conditions and thus site potential tree heights will vary across Puget Sound region. 
 
We found no effectiveness studies for litter fall or hydrology/slope stability and thus do not 
report on this function in terms of buffer width effectiveness. For all other function, we report on 
the buffer widths that achieve 80% effectiveness as opposed to other values of effectiveness 
simply because most of the studies could be summarized at this level. The description of 
effectiveness at the 80% level does not imply a recommendation for adopting that level of 
effectiveness.  
 
Because much of the literature was related to freshwater riparian systems, we assembled an 
interdisciplinary science panel to inform the process of adapting fresh water studies to marine 
nearshore environments (Marine Riparian Workshop Proceedings 2008; Appendix H ). We used 
FEMAT (1993) curves as a tool to communicate with the science panel.  First developed in 1993 
for freshwater environments, FEMAT curves depict the relationship between ecological 
functions and the width of mature riparian forests along a generalized shoreline. Relationships 
between ecological function and width of riparian zones for specific shorelines may differ from 
this generalized model due to site-specific factors such as slope, soil, geomorphology, plant 
community type, disturbances, anthropogenic alterations, etc. A riparian function curve for 
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wildlife was not developed due to the complexity of life history requirements for the wide 
variety of wildlife found in marine riparian areas, as well as the lack of scientific information on 
this topic.  
 
The decision to adapt FEMAT-style curves for the marine environment was based on the 
assumption that studies used as the basis for developing these curves can be generally applied to 
the marine environment. The rationale for this application relates to the similarities of riparian 
functions between marine and fresh water systems and the support for this application from a 
number of publications (e.g., Desbonnet et al. 1994, 1995; NRC 2002; Brennan and Culverwell 
2004) and the science panel.  
 
The summary of literature reviews, buffer recommendations and adapted FEMAT curves were 
provided to the science panel at a workshop to solicit their opinion as to the applicability of the 
riparian function curves to the marine environment. The workshop was held on November 19, 
2008 at the University of Washington. It included 14 scientists representing multiple disciplines 
relevant to riparian function and processes. A proceedings document entitled Draft Marine 
Riparian Review Technical Workshop Proceedings was produced as a result of this workshop 
and contains the names, affiliations and expertise of science panel members (Appendix H). The 
consensus of the science panel is that freshwater riparian buffer research as generally depicted in 
the FEMAT curves is applicable to the marine environment. Exceptions are noted in the 
workshop proceeding.  The recommendations contained in this guidance document are the result 
of these efforts. 
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Section III. Overview: Riparian Areas and Riparian Buffers 

Riparian areas 

As defined by the National Research Council (NRC 2002):  
 

Riparian areas are transitional between terrestrial and aquatic ecosystems and are 
distinguished by gradients in biophysical conditions, ecological processes and biota. They 
are areas through which surface and subsurface hydrology connect water bodies with 
their adjacent uplands. They include those portions of terrestrial ecosystems that 
influence exchanges of energy and matter with aquatic ecosystems (i.e., zone of 
influence). Riparian areas are adjacent to perennial, intermittent, and ephemeral streams, 
lakes, and estuarine–marine shorelines.         

Riparian buffers  

Riparian buffers are generally recognized as a “separation zone” between a water body and a 
land use activity (e.g., timber harvest, commercial or residential development) for the purposes 
of protecting ecological  processes, structures, functions) and/or mitigating the threat of a coastal 
hazard on human infrastructures (National Wildlife Federation 2007). As used here, buffers are 
defined as separation zones (as above) that are relatively undisturbed by humans and thus 
represent mature vegetation consistent with the potential of the site.  

Why are marine riparian areas important?   

Based in large measure on our understanding of fresh water riparian ecosystems marine riparian 
areas likely play a central role in maintaining the health and integrity of aquatic and terrestrial 
ecosystems (Desbonnet et al 1994; NRC 2002; Brennan and Culverwell 2004). Many of the 
functions of freshwater riparian areas are similar to marine riparian areas, although marine 
riparian areas also provide functions that are unique to nearshore ecosystems due to differences 
in biogeochemical processes, ocean influences and differences in the biota between fresh and 
marine environments. Marine riparian areas provide a broad suite of functions, seven of which 
are the focus of this document. These include water quality (filtration and processing of 
contaminants); fine sediment control; inputs of large woody debris (LWD); shade/microclimate; 
litter fall/organic matter input; hydrology and slope stability; and fish and wildlife habitat (see 
Section IV).  There are a number of other functions provided by marine riparian areas which 
were not reviewed nor discussed here e.g., recreation, cultural and aesthetic resources, carbon 
sequestration, and providing protection from threats of coastal hazards.  
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Section IV. Riparian Functions 

1. Water quality 

a. Technical overview: riparian influence on water quality function 

Of the seven riparian functions addressed in this document, water quality is perhaps best 
understood. Riparian areas provide water quality benefits through a variety of mechanisms 
including:  

 Infiltration and corresponding reduction of surface runoff rates/volumes; 

 Intercepting nutrients, fine sediments and associated pollutants from surface water 
runoff;  

 Binding dissolved pollutants with clay and humus particles in the soil; 

 Conversion of excessive nutrients, pollution, and bacteria from surface and shallow 
groundwater into less harmful forms by riparian vegetation; and 

 Regulating water temperature.  

The water quality function of riparian areas is facilitated by vegetation and soils, which slow the 
flow of surface and subsurface water and increases retention or “treatment” time. Vegetation, 
geology, landform, and soil characteristics can affect the manner and rate at which water flows 
over and through the riparian area and the extent to which groundwater remains in contact with 
plant roots and soil particles (Klapproth and Johnson 2000). Microorganisms found in riparian 
soils and sediments, including bacteria, fungi, and other biota, are capable of metabolizing 
pesticides and transforming nutrients and other chemicals into less toxic forms (Ettema et al. 
1999; Klapproth and Johnson 2000). They can also perform chemical reduction reactions such as 
denitrification (Adamus et al. 1991; Schoonover and Williard 2003; Rich and Myrold 2004). In 
addition to reducing the pollutant load to receiving waters, microorganisms cycle nutrients 
including carbon, nitrogen, and phosphorus. Soils high in very fine materials (e.g., clay) tend to 
be less permeable and may facilitate greater runoff, while sand-dominated soils can facilitate 
rapid draining and therefore limited sediment retention (Hawes and Smith 2005). Fine mineral 
soils or soils with high levels of aluminum or iron may be more likely to perform the nutrient 
removal/transformation function than other soil types (Adamus et al. 1991). 
 
Trees, shrubs and herbaceous plants can trap and retain pollutants from the atmosphere, 
sediments, surface runoff and groundwater (Correll 1997). Plants also help lengthen the 
residence time of water by decreasing flow and velocity, which can increase filtration and soil 
retention potential (Evans et al. 1996; Klapproth and Johnson 2000; Ducros and Joyce 2003). 
Vegetation can help mediate nutrient and pollutant input into receiving waters by stabilizing 
banks to reduce erosion, storing runoff, trapping sediment, and transforming nutrients (Omernik 
et al. 1981; Smith 1992; Osborne and Kovacic 1993; Arthington et al. 1997). 
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b. Key findings from buffer literature and science panel on water quality  
 
Numerous studies have investigated the role of riparian buffers composed of vegetation such as 
grass and forest in controlling the transport of sediment, nutrients, pesticides, metals, 
microorganisms, and other contaminants to receiving waters (NRC 2002). Most research focuses 
on nonpoint source pollution, particularly nutrients (phosphates/phosphorus, nitrates/nitrogen), 
TSS, and sediments. To a lesser degree, research has also addressed bacteria and other pathogens 
along with oils, pesticides, and herbicides. Appendix C, Table 1 provides a summary of water 
quality buffer recommendations reviewed for this document.  
 
Our review suggests that:  

 The range of buffer widths that met a minimum 80% effectiveness for this function was 5 
– 600 m (16-1920 ft; Appendix G). This wide range relates to the breadth of water quality 
issues. See Appendix C to get more specific widths related to specific water quality 
parameters.  

 Minimum buffer widths to achieve 80% effectiveness for different elements of water 
quality functions can be extrapolated from the literature and are listed in Appendix G.  

 Site characteristics and the amount and nature of the contaminant in the water influence 
the buffer’s capacity to ameliorate those contaminants.  

 
A riparian function curve for water quality was developed for review by the science panel to 
determine its application to the marine environment. Summary data from Desbonnet et al. (1995) 
(Table 1) were used to generate a series of curves for four commonly studied contaminants 
including sediment, TSS, nitrogen and phosphorus (Figure 1). These curves, which are similar to 
those developed by FEMAT (1993), demonstrate function (in terms of % removal of 
contaminant) based on a number of studies at different locations and under different site 
conditions. Note that curves are contaminant-specific despite similarity of shape.    
 
Panelists generally agreed that the function curves are conceptually valid for water quality issues 
originating in marine riparian areas. However the panel distinguished marine riparian from 
freshwater riparian function on the basis of drainage area and relative contribution to Puget 
Sound water contamination. Relative to the dynamics affecting water quality in Puget Sound at 
the watershed and landscape scales, undisturbed marine riparian area’s contribution to 
maintaining water quality is limited to the area that drains directly into Puget Sound. 
 Anthropogenic activities in marine riparian areas include the generation and routing (via water) 
of pathogens, nutrients, toxics, heat, and fine sediment (above normal background levels) that 
can affect water quality. However, the marine riparian area is limited in spatial extent; that is, it 
constitutes a small fraction of the Puget Sound drainage basin. Most contaminants reach Puget 
Sound via streams or drainage networks discharging into the Puget Sound Basin, or pathways 
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that concentrate rainfall and snowmelt from impervious surfaces associated with human 
residential and commercial development and transportation infrastructure. Washington State 
Department of Ecology, United States Environmental Protection Agency, Puget Sound 
Partnership Publication Number 07-10-079 (http://www.ecy.wa.gov/pubs/0710079.pdf ); and 
waste water entering Puget Sound from municipal and industrial facilities. The panel did not 
address nutrient or pathogens from agricultural sources or residential septic systems.  
 
 

Table 1.  Summary data adapted from Desbonnet et al. (1994, 1995) used to generate generalized curve for 
removal effectiveness of various pollutants at different buffer widths. This data is identical to Desbonnet et al 
(1995) with the exception of the zero point which we added for illustrative purposes.   

% Removal Buffer Width in Meters (ft) 

 Sediment TSS Nitrogen Phosphorus 

0 0 0 0 0 

50 0.5 (1.6) 2 (6.6) 3.5 (11) 5 (16) 

60 2 (6.6) 6 (20) 9 (30) 12 (39) 

70 7 (23) 20 (66) 23 (75) 35 (115) 

80 25 (82) 60 (197) 60 (197) 85 (279) 

90 90 (296) 200 (656) 150 (492) 250 (820) 

99 300 (984) 700 (2297) 350 (1148) 550 (1804 
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Figure 1.  Contaminant removal effectiveness of four water quality parameters at various buffer widths 
(adapted from Desbonnet et al. 1995). 

 

c. Conclusions and Recommendations for water quality  

The literature review (see Appendix C) shows removal effectiveness as a function of buffer 
widths. In general, the larger the buffer, the greater its effectiveness in performing a water 
quality function. Long-term studies suggest that contaminant loading can increase over time 
(depending on the site conditions and type of contaminant), thereby reducing the overall 
effectiveness of the buffer.  
 

This document focused on four major water quality contaminants that have received the most 
attention from researchers: nitrogen, phosphorous, total suspended solids and fine sediment. Soil 
characteristics, slope and vegetation cover type are the most important determinants of buffer 
effectiveness to protect water quality. To maximize the buffer’s effectiveness to remove 
contaminants, the following actions are recommended in order of priority:  

 Retain, restore, or enhance vegetation, particularly native vegetation.  

 Manage drainage to ensure that water is moving evenly through the buffer to maximize 
retention time and infiltration, rather than flowing through pipes, culverts, rills, or other 
conveyance mechanisms. Avoid routing drainage to adjacent streams that may transect 
marine riparian areas. 

 Avoid the use of pollutants (petroleum, toxics, pesticides, etc) in or near riparian areas.  

 Avoid construction of impervious surfaces and septic tank drain fields in riparian areas.  
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 Manage agricultural and pasture lands to minimally disturb buffers. 

 Limit or prohibit the application of pesticides and herbicides in or near riparian areas. 

 Avoid disturbance (e.g., grading, compaction, removal) of native soils.  

2. Fine Sediment Control   

a. Technical overview: riparian influence on fine sediment control function 

Riparian areas can play an important role in controlling fine sediment transport into local water 
bodies (fine sediments include fine-grained particles such as silt, clay, sand, and mud particles). 
As described previously, fine sediment plays an important role in ameliorating the effect of toxic 
chemicals and excessive nutrients in water quality.  Fine sediment also is important in 
maintaining soil characteristics necessary for the growth and maintenance of riparian vegetation. 
However, maintaining natural erosion and sediment transport processes is critical to maintaining 
Puget Sound beaches and much of the sediment nourishing these beaches originates in marine 
riparian areas. The delivery of sediment to marine beaches is facilitated by natural driving forces 
(wind and wave action, bluff saturation, leading to slope failures) and it is very important to 
maintain these natural sediment inputs. Thus, there is a need to distinguish between “normative” 
sedimentation rates in marine riparian areas as opposed to human-induced changes to sediment 
inputs.  
 
Fine sediments originate from a number of terrestrial sources, both natural and anthropogenic, 
however, the focus of this section is fine sediments originating from development, forestry, and 
agriculture, which can increase fine sediment delivery beyond normative rates. As used here, 
normative rate refers to the rate of sediment delivery in riparian areas undisturbed by human 
activity. Fine sediments become exposed and subject to erosion as a result of vegetation removal, 
excavation and compaction of soils. Once sediments are suspended in surface water, they can be 
delivered through run-off to adjacent waterways unless they settle out or become trapped. 
Undisturbed soils and vegetation in riparian areas act in concert to reduce erosion and slow the 
transport of fine sediment by the following mechanisms (adapted from Greenway 1987; Gray 
and Leiser 1992; and Gray and Sotir 1996): 

 Riparian vegetation intercepts rainfall energy, helping prevent soil compaction; 

 Roots and soils help bind and restrain soil particles and increase sheer strength of the soil;  

 Vegetation slows surface runoff allowing for increased localized sediment deposition and 
decreasing off-site transport; 

 Porous and permeable soils improve water absorption reducing surface flow; and  

 Transpiring vegetation helps moderate soil moisture levels, which increases infiltration 
and decreases saturation that leads to increased surface water run-off.   
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Riparian vegetation can play an even more significant role in sediment and erosion control in 
steep areas through mechanical reinforcement of sediment via roots and stems and by modifying 
hydrology through soil moisture extraction (Gray and Sotir 1996). Mature plant communities can 
be more effective in maintaining slope stability than immature communities. Benefits of 
vegetation increase in areas with several layers of vegetative cover such as herbaceous growth, 
shrubs, and trees (Menashe 2001). 

b. Key findings from buffer literature and science panel  

Most studies include fine sediment control as a component of the water quality function because 
many contaminants adhere to sediments and increasing inputs of sediments to water bodies can 
be considered a water quality problem. Appendix C, Table 1 provides a summary of fine 
sediment control buffer recommendations reviewed for this document. 
 
Our review suggests that:  

 The range of buffer widths that met a minimum 80% effectiveness for this function was 
25-91 meters (Appendix G).  

 Wider buffers are needed in areas with steep slopes. 

 Site specific conditions should be considered when determining buffer width (e.g. soils, 
vegetation type and density, upland/adjacent land uses, and loading).  

 
Two riparian function curves (one for sediment and one for TSS) were developed for review by 
the science panel (Figure 2) using summary data from Desbonnet et al. (1995) (Table 2). Note 
that these curves were included in the water quality section. The data were selected because 
Desbonnet et al’s (1995) work was one of the few sources of summary data for fine sediment 
control at various buffer widths, and represents a number of studies at different locations and site 
conditions. The data show that roughly 90 percent of sediment can be effectively removed by 30-
60 meters (100-200 foot) buffers and roughly 90 percent of TSS can be effectively removed by 
200 meter (650 foot) buffers. 
 
There was general consensus by panelists that function curves for sediment control are 
conceptually valid. Panelists ranked the importance of this function relative to other marine 
riparian functions as low, largely because of the differences in effects of increased sediment 
inputs between freshwater and marine systems. Panelists noted that maintaining natural erosion 
and sediment transport processes is critical to maintaining Puget Sound beaches and much of the 
sediment nourishing these beaches originates in marine riparian areas. Further, they noted that 
delivery of this sediment is facilitated by natural driving forces (wind and wave action, bluff 
saturation, leading to slope failures) and it is very important to maintain these natural sediment 
inputs. Perhaps the biggest current threat to marine riparian systems from human activity is the 
reduction of sediment inputs by armoring shorelines and disrupting natural erosion of bluffs. 
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This is in contrast to freshwater systems, where riparian areas and roads are managed to 
minimize human-induced fine sediment inputs which can impact habitat and water quality of 
freshwater streams. Thus, the panel recognized the need to distinguish between “normative” 
sedimentation rates in marine riparian areas as opposed to human-induced changes to sediment 
inputs. Further, the panel recognized marine riparian areas should provide for “normative” 
sediment processes while reducing potentially harmful levels of fine sediments from 
anthropogenic activities. 
 

Table 2.  Summary data adapted from Desbonnet et al. (1994, 1995) used to generate generalized curve 
for removal effectiveness of various pollutants at different buffer widths. This data is identical to 
Desbonnet et al (1995) with the exception of the zero point which we added for illustrative purposes.  
Note that this table is identical to Table 1. 

% Removal Buffer Width in Meters (ft) 

 Sediment TSS Nitrogen Phosphorus 

0 0 0 0 0 

50 0.5 (1.6) 2 (6.6) 3.5 (11) 5 (16) 

60 2 (6.6) 6 (20) 9 (30) 12 (39) 

70 7 (23) 20 (66) 23 (75) 35 (115) 

80 25 (82) 60 (197) 60 (197) 85 (279) 

90 90 (296) 200 (656) 150 (492) 250 (820) 

99 300 (984) 700 (2297) 350 (1148) 550 (1804 

 

 

 
Figure 2.  Sediment and total suspended sediment (TSS) removal effectiveness of two water quality 
parameters at various buffer widths (adapted from Desbonnet et al. 1995). 
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c. Conclusions and Recommendations for sediment 

The literature reviewed for this document (see Appendix C) indicates a range of buffer width 
recommendations. In addition to buffer width, sediment transport through riparian areas is highly 
dependent on slope, land use, rainfall, and vegetation and soil type (Hawes and Smith 2005).    
 
Based on the FEMAT-style figure presented in this section, to achieve 100% effectiveness of the 
buffer to control total suspended solids (TSS) requires a nearly 700 meter (2300 ft) buffer width, 
but will vary depending upon site specific conditions and fine sediment loading.   
 
To maximize the buffer’s effectiveness to control sediment transport, the following actions are 
recommended:  

 Maintain native vegetation cover. 

 Minimize soil disturbance including compaction, plowing, grading and soil removal 
activities.  

 Manage drainage and hydrologic conditions as described for other water quality functions. 

3. Shade/Microclimate 

a. Technical overview: riparian vegetation influence on shade function 

Riparian areas can have microclimates that differ from upland areas and which influence 
physical and biological conditions at a local scale. Marine riparian areas are strongly influenced 
by marine water temperatures during both summer and winter months (warmer in the winter and 
cooler in the summer than upland areas). Living riparian (overstory trees, understory shrubs, and 
ground) vegetation, in turn, can intercept solar inputs and affect microclimate conditions such as 
soil and ambient air temperature, soil moisture, wind speeds, and humidity (FEMAT 1993; 
Knutson and Naef 1997; May 2003; Parkyn 2004). Terrestrial and aquatic microclimates are 
influenced by shade, and temperature fluctuations that can negatively impact both aquatic and 
terrestrial organisms, particularly those that can only survive within a relatively narrow range of 
temperature and moisture conditions. 
 
Solar radiation has long been considered an important limiting factor for organisms in the upper 
intertidal zone of marine environments. Solar radiation affects distribution, abundance, and 
species composition (e.g., Ricketts and Calvin 1968; Connell 1972). Although research is 
limited, studies have quantified the influence of shade on marine organisms such as surf smelt 
(eggs) and talitrids (amphipods) on Puget Sound beaches. In their literature review of causes of 
spatial and temporal patterns in intertidal communities, Foster et al. (1986) found that 
desiccation is the most commonly reported factor responsible for setting the upper elevational 
limits of survival for intertidal animals. More recent studies (Pentilla 2001; Rice 2006) showed 
that a lack of shade on surf smelt spawning beaches results in higher temperatures, drier 
conditions, and increased egg mortality.  
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b. Key findings from buffer literature and science panel  

Recommended buffer widths for the shade function in forested riparian areas include a range of 
values. Appendix C, Table 3 provides a summary of shade buffer recommendations that were 
derived from seven review documents and other literature.   
 
Our review suggests that the range of buffer widths that met a minimum 80% effectiveness for 
this function was 17-38 meters (56 – 125 ft; Appendix G). 
 
The FEMAT curve was selected to represent the shade function because it was the only data that 
depicted shade effectiveness as a continuous function of forested riparian buffer width. The 
values in Table 3 generally agree with values provided by other riparian review and synthesis 
reports. One method for comparing different recommendations among authors is to describe the 
buffer width at a given effectiveness level, such as 80 %.  For example, the FEMAT curve 
suggests approximately 80 percent effectiveness at about 37 meters. Other recommendations for 
achieving 80 percent effectiveness include Wenger (1999) (10-30 meters); Castelle et al. (1992): 
(30 meter minimum); May (2000): (30 meter minimum); and Knutson and Naef (1997) (11-46 
meters to achieve 50-80 percent (Table 3).  
 
Science panelists agreed that shade is an important function for a number of organisms in the 
upper intertidal areas during low tide (when exposed upper intertidal areas are subject to heating; 
see above). On the other hand shade in marine environments is potentially less important in 
moderating water temperature than shade in freshwater systems. Puget Sound water temperatures 
as a whole are unlikely to be affected much by shade cast by riparian vegetation, given the mass 
of water and the exchange rates with water from the Pacific Ocean, primarily through tidal 
actions. Further, shade from riparian areas is likely to cover only a small fraction of the upper 
intertidal area given the shallow gradients on many beaches and mudflats. Panelists noted that 
while increases in solar radiation due to loss of riparian shade could warm shallow intertidal 
waters, particularly pocket estuaries, the amount of warming and effects on biota have not been 
quantified. 
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Table 3. Data used to create generalized curve in Figure 3 indicating percent of riparian shade function 
occurring within varying distances from the edge of a forest stand (adapted from FEMAT 1993). 
 

Effectiveness (%) Buffer Width 
(SPTH) 

Buffer Width 
SPTH m (ft) 

0 0.00 0 (0) 

10 0.07 4 (14) 
20 0.15 9 (30) 

30 0.22 13 (44) 
40 0.29 18 (58) 
50 0.36 22 (72) 

60 0.42 26 (84) 
70 0.50 31 (100) 
80 0.60 37 (122) 

90 0.73 45 (146) 
93 0.80 49 (160) 
95 1.00 61 (200) 

 
 
 

 
Figure 3.  Generalized curve indicating percent effectiveness of riparian shade occurring within varying 
distances from the edge of a forest stand. Tree height (SPTH) is used to indicate buffer width where one 
SPTH = 61 meters (200 ft) (adapted from FEMAT 1993). 

 

c. Conclusions and Recommendations 

The literature review (see Appendix C) indicates a range of buffer width recommendations for 
protecting the shade function. Based on the FEMAT curve reported in this section of the report, 
approximately 1 SPTH (estimated at 61 meters or 200 ft) will provide nearly 100 percent 
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effectiveness of the buffer to protect the intertidal from desiccation, elevated temperatures, and 
other shade-related functions. Of course, in nonforested community types (e.g., prairie and 
grasslands) the shade function from overstory trees may be unattainable.  
 
To maximize the buffer’s effectiveness to provide the shade function, the following actions are 
recommended:  

 Avoid disturbance to native vegetation in riparian areas, especially nearer the water’s edge.  

 Retain, restore, and enhance mature trees and a multi-layered canopy and understory of 
native vegetation at sites that support these types of plant communities. 

 Ensure that riparian areas can be maintained in mature, native vegetation through time.  

 Prevent modifications to banks and bluffs (e.g., armoring) that could disrupt natural 
processes (such as soil creep, development of backshore and overhanging vegetation, 
recruitment of wood and other organic matter to riparian area including beaches and banks.)  

 Prohibit cutting and topping of trees and avoid “limbing” (selective branch cutting to 
enhance views) of trees for view corridors and other purposes within buffers. 

4. Large Woody Debris  

a. Technical overview: riparian influence on large woody debris function  

Forested riparian areas are a significant source of large woody debris (LWD) in freshwater 
systems (Harmon et al. 1986; Sedell et al. 1988; Bilby and Bisson 1998; Hyatt and Naiman 
2001). In marine environments, LWD (also known as ‘driftwood’) originates from both 
freshwater and marine riparian sources. Marine riparian areas contribute LWD to shorelines 
through natural recruitment processes, including windstorms, fires, wave action, and landslides 
(NRC 1996). Most of Puget Sound’s bluffs are naturally unstable and landslides are a common 
occurrence throughout the region (Johannessen and MacLennan 2007).  
 
Large woody debris provides numerous benefits to shorelines and riparian areas including:    

 Moderation of local water temperature and soil moisture;  

 Accumulation of detritus serving as a food source and habitat for invertebrates; 

 Support of terrestrial vegetation (such as nurse logs); 

 Structural complexity that provides habitat for fish and wildlife;  

 Sediment trapping and bank erosion control.   
 
Recent research in the Puget Sound region has shown that marine LWD serves similar functions 
including provision of structural complexity; moderation of local water and soil temperatures; 
and habitat creation. An overview of the marine research by topic area follows.     
 
LWD and Substrate Temperature: Several studies conducted in Puget Sound have shown that 
LWD has a significant effect on substrate temperatures (Higgens et al. 2005; Rice 2006; Tonnes 
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2008). For example, in a study conducted in north Puget Sound, Tonnes (2008) found that mean 
sediment surface temperatures under LWD on accretionary beaches were 7.7° C cooler than 
beach sediments lacking LWD. Mean surface temperatures under driftwood on bluff-backed 
beaches were 2.4° C cooler than nearby sediment. LWD influences sediment temperatures below 
the surface. Mean temperatures were cooler at depths of 5 centimeters and 15 centimeters under 
LWD on both accretionary and bluff-backed beaches (Tonnes 2008).  
 
Detritus:  Driftwood accumulates detritus from both marine and upland sources, which is 
consumed by invertebrates, birds and other organisms (Polis and Hurd 1996; Pank 1997; Dugan 
et al. 2003; Rodil et al 2008).  
 
Invertebrate biomass: Detritus entrained in driftwood has been linked with increased 
invertebrate biomass which, in turn, supports higher level prey for species such as shorebirds. 
Amphipods (Talitridae) are the most abundant macroinvertebrate on Puget Sound beaches. In a 
study of north Puget Sound beaches, Tonnes (2008) found that amphipods represent the 
predominant biomass of invertebrates within the supratidal zone (e.g. within driftwood). 
Amphipods are strongly associated with driftwood, where they find refuge from predators, 
favorable temperature and moisture conditions, and organic matter for consumption. Higher 
densities of amphipods have been found associated with wood than bare sediment.  
 
Structural support: Marine LWD also provides structural support for vegetation similar to nurse 
logs in upland settings. In a survey of  >1 meter (3.28 ft) diameter wood along 3.9 kilometers 
(2.3 miles) of Puget Sound beaches, Tonnes (2008) found that 71 percent supported at least one 
species of terrestrial vegetation. In addition, large wood supported a mean of 2.4 species of 
vegetation with up to 11 species on a single log. Backshore areas can be relatively dry, exposed 
and nutrient deficient, and driftwood may play an important role in providing structural stability, 
moisture and nutrients for establishment of other plant species.  
 
Habitat: Increased vegetation provided by driftwood also increases primary productivity and 
increases structural complexity for fish and wildlife. May et al. (1997) found wood to be one of 
the most important factor in determining habitat for salmonids in fresh water systems. Driftwood 
embedded in beach berms and/or at the toe of banks helps dissipate wave energy and retain 
sediments that, collectively, act to buffer the effects of storm waves and longshore currents by 
moderating or reducing bank erosion. It also provides potential roosting, nesting, refuge and 
foraging opportunities for wildlife; foraging, refuge and spawning substrate for fish; and 
foraging refuge, spawning attachment substrate for aquatic invertebrates and algae. 
 

b. Key findings from buffer literature and science panel  

Numerous studies have investigated the role of riparian areas in providing LWD to adjacent 
water bodies. Appendix C, Table 4 provides a summary of LWD buffer recommendations that 
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were derived from seven review documents and other research. Most studies find that LWD 
originates from within one site potential tree height of the riparian area, although steeper slopes 
may provide LWD from greater distances. Establishing appropriate buffers to maintain the LWD 
function must therefore account for processes affecting the potential for the land-water interface 
to change through time such as sea level rise.  
 
A number of studies and reviews of riparian buffers note that, in addition to considering the 
benefits of LWD in adjacent water bodies, it is important to consider LWD benefits within the 
terrestrial environment, specifically for its contribution of ecological functions e.g., nurse logs, 
habitat, nutrient recycling, and helping maintain soil moisture.  Appendix C, Table 1 provides a 
summary of fine sediment control buffer recommendations reviewed for this document. 
 
Our review suggests that:   

 The range of buffer widths that met a minimum 80% effectiveness for this function was 
17-38 meters (Appendix G).  

 Buffer width effectiveness is strongly influenced by site conditions (such as slope) and 
potential height of mature trees.    

 
The curve adapted from FEMAT (1993) (Appendix D) generally agree with values provided by 
other riparian review and synthesis reports. The FEMAT curve reveals approximately 80% 
effectiveness at about 40 meters; the science panel generally agreed that the curve is 
conceptually valid.   
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Table 4.  Approximated data used to create generalized curve (Figure 4) indicating percent of LWD 
recruitment function occurring within varying distances from the edge of a forest stand (adapted from 
FEMAT 1993).  

Effectiveness (%) Buffer Width 
(SPTH) 

Buffer Width 
m (ft) 

0 0.00 0 (0) 

10 0.07 4 (14) 
20 0.15 9 (30) 

30 0.22 13 (44) 
40 0.29 18 (58) 
50 0.36 22 (72) 

60 0.42 26 (84) 
70 0.50 31 (100) 
80 0.61 37 (122) 

90 0.73 45 (146) 
93 0.80 49 (160) 
95 1.00 61 (200) 

 
 

 
 

 

Figure 4.  Generalized curve indicating percent effectiveness of LWD recruitment from riparian areas occurring 
within varying distances from the edge of a forest stand.  Tree height (SPTH) is used to indicate buffer width.  
One SPTH = 61 meters (200 ft) (adapted from FEMAT 1993).  
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c. Conclusion and Recommendations 

The literature reviewed for this document (see Appendix C) indicates a range of buffer width 
recommendations for protecting the LWD function. Buffer width effectiveness is strongly 
influenced by site conditions (such as slope, vegetation type and age structure, and natural 
disturbance regimes).    
 
There are a range of buffer widths for achieving high levels of effectiveness based on the 
literature in Appendix C ranging from 10 to 130 m (33 – 427 ft). The FEMAT (1993) riparian 
function curve indicates 100 percent effectiveness of the LWD function at approximately 60 
meters (200 ft).   
 
To maximize the buffer’s effectiveness to provide the LWD function, the following actions are 
recommended:  

 Avoid human disturbance in riparian areas.  

 Allow for the accrual of drift wood and other upland sources of LWD on beaches and 
shorelines. 

 Protect, restore, and enhance marine riparian trees to help ensure a long-term source of 
LWD. 

 Provide buffers that allow for long-term source and recruitment of trees (LWD) as 
shorelines retreat, or as a result of soil creep and landslides, and increasing sea levels. 

5. Litter Fall/Organic Matter  

a. Technical overview, riparian influence on litter fall/input of organic matter   

Riparian vegetation provides litter that serves as habitat and food for fishes and aquatic 
invertebrates (Adamus et al. 1991; Levings and Jamieson 2001; Vigil 2003; Lavelle et al. 2005) 
and influences the amount and type of terrestrial invertebrates that fall into aquatic systems. 
Terrestrial invertebrates serve as a major food source for fishes (including salmon) birds, 
mammals, reptiles, and amphibians. Terrestrial insects have recently been shown to be a large 
component of the diet of juvenile salmonids residing in nearshore waters of Puget Sound. In 
addition, some fish and invertebrates feed directly on vegetative detritus (McClain et al. 1998; 
King County DNR 2001; NRC 2002; Vigil 2003; Brennan et al 2004; Lavelle et al. 2005; Fresh 
2007; Duffy et al in review). Nutrient exchange occurs in two directions from the terrestrial to 
aquatic systems and vice versa. Examples of nutrient-energy exchange (marine to terrestrial and 
terrestrial to marine) include:  

1.   Atmospheric input via wet or dry deposition, which can occur through fires, intensive 
farming and agricultural activities, and wind erosion (Lavelle et al. 2005).  

2.   Lateral transfers of nutrients through tidal and wave action, including microalgae and 
macroalgae washed ashore (Adamus et al. 1991).  
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3.   Decomposing secondary consumers, such as juvenile Pacific herring, Pacific sand lance, 
longfin smelt, surf smelt, sole, salmon, seabirds, and marine mammals, which also 
contribute nutrients. For example, Pacific salmon nutrients are deposited by predators and 
scavengers in excreta, or as carcasses and skeletons (Cederholm et al. 1999; Naiman et al. 
2002; Drake et al. 2006). 

4.   Secondary consumers can transport nutrients to upland areas, facilitating nutrient and 
energy exchange between terrestrial and aquatic food webs (Ballinger and Lake 2006). 
For example, Elliott et al. (2003) examined the relationship between bald eagles and 
Plainfish Midshipman, a demersal fish and intertidal spawner. Between May and June of 
2001, the authors found that eagles consumed about 22,700 ± 3,400 midshipman, 
representing large transfers of nitrogen into upland areas, and the potential to enhance 
community productivity along the shoreline. 

b. Key findings from buffer literature and science panel  

A number of references identify the contributions of organic matter (e.g., forest litter, terrestrial 
insects, woody debris) and food web linkages between freshwater and marine riparian areas and 
adjacent water bodies (Appendix C, Table 5). Most studies conclude that the delivery of leaf and 
other organic matter declines at greater distances away from the water’s edge, and that most 
contributions are made within 30-60 meters (100-200 ft) of the shoreline. Appendix C, Table 5 
provides a summary of litter fall buffer recommendations that were derived from seven review 
documents and other research. 
 
Our review suggests that:   

 The range of buffer widths that met a minimum 80% effectiveness for this function was 
17-38 meters (Appendix G).  

 Most litter contributions are made within 30-60 meters (100-200 ft) of the shoreline. 

 As in fresh water riparian systems, the delivery of leaf and other organic matter 
delivered to the marine intertidal areas declines with distance away from the water’s 
edge. 

A riparian function curve for litter fall was adapted from the original FEMAT curve (Appendix 
D). The FEMAT curve reveals approximately 80 percent effectiveness at about 25 meters. The 
science panel generally accepted that the litter fall curve is a valid representation of marine 
riparian environments. Panelists also generally agreed that riparian areas are likely to produce 
insects that fall into the adjacent waters   
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Table 5. Approximated values for cumulative effectiveness of buffer width for litter fall/organic matter 
inputs used to create Figure 5, based on the original FEMAT curve.  

 

 
 
 
 

 

Figure 5. Effectiveness of riparian litter fall/organic matter input as a function of distances from the 
water’s edge (adapted from FEMAT 1993) where one site potential tree height is approximately 60 meters 
or 200 ft.  

Effectiveness (%) 
Buffer Width 

(SPTH) 
Buffer Width 

 m (ft) 

0 0 0 

10 0.04 2.4 (8) 

20 0.08 4.9 (16) 

30 0.12 7.3 (24) 

40 0.17 10.3 (34) 

50 0.22 13.4 (44) 

60 0.27 16.5 (54) 

70 0.33 20.0 (66) 

80 0.40 24.4 (80) 

90 0.50 30.5 (100) 

95 0.65 40.0 (130) 

98 0.90 55.0 (180) 
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c. Conclusion and Recommendations for litter fall/organic matter inputs 

The literature reviewed for this document (see Appendix C) indicates a range of buffer widths to 
achieve this function. In addition, the function curve derived from FEMAT indicates that 
approximately 100 percent of the litter fall function is achieved at 60 meter (200 ft).  
  
To maximize the riparian function for litter fall/organic matter inputs the following actions are 
recommended:  

 Maintain native riparian vegetation in the riparian area.   

 Avoid human disturbance to vegetation. 

 Allow for natural succession of plant communities and maintain sources and accumulations 
of organic matter within riparian areas and on beaches. 

6. Hydrology/Slope Stability 

a. Technical overview: riparian influence on hydrology/slope stability function  

The role of vegetation in protecting hydrologic processes and slope stability is well documented. 
The information generally falls into two areas: research focusing on the impacts of sediment 
inputs to streams and wetlands; and research focused on protecting human infrastructure from 
anthropogenic disturbances such as logging, agriculture and development.  
 
Sidle et al. (1985) found that tree and shrub root strength contributes to slope stability, and loss 
of root strength following tree death or removal may lead to increased incidence of erosion and 
slides. Vegetation also helps lengthen the residence time of soil moisture by decreasing runoff 
volume and velocity. This in turn can increase filtration and soil retention potential (Evans et al. 
1996; Klapproth and Johnson 2000; Ducros and Joyce 2003) and slope stability (Williams and 
Thom 2001). 
 
Vegetation plays an important role in affecting hydrologic processes and slope stability in the 
following ways (adapted from Gray and Leiser 1982): 

Interception: Foliage and plant litter absorb the energy of precipitation, reducing direct 
impacts on soil.  

Restraint: Root systems bind soil particles and blocks of soils, and filter sediment out of 
runoff. 

Retardation: Plants and litter increase surface roughness, and reduce runoff volume and 
velocity, thereby reducing channelization. 

Infiltration: Roots and plant litter help maintain soil porosity and permeability. 

Transpiration: Plants absorb moisture, delaying the onset of soil saturation and surface 
runoff. 
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Root Reinforcement: Roots mechanically reinforce soil by transferring shear stresses in the 
soil to tensile resistance in the roots. 

Soil Moisture Depletion:  Interception of raindrops by foliage and evapotranspiration limit 
buildup of soil moisture. 

Buttressing and Arching: Tree trunks can act as buttress piles or arch abutments in a slope, 
counteracting shear stresses. 

Surcharge: The weight of vegetation on a slope may exert a destabilizing down slope stress 
and a stress component perpendicular to the slope that increases resistance to sliding. 

Root wedging: Roots invade cracks and fissures in soil or rock that could add restraint 
stability or cause local instability by wedging action.  

Wind throw: Strong winds cause trees to blow down that can disturb slope soils 
 
Soil saturation strongly influences erosion potential on a slope. The more water that can be 
intercepted, absorbed, or otherwise controlled by vegetation, the greater the slope stability. Soil 
composition and slope geometry (slope height and angle) are also major factors determining 
slope stability. Studies have shown that decreasing vegetation cover results in increased soil 
saturation and slope failure during rainfall events. Some slope failures are unrelated to vegetation 
cover, usually as a result of unusually high precipitation, undercutting, strong winds, or other 
factors. However, in studies of slope failures in urbanized areas such as Seattle, over 80 percent 
of slope failures were attributed to human influence such as vegetation removal and poor 
drainage management (Tubbs 1975; Laprade et al. 2000). 
 

b. Key findings from buffer literature and science panel 

None of the buffer research reviewed for this paper provided buffer recommendations for 
maintaining slope stability and natural hydrologic processes see Appendix C, Table 6). However, 
two documents include some analysis that could be helpful in determining buffer widths to 
protect hydrologic functions. Knutson and Naef (1997) include relevant discussion regarding 
erosion control. Additionally, FEMAT (1993) identified the relationship of tree root strength to 
slope stability and provides a generalized effectiveness curve for root strength.  

 
Since a riparian function curve for hydrology and slope stability was not found in the literature, 
data from Griggs et al 1992 as cited in Macdonald and Witek (1994) were used to describe 
setbacks on bluffs or other unstable slopes to protect against property loss. The minimum 
setbacks for different bluff heights and various levels of stability are illustrated in Table 6 and 
Figure 6. These setbacks do not account for ecological functions but rather focus solely on 
protection against property loss. The FEMAT curve developed for this function is estimated 
based on extent of root systems adjacent to a slide scar margin, or “soil stabilizing zone of 
influence” (equal to slide scar width plus half a tree crown diameter). Such information is not 
easily interpreted into a buffer width or under the variable site conditions existing on marine 
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shorelines. It appears that neither FEMAT (1993) nor other literature makes buffer 
recommendations. Much of the shoreline in Puget Sound is composed of bluff-backed beaches, 
which are naturally eroding. Buffers should be based on site-specific slope conditions, with 
steeper slopes having wider buffers. This approach is similar to establishing stream buffers from 
the outside edge of the 100-year floodplain. However, the variability and multitude of factors 
that need to be considered in determining slope stability in the marine shoreline make it difficult 
to develop specific buffer width recommendations for this function. We offer information from 
Griggs et al 1992 as a way of conceptualizing the idea of maintaining riparian function on 
unstable slopes.   
 
All science panel members agreed that the hydrology/slope stability curve developed with data 
from Griggs et al. 1992 as cited in Macdonald and Witek (1994) is applicable in the marine 
environment. Panelists discussed the importance of hydrology, geomorphology, soil type, and 
vegetation type in supporting slope stability functions in Puget Sound, in addition to the human 
safety concerns about slope stability in the region.   
 
Geomorphology 

 Landforms and geology can be more important here than buffer width. For example, in the 

San Juan Islands, there can be a 45 slope on basalt form that can be very stable. 

 Geomorphic shore form is an important consideration – geologic legacy, landscape position, 
density, slope, etc. Use of Shipman (2008) geomorphic classification system may be useful 
(Appendix F). 
 

Soil and Vegetation 

 Riparian areas can increase slope stability (through root structure) and increase water 
interception and absorption. Protecting natural rates of sediment delivery and protecting 
processes and functions of nearshore ecosystems may be achieved by establishing and 
maintaining adequate riparian buffers.   

 Upslope alterations can be contributing factors to slope instability.  

 It is important to consider flow paths; for example, slope stability may be associated more 
with altered upland drainage patterns or precipitation patterns. Buffer width versus landform 
may be the most important factor. For example, steeper slopes, particularly those with 
underlying geologic instability, require wider buffers. 
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Table 6. Setback distances (in ft) from Griggs et al 1992 as cited in Macdonald and Witek (1994) for 
different bluff heights at various levels of stability where geologic stability for 50-years cannot be 
demonstrated. 

Bluff Height 
(ft) 

Stable 
(1:1)(450) 

Moderately 
Stable (2:1)(300) 

Unstable (1:1)(450)+ 
(2:1)(300) 

20 20 40 60 

40 40 80 120 

60 60 120 180 

80 80 160 240 

100 100 200 300 

120 120 240 360 

140 140 280 420 

160 160 320 480 

180 180 360 540 

200 200 400 600 
 

 

 
Figure 6. Construction setbacks for different bluff heights at various levels of stability, where geologic 
stability for 50-years cannot be demonstrated (after Griggs et al 1992 as cited in Macdonald and Witek 
1994). 
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c. Conclusion and Recommendations 

No riparian function curve was developed for this section, due to the high variability of site 
specific conditions that may be encountered and the lack of summary data that could be 
generally applied.  

To maximize the buffer’s effectiveness to maintain hydrologic functions and slope stability, the 
following actions are recommended:  

 Avoid development near naturally eroding bluffs. 

 Avoid engineering approaches that encroach on buffers to create more stable slope 
conditions. 

 Avoid impervious surfaces and compacted soils. 

 Maintain riparian vegetation especially on steep slopes to prevent excessive erosion and 
allow for evapotranspiration. 

 Avoid ‘loading’ of bluffs whereby excessive moisture (from irrigation, septic fields, 
impervious surfaces, and other sources of water) can exacerbate the instability and erosion 
potential of the site.  

 

7. Fish and Wildlife Habitat 

a. Technical overview, riparian influence on wildlife function   

Provision of wildlife habitat has been well documented for freshwater riparian systems (e.g., 
Knutson and Naef 1997; Cederholm et al 2000; NRC 2002, Buchanan et al. 2001). Riparian 
areas provide the resources and structure to meet important life history requirements such as 
feeding, roosting, breeding, refuge, migration corridors and clean water for a variety of wildlife 
species. Knutson and Naef (1997) report that riparian areas contribute to the high productivity 
and species diversity in aquatic and upland areas.  
 
The wildlife function of marine riparian areas is not well documented, although Buchanan et al. 
(2001) Brennan and Culverwell (2004) described a wide variety of fish and wildlife associations 
for marine riparian areas of Puget Sound. Wildlife species have adapted to the natural processes, 
structure, and functions of marine riparian areas and have also played an important role in 
shaping the structure and character of riparian areas. For example, many birds and mammals that 
breed and rear in upland areas forage in intertidal areas. Thus, these species provide marine 
derived nutrients to uplands in the form of feces and carcasses. These marine derived nutrients 
play an important role in forest ecosystem health (Cederholm et al 2000).  
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b. Key findings from buffer literature and science panel 

A number of studies have examined the role of riparian buffers in supporting wildlife. All studies 
reviewed for this document report that marine riparian areas function as important wildlife 
habitat. Appendix C, Table 7 provides a summary of wildlife buffer recommendations that were 
derived from seven review documents and other research.  
 
Our review suggests that buffer requirements for fish and wildlife depend on different species’ 
individual habitat requirements and may be influenced by season, upland habitat quality and 
connectivity with other habitat areas.   
 
The science panel generally agreed that marine riparian areas provide habitat for many wildlife 
species. Some participants pointed out that without buffers, numerous species would not utilize 
marine nearshore areas or cross onto beaches from upland areas. Perhaps more importantly, 
riparian buffers and other nearby relatively undisturbed areas provide habitat for riparian 
obligates (i.e., those that require habitat in close proximity to water bodies such as great blue 
heron). All panel members agreed that marine riparian areas provide a suite of important services 
for wildlife. Pertinent information from that discussion follows.    

Obligate/Optimal Use Species: The science panel was uncertain if obligate species in Puget 
Sound’s marine riparian areas had been identified (but see Buchanan et al. 2001). They 
suggested that most wildlife in marine riparian areas are probably generalists in their habitat 
use, and the marine riparian environment supports a number of important functions and 
processes that create and maintain wildlife habitat. Larger buffers would increase the number 
of wildlife species using the area and benefit animals with larger home ranges.  

Invasive species within riparian areas may reduce buffer effectiveness. Buffers can harbor 
nuisance wildlife species which is a cause for concern with respect to local wildlife and 
human populations. 

 

c. Conclusion and Recommendations 
The literature (see Appendix C) provides a range of buffer width recommendations, although few 
report 100 percent effectiveness.  Relative to the other riparian functions discussed in this 
guidance document, wildlife needs are widely variable.  
 
The ability to recommend a buffer width that would provide 100 percent effectiveness for 
wildlife is limited at this time because inventories of marine riparian wildlife species and their 
habitat requirements are lacking. Based on the literature surveyed for this guidance document, a 
buffer width greater than 200 meters (660 ft) will protect some wildlife habitat functions.  Buffer 
requirements for fish and wildlife depend on the species’ individual requirements and these may 
change or be influenced by season, upland habitat quality and connectivity with other habitat 
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areas. To maximize the buffer’s effectiveness to support wildlife, the following actions are 
recommended:  

 Ensure that wildlife habitat connectivity is maximized though maintenance of riparian 
corridors.   

 Ensure native vegetation diversity is maintained (both species composition and age 
structure) along buffers to offer maximum habitat opportunities to the broadest range of 
species.  

 Allow for natural disturbances such as floods, wind throw and landslides to provide snags, 
LWD and other complex habitat structural features in the buffer.  

 Understand which local species use marine riparian areas by consulting with WDFW 
Priority Habitat and Species lists or other sources so that buffers can be designed with those 
species’ habitat needs in mind. 

Section V.  Impacts to Marine Riparian Functions  

1. Introduction  

Riparian and aquatic ecosystems are currently being altered, impacted, or destroyed at a greater 
rate than at any time in history (Good et al. 1998). Although no comprehensive study has been 
conducted to document the rate and extent of marine riparian loss across the Puget Sound basin 
over time, three studies conducted between 1980 and 2006 provide some perspective on the 
region’s riparian losses. Bortelson et al. (1980 in Levings and Thom 1994) studied eleven major 
river deltas in Washington and documented a 76 percent loss in tidal marshes and riparian habitat 
during the preceding century. The major losses were within highly developed estuaries including 
the Puyallup and Duwamish River deltas (Bortelson et al. 1980 in Levings and Thom 1994). In 
1995, scientists with the Puget Sound Assessment and Monitoring Program (PSAMP) found that 
approximately 33 percent (or 800 miles) of Puget Sound shoreline had been physically altered by 
bulkheads, docks, or other structures. These structures typically impact riparian areas through 
vegetation removal, soil removal and compaction. MacLennan and Johannessen (2008) 
conducted geographically-focused research in the San Juan Islands and found an average 25% 
loss of marine riparian forest cover on San Juan, Orcas, Lopez and Stuart islands between 1977 
and 2006. 
 
Impacts to riparian function from activities associated with development, agriculture and forestry 
are well documented in the literature and are summarized in Appendix E, Tables 1-2. As 
described in Section IV, the level of disturbance to riparian soils and vegetation are key factors 
determining riparian function. A more detailed description of each of these activities and its 
impact on riparian function is included in the next three sections.  
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2. Development 

Modern development along marine shorelines usually involves the removal of native vegetation, 
topsoil and organic matter and the compaction of soils which result from clearing and grading, 
construction of buildings, pavement, and roads. Additional impacts include the introduction of 
nonnative plant species associated with landscaping. Loss of natural vegetation in riparian and 
stream habitats in developed areas is usually permanent, (Booth 1991 in Knutson and Naef 1997) 
and activities associated with development impact all riparian functions (See Appendix E, Tables 
1-2). Thus riparian areas are more highly altered in developed landscapes than in agricultural and 
forested landscapes on a per acre basis (Booth 1991 in Everest and Reeves 2006) although 
agriculture and forestry typically occur over a larger proportion of the landscape than develop 
areas do.  Below we provide a summary of literature addressing development activities and their 
impacts on riparian function.  

a. Water quality  

Development activities within riparian areas can affect water quality. Alteration within the 
riparian areas causes “changes in loading of nutrients, organic matter, and sediments (Valiela et 
al. 1992; Wahl et al. 1997; Jones et al. 2000; Jordan et al. 2003); increased loading of 
contaminants and pathogens (Siewicki 1997; Inglis and Kross 2000; Mallin et al. 2000); and 
changes in water flow (Hopkinson and Vallino 1995; Jones et al. 2000)” (in Hale et al. 2004). 
The shoreline and upland development of residential, business, and industrial facilities and 
utilities can result in altered topography, removal of vegetation, soil compaction and grading, and 
rerouting of surface and groundwater flows (Knutson and Naef 1997; NRC 2002; Ekness and 
Randhir 2007; Schiff and Benoit 2007). In general, habitat alteration and development creates 
impervious surfaces, which prevents water from infiltrating into the ground and thus the ability 
of soil to intercept toxic substances; increases the volume of surface water; increases the 
magnitude of local flooding (Montgomery et al. 2000 in Johannessen and MacLennan 2007); and 
increases flooding potential (Glasoe and Christy 2005).  
 

b. Fine sediment control  

Development impacts to the fine sediment/erosion control function of riparian areas are well 
documented. Concentration/ channelization of surface runoff can lead to increased soil erosion 
along and downslope of the path of concentrated flow. Clearing of land for development 
produces the largest amount of sediment to aquatic resources (U.S. EPA 1993 in Stanley et al. 
2005), and developed areas can produce 50-100 times more sediment than agricultural areas 
(Jones and Gordon 2000 in Stanley et al. 2005) on a per acre basis. Direct alteration of soils and 
vegetation within riparian areas can change nutrient loading rates, amounts and types of organic 
matter, and sediment dynamics (Valiela et al. 1992; Wahl et al. 1997; Jones et al. 2000; Jordan et 
al. 2003 in Hale et al. 2004). In sloped areas, these activities can also result in higher frequencies 
of slope failure, a relationship demonstrated through many field and laboratory studies (Gray and 
Sotir 1996; OSB 2007). Permanent loss of vegetative cover increases soil saturation and surface 
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water runoff, causing increased loading of fine sediments. While undisturbed mature native 
vegetation on slopes provides erosion control and slope stabilization benefits, disturbed or 
degraded sites can undergo continual erosion, which may hinder the development of effective 
vegetation cover. Competition by invasive, exotic plants, such as Himalayan blackberry, can also 
retard or preclude natural establishment of “effective” vegetation (Menashe 2001).  
 

c. Shade/microclimate 

The shade function of riparian areas is affected by many activities in the riparian area, 
particularly those occurring near the water’s edge. Vegetation removal can decrease shade 
(Macdonald et al. 1994; Thom et al. 1994; Macdonald 1995; Penttila 1996; Williams and Thom 
2001) and increase water and beach substrate temperatures (Beschta et al. 1987; Williams and 
Thom 2001; Bereitschaft 2007). Rice (2006) and Sobocinski et al. (2003) demonstrated that 
shoreline modifications (such as boat ramps, bulkheads, roads, and parking lots) that involve 
vegetation removal close to the water’s edge not only reduce shade but also lower species 
diversity and abundance. Maintaining native vegetation in the form of mature trees in riparian 
areas can provide more shade than low-lying shrubs and grasses. Decreased shade, via removal 
of trees can result in increased egg mortality of beach-spawning forage fishes (Pentilla 2001; 
Rice 2006) and reductions in diversity and abundance of invertebrate species, as well as loss of 
habitat structure that supports climate sensitive species (Sobocinski et al. 2003; Brennan and 
Culverwell 2004; Tonnes 2008).  
 

d. Large Woody Debris (LWD)  

The reduced supply of LWD to nearshore ecosystems from marine riparian areas is largely the 
result of historic activities; however, impacts from ongoing development activities also affect this 
riparian function. Activities linked to development that affect marine LWD provision include tree 
removal for development within riparian areas (including shoreline armoring); wood removal 
(e.g., for fire fuel, landscaping, artwork, furniture); controlled and uncontrolled beach fires; 
salvage logging; drift log removal from open water; and vegetation removal.  
 
Shoreline armoring can reduce or eliminate the upper intertidal and supratidal zones.  This is turn 
may mobilize LWD and prevent it from settling on the shore. Low levels of LWD have been 
found on armored beaches compared to unaltered beaches (Sobocinski et al. 2003; Higgins et al. 
2005; Dugan and Hubbard 2006; Defeo et al. 2009). Changes in wood abundance and elevated 
beach temperatures have been documented in several studies around Puget Sound (Higgins et al. 
2005; Rice 2006; Tonnes 2008).  

e. Litter fall/organic matter inputs 

Alteration of riparian habitats can cause changes in nutrient loading, organic matter, and 
sediments (Valiela et al. 1992; Wahl et al. 1997; Jones et al. 2000; Jordan et al. 2003 in Hale et 
al. 2004). In freshwater systems, dams and other water control structures have caused changes in 
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nutrient cycling (Knutson and Naef 1997) through vegetation removal and soil compaction. 
Studies in marine systems show lower levels of terrestrially derived organic litter on armored 
versus unarmored beaches (Sobocinski et al. 2003; Higgins et al 2005; Dugan and Hubbard 
2006; Defeo et al. 2009).  
 

f. Wildlife 

Shoreline modifications can have direct and indirect impacts on wildlife including interfering 
with species behavior, lowering survival, and decreasing habitat quality and quantity.  
 
Habitat Loss/Quality 
Shoreline modifications result in habitat loss, reduction, and or alteration (Paulson 1992; Levings 
and Thom 1994; Williams and Thom 2001; Toft et al. 2004), lower bird biodiversity (Donnelley 
and Marzluff 2004), altered food webs and benthic community composition (Dauer et al. 2000; 
Lerberg et al. 2000 in Hale et al. 2004), creation of passage barriers for salmon and other aquatic 
species (Williams and Thom 2001), and fragmented habitat (Williams and Thom 2001). The 
installation of shoreline armoring structures reduces beach width (decreases habitat), and can 
impede wildlife migration through shoreline corridors (NRC 2002). A reduction in habitat can 
lower diversity and abundance of wildlife, especially in upper intertidal areas. This can in turn 
cause change  trophic relationships  (Sobocinski et al. 2003; Defeo et al. 2009); for example, 
changes in the nearshore habitat can reduce potential spawning grounds for surf smelt and sand 
lance, which are a main component of the Pacific salmon diet (Johannessen and MacLennan 
2007), and a primary food source for marine bird and marine mammals.  
 

e. Hydrology/Slope Stability 

Impacts to the hydrology/slope stability function of marine riparian areas have been widely 
documented in Puget Sound. Urbanization often causes compaction or removal of top soil, 
reducing infiltration and soil storage and increasing runoff.  Erosion may increase downslope of 
concentrated flow outlet (e.g., pipe outfalls, impervious surface runoff) and may increase slope  
failure when this flow discharges to the top of the slope. Vegetation is a critical component in 
maintaining stable slopes (Morgan and Rickson 1995 in Parker and Hamilton 1999; Menashe 
1993), and trees above the top of the slope contribute significantly to the geotectonic stability of 
the slope below (Parker and Hamilton 1999). Tree roots often anchor thin layers of soil to the 
bedrock or provide lateral stability through intertwined roots (Sidle et al. 1985 and Chatwin et al. 
1994 in Stanley et al. 2005). In addition, changes to hydrology from the installation of onshore 
and offshore modifications affects sediment conditions. 
 

3. Agriculture  

Agriculture practices like other land use activities can result in the removal of riparian 
vegetation, addition of pesticides, soil disturbance and thus altered riparian functions. Many 
riparian areas became disconnected from the aquatic environment when tidelands and 
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wetlands/salt marshes were diked and filled to create farmland. In addition, agricultural sources 
of bacterial contamination, fertilizers and pesticides can threaten local water quality.  

a. Water Quality 

Water quality problems associated with agricultural activities include fecal coliform pollution, 
higher water temperatures, and nutrient and pesticide loading from surface and groundwater 
flows (Hashim and Bresler 2005). In some cases, excessive fertilizer use has led to increased 
nutrient levels in aquatic environments, causing algal blooms and eutrophication (Caffrey et al. 
2007). Studies in the Puget Sound region show that agricultural activities can increase 
phosphorus levels in soils and surface runoff (Carpenter et al. 1998 in Stanley et al. 2005) and 
contribute 40 times the amount of nitrogen than forested areas and twice the nitrogen levels of 
developed areas (Ebbert et al. 2000 in Stanley et al. 2005). Agricultural activities that occur 
within, or drain to, riparian areas can negatively impact riparian soils and sediments by causing 
soil loss and erosion (Hashim and Bresler 2005), reductions in native vegetation (Spence et al. 
1996), and altered flow paths leading to increased sediment, nutrient, pathogen, and pesticide 
loading (Sedell and Froggatt 1984). In addition, studies have shown that the conversion of 
riparian areas to cropland has decreased the infiltration potential of riparian soils (NRC 2002).  
 

b. Fine sediment control 

Agricultural activities can negatively affect the soil and sediment stability of marine riparian 
areas. Agricultural activities along Puget Sound shorelines typically result in a loss of native 
vegetation close to the water’s edge because the land is valued for crop production. This loss of 
vegetative cover and root structure can increase erosion rates into receiving waters (Seddell and 
Froggatt 1984).  
 

c. Shade/Microclimate  

Removal of trees within marine riparian areas reduces the amount of shade available (Hashim 
and Bresler 2005). Shade and temperature influence photosynthesis rates of plants and metabolic 
rates of animals. Fluctuations in temperature can alter fish community structure and composition 
(Baltz et al. 1987; Dambacher 1991; Hillman 1991; Reeves et al. 1987). High water temperatures 
can cause behavioral changes in fish by affecting migration timing and patterns (Spence et al. 
1996).  
 

d. Large Woody Debris   

Agricultural activities within riparian areas have resulted in a loss of native vegetation and large 
woody debris, bank instability, and loss of flood-plain function (Spence et al. 1996).  
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e. Litter fall/organic matter inputs 

Agricultural practices have impaired nutrient regulation in riparian areas. For example, the 
conversion of riparian areas to cropland has decreased the infiltration potential of riparian soils 
(NRC 2002), and agricultural activities often require vegetation removal (Everest and Reeves 
2006). Excessive fertilizer use has led to increased nutrient levels in aquatic environments, 
causing algal blooms and eutrophication (Caffrey et al. 2007).  
 

f. Hydrology/slope stability  

Land clearing, tillage, wetland drainage, irrigation and grazing can lead to increased surface 
runoff and greater sediment delivery. Changes in hydrology as a result of agricultural activities 
can result in altered flow regimes, increased sedimentation, and modified and consolidated 
stream channels (Sedell and Froggatt 1984), as well as bank instability (Spence et al. 1996).  
 
Permanent loss of vegetation cover, or replacement by monocrops or other non-native vegetation 
increases soil saturation and surface water runoff. While undisturbed mature native vegetation on 
slopes provides erosion control and slope stabilization benefits, disturbed sites (such as tilled or 
over-grazed land) can undergo continual erosion, and may not establish an effective cover. 
Competition by invasive, exotic plants such as Himalayan blackberry can also retard or preclude 
natural establishment of effective riparian vegetation (Menashe 2001).  
 

g. Wildlife 

Agricultural activities within riparian zones have simplified aquatic and riparian habitats (Spence 
et al. 1996) and may result in lower biodiversity within these areas.  
Grazing practices in riparian areas can damage aquatic habitat through shoreline erosion, 
disturbance (when large animals disrupt stream channels and pools), and deposition of excess 
nutrients and fecal coliform.  

4. Forest Practices 

Coniferous forests are the dominant forest type throughout the Puget Sound basin, with the 
exception of areas with relatively frequent natural disturbance (e.g., landslides, wind stress), or 
soils that would not support conifers (e.g., rocky headlands, shallow soils). The age structure, 
density, diversity, and connectivity of existing riparian forests are important characteristics that 
determine the types and level of functions provided.   
 

a. Water Quality  

Industrial forest practices, including the use of fertilizers and pesticides, timber harvesting, and 
road construction and maintenance, can degrade water quality and cause changes in hydrology 
and riparian vegetation (Jones et al. 2000). Forestry activities within riparian areas negatively 
affect that area’s ability to perform its water quality functions in much the same way that 
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agricultural practices do. Specifically, the removal of riparian vegetation may limit the ability of 
riparian areas to decrease flows and filter, break down, and slow the flow of pollutants. 
Pesticides can be transported to riparian areas via surface and groundwater flows.   
 

b. Shade/Microclimate  

The removal of canopy through logging and thinning practices opens the understory and ground 
to increased light and air flow. The resulting microclimate changes can change the character of 
the plant species, expose soils and beach sediment to desiccation, and/or alter the temperature of 
water bodies below through the removal of shade-inducing foliage. Timber harvesting within 
riparian areas reduces shade and can increase water temperatures (Hashim and Bresler 2005). 
 

c. Large Woody Debris   

Large old-growth trees within marine riparian areas were historically among the first harvested 
in the region because of their close proximity to water and low transport costs (Prasse 2006; 
Brennan 2007; Chiang and Reese undated). Along Puget Sound shorelines and rivers, the 
number, size and species composition of trees has changed dramatically since the mid 1800s due 
to tree harvest, levee construction, development and invasive species colonization (Spence et al. 
1996; Collins et al. 2002; Brennan 2007). As a result, the composition and volume of LWD on 
beaches has changed, with larger, mature logs occurring with less frequency. In a survey of 3.9 
kilometers of beaches in north Puget Sound, fewer than 5 percent of large logs documented were 
considered ‘new’ recruits to the beach. The remaining 95 percent were severely weathered, and 
carbon dating revealed that many were delivered to the aquatic environment between 1700 and 
1920 (Tonnes 2008).  
 
The amount of new wood, especially large logs, delivered to beaches appears to be declining 
(Gonor et al. 1988; Maser and Sedell 1994; MacLennan 2005; Tonnes 2008), Old growth logs 
are decomposing and gradually disappearing from beaches.  In addition, much of the wood 
currently being recruited to beaches consists of end-cut logs, which are more mobile (due to their 
smaller size and lack of a root wad and branches) and therefore provide somewhat different 
functions over shorter temporal and spatial scales (Tonnes 2008).  
 

e. Fine sediment control 

Road construction in forested areas increases sedimentation and reduces bank stability (Everest 
and Reeves 2006). Construction and maintenance activities can increase fine sediment loads and 
mass wasting processes (e.g., debris avalanches, debris flow, and debris torrents), which in turn 
can cause erosion and changes in stream channel (or beach) morphology (Hashim and Bresler 
2005; Everest and Reeves 2006). Logging and burning can destabilize soils, increase the 
frequency and magnitude of erosion, and cause sedimentation (Knutson and Naef 1997). 
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f. Wildlife 

Forest composition, structure and age class strongly influence type of wildlife habitat available 
and the diversity of wildlife that utilize the habitat. Old-growth rain forests of the Olympic 
Peninsula are among the most productive ecosystems in the world (Franklin and Dryness 1973), 
while younger second and third-growth forests provide fewer habitats and harbor a fewer  
numbers of species (Ruggiero et al 1991). Removal of forest cover and associated structure (such 
as snags and downed logs) can lower the habitat quality in riparian areas, reduce the input of 
nutrients into waterways (an essential food source for aquatic invertebrates) and eliminate 
important wildlife migration corridors.   
 
Forestry practices can cause changes in the abundance and diversity of wildlife in riparian areas. 
This occurs through the loss of LWD, canopy and shrub cover, interior forest habitat within and 
adjacent to the riparian zone, sedimentation of the aquatic habitat, and habitat fragmentation 
(Knutson and Naef 1997).  
 

g. Hydrology/Slope stability 

Intact coniferous forests provide a perennial canopy and extensive root structure, which 
intercepts substantial amounts of precipitation, moderates surface and subsurface flows, and 
reduces erosion potential. Removal of forest cover and structure changes the character of the 
surface flow, particularly on steeper slopes where surface run-off accelerates and erosion and 
flash-flooding of small streams can occur.  
 

5. Other Impacts of Concern 

Development, agriculture and forest practices are only three of numerous potential impacts to 
riparian ecosystems. Additional impacts that were outside the scope of this guidance document 
include:     

 Atmospheric deposition of pollutants.  

 Harmful Algal Blooms (HABs) and other marine-borne pathogens and diseases. 

 Non-native/nuisance Species. 

 Recreation (harvest/collection of organism, trampling, wildlife disturbance). 

 Climate change (changes in air/ocean temperature, sea level rise, changes in hydrology. 
and erosion from increased wave action, shoreline retreat, inundation, flooding). 

 Oil and fuel spills from commercial shipping and tanker traffic. 
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Section VI. General Conclusions and Management 
Recommendations for Protecting Marine Riparian Function 
This section is divided into three categories: (1) general conclusions adapted solely from the NRC 
(2002); (2) overarching recommendation; s; and (3) impact-specific recommendations adapted from the 
literature review with input by the science panel as described above. These recommendations are 
intended to offer guidelines and approaches for protecting marine riparian functions addressed in this 
guidance document.   

1. General Conclusions Adapted Solely from the NRC (2002) 

 Riparian areas perform important hydrologic, geomorphic, and biological functions. These areas 
encompass complex above- and below-ground habitats created by the convergence of 
biophysical processes in the transition zone between aquatic and terrestrial ecosystems. 

 Riparian areas cannot be thought of in isolation from associated water bodies.  The characteristic 
geomorphology, plant communities, and associated aquatic and wildlife species of riparian and 
marine systems are intrinsically linked. 

 Natural riparian systems have adapted to specific disturbance regimes.  Managing riparian areas 
without regard to their dynamic patterns and influences of adjacent water bodies ignores a 
fundamental aspect of how these systems function. 

 Riparian areas, in proportion to their area within a watershed, perform more biologically 
productive functions than do uplands.  Riparian areas provide a wide range of functions, such as 
microclimate modification and shade, bank stabilization and modification of sediment processes, 
contributions of organic matter and large wood to aquatic systems, nutrient retention and cycling, 
wildlife habitat, and general food web support for a wide range of aquatic and terrestrial 
organisms. 

 Riparian areas are effective in filtering and transforming materials (such as dissolved and 
particulate nonpoint source pollutants) from hill slope runoff. 

 Because riparian areas are located at the convergence of terrestrial and aquatic ecosystems, they 
are regional hot spots of biodiversity and often exhibit high rates of biological productivity in 
marked contrast to the larger landscape. 

 During the last decade, a patchwork of federal, state, and local laws and programs has come to 
acknowledge the importance of riparian areas and to require or encourage special management to 
restore or protect their essential functions, although the degree of protection, the focus, and the 
spatial coverage of these laws and programs are highly variable among federal, state, and local 
levels.  

2. Overarching Recommendations  

This section contains general management recommendations that broadly address riparian areas.  

 Protect marine riparian soils and vegetation – prevent damage to native riparian soils and 
vegetation, including clearing and grading, compaction, covering (paving) and removal.  

 Restore damaged marine riparian habitat – restore vegetation, soil characteristics.  
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 Account for scale issues (temporal and spatial) when evaluating riparian condition, current 
functions and potential for future functions, and cumulative effects of alterations. The dynamic 
nature and connectivity of riparian areas and linkages between riparian and aquatic systems 
operate at multiple scales.  

 Exclude all major sources of contamination from the riparian buffer, including construction, 
impervious surfaces, mining, septic system drain fields, agricultural activity, clear cutting and 
application of pesticides and herbicides.  

 Manage riparian areas for the long-term. For many sites, substantial time, on the order of years to 
decades, will be required for vegetation to become fully functional (NRC 2002). 

 Require additional structural setbacks (10-30 ft) landward of buffers will allow routine 
maintenance of structures without compromising buffer function integrity.   

 

3. Recommendations to Avoid or Minimize Specific Impacts  

The following recommendations are directed at protecting riparian functions from activities associated 
with development:  

 Avoid vegetation removal on shorelines and bluffs.  If vegetation must be removed, minimize the 
area and amount removed and locate the disturbed area as far from the water as possible.  
Minimize ground disturbance, removal of mature trees, and introduction of nonnative vegetation, 
especially invasive species such as English Ivy.     

 Avoid locating impervious surfaces in riparian buffers. If impervious surfaces must be located in 
riparian areas, minimize footprint, and mitigate impacts through techniques including pervious 
surfaces such as pervious pavers and concrete; bioretention facilities such as rain gardens; green 
roofs, cisterns, etc. Promote infiltration and implement approved methods/designs for controlling 
rates of surface runoff and pollutant loading. Caution should be taken when designing and 
installing bioretention and other facilities that infiltrate water along slopes and bluffs so as to not 
increase the likelihood of mass failures or erosion.    

 Avoid shoreline modification; maintain existing native vegetation, particularly at and near the 
land-water interface. If shoreline alterations must occur they should be done in a way that 
minimizes potential negative impacts to natural functions and should use the least intrusive 
methods including bioengineering or relocating structures where feasible and practicable. All 
adverse impacts should receive full compensatory mitigation to ensure no net loss of ecological 
functions. 

 Remove invasive plant species from marine riparian areas; Purple Loosestrife, Himalayan 
blackberry, English Ivy and other invasive plants compete with native species, particularly in 
disturbed sites along marine bluffs and shorelines. 

 Restore and replant marine riparian areas with native vegetation to improve the connectivity of 
upland and marine riparian habitat, and to restore functions that benefit the nearshore and beach 
ecosystems. Ensure that replanted marine riparian areas are properly maintained to improve plant 
survival. 
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 Avoid building in the riparian buffers.  If building must occur, then minimize footprint, site 
disturbance and locate structures far enough back from the water’s edge to ensure maintenance 
of functional riparian areas. 

 Avoid locating septic and waste water systems in the riparian area.  If they must be located in the 
riparian area, then they should be designed, maintained, and operated in such a way that that 
human waste and nutrients are prevented from leaching into local water bodies.   

 Avoid disturbance to native vegetation in the riparian area, especially near the water’s edge, with 
the goal of maintaining vegetation communities that are resilient to disturbance from surrounding 
land uses and able to regenerate with minimal human intervention; and to help ensure that 
nutrients, pathogens, toxics, and fine sediments associated with land-use practices are prevented 
from entering water bodies. 

 Avoid land use practices in riparian areas that involve the use or generation of nutrients, 
pathogens, and toxics. Avoid salvage or removal of downed trees, LWD or snags in riparian 
areas and on beaches. Maintain complex, multi-aged riparian forest cover and wide buffers to 
allow natural recruitment of LWD over long time frames. 



41 
 

Literature Cited 

 
Adamus, P.R., L.T. Stockwell, E.J. Clairain, Jr., M.E. Morrow, L.P. Rozas, and R.D. Smith. 

1991. Wetland Evaluation Technique (WET) Volume I: Literature Review and 
Evaluation Rationale. U.S. Army Corps of Engineers, Waterways Experiment 
Station, Wetlands Research Program Technical Report WRP‐DE‐2. 

 
Arthington A.H., G.C. Long GC (eds). 1997. Logan River trial of the Building Block 

Methodology for assessing environmental flow requirements. Background Papers. 
Centre for Catchment and In‐Stream Research, Griffith University and Queensland 
Department of Natural Resource. Brisbane, Australia. 332 pp. 

 
Ballinger, A. and P.S. Lake. 2006. Energy and nutrient fluxes from rivers and streams into 

terrestrial food webs. Marine and Freshwater Research 57: 15‐28. 
 
Bereitschaft, B.J.F. 2007. Modeling Nutrient Attenuation by Riparian Buffer Zones along 

Headwater Streams. M.S. Thesis, University of North Carolina at Greensboro. 
Greensboro, North Carolina. 

 
Beschta, R.L., R.E. Bilby, G.W. Brown, L.B Holtby, T.D. Hofstra. 1987. Stream temperature 

and aquatic habitat. In: Salo, E.O., and T.W. Cundy, editors. Streamside 
Management: Forestry and Fishery Interactions. Chapter 6. University of 
Washington, Institute of Forest Resources, Seattle, WA. pp. 191‐232. 

 
Bilby, R. and P. Bisson. 1998. Function and distribution of large woody debris on beaches 

at Oregon river mouths. Wetland and Riparian Ecosystems of the American West: 
Eight Annual Meeting of the Society of Wetland Scientists.  May 26‐29th, 1987.  
Seattle, Washington. pp. 335‐341. 

 
Brennan, J.S., K.F. Higgins, J.R. Cordell, and V.A. Stamatiou. 2004. Juvenile salmon 

composition, timing, distribution and diet in marine nearshore waters of Central 
Puget Sound in 2001‐2002. King County Department of Natural Resources and 
Parks, Seattle, WA. 164 pp. 

 
Brennan, J.S., and H. Culverwell. 2004. Marine Riparian: An Assessment of Riparian 

Functions in Marine Ecosystems. Published by Washington Sea Grant Program, 
UW Board of Regents Seattle, WA. 34 pp. 

 
Brennan, J.S. 2007. Marine Riparian Vegetation Communities of Puget Sound. Puget Sound 

Nearshore Partnership Report No. 2007‐02. Published by Seattle District, U.S. 
Army Corps of Engineers, Seattle, Washington. 

 



42 
 

Buchanan, J.B., D.H. Johnson, E.L Greda, G.A. Green, T.R. Wahl, and S.J. Jefferies. 
2001.Wildlife of coatal and marine habitats In: Johnson, D.H. and T. A. O’ Neil, 
Managing Directors. Wildlife‐habitat Relationships in Oregon and Washington. 
Oregon State University  Press,  Corvalis.  pp. 389‐423. 

 
Caffrey, J.M., T.P. Chapin, H.W. Jannasch, and J.C. Haskins. 2007. High nutrient pulses, tidal 

mixing and biological response in a small California estuary: Variability in nutrient 
concentrations from decadal to hourly time scales. Estuarine, Coastal and Shelf 
Science 71: 368‐380. 

 
Castelle, A.J., C. Conolly, M. Emers, E.d. Metz, S. Meyer, M. Witter, S. Mauerman, T. 

Erickson, S. Cooke.  1992.  Wetland buffers: Use and Effectiveness.  Publication # 
92‐10. Washington State Department of Ecology.  Olympia, WA.   

 
Cederholm, C. J., D. H. Johnson, R. E. Bilby, L.G. Dominguez, A. M. Garrett, W. H. Graeber, E. 

L. Greda, M. D. Kunze, B.G. Marcot, J. F. Palmisano, R. W. Plotnikoff, W. G. Pearcy, C. 
A. Simenstad, and P. C. Trotter.  2000.  Pacific Salmon and Wildlife ‐ Ecological 
Contexts, Relationships, and Implications for Management. Special Edition 
Technical Report, Prepared for D. H. Johnson and T. A. O’Neil (Managing directors), 
Wildlife‐Habitat Relationships in Oregon and Washington. Washington 
Department of Fish and Wildlife, Olympia, Washington.  

 
Cederholm, C.J., M.D. Kunze, T. Murota, and A. Sibatani. 1999. Pacific Salmon Carcasses: 

Essential contributions of Nutrients and energy for aquatic and terrestrial 
ecosystems. Fisheries 24(10): 6‐15. 

 
Chasan, D. J. 1981. The Water Link. University of Washington Press, Seattle, Washington. 

179 pp. 
 
Chiang, C., and M. Reese. Undated.  Evergreen State: Exploring the history of Washington's 

forests.  A curriculum project for Washington Schools Developed by the Center for 
the Study of the Pacific Northwest University of Washington Department of 
History. Online 
(www.washington.edu/uwired/outreach/cspn/Website/Resources/Curriculum/
Evergreen/Documents/Evergreen%20State.pdf). 

 
Collins, B., D.R. Montgomery, and A. Haas. 2002. Historical changes in the distribution and 

function of large wood in Puget Sound Rivers.  Canadian Journal of Fisheries and 
Aquatic Sciences 59(1): 66. 

 
Connell, J.H. 1972. Community interaction on marine rocky intertidal shores. Annual 

Review of Ecological Systems. 3: 169‐192. 
 
Correll, D.L. 1997. Buffer zones and water quality protection: general principles. In Buffer 

Zones: Their Processes and Potential in Water Protection. Proceedings of the 
International Conference on Buffer Zones, September 1996. Ed. N.E. Haycock, T.P. 



43 
 

Burt, K.W.T. Goulding, and G. Pinay. Quest Environmental, Harpenden, 
Hertfordshire, UK. 

 
Correll, D. 1999. Vegetated Stream Riparian Zones: Their Effects on Stream Nutrients, 

Sediments, and Toxic Substances. An Annotated and Indexed Bibliography of the 
world literature including buffer strips, and interactions with hyporheic zones and 
floodplains. Eigth Edition, April 1999. Smithsonian Environmental Research 
Center, Edgewater, MD, USA 21037‐0028. 

 
Defeo, O., A. McLachlan, D.S. Schoeman, T.A. Schlacher, J. Dugan, A. Jones, M. Lastra, and F. 

Scapini. 2009. Threats to sandy beach ecosystems: A review. Estuarine, Coastal, 
and Shelf Science 81:1‐12. 

 
Desbonnet, A., P. Pogue, V. Lee, and N. Wolff.  1994. Vegetated buffers in the coastal Zone 

– A summary review and bibliography. Coastal Resources Center Technical Report 
No. 2064. University of Rhode Island Graduate school of Oceanography.  
Narragansett, RI 02822. 72 pp. 

 
Desbonnet, A., V. Lee, P. Pogue, D. Reis, J. Boyd, J. Willis, and M. Imperial.  1995.  

Development of coastal vegetated buffer programs.  Coastal Management, Volume 
23, pp. 91‐109. 

 
Drake, D.C., R.J. Naiman, and J.S. Bechtold. 2006. Fate of nitrogen in riparian forest soils 

and trees: an 15N Tracer study simulating salmon decay. Ecology, 87(5):1256–
1266. 

 
Ducros, C.M.J. and C.B. Joyce. 2003. Field‐Based Evaluation Tool for Riparian Buffer Zones 

in Agricultural Catchments. Environmental Management 32(2): 252‐267. 
 
Duffy, D.J., D.A. Beauchamp, R.M. Sweeting, R.J. Beamish, J.S. Brennan.  (In Review). 

Ontogenetic shifts in diet of juvenile Chinook salmon in Puget Sound: The 
nearshore‐offshore transition. 

 
Dugan, J.E. and Hubbard, D.M. (2006) Ecological responses to coastal armouring on 

exposed sandy beaches. Shore and Beach 74:10–16. 
 
Dugan, J.E., D.M. Hubbard, M.D. McCrary, and M.O. Pierson.  2003.  The response of 

macrofauna communities and shorebirds to macrophyte wrack subsidies on 
exposed sandy beaches of southern California.  Estuarine, Coastal and Shelf 
Science 58S: 25–40. 

 
Ekness, P. and T. Randhir. 2007. Effects of riparian areas, stream order, and land use 

disturbance on watershed‐scale habitat potential: An ecohydrologic approach to 
policy. Journal of the American Water Resources Association 43(6): 1468‐1482. 

 
Elliott, K.H., C.L. Struik, and J.E. Elliott. 2003. Bald Eagles, Haliaeetus leucocephalus, 

feeding on spawning Plainfin Midshipman, Porichthys notatus, at Crescent Beach, 
British Columbia. Canadian Field‐Naturalist 117(4): 601‐604. 



44 
 

  
Ettema, C.H., R. Lowrance, and D.C. Coleman. 1999. Riparian soil response to surface 

nitrogen input: temporal changes in denitrification, labile, and microbial C and N 
pools, and bacterial and fungal respiration. Soil Biology and Biochemistry 
31:1609‐1624. 

 
Evans, R., J.W. Gilliam, and J.P. Lilly. 1996. Wetlands and Water Quality. North Carolina 

Cooperative Extension Service, Publication No. AG 473‐7. Online 
(http://www.bae.ncsu.edu/programs/extension/evans/ag473‐7.html) 

 
Everest, F. H., and G.H. Reeves. 2006. Riparian and aquatic habitats of the Pacific 

Northwest and southeast Alaska: ecology, management history, and potential 
management strategies. Gen. Tech. Rep. PNW‐GTR‐692. Portland, OR: U.S. 
Department of Agriculture, Forest Service, Pacific Northwest Research Station. 
130 pp. 

 
FEMAT (Forest Ecosystem Management Assessment Team).  1993.  Forest ecosystem 

management: An ecological, economic, and social assessment.  U.S. Departments of 
Agriculture, Commerce, and Interior.  Portland, Oregon. 

 
Foster, M.S., A.P. DeVogelaere, C. Harrold, J.S. Pearse, A.B. Thum. et al 1986. Causes of the 

spatial and temporal patterns in rocky intertidal communities of Central and 
Northern California. Vol. 2 of 2.  U.S. Department of the Interior OCS Study MMS 
85‐0049.   

 
Franklin, J.F. and C.T. Dyrness. 1973. Natural vegetation of Oregon and Washington. 

Forest Service Gen. Tech. Report PNW‐8, U.S. Dept. of Agriculture. (Reprinted with 
bibliography supplement, Oregon State University, Corvallis, Oregon, 1988). 

 
Fresh, K.L.  2007.  Juvenile Pacific salmon in Puget Sound.  Puget Sound Nearshore 

Partnership Report No. 2006‐06.  Published by Seattle District, U.S. Army Corps of 
Engineers, Seattle, WA.  

 
Glasoe, S. and A. Christy. 2005. Literature Review and Analysis of Coastal Urbanization 

and Microbial  Contamination of Shellfish Growing Areas. Proceedings of the 2005 
Puget Sound Georgia Basin Research Conference. 

 
Gonor, J., J. Sedell, and P. Benner. 1988. From the Forest to the Sea: A Story of Fallen Trees 

General Technical Report PNW‐GTR‐229. Online 
(http://www.fs.fed.us/pnw/pubs/gtr229). 

 
Good, J. W., J. W. Weber, J. W. Charland, J. V. Olson, and K. A. Chapin. 1998. State coastal 

zone management effectiveness in protecting estuaries and coastal wetlands: A 
national overview. Corvallis, OR: Oregon Sea Grant, Oregon State University. 283 
pp. 

 



45 
 

Gray, D. H., and A. T. Leiser. 1982. Biotechnical Slope Protection and Erosion Control. Van 
Nostrand Reinhold Company. New York. 

 
Gray, D. H., and R. B. Sotir. 1996. Biotechnical and Soil Bioengineering Slope Stabilization: 

A Practical Guide for Erosion Control. John Wiley and Sons, New York, NY. 
 
Greenway, D. R. 1987. Vegetation and Slope Stability. In Slope Stability. M. F. Anderson 

and K. S. Richards (eds.). John Wiley and Sons, New York, NY. 
 
Griggs, G.B. 2005. The impacts of coastal armoring. Shore and Beach 73(1): 13‐22. 
 
Groffman, P.M. and P.J. Bohlen.  1999.  Soil and sediment biodiversity: Cross‐system 

comparisons and large‐scale effects.  Bioscience 49(2): 139‐148. 
 
Hale, S.S., J.F. Paul, and J.F. Heltshe. 2004. Watershed landscape indicators of estuarine 

benthic condition. Estuaries 27(2): 283‐295. 
 
Harmon, M., F. Franklin, J. Swanson, P. Sollins, S. Gregory, D. Lattin, N. Anderson, S. Cline, 

N. Sumen, J. Sedell, G. Lienkaemper, K. Comak, and K. Cummins.  1986.  Ecology of 
coarse woody debris in temperate ecosystems.  Advances in Ecological Research.  
15: 133‐302. 

 
Hashim, W.A. and H. Bresler. 2005. Washington’s Water Quality Management Plan to 

Control Nonpoint Sources of Pollution. Final Report. Washington Department of 
Ecology, Publication No. 05‐10‐027. 

 
Hawes, E. and M. Smith. 2005. Riparian Buffer Zones: Functions and Recommended 

Widths. Prepared for the Eightmile River Wild and Scenic Study Committee. Yale 
School of Forestry and Environmental Studies. 

 
Higgins, K., P. Schlenger, J. Small, D. Hennesy, and J. Hall.  2005.  Spatial relationships 

between beneficial and detrimental nearshore habitat parameters in WRIA 9 and 
the City of Seattle.  Proceedings of the Puget Sound Georgia Basin Research 
Conference.  Puget Sound Action Team, Olympia, WA. 

 
Hyatt, T. and R. Naiman.  2001.  The residence time of large woody debris in the Queets 

River, Washington, USA.  Ecological Applications, 11(1):191–202. 
 
Johannessen, J. and A. MacLennan. 2007. Beaches and Bluffs of Puget Sound. Puget Sound 

Nearshore Partnership Report No. 2007‐04. Published by Seattle District, U.S. 
Army Corps of Engineers, Seattle, Washington. 

 
Jones, J.A., F.J. Swanson, B.C. Wemple, and K.U. Snyder. 2000. Effects of roads on 

hydrology, geomorphology, and disturbance patches in stream networks. 
Conservation Biology. 14(1): 76‐85. 

 
King County Department of Natural Resources (DNR). 2001. Reconnaissance Assessment 

of the State of the Nearshore Report Including Vashon and Maury Islands (WRIAs 



46 
 

8 and 9). Published by King County Department of Natural Resources, May 2001. 
Online (http://dnr.metrokc.gov/wlr/watersheds/puget/nearshore/sonr.htm). 

      
Klapproth, J.C., and J.E. Johnson. 2000. Understanding the Science Behind Riparian Forest 

Buffers: Effects on Water Quality. Publication Number 420‐151, Virginia Tech 
University. (http://www.ext.vt.edu/pubs/forestry/420‐151/420‐151.html) 

 
Knutson, K. L. and V. L. Naef.  1997.  Management Recommendations for Washington’s 

Priority Habitats:  Riparian.  Washington State Department of Fish and Wildlife, 
Olympia, WA 

 
Laprade W.T., T.E. Kirkland, W.D. Nashem, and C.A. Robertson. 2000. Seattle landslide 

study. Shannon & Wilson, Inc Internal Report W‐7992‐01, 164 pp. 
 
Lavelle, P., R. Dugdale, R. Scholes, A.A. Berhe, E. Carpenter, L. Codispoti, A. Izac, J. 

Lemoalle, F. Luizao, M. Scholes, P. Treguer, and B. Ward. 2005. Chapter 12: 
Nutrient Cycling. Ecosystems and Human Well‐Being: Current State and Trends. 
Findings of the Condition and Trends Working Group. Millennium Ecosystem 
Assessment Series Vol. 1, World Resources Institute, Island Press. Online 
(http://www.millenniumassessment.org/en/Condition.aspx) 

 
Levings, C. D. and G. Jamieson. 2001. Marine and estuarine riparian habitats and their role 

in coastal ecosystems, Pacific Region. Canadian Science Advisory Secretariat 
Research Document 2001/109. Available online at http://www.dfo‐
mpo.gc.ca/csas/English/Research_Years/2001/2001_109e.htm 

 
Levings, C. D. and R. M. Thom. 1994. Habitat changes in Georgia Basin: implications for 

resource management and restoration. In Wilson, R., R. Beamish, F. Aitkins, and J. 
Bell (eds.). 1994. Review of the marine environment and biota of Strait of Georgia, 
Puget Sound, and Juan de Fuca Strait: Proceedings of the B.C./Washington 
Symposium of the Marine Environment. Canadian Technical Report of Fisheries 
and Aquatic Sciences. 398 pp. 

 
Macdonald, K. B. 1995. Shoreline armoring effects on physical coastal processes in Puget 

Sound. In: Proceedings of Puget Sound Research 1995 . Puget Sound Water Quality 
Authority, Olympia, Washington. pp. 106‐120.  

 
Macdonald, K. and B. Witek.  1994.  Management options for unstable bluffs in Puget 

Sound, Washington.  Coastal Erosion Management Studies Volume 8.  Shorelands 
and Coastal Zone Management Program, Washington Department of Ecology, 
Olympia, Washington. 

 
Macdonald, K., D. Simpson, B. Paulson, J. Cox, and J. Gendron. 1994. Shoreline armoring 

effects on physical coastal processes in Puget Sound, Washington. IN: Coastal 
Erosion Management Studies Volume 5. Shorelands and Coastal Zone Management 
Program, Washington Department of Ecology, Olympia. 



47 
 

 
MacLennan, A.  2005.  An analysis of large woody debris in two Puget Sound salt marshes, 

Elger Bay, Camano Island, and Sullivan Minor Marsh, Padilla Bay. M.S. Thesis, 
Western Washington University, Bellingham, WA. 

 
MacLennan, A. and J. Johannessen.  2008.  San Juan Initiative Protection Assessment: 

Nearshore Case Study Area Characterization.  Prepared for the San Juan Initiative; 
The Puget Sound Partnership, through the Surfrider Foundation, by Coastal 
Geologic Services, Inc.  Bellingham, Washington. 

 
Maser, C., and J. R. Sedell. 1994. From the forest to the sea; The ecology of wood in 

streams, rivers, estuaries and oceans. St Lucie Press. Delray Beach, FL. 200 pp. 
 
May, C.W.  2000.  Protection of stream‐riparian ecosystems: A review of best available 

science.  Kitsap County Department of Natural Resources Special Report.  45 pp. 
 
May, C.W. 2003.  Stream‐riparian ecosystems in Puget Sound lowland eco‐region: A 

review of best available science.  Watershed Ecology LLC. 
 
May, C.W., E.B. Welch, R.R. Horner, J.R. Karr, and B.W. Mar.  1997.  Quality Indices for 

Urbanization Effects in Puget Sound Lowland Streams.  Washington Department of 
Ecology, Olympia, WA. 

 
McClain, M.E., R.E. Bilby, and F.J. Triska. 1998. Biogeochemistry of N, P, and S in 

Northwest rivers: Natural distributions and responses to disturbance. In Naiman 
RJ & Bilby RE (eds.) River Ecology and Management: Lessons from the Pacific 
Coastal Ecoregion. Springer‐Verlag, New York. pp. 347‐372. 

 
Menashe, E. 2001. Bio‐structural erosion control: Incorporation vegetation into 

engineering designs to protect Puget Sound shorelines. Greenbelt Consulting. 
Puget Sound Research. 

  
Naiman, R.J., R.E. Bilby, D.E. Schindler, and J.M. Helfield. 2002. Pacific Salmon, Nutrients, 

and the Dynamics of Freshwater and Riparian Ecosystems. Ecosystems 5(4): 399‐
417. 

 
National Research Council (NRC). 2002. Riparian Areas: Functions and Strategies for 

Management. National Academy Press, Washington D.C., 722 pp. 
 
National Research Council (NRC). 1996. Upstream: salmon and society in the Pacific 

Northwest.  Committee on protection and management of Pacific Northwest 
anadromous salmonids, Board on Environmental Studies and Toxicology, 
Commission on Life Sciences. National Academy of Sciences. Washington D.C. 452 
pp. 

 
National Wildlife Federation, 2007. Sea‐level Rise and Coastal Habitats in the Pacific 

Northwest: An Analysis for Puget Sound, Southwestern Washington, and 



48 
 

Northwestern Oregon.  National Wildlife Federation, Seattle, WA available on line 
at http://www.nwf.org/sealevelrise/pdfs/PacificNWSeaLevelRise.pdf 

 
Natural Resources Conservation Service (NRCS).  2008. Online 

(http://soils.usda.gov/sqi/concepts/concepts.html) 
 
Ocean Studies Board (OSB). 2007. Mitigating shore erosion along sheltered coasts. 

National Research Council. National Academies Press, Washington, D.C.  
 
Omernik, J. M., A. R. Abernathy, and L. M. Male, 1981. Stream nutrient levels and 

proximity of agricultural and forest land to streams: Some relationships. Journal of 
Soil and Water Conservation 36(4):227‐23 1. 

 
Osborne, L. and D. Kovacic. 1993. Riparian vegetated buffer strips in water quality 

restoration and stream management. Freshwater Biology 29: 243‐258.  
 
Pank, B.A. 1997. Beach hoppers: sandy‐shore custodians. Oceanorama 27: 21‐24. 
 
Parker, K. and C.W. Hamilton. 1999.  Slope stability and Arbutus menziesii: a summary of 

research in Magnolia Park, Seattle, Washington. In: Adams, A. B.; Hamilton, 
Clement W., eds. The decline of the Pacific madrone (Arbutus menziesii Pursh): 
Current theory and research directions: Proceedings of the symposium; 1995 
April 28; Seattle, WA. Seattle, WA: Save Magnolia's Madrones, Center for Urban 
Horticulture, Ecosystems Database Development and Research: 126‐128.  

 
Parkyn, S. 2004. Review of Riparian Buffer Zone Effectiveness. Ministry of Agriculture and 

Forestry,  MAF Technical Paper No: 2004/05. Wellington, New Zealand.  
 
Paulson, D. 1992.  Northwest Bird Diversity: From extravagant past and changing present 

to precarious future. Northwest Environmental Journal 8: 71‐118.   
 
Penttila, D.E. 1996. Surf smelt spawning ecology information pertinent to bioassays. 

Washington Department of Fish and Wildlife, Olympia, WA. 
 
Penttila, D.E. 2001. Effects of shading upland vegetation on egg survival for summer‐

spawning surf smelt, Hypomesus, on upper intertidal beaches in Northern Puget 
Sound. In: Proceedings of Puget Sound Research, 2001 Conference. Puget Sound 
Action Team, Olympia, WA. 

 
Polis, G.A. and S.D. Hurd. 1996. Linking marine and terrestrial food webs: Allochthonous 

input from the ocean supports high secondary productivity on small islands and 
coastal land communities. American Naturalist 147:396‐423. 

 
Prasse, K. 2006. Images of America: Camano Island. Arcadia Publishing, San Francisco, 

California. 
 



49 
 

Puget Sound Action Team (PSAT) 2007. Puget Sound Update: Ninth Report of the Puget 
Sound Assessment and Monitoring Program Publication No. PSAT 07‐02, Olympia, 
WA. 

 
Pusey, B.J. and A.H. Arthington. 2003. Importance of the riparian zone to the conservation 

and management of freshwater fish: a review. Marine and Freshwater Research 
54: 1‐16. 

 
Rice, C.A.  2006.  Effects of shoreline modification in northern Puget Sound beaches: 

microclimate and embryo survival in summer spawning surf sm0elt (Hypomesus 
pretiosus). Estuaries and Coasts 29(1): 63‐71. 

 
Rich, J.J. and D.D. Myrold. 2004. Community composition and activities of denitrifying 

bacteria from adjacent agricultural soil, riparian soil, and creek sediment in 
Oregon, USA. Soil Biology and Biochemistry 36: 1431‐1441. 

 
Ricketts, E.F. and J. Calvin. 1968. Between Pacific Tides.  Stanford University Press, 

Stanford, California.  614 pp. 
 
Rodil, I.F., S. Cividanes, M. Sastra, and J. Lopez. 2008. Seasonal variability in the vertical 

distribution of benthis macrofauna and sedimentary organic matter in an 
estuarine beach (NW Spain).  Estuaries and Coasts 31(2) 382‐395. 

 
Ruggiero, L.F., Aubry, K.B., Carey, A.B. and Huff, M.H. (Tech. coord.'s). 1991. Wildlife and 

vegetation of unmanaged Douglas-fir forests. Portland, OR: USDA Forest Service 
Pacific Northwest Research Station. 

 
Schiff, R. and G. Benoit. 2007. Effects of impervious cover at multiple spatial scales on 

coastal watershed streams.  Journal of the American Water Resources Association 
43(3): 712‐730. 

 
Schoonover, J.E., and K.W.J. Williard. 2003. Groundwater nitrate reduction in giant cane 

and forest riparian zones. Journal of the American Water Resources Association. 
39(2):347‐354 

 
Sedell, J. R., P. A. Bisson, E J. Swanson, and S. V. Gregory. 1988. What we know about large 

trees that fall into streams and rivers. Pages 47‐81 in C. Maser, R. F. Tarrant, J. M. 
Trappe, and J. E Franklin, From the forest to the sea: a story of fallen trees. U.S. 
Forest Service General Technical Report PNW‐GTR‐229. 

 
Shipman, H. 2008. A Geomorphic Classification of Puget Sound Nearshore Landforms. 

Puget Sound Nearshore Partnership Report No. 2008‐01. Published by Seattle 
District, U.S. Army Corps of Engineers, Seattle, Washington. 

 



50 
 

Sidle, R.C., A.J. Pearce, and C.L. O'Loughlin. 1985. Hillslope Stability and Land Use, Water 
Resour. Mono. 11, American Geophysical Union, Washington, D.C., USA.  

 
Sobocinski, K.L., J.R. Cordell, C.A. Simenstad, and J.S. Brennan.  2003.  Results from a 

paired sampling regime.  Puget Sound Research Conference Proceedings.  Puget 
Sound Action Team, Olympia, WA. 

 
Spence, B C., G.A. Lomnicky, R.M. Hughes, and R.P. Novitzki. 1996. An ecosystem approach 

to salmonid conservation.  TR‐4501–96‐6057. ManTech Environmental Research 
Services Corp., Corvallis, OR. 

 
Stanley, S., J. Brown, and S. Grigsby. 2005. Protecting Aquatic Ecosystems: A Guide for 

Puget Sound Planners to Understand Watershed Processes. Washington State 
Department of Ecology. Publication #05‐06‐027.  Olympia, WA. 

 
Thom, R.M., D.Shreffler, and K. MacDonald. 1994. Shoreline armoring effects on coastal 

ecology and biological resources in Puget Sound, Washington. Coastal Erosion 
Mgmt. Studies, Vol 7, Wash. Dept. of Ecology Shorelands and Water Res. Program 
Report 94‐80. 

 
Toft, J., C. Simenstad, J. Cordell, and L. Stamatiou. 2004. Fish Distribution, Abundance, and 

Behavior at Nearshore Habitats along City of Seattle Marine Shorelines, with an 
Emphasis on Juvenile Salmonids. Prepared for Seattle Public Utilities. SAFS‐UW‐
0401. University of Washington, Seattle, WA. 

 
Tonnes, D.M. 2008. Ecological functions of marine riparian areas and driftwood along 

north Puget Sound shorelines. MMA Thesis, University of Washington, Seattle, WA. 
80 pp. 

 
Tubbs, D.W. 1975. Causes, mechanisms, and prediction of landslides in Seattle. Ph.D 

dissertation, University of Washington, Seattle, WA.  75 pp. + app. 
 
U.S. Department of Agriculture (USDA). 2000. Conservation buffers to reduce pesticide 

loss. (http://www.in.nrcs.usda.gov/technical/agronomy/newconbuf.pdf)   

U.S. Department of Agriculture (USDA). 2008. Soil Quality Management Online. 
(http://soils.usda.gov/sqi/management/management.html) 

Valiela, I., K. Foreman; M. LaMontagne, D. Hersh, J. Costa, P. Peckol, B. DeMeo‐Andreson, C. 
D’Avanzo, M. Babione, C. Sham, J. Brawley, and K. Lajtha. 1992. Couplings of 
watersheds and coastal waters: Sources and consequences of nutrient enrichment 
in Waquoit Bay, Massachusetts. Estuaries 15(4): 443‐457. 

 
Vigil, K.M. 2003. Clean Water: An Introduction to Water Quality and Water Pollution 

Control. Oregon State University Press, Corvallis, Oregon. 
 



51 
 

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

 
Wenger, S. 1999. A Review of the Scientific Literature on Riparian Buffer Width, Extent, 

and Vegetation. Office of Public Service and Outreach Institute of Ecology, 
University of Georgia, Athens, Georgia. 

 
Williams, G.D. and R.M. Thom. 2001. White Paper – Marine and Estuarine Shoreline 

Modification Issues. Prepared for Washington Departments of Fish and Wildlife, 
Ecology, and Transportation. Battelle Marine Sciences Laboratory and Pacific 
Northwest National Laboratory. Sequim, WA. 

 



52 
 

Literature Consulted but Not Cited in Text 

 
Adams, D.A. 1963. Factors influencing vascular plant zonation in the North Carolina salt 

marshes. Ecology 44: 445‐456. 
 
Adamus, P.R. 2007. Best Available Science for Wetlands of Island County, Washington: 

Review of Published Literature ‐ A Report Prepared in Response to Critical Areas 
Ordinance Updating Requirements for Wetlands. Adamus Resource Assessment, 
Inc. and College of Oceanic and Atmospheric Sciences, Oregon State University, 
Corvallis, OR. 

 
Alberti, M and M. Bidwell. 2005. Assessing the Impacts of Urbanization on shellfish 

growing areas, Puget Sound. Urban Ecology Research Lab, U.W. 
 
Albertson, S.L., K. Erickson, J.A. Newton, G. Pelletier, R.A. Reynolds, and M. Roberts. 2002. 

South Puget Sound Water Quality Study Phase 1. Washington State Department of 
Ecology, Environmental Assessment Program, Publication NO. 02‐03‐021, 
Olympia, WA. 

 
Alliance for the Chesapeake Bay. 1996. Alliance for the Chesapeake Bay white paper: 

Riparian forest buffers. Online. (http://www.acb‐
online.org/pubs/projects/deliverables‐148‐2‐2003.pdf) 

 
Altman, R. 2005.  Conservation priorities for landbirds of the Pacific coast of Oregon and 

Washington.  Pp. 143‐148. In: C. J. Ralph and T. Rich, Eds.  Bird Conservation 
Implementation and Integration in the Americas:  Proceedings of the Third 
International Partners in Flight Conference.  March 2002, Asilomar, CA, Gen Tech 
Report PSW‐GTR 191 Albany, CA.  PSW Research Station, USFS, Department of 
Agriculture 651 pp. 

 
Anderson, T.H. and G.T. Taylor. 2001. Nutrient pulses, plankton blooms, and seasonal 

hypoxia in Western Long Island Sound. Estuaries 24(2): 228‐243. 
 
Arain, M.A. and N. Restrepo‐Coupe. 2005. Net ecosystem production in an eastern white 

pine plantation in southern Canada. Agricultural and Forest Meteorology 128: 
223–241. 

 
Aubrey, K. B. and C. M. Raley.  2002.  Selection of nest and roost trees by pileated 

woodpeckers in coastal forests of Washington.  J. Wildlife Management 66: 392‐
406.   

 
Aubrey, K. B. and C. M. Raley.  2002.  The pileated woodpecker as a keystone habitat 

modifier in the Pacific Northwest.  Pp. 257‐274.  In: Laudenslayer, W. et al. Eds.  
Proceedings of the symposium on the ecology and management of dead wood in 
western forests.  Gen. Tech. Report PSW‐GTR‐181.  Albany CA.  USFS, Dept of 
Agriculture.  949 pp.   

 



53 
 

Aubrey, K.B., M.J. Crites, and S.D. West. 2000. Regional patterns of small mammal 
abundance and community composition in Oregon and Washington. In: Wildlife 
and Vegetation of Unmanaged Douglas fir forests. USDA Forest Service PNW 
Research Laboratory. PNW‐GTR‐285. pp. 285‐294.   

 
Azous, A.L. and R.R. Horner, eds. 1997. Wetlands and Urbanization: Implications for the 

Future. Final Report of the Puget Sound Wetlands and Stormwater Management 
Research Program.  Washington Department of Ecology, King County Water and 
Land Resources Division and the University of Washington.  Olympia and Seattle, 
WA. 

 
Barclay, E. and D. Batker. 2004. Untold Value: Nature’s Services in Washington State.  Asia 

Pacific Environmental Exchange.  
 
Bardgett, R.D., J.M. Anderson, V. Behan‐Pelletier, L. Brussaard, D.C. Coleman, C. Ettema, A. 

Moldenke, J.P. Schimel, and D.H. Wall. 2001. The Influence of Soil Biodiversity on 
Hydrological Pathways and the Transfer of Materials between Terrestrial and 
Aquatic Ecosystems. Ecosystems 4(5): 421‐429. 

 
Barrington, M., D. Wolf, and K. Diebel. 2001. Analyzing riparian site capability 

management options. Journal of the American Water Resources Association 37(6). 
 
Bavins, M., Couchman, D. and Beumer, J. (2000) Fisheries Guidelines for Fish Habitat Buffer 

Zones, Department of Primary Industries, Queensland, Fish Habitat Guideline FHG 
003, 37 pp. 

 
Baxter, C.W., K.D. Fausch, and W.C. Saunders. 2005. Tangled webs: reciprocal flows of 

invertebrate prey link streams and riparian zones. Freshwater Biology 50: 201–
220. 

 
Beck, M., O. Dellwig, G. Liebezeit, B. Schnetger, and H. Brumsack. 2008. Spatial and 

seasonal variations of sulphate, dissolved organic carbon, and nutrients in deep 
pore waters of intertidal flat sediments. Estuarine, Coastal and Shelf Science: 1‐10.  

 
Beck, N.G. and K.W. Bruland. 2000. Diel Biogeochemical cycling in a hyperventilating 

shallow estuarine environment. Estuaries 23(3): 177‐187.  
 
Belsky, A.J., A. Matzke, and S. Uselman. 1999. Survey of livestock influences on stream and 

riparian ecosystems in the western United States. Journal of Soil and Water 
Conservation 54: 419‐431.  

 
Ben‐David, M., R.T. Boywer, and J.B. Faro. 1996. Niche separation by mink and river 

otters: coexistence in the marine environment. Oikos 75: 41‐48. 
 
Bentley, J.W., E. Boa, and J. Stonehouse. 2004. Neighbor Trees: Shade, intercropping, and 

cacao in Ecuador. Human Ecology, Vol. 32, No. 2 (Apr., 2004), pp. 241‐270.  
 
Bernhard, A.E. and E.R. Peele. 1997. Nitrogen limitation of phytoplankton in a shallow 

embayment in northern Puget Sound. Estuaries 20(4): 759‐769. 



54 
 

 
Bilkovic, D.M., M. Roggero, C.H. Hershner, and K.H. Havens. 2006. Influence of land use on 

macrobenthic communities in nearshore estuarine habitats. Estuaries and Coasts 
29(6B): 1185‐1195. 

 
Billen, G., J. Garnier, A. Ficht, and C. Cun. 2001. Modeling the response of water quality in 

the Seine River Estuary to human activity in its watershed over the last 50 Years. 
Estuaries 24(6B): 977‐993. 

 
Bolton, S. and J. Shellberg. 2001. White Paper: Ecological Issues in Floodplains and 

Riparian Corridors. Washington State Transportation Center, 152 pp. 
 
Booth, D.B., B. Visitacion, and A.C. Steinemann. 2006. Damages and Costs of Stormwater 

Runoff in the Puget Sound Region. Puget Sound Action Team, Washington. 
 
Bottorff, J. et al.  1994.  A study of three cavity nesting birds: Pileated Woodpecker, Vaux’s 

Swift and Purple Martin on the fort Lewis Military Reservation.  Resources NW 
Bellevue, WA.   

 
Bousfiled, E.L.1981. Systematics and distributional ecology of beach hoppers 

(Amphipoda: Talitridae.) of the Pacific coast of North America. Estuaries 4: 253. 
 
Bragg, D.C. 2000. Simulating catastrophic and individualistic large woody debris 

recruitment for a small riparian system. Ecology, Vol. 81, No. 5 (May, 2000), pp. 
1383‐1394  

 
Brauman, K., G.C. Daily, T. Ka’eo Duarte, and H.A. Mooney. 2007. The nature and value of 

ecosystem services: An overview highlighting Hydrologic Services. Annual Review 
of Environment and Resources 32: 67‐98. 

 
Brigham, S.D., J.P. Megonigal, J.K. Keller, N.P. Bliss, and C. Trettin. 2006. The carbon 

balance of North American wetlands. Wetlands 26: 889‐916. 
 
Brookes, A. 1988. Channelized Rivers, Perspectives for Environmental Management. John 

Wiley & Sons. Chichester. 
 
Brown, S. et al.  2001.  United States Shorebird Conservation Plan.  Manomet Center for 

Conservation Sciences, Manomet, MA  
 
Buchanan, J.  2005.  Priorities for Implementation of the North Pacific Coast Regional 

Shorebird Management Plan.  Pp 112‐114. In: C. J. Ralph and T. Rich, Eds.  Bird 
Conservation Implementation and Integration in the Americas:  Proceedings of the 
Third International Partners in Flight Conference.  March 2002, Asilomar, CA,  Gen 
Tech Report PSW‐GTR 191 Albany, CA.  PSW Res. Station, USFS, Department of 
Agriculture 651 pp. 

 
Burford, M.A., D.M. Alongi, A.D. McKinnon, and L.A. Trott. 2008. Primary production and 

nutrients in a tropical macrotidal estuary, Darwin Harbour, Australia. Estuarine, 
Coastal, and Shelf Science: 1‐9  



55 
 

 
Burnett, R. D., T. Gardali, and G. R. Geupel.  2005.  Using songbird monitoring to guide and 

evaluate riparian restoration in salmonid‐focused stream rehabilitation projects.  
Pp. 533‐536. In: C. J. Ralph and T. Rich, Eds.  Bird Conservation Implementation 
and Integration in the Americas:  Proceedings of the Third International Partners 
in Flight Conference.  March 2002, Asilomar, CA,  Gen Tech Report PSW‐GTR 191 
Albany, CA.  PSW Research Station, USFS, Department of Agriculture 651 pp. 

 
Butler, R. W.  1995.  The Patient Predator.  Canadian Wildlife Service Monograph. 

Occasional Papers.  Ottawa, Canada.   
 
Butler, R. W. and R. J. Canning.  1989.  Distribution of Birds in the Intertidal Portion of the 

Fraser River Delta, British Columbia.  Tech Report Series No. 93.  Pacific and 
Yukon Region, Canadian Wildlife Service.   

 
Canning, D.J. and H. Shipman. 1995. The cumulative effects of shoreline erosion control 

and associated land clearing practices, Puget Sound, Washington. Coastal Erosion 
Management Studies, Volume 10. Shorelands and Water Resources Program, 
Washington Department of Ecology, Olympia. 

 
Carlton, J.T. and J. Hodder. 2003.  Maritime mammals: terrestrial mammals as consumers 

in marine inter‐tidal communities. Marine Ecology Progress Series 256: 271‐286. 
 
Carter, V. Undated. Wetland Hydrology, Water Quality, and Associated Functions. 

Technical Aspects of Wetlands, U.S. Geological Survey Water Supply Paper 2425. 
Online.  

 
Cassidy, K. M., C. E. Gruw, M. R. Smith, R. E. Johnson, K. M. Dvornich, K. R. McAllister, P. W. 

Mattocks, Jr., J. E. Cassady, and K. B. Aubrey.  2001.  Using current protection status 
to assess conservation strategies.  Biological Conservation 97: 1‐20. 

 
Chagrin River Watershed Partners (CRWP) 2006. Riparian Setbacks: Technical 

Information for Decision Makers. Willoughby, OH. 
 
Chawla, A., D.A. Jay, A. M. Baptista, M. Wilkin, and C. Seaton. 2008. Seasonal Variability and 

Estuary‐Shelf interactions in Circulation Dynamics of a River‐dominated Estuary. 
Estuaries and Coasts 31: 269‐288. 

 
Chen, J.  1991.  Edge effects: microclimate pattern and biological responses in old‐growth 

Douglas fir forests.  Seattle, Washington: University of Washington, 174 p. Ph.D 
dissertation. 

 
Chmura, G. L., S.C. Anisfeld, D.R. Cahoon, and J.C. Lynch. 2003. Global carbon sequestration 

in tidal, saline wetland soils. Global Biogeochemical Cycles 17(4): 1111. 
 
Choi, Y. and Y. Wang. 2004. Dynamics of carbon sequestration in a coastal wetland using 

radiocarbon measurements. Global Biogeochemical Cycles 18. 
 



56 
 

Choi, Y., Y. Wang, Y.P. Hsieh, and L. Robinson. 2001. Vegetation succession and carbon 
sequestration in a coastal wetland in northwest Florida: Evidence from carbon 
isotopes, Global Biogeochemical Cycles 15(2):311‐319. 

Christensen, D. 2000. Protection of Riparian Ecosystems: A Review of Best Available 
Science. Jefferson County Environmental Health Division, WA. 

Cifuentes, L.A. 1991. Spatial and Temporal Variations in Terrestrially‐Derived Organic 
Matter from Sediments of the Delaware Estuary. Estuaries, Vol. 14( 4),:414‐429  

 
City of Boulder PDS and Biohabitats, Inc. 2007. Wetland and Stream Buffers:  A Review of 

the Science and Regulatory Approaches to Protection. Developed by City of 
Boulder Planning and Development Services and Biohabitats, Inc. Boulder, CO. 

 
Cohen, R. 1997. Fact Sheet #1: Functions of riparian areas for flood control. Rivers 

Advocate, Riverways Program, Massachusetts Department of Fish and Game. 
 
Conservation Reserve Enhancement Program (CREP), New York State, Soil and Water 

Conservation Committee. Online 
(http://www.agmkt.state.ny.us/soilwater/crep/outreach.html). Accessed 2008. 

 
Correll, D.L., T.E. Jordan, and D.E. Weller. 1992. Nutrient Flux in a Landscape: Effects of 

Coastal Land Use and Terrestrial Community Mosaic on Nutrient Transport to 
Coastal Waters. Estuaries 15(4): 431‐442. 

 
Cox, J., K. Macdonald, and T. Rigert. 1994. Engineering and geotechnical techniques for 

shoreline erosion management in Puget Sound. Coastal Erosion Management 
Studies, Volume 4. Shorelands and Coastal Zone Management Program, 
Washington Department of Ecology, Olympia, WA. 

 
Cummings, E. B., U. Wilson, and M. McMinn.  1980.  Cooperative Management of Marine 

Birds I Washington.  Pp. 142‐154.  In: Status and Management of Puget Sound’s 
Biological Resources.  J. Armstrong and A. E. Copping, Eds.  Puget Sound Estuary 
Program.  Environmental Protection Agency 910/9‐90‐001.  Proceedings from the 
Forum on Puget Sound’s Biological Resources Status and Management, Sept. 11‐
12, 1989, Seattle, WA.   

 
Dafner, E.V., M.A. Mallin, J.J. Souza, H.A. Wells, and D.C. Parsons. 2007. Nitrogen and 

phosphorus species in the coastal and shelf waters of Southeastern North Carolina, 
Mid‐Atlantic U.S. coast. Marine Chemistry 103 (2007): 289 – 303  

 
Dahl, T.E. 2006. Status and trends of wetlands in the conterminous United States 1998 to 

2004. U.S. Department of the Interior; Fish and Wildlife Service, Washington, D.C. 
112 pp. 

 
Dauer, D.M., J.A. Ranasinghe, and S.B. Weisberg. 2000. Relationships between benthic 

community condition, water quality, sediment quality, nutrient loads, and land use 
patterns in Chesapeake Bay. Estuaries 23(1): 80‐96.  

 



57 
 

De Jonge, V.N. 2007. Toward the application of ecological concepts in EU coastal water 
management. Marine Pollution Bulletin 55: 407‐414. 

 
Department of Health (DOH) 2003. Paralytic Shellfish Poisoning (PSP) Patterns in Puget 

Sound Shellfish in 2001. A Report for the Puget Sound Ambient Monitoring 
Program. Online. (http://www.doh.wa.gov/ehp/sf/Pubs/PSPtrend2001.pdf) 

Dethier, M.N. 1990. A marine and estuarine habitat classification system for Washington 
State. Washington Department of Natural Resources, Natural Heritage Program, 
Olympia, WA.  

Dodds, W.K. and R.M. Oakes. 2006. Controls on nutrients across a prairie stream 
watershed: Land use and riparian cover effects. Environmental Management 
37(5): 634‐646. 

 
Donovan, T. M. and F. R. Thompson.  2001.  Modeling the ecological trap hypothesis: A 

habitat and demographic analysis for migrant songbirds.  Ecological Applications 
11: 871‐882.   

 
Duffy, E.J., D.A. Beauchamp, and R.M. Buckley. 2005. Early marine life history of juvenile 

Pacific salmon in two regions of Puget Sound. Estuarine, Coastal, and Shelf Science 
64: 94‐107. 

 
Dunn, E., et al.  2005.  High priority needs for range‐wide monitoring of North American 

landbirds.  Partners in Flight Technical Series No. 2.  
www.partnersinflight.org/pubs/ts/ 

 
Dunstone, N. and JDS Birks.  1987.  The feeding ecology of mink (Mustela vison) in coastal 

habitat. Journal of Zoology 212:69‐83. 
 
Eastern Canada Report. 2002.  Buffer strips and water quality: A review of the literature. 

Eastern Canada Soil and Water Conservation Centre. Saint‐Andre, New Brunswick. 
Online (http://www.ccse‐swcc.nb.ca/).  

 
Ebbert, J.C., S.S. Embrey, R.W. Black, A.J. Tesoriero, and A.L. Haggland. 2000. Water Quality 

in the Puget Sound Basin, Washington and British Columbia, 1996‐98. U.S. 
Geological Survey Circular 1216, U.S. Department of the Interior, U.S. Geological 
Survey, Denver, CO. 

 
Ehrenfeld, J.G. 2003. Effects of exotic plant invasions on soil nutrient cycling processes. 

Ecosystems 6(6): 503‐523. 
 
Eissinger, A.M. 2007. Great Blue Herons in Puget Sound. Puget Sound Nearshore 

Partnership Report No. 2007‐06. Published by Seattle District, U.S. Army Corps of 
Engineers, Seattle, Washington. 29 pp. 

 
Elliott, G., et al.  2005.  Integrated bird conservation along the Pacific coast of North 

America.  Pp. 107‐111.  In: C. J. Ralph and T. Rich, Eds.  Bird Conservation 
Implementation and Integration in the Americas:  Proceedings of the Third 



58 
 

International Partners in Flight Conference.  March 2002, Asilomar, CA, Gen Tech 
Report PSW‐GTR 191 Albany, CA.  PSW Research Station, USFS, Department of 
Agriculture 651 pp. 

 
Elliott, J. E., M. L. Harris, L.K. Wilson, P. E. Whitehead, R. J. Norstrom. 2001.  Monitoring 

temporal  and spatial trends in polychlorinated dibenzo‐p‐dioxins (PCDDs) and 
dibenzofurans (PCDFs) in eggs of the great blue heron (Ardea herodias) on the 
coast of British Columbia, Canada, 1983‐1998. AMBIO 30(7):416‐428. 

 
Elner, R. W., P. G. Beninger, D. L. Jackson, and T. M. Potter.  2004.  Evidence of a new 

feeding mode in western sandpiper (Calidris mauri) and dunlin (Caldiris alpina) 
based on bill and tongue morphology and ultrastructure.  Marine Biology 146(6): 
1223‐1234. 

Emms, S. and K. H. Morgan. 1979. In: K. Vermeer and R. W Butler, Eds.  The ecology and 
status of marine and shoreline birds in the Strait of Georgia, British Columbia.  
Proceedings of a symposium December 1987. Special Publication, Canadian 
Wildlife Service, Ottawa, Canada. 

 
Environment Canada. Online (http://www.ec.gc.ca/Water/en/nature/prop/e_cycle.htm). 

Accessed June 2008. 
 
Environmental Protection Agency (EPA) 2008. EPA 2008. Marine Water Quality of the 

Puget Sound Georgia Basin Ecosystem. Region 10, U.S. EPA. Online 
(http://www.epa.gov/region10/psgb/indicators/marine_wq/solutions/). 

 
EPA 2007 National Estuary Program Coastal Condition Report. Chapter 6: West Coast 

National Estuary Program Coastal Condition, Puget Sound Action Team, Seattle, 
WA. Online. (http://http://www.epa.gov/owow/oceans/nepccr/index.html) 

 
 Evenson, J. and J. Buchanan.  1993.  Census Results of 1993 Spring Shorebird Counts from 

Puget Sound, Strait of Juan de Fuca and Willapa Bay.  Cascadia Research Oympia, 
WA.   

 
Ewel, K.C., C. Cressa, R.T. Kneib, P.S. Lake, L.A. Levin, M.A. Palmer, P. Snelgrove, and D.H. 

Wall. 2001. Managing Critical Transition Zones. Ecosystems 4(5): 452‐460. 
 
Falxa, G. 2007. Winter foraging of silver‐haired and California myotis in Western 

Washington. Northwestern Naturalist 88:98‐100.  
 
Fejes, E., D. Roelke, G. Gable, J. Heilman, K. McInnes, and D. Zuberer. 2005. Microalgal 

Productivity, Community Composition, and Pelagic Food Web Dynamics in a 
Subtropical, Turbid Salt Marsh Isolated from Freshwater Inflow. Estuaries 28(1): 
96‐107. 

  
Ferguson, C.M., B.G. Coote, N.J. Ashbolt, and I.M. Stevenson. 1996. Relationships between 

indicators, pathogens, and water quality in an estuarine system. Water Research 
30(9):2045‐2054. 

 



59 
 

Finlayson, D. 2006. The geomorphology of Puget Sound beaches. Puget Sound Nearshore 
Partnership Report No. 2006‐02. Published by Washington Sea Grant Program, 
University of Washington, Seattle, Washington.  

 
Fischer, R.A., C.O. Martin, and J.C. Fischenich. 2000. Improving Riparian Buffer Strips and 

Corridors for Water Quality and Wildlife. International Conference on Riparian 
Ecology and Management in Multi‐Land Use Watersheds. American Water 
Resources Association. 

 
Fleischner, T.L. 1994. Ecological costs of livestock grazing in western North America. 

Conservation Biology 8: 629‐644. 
 
Flint, R.W., G.L. Powell, and R.D. Kalke. 1986. Ecological Effects from the Balance between 

New and Recycled Nitrogen in Texas Coastal Waters. Estuaries, Vol. 9, No. 4, Part 
A: River Input as a Cause of Estuarine Variability (Dec., 1986), pp. 284‐294  

 
Franklin, J. F. and C.T. Dryness. 1988. Natural Vegetation of Oregon and Washington. 

USDA Forest Service General Technical Report PNW‐8. USDA Forest Service, 
Portland, OR. 

 
Frankovich, T.A. and J.C. Zieman. 2005. A temporal investigation of grazer dynamics, 

nutrients, seagrass leaf productivity, and epiphyte standing stock. Estuaries 28(1): 
41‐52.  

 
Fresh, K.L., D.J. Small, H. Kim, C. Walbillig, M. Mizell, M.I. Carr, and L. Stamatiou.  2006.  

Juvenile salmon use of Sinclair Inlet, Washington, in 2001 and 2002.  Report Frt‐
05‐06.  Washington State Department of Fish and Wildlife, Olympia, WA.  161pp. 

 
Furfey, Rosemary, Jennifer Budhabhatti, and Lynn Putnam. 1997. Policy Analysis and 

Scientific Literature Review for Title 3 of the Urban Growth Management 
Functional Plan: Water Quality and Floodplain Management Conservation. 
Portland, OR: Metropolitan Service District. 

 
GEI Consultants, Inc. 2002. Efficacy and Economic of Riparian Buffers on Agricultural 

Lands, State of Washington.  Phase I – Work in Progress. Submitted to Washington 
Hop Growers Association, Ag Caucus, and Multi Agricultural Caucus. Project 
#02162. GEI Consultants, Inc. Englewood, CO. 

 
Gibbs, J. P., S. Woodward, M.L. Hunter, and A.E. Hutchinson. 1987. Determinants of great 

blue heron colony distribution in coastal Maine.  Auk 104(1): 38‐47. 
 
Giblin, A.E., C.S. Hopkinson, and J. Tucker. 1997. Benthic metabolism and nutrient cycling 

in Boston Harbor, Massachusetts. Estuaries 20(2): 346‐364.  
 
Giese, L.A.B. 2001. Carbon pools and fluxes as an indicator of riparian restoration. 

Dissertation, Virginia Polytechnic Institute and State University, Department of 
Forestry, Blacksburg, Virginia. 

 



60 
 

Glibert, P.M. 1998. Interactions of top‐down and bottom‐up control in planktonic 
nitrogen cycling. Hydrobiologia 363: 1‐12. 

 
Goates, M.C. 2006. The Dogma of the 30 Meter Riparian Buffer: The Case of the Boreal 

Toad (Bufo boreas boreas). M.S. Thesis, Brigham Young University, Provo, Utah. 
 
Gold, A.J., P.M. Groffinana, K. Addy, D.Q. Kellogg, M. Stolt, and A.E. Rosenblatt. 2001. 

Landscape Attributes as Controls on Ground Water Nitrate Removal Capacity of 
Riparian Zones. Journal of the American Water Resources Association 37(6).  

 
Gomez, D.M. and R.G. Anthony. 1998. Small mammal abundance in riparian and upland 

areas of five seral stages in Western Oregon. NW Sci.  72(4): 293‐302.   
 
Groffman, P.M., N.L. Law, K.T. Belt, L.W. Band, and G.T. Fisher. 2004. Nitrogen Fluxes and 

Retention in Urban Watershed Ecosystems. Ecosystems 7(4): 393‐403. 
 
Hagy, J.D., W.R. Boynton, and D.A. Jasinski. 2005. Modelling phytoplankton deposition to 

Chesapeake Bay sediments during winter–spring: interannual variability in 
relation to river flow. Estuarine, Coastal and Shelf Science 62 (2005) 25–40  

 
Hahn, S.S. 1982. Stream channelization: Effects on stream fauna. In: Greeson, P.E., ed., 

Biota and biological principles of the aquatic environment: U.S. Geological Survey 
Circular 848‐A. p. A43‐A49. 

 
Haring, D. and J. Konovsky. 1999. Salmon Habitat Limiting Factors Final Report – Water 

Resource Inventory Area 13. Washington State Conservation Commission. 
 
Hay, D. E., et al.  1989.  Distribution, abundance, and habitat of prey fishes in the Strait of 

Georgia. Pp. 39‐49.  In: K. Vermeer and R. W Butler, Eds.  The ecology and status of 
marine and shoreline birds in the Strait of Georgia, British Columbia.  Proceedings 
of a symposium December 1987. Special Publication, Canadian Wildlife Service, 
Ottawa, Canada. 

 
Haynes, D., J. Brodie, J. Waterhouse, Z. Bainbridge, D. Bass, and B. Hart. 2007. Assessment 

of the Water Quality and Ecosystem Health of the Great Barrier Reef (Australia): 
Conceptual Models. Environmental Management 40: 993‐1003. 

 
Helfield, J.M. and R.J. Naiman. 2001. Effects of salmon‐derived nitrogen on riparian forest 

growth and implications for stream productivity. Ecology 82(9): 2403‐2409.  
 
Henning, L. 2007. Paired winter‐spring bird surveys along an urban gradient in Portland, 

OR.  Presentation OR/WA Wildlife Soc. Meeting, Pendleton OR, March 2007.   
 
Hoag, J.C., N. Melvin, and D. Tilley. 2007. Wetland plants: Their function, adaptation and 

relationship to water levels. U.S. Department of Agriculture, Riparian/Wetland 
Project Information Series No. 21. 

 
Holland, A.F., D.M. Sanger, C.P. Gawle, S.B. Lerberg, M.S. Santiago, G.H.M. Riekerk, L.E. 

Zimmerman, and G.I. Scott. 2004. Linkages between tidal creek ecosystems and 



61 
 

the landscape and demographic attributes of their watersheds. Journal of 
Experimental Marine Biology and Ecology 298: 151‐178. 

 
Hopkinson, C.S., A.E. Giblin, J. Tucker, and R.H. Garritt. 1999. Benthic metabolism and 

nutrient cycling along an estuarine salinity gradient. Estuaries 22(4): 863‐881.  
 
Horner, R.R. and C.W. May. 1999. Regional study supports natural land cover protection 

as leading best management practice for maintaining stream ecological integrity. 
In: Comprehensive Stormwater and Aquatic Ecosystem Management, Conference 
Papers. New Zealand Water and Wastes Association, pp. 233‐247.  

 
Inamdar, S. 2006. Challenges in Modeling Hydrologic and Water Quality Processes in 

Riparian Zones. Journal of the American Water Resources Association.  
     Including Vashon and Maury Islands (WRIAs 8 and 9). Published by King County 

Department of Natural Resources, May 2001. Online 
 
Inkpen, E.L., and S.S. Embrey. 1998. Nutrient Transport in the Major Rivers and Streams 

of the Puget Sound Basin, Washington. USGS Fact Sheet FS‐009‐98. 
 
Jarvis, R. L. and M. F. Passmore.  1992.  Ecology of band‐tailed pigeons in Oregon.  

Biological Report 6.  Tech. Report Series, USFWS.  38pp.   
 
Johnson, A.W., and D.M. Ryba. 1992. A literature review of recommended buffer widths to 

maintain various functions of stream riparian areas.  King County Surface Water 
Management Division (SWM) Special Report.  29pp. 

 
Johnson, C. W. and S. Buffler. 2008. Riparian buffer design guidelines for water quality 

and wildlife habitat functions on agricultural landscapes in the Intermountain 
West. Gen. Tech. Rep. RMRS‐GTR‐203. Fort Collins, CO: U.S. Department of 
Agriculture, Forest Service, Rocky Mountain Research Station. 53 pp. 

 
Johnson, L.L., D.P. Lomax, M.S. Myers, O.P. Olson, S.Y. Sol, S.M. O’Neill, J. West, and T.K. 

Collier. 2008. Xenoestrogen exposure and effects in English sole (Parophrys 
vetulus) from Puget Sound, WA. Aquatic Toxicology 88:29‐38. 

 
Johnson, S.R. 2008. An Evaluation of Nitrate Reduction through a Conservation Buffer 

Upslope of an Established Buffer. M.S. Thesis. North Carolina State University, 
Raleigh, North Carolina. 

 
Karr, J.R. and I.J. Schlosser. 1977. Impact of nearstream vegetation and stream 

morphology on water quality and stream biota. Washington, D.C.: U.S. 
Environmental Protection Agency Doc. No. EPA‐600/3‐77‐097. 

 
Kimmerer, W.J., S.V. Smith, and J.T. Hollibaugh. 1993. A simple heuristic model of nutrient 

cycling in an estuary. Estuarine, Coastal, and Shelf Science 37: 145‐159. 
 
King County 2007. Survey of Endocrine Disruptors in King County Surface Waters. 

Prepared by Richard Jack and Deb Lester, Water and Land Resources Division, 
Seattle, Washington. 



62 
 

 
Kissling, M. and E. Garton.  2006.  Estimating detection probability and density from point 

count surveys: A combination of distance and double observer sampling.  Auk 123: 
735‐752.   

 
Krebs, J. R. 1974. Colonial nesting and social feeding as strategies for exploiting food 

resources in the Great Blue Heron (Ardea herodias). Behaviour 51:99‐134. 
 
Krogstad, F. 1995. A physiology and ecology based model of lateral root reinforcement of 

unstable hillslopes. University of Washington, M.S. Thesis. 
 
Laprade W.T., T.E. Kirkland, W.D. Nashem, and C.A. Robertson. 2000. Seattle landslide 

study. Shannon & Wilson, Inc Internal Report W‐7992‐01, 164. 
 
Lazaro, T.R. 1979. Urban hydrology: A multidisciplinary perspective. Ann Arbor Science 

Pub., Michigan. 
 
Lemberg, N.A., M.F. O’Toole, et al. 1997. Forage fish stock status report for 1996. Stock 

Status  
 
Lerberg, S., A. F. Holland, and D.M. Sanger. 2000. Responses of tidal creek macrobenthic 

communitities to the effects of watershed development. Estuaries 23(6): 838‐853. 
 
Levin, L.A., D.F. Boesch, A. Covich, C. Dahm, C. Erseus, K.C. Ewel, R.T. Kneib, A. Moldenke, 

M.A. Palmer, P. Snelgrove, D. Strayer, and J.M. Weslawski. 2001. The function of 
marine critical transition zones and the importance of sediment biodiversity. 
Ecosystems 4(5): 430‐451. 

 
Levings, C. and G. Jamieson. 2001. Marine and Estuarine Riparian Habitats and Their Role 

in Coastal Ecosystems, Pacific Region. Fisheries and Oceans Canada, Canadian 
Science Advisory Secretariat, Research Document 2001/109.  

 
Lillebø, A.I., J.M. Neto, I. Martins, T. Verdelhos, S. Leston, P.G. Cardoso, S.M. Ferreira, J.C. 

Marques, and M.A. Pardal. 2005. Management of a shallow temperate estuary to 
control eutrophication: The effect of hydrodynamics on the system’s nutrient 
loading. Estuarine, Coastal and Shelf Science 65: 697‐707.  

 
Link, R. 2004. Living with Wildlife in the Pacific Northwest. Washington State Department 

of Fish and Wildlife, University of Washington Press, Seattle WA. 392 pp.    
 
Llanso, R.J., L.C. Scott, D.M. Dauer, J.L. Hyland, and D.E. Russell. 2002. An estuarine benthic 

index of biotic integrity for the Mid‐Atlantic Region of the United States. I. 
Classification of assemblages and habitat definition. Estuaries 25(6A): 1219‐1230. 

 
Lovell, S.T. and W.C. Sullivan. 2006. Environmental benefits of conservation buffers in the 

United States: Evidence, promise, and open questions. Agriculture, Ecosystems 
and Environment 112:249–260. 

 



63 
 

Lowrance, R., J.K. Sharpe and J.M. Sheridan. 1986. Long‐term sediment deposition in the 
riparian zone of a coastal plain watershed. Journal of Soil and Water Conservation 
41: 266‐271. 

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

nonpoint pollution. Journal of Soil and Water Conservation 40: 87‐91.  
 
Marsh, A.S., D.P. Rasse, B.G. Drake, and P. Megonigal.  2005.  Effects of elevated CO2 on 

carbon pools and fluxes in a brackish marsh.  Estuaries 28(5): 694‐704. 
 
Mathot, K. J. and R. W. Elner.  2004.  Evidence for sexual partitioning of foraging mode in 

Western Sandpipers (Calidris mauri) during migration.  Can. J. Zool. 82: 1035‐
1042.   

 
McBride, A., Wolf, K. and E. Beamer.  2006.  Skagit Bay habitat nearshore mapping. 

Prepared for the Skagit River System Cooperative.  Available at 
www.skagitcoop.org. 

 
McPherson, G. 2001. New advances in quantifying the environmental costs of trees. 

National Urban Forest Conference Proceedings. USDA Forest Service.  
 
Menashe, E. 1993. Vegetation Management: A guide for Puget Sound bluff property 

owners. Shorelands and Coastal Management Program, Washington Department 
of Ecology. Publication 93‐31. 

 
Mitch, W. J. and J. G. Gosselink. 2000. Wetlands, 3rd Edition. John Wiley & Sons, Inc. New 

York. 
 
Montalto, F.A. and T.S. Steenhuis.  2004. The link between hydrology and restoration of 

tidal marshes in the New York/New Jersey estuary. Wetlands 24: 414‐425. 
 
Moore, A. and M. Hicks. 2004. Nutrient Criteria Development in Washington State: 

Phosphorus. Washington State Department of Ecology, Water Quality Program, 
Watershed Management Section. Publication Number 04‐10‐033. 

 
Nagorsen, D. W. and R. M. Brigham.  1993.  Bats of British Columbia.  Volume 1.  The 

Mammals of British Columbia.  UBC Press, Vancouver.   
 
Naiman, R.J. and H. Decamps. 1997. The ecology of interfaces: Riparian zones. Annual 

Review of Ecological Systems 28: 621‐658. 
 
Naiman, R.J., R.E. Bilby, D.E. Schindler, and J.M. Helfield. 2002. Pacific salmon, nutrients, 

and the dynamics of freshwater and riparian ecosystems. Ecosystems 5(4): 399‐
417. 

 
Nakano, S. and M. Murakami. 2001. Reciprocal subsidies: Dynamic interdependence 

between terrestrial and aquatic food webs. PNAS 98(1): 166‐170. 
 



64 
 

National Research Council (NRC) 2000. Clean Coastal Waters: Understanding and 
Reducing the Effects of Nutrient Pollution. National Academy Press, Washington, 
D.C. 

 
Newton, J.A., S.L. Albertson, K. Van Voorhis, C. Maloy, and E. Siegel. 2002. Washington 

State Marine Water Quality, 1998 through 2000. Washington State Department of 
Ecology, Environmental Assessment Program. Waterbody No. WA‐01‐0010. 
Publication No. 02‐03‐056. 

 
Northwest Ecological Services (NES). 2006. Management Recommendations for City of 

Bellingham Pocket Estuaries. Prepared for City of Bellingham Planning and 
Development Department, Bellingham, WA.  

 
Nowlin, W.H., M.J. Vanni, and L.H. Yang. 2008. Comparing resource pulses in aquatic and 

terrestrial ecosystems. Ecology 89(3): 647‐659.  
 
Ofiara, D.D. and J.J. Seneca. 2006. Biological effects and subsequent economic effects and 

losses from marine pollution and degradations in marine environments: 
Implications from the literature. Marine Pollution Bulletin 52:844‐864. 

 
Osborne, L.L. and D.A. Kovacic. 1993. Riparian vegetated buffer strips in water‐quality 

restoration and stream management. Freshwater Biology 29: 243‐258. 
 
Osmond, D.L., J.W. Gilliam, and R.O. Evans. 2002. Riparian buffers and controlled drainage 

to reduce agricultural nonpoint source pollution. North Carolina Agricultural 
Research Service Technical Bulletin 318, North Carolina State University, Raleigh, 
N.C.  

 
Osmond, D.L., R.W. Cannon, J.A. Gale, D.E. Line, C.B. Knott, K.A. Phillips, M.H. Turner, M.A. 

Foster, D.E. Lehning, S.W. Coffey, and J. Spooner. 1997. Watersheds: A Decision 
Support System for Watershed‐Scale Nonpoint Source Water Quality Problems. 
Journal of the American Water Resources Association 33(2).  

 
Ostergaard, E.C. 2001.  Pond breeding amphibian use of stormwater ponds in King 

County, WA. MS Thesis. University of Washington 2001. 
 
Paetzold, A., C.J. Schubert, and K. Tockner. 2005. Aquatic terrestrial linkages along a 

braided‐river: Riparian arthropods feeding on aquatic insects. Ecosystems 8: 748‐
759.  

 
Partridge, V. 2007. Condition of Coastal Waters of Washington State, 2000‐2003: A 

Statistical Summary. Washington State Department of Ecology, Olympia, WA. 
Publication 07‐03‐051.  

 
Pentec Environment. 2001. Use of Best Available Science in City of Everett Buffer 

Regulations. Prepared for: City of Everett Planning and Community Development. 
Prepared by: Pentec Environmental, Project No. 253‐003, Edmonds, WA. 

 



65 
 

Perna, C. and D. Burrows. 2005. Improved dissolved oxygen status following removal of 
exotic weed mats in important fish habitat lagoons of the tropical Burdekin River 
floodplain, Australia. Marine Pollution Bulletin 51: 138‐148. 

 
Polyzos, S and D. Minetos. 2007. Valuing environmental resources in the context of flood 

and coastal defense project appraisal: A case‐study of Poole Borough Council 07 
seafront in the UK. Management of Environmental Quality: An International 
Journal 18(6):684‐710. 

 
Pompe, J. and J. Rinehart. 1999. Establishing fees for beach protection: Paying for a public 

good. Coastal Management, 27:57‐67.  
 
Prichard, D., F. Berg, W. Hagenbuck, R. Krapf, R. Leinard, S. Leonard, M. Manning, C. Noble, 

and J. Staats. 2003. Riparian Area Management: A User Guide to Assessing Proper 
Functioning Condition and the Supporting Science for Lentic Areas. Technical 
Reference 1737‐16. U.S. Department of the Interior, Bureau of Land Management, 
National Applied Resource Science Center, Denver, CO. 

 
Puget Sound Action Team (PSAT). 2002. 2002 Puget Sound Update. Puget Sound Action 

Team, Olympia, Washington. 
 
Quinn, J.M., P.M. Brown, W. Boyce, S. Mackay, A. Taylor, and T. Fenton. 2001. Riparian 

Zone Classification for Management of Stream Water Quality and Ecosystem 
Health. Journal of the American Water Resources Association 37(6).  

 
Quinney, T. E., and P. C. Smith.  1980.  Comparative foraging behaviour and efficiency of 

adult and juvenile great blue herons.  Canadian Journal of Zoology 58: 1168‐1173. 
 
Ralph, C. J. et al.  1993.  Handbook of Field Methods for Monitoring Landbirds.  USDA 

Forest Service GTR PSW‐GTR‐144.   
 
Rein, F. 1999. An economic analysis of vegetative buffer strip implementation  case study: 

Elkhorn Slough, Monterey Bay, California. Coastal Management 27:377‐390. 
 
Richardson, J.S., R.J. Naiman, F.J. Swanson, and D.E. Hibbs. 2005. Riparian communities 

associated with Pacific  Northwest headwater streams: Assemblages, processes, 
and uniqueness. Journal of the American Water Resources Association (August): 
935‐947. 

 
Richter, K.O. 1999.  Amphibian survey protocols for the King County Land and Water 

Resource Division. Developed by K.O. Richter and E.Ostergaard, King County 
Department of Natural Resources. 

 
Richter, K.O. 1997. Criteria for the restoration and creation of wetland habitats of lentic 

amphibians of the Pacific Northwest. In: K.B. MacDonald and F. Weinmann (eds.) 
Wetland and Riparian Restoration: Taking a broader view. Pp. 72‐94. U.S. 
Environmental Protection Agency, Region 10, Seattle WA. 

 



66 
 

Richter, K.O. and A.L. Azous. 1995. Amphibian occurrence and wetland characteristics in 
the Puget Sound Basin. Wetlands 15(3): 305‐312. 

 
Riparian Habitat Joint Venture.  2000.  Version 1.0.  The riparian bird conservation plan: a 

strategy for reserving the decline of riparian associated birds in California.  
California Partners in Flight.  www.prbo.org/CPIF/Riparian.html 

 
Romanuk, T.N. and C.D. Levings. 2003. Associations between arthropods and the 

supralittoral ecotone: Dependence of aquatic and terrestrial taxa on riparian 
vegetation.  Community and Ecosystem Ecology 3(6 6). 

 
Rosenblatt, A.E., A.J. Gold, M.H. Stolt, P.M. Groffman, and D.Q. Kellogg. 2001. Identifying 

riparian sinks for watershed nitrate using soil surveys. Journal of Environmental 
Quality 30(5): 1596‐1604. 

 
Russo, R.C. 2002. Development of marine water quality criteria for the USA. Marine 

Pollution Bulleting 45: 84‐91. 
 
Sakamaki, T., O. Nishimura, and R. Sudo. 2006. Tidal time‐scale variation in nutrient flux 

across the sediment‐water interface of an estuarine tidal flat. Estuarine, Coastal 
and Shelf Science 67: 653‐663.  

 
Sanzone, D.M., J.L. Meyer, E. Marti, E.P. Gardiner, J.L. Tank, and N.B. Grimm. 2003. Carbon 

and nitrogen transfer from a desert stream to riparian predators. Oecologia 134: 
238–250. 

 
Schmitt, A.V. 2004. The Influence of Nutrients on Aquatic Primary Production and Food 

Webs in Subtropical Streams of Southeast Queensland, Australia. Dissertation, 
Australian Environmental School, Griffith University, The University of 
Queensland, Australia. 

 
Schueler, T.R. 1994. The importance of imperviousness. Watershed Protection 

Techniques 1: 100‐111. 
 
Schueler, Tom. December 1995. Site Planning for Urban Stream Protection. Metropolitan 

Washington Council of Governments and the Center for Watershed Protection. 
 
Scott, M.L, S.K. Skagen, and M.F. Mergliano. 2003. Relating geomorphic change and 

grazing to avian communities in riparian forests. Conservation Biology 17: 284‐
296.  

 
Seelig, B. and S. DeKeyser. 2006. Water Quality and Wetland Function in the Northern 

Prairie Pothole Region. North Dakota State University, Fargo, ND.  
 
Seiders, K., C. Deligeannis, and P. Sandvik. 2008. Washington State Toxics Monitoring 

Program:  Contaminants in Fish Tissue from Freshwater Environments in 2006. 
Washington State Department of Ecology, Toxics Studies Unit, Environmental 
Assessment Program. Publication No. 08‐03‐002. Olympia, WA. 

 



67 
 

Serdar, D. 2008. Control of Toxic Chemicals in Puget Sound: Identification and Evaluation 
of Water Column Data for Puget Sound and Its Ocean Boundary. Publication No. 
08‐03‐008. Washington State Department of Ecology, Toxics Studies Unit, 
Environmental Assessment Program, Olympia, WA. 

 
Shan, J., L. A. Morris, and R. L. Hendrick.  2001.  The effects of management on soil and 

plant carbon sequestration in slash pine plantations.  Journal of Applied Ecology 
38, 

 
Sheldahl, L. and E. P. Martins. 2000. The territorial behavior of the western fence lizard, 

Sceloporus occidentalis. Herpetologica 56(4): 469‐479. 
 
Sigleo, A.C. and W.E. Frick. 2007. Seasonal variations in river discharge and nutrient 

export to a Northeastern Pacific estuary. Estuarine, Coastal and Shelf Science 73:  
368‐378.  

 
Sigleo, A.C., C.W. Mordy, P. Stabeno, and W.E. Frick. 2005. Nitrate variability along the 

Oregon coast: Estuarine‐coastal exchange. Estuarine, Coastal and Shelf Science 64 
(2005) 211e222  

 
Simenstad, C. A., J. R. Cordell, R. C. Wissmar, K. L. Fresh, S. L. Schroeder, M. Carr, G. 

Sanborn, and M. E. Burg. 1988. Assemblage structure, microhabitat distribution, 
and food web linkages of epibenthic crustaceans in Padilla Bay National Estuarine 
Research Reserve, Washington. FRI‐UW‐8813. Wetland Ecosystem Team, 
Fisheries Research Institute, School of Fisheries, University of Washington, Seattle, 
Washington. 60pp. 

 
Sirotnak, J.M. and N.J. Huntly. 2000. Direct and Indirect effects of herbivores on nitrogen 

dynamics: voles in riparian areas. Ecology, 81(1): 78‐87. 
 
Skagen, S. K., R. Hazelwood, and M. L. Scott.  2005.  The importance and future condition 

of western riparian ecosystems as migratory bird habitat.  Pp. 525‐527.  In: C. J. 
Ralph and T. Rich, Eds.  Bird Conservation Implementation and Integration in the 
Americas:  Proceedings of the Third International Partners in Flight Conference.  
March 2002, Asilomar, CA,  Gen Tech Report PSW‐GTR 191 Albany, CA.  PSW 
Research Station, USFS, Department of Agriculture 651 pp. 

 
Smith, M., P. W. Mattocks, and K. M. Cassidy.  1997.  Breeding Birds of Washington State.  

Location Data and Predicted Distributions, Including Breeding Bird Atlas Data and 
Habitat Assocations.   Seattle Audubon Society, 541pp.   

 
SOCCR. 2007. The first state of the carbon cycle report (SOCCR).  U.S. Climate Change 

Science Program.  Synthesis and Assessment Product 2.2. Online. 
(http://www.climatescience.gov/Library/sap/sap2‐2/final‐report/sap2‐2‐final‐
all.pdf) 

 
Solano County Water Agency. 2007. Riparian, stream and freshwater marsh natural 

communities. Prepared by LSA Associates, Inc. Working Draft 2.2 Solano HCP, 
Solano County Water Agency. 



68 
 

 
Spatharis, S., G. Tsirtsis, D.B. Danielidis, T. Do Chi, and D. Mouillot. 2007.  Effects of pulsed 

nutrient inputs on phytoplankton assemblage structure and blooms in an enclosed 
coastal area. Estuarine, Coastal and Shelf Science 73: 807‐815.  

 
Speich, S. M. and T. R. Wahl. 1989. Catalog of Washington Seabird Colonies. MMS Contract.  

This is the only definitive atlas of colonies that has been performed over a 
calendar year.   

 
Stabins, A.  2000.  Great Blue Herons in King County, Washington.  MS Thesis, College of 

Forest Resources, University of Washington.  76 pp.   
 
Steiner, F., S. Pieart, E. Cook, J. Rich, and V. Coltman. 1994. State wetlands and riparian 

area protection programs. Environmental Management 18(2): 183‐201. 
 
Storm, R. M. and W. P. Leonard, Eds.  1995.  Reptiles of Oregon and Washington.  Seattle 

Audubon Society, Seattle, WA.   
 
Straughan Environmental Services, Inc. 2003. Literature Review: Riparian Buffer 

Effectiveness Literature Review. Prepared for John Sherwell, Maryland 
Department of Natural Resources, Power Plant Research Program, Annapolis, 
Maryland. 

 
Suttle, K.B., M.E. Power, et al. 2004. How fine sediment in riverbeds impairs growth and 

survival of juvenile salmonids. Ecological Applications 14: 969‐974.  
 
Swanson, D. L., et al.  2005.  Riparian and woodlot landscape patterns and migration of 

neotropical migrants in riparian forests of eastern South Dakota.  Pp. 541‐549. In: 
C. J. Ralph and T. Rich, Eds.  Bird Conservation Implementation and Integration in 
the Americas:  Proceedings of the Third International Partners in Flight 
Conference.  March 2002, Asilomar, CA,  Gen Tech Report PSW‐GTR 191 Albany, 
CA.  PSW Research Station, USFS, Department of Agriculture 651 pp. 

 
Terich, T.A. 1987.  Living with the shore of Puget Sound and the Georgia Strait.  Duke 

University Press, Duram, N.C. 165pp. 
 
Toft, J.  2007.  Benthic macroinvertebrate sampling at Seahurst Park, 2006, post 

construction of a seawall removal.  Wetland Ecosystem Team, University of 
Washington. SAFS‐UW‐0702, March 2007. 

 
Trulio, L., J. Callaway, and S. Crooks. 2007. White paper on carbon sequestration and tidal 

salt marsh restoration. 
 
U.S. Department of Energy (U.S.D.O.E.).  2008.  Carbon Sequestration. Office of Science. 

Online (http://cdiac2.esd.ornl.gov/) 
 
Vermeer, K.  1980.  The importance of timing and type of prey to reproductive success of 

Rhinoceros auklets (Cerorhinea monocerata).  Ibis 122: 343‐350.   



69 
 

 
Vermeer, K. and R. Ydenberg.  1989.  Feeding ecology of marine birds in the Strait of 

Georgia.  Pp. 62‐73. .  In: K. Vermeer and R. W Butler, Eds.  The ecology and status 
of marine and shoreline birds in the Strait of Georgia, British Columbia.  
Proceedings of a symposium December 1987. Special Publication, Canadian 
Wildlife Service, Ottawa, Canada 

 
Vermeer, K., et al.  1989.  Population, nesting habitat, and food of Bald Eagles in the Gulf 

Islands.  Pp. 123‐130.  In: K. Vermeer and R. W Butler, Eds.  The ecology and status 
of marine and shoreline birds in the Strait of Georgia, British Columbia.  
Proceedings of a symposium December 1987. Special Publication, Canadian 
Wildlife Service, Ottawa, Canada.  

 
Vidon, P. and A.P. Smith. 2007. Upland controls on the hydrological functioning of 

riparian zones in glacial till valleys of the Midwest. Journal of the American Water 
Resources Association 43(6). 

 
Vidon, P. and M.G. Dosskey. 2008. Testing a Simple Field Method for Assessing Nitrate 

Removal in Riparian Zones. Journal of the American Water Resources Association 
44(2). 

 
Vitousek, P. 1982. Nutrient cycling and nutrient use efficiency. The American Naturalist 

119(4): 553‐572. 
 
Vitousek, P.M., J.D. Aber, R.W. Howarth, G.E. Likens, P.A. Matson, D.W. Schindler, W.H. 

Schlesinger, and D.G. Tilman. 1997. Human alteration of the global nitrogen cycle: 
sources and consequences. Ecological Applications 7(3): 737–750. 

 
Wahl, T. R, Tweit, B., and S. G. Mlodinow.  2005.  Birds of Washington.  Status and 

Distribution.  OSU Press.   
 
Wall, D.H., M.A. Palmer, and P.V.R. Snelgrove. 2001. Biodiversity in Critical Transition 

Zones between Terrestrial, Freshwater, and Marine Soils and Sediments: 
Processes, Linkages, and Management Implications. Ecosystems 4(5): 418‐420.  

 
Washington Environmental Council (WEC). 2004. Habitat protection tool kit: A guide to 

habitat conservation planning under Washington’s Growth Management Act and 
Shoreline Management Acts.  Washington Environmental Council, Seattle, 
Washington. 40pp.  

 
Watanabe, M., R.M. Adams, J. Wu, J.P. Bolte, M.M. Cox, S.L. Johnson, W.J. Liss, W.G. Boggess, 

and J.L. Ebersole. 2005. Toward efficient riparian restoration: integrating 
economic, physical, and biological models. Journal of Environmental Management 
75: 93‐104. 

 
Water Sheds: Functions of Wetlands (Processes). 

http://www.water.ncsu.edu/watershedss/info/wetlands/function.html. Accessed 
June 2008. 

 



70 
 

Watson, J. W. and D. J. Pierce.  1998.  Ecology of Bald Eagles in Western Washington with 
an Emphasis on the Effects of Human Activity.  Washington State Department of 
Fish and Wildlife, Olympia, WA  

 
Webster, I.T., J.S. Parslow, and S.V. Smith. 2000. Implications of Spatial and Temporal 

Variation for Biogeochemical Budgets of Estuaries. Estuaries 23(3): 341‐350.  
 
West, J., S. O’Neill, G. Lippert, and S. Quinnell. 2001. Toxic Contaminants in Marine and 

Anadromous Fishes From Puget Sound, Washington. Results of the Puget Sound 
Ambient Monitoring Program Fish Component 1989‐1999. Washington 
Department of Fish and Wildlife, Olympia, WA. 

 
Wetlands Research Program (WRP). 1993. Hydrology and hydraulic design criteria for 

the creation and restoration of wetlands. U.S. Army Corps of Engineers, WRP 
Technical Note HY‐RS‐3.1. 

 
Wigand, C., M. Finn, S. Findlay, and D. Fischer. 2001. Submersed Macrophyte Effects on 

nutrient exchanges in riverine sediments. Estuaries 24(3): 398‐406. 
 
Wigington, Jr., P.J., T.J. Moser, and D.R. Lindeman. 2005. Stream network expansion: a 

riparian water quality factor. Hydrological Processes 19: 1715‐1721. 
 
Williams, G. D., R. M. Thom, J. E. Starkes, J. S. Brennan, J. P. Houghton, D. Woodruff, P. L. 

Striplin, M. Miller, M. Pedersen, A. Skillman, R. Kropp, A. Borde, C. Freeland, K. 
McArthur, V. Fagerness, S. Blanton, and L. Blackmore. 2001. Reconnaissance 
Assessment of the State of the Nearshore Ecosystem: Eastern Shore of Central 
Puget Sound, Including Vashon and Maury Islands (WRIAs 8 and 9). J. S. Brennan, 
Editor. Report prepared for King County Department of Natural Resources, Seattle, 
WA. 

 
Yeakley, J.A., D.C. Coleman, B.L. Haines, B.D. Kloeppel, J.L. Meyer, W.T. Swank, B.W. Argo, 

J.M. Deal, and S.F. Taylor. 2003. Hillslope Nutrient Dynamics Following Upland 
Riparian Vegetation Disturbance. Ecosystems 6(2): 154‐167. 

 
Yunev, O.A., J. Cartensen, S. Moncheva, A. Khaliulin, G. Ærtebjerg, and S. Nixon. 2007. 

Nutrient and phytoplankton trends on the western Black Sea shelf in response to 
cultural eutrophication and climate changes. Estuarine, Coastal and Shelf Science 
74: 63‐76. 

 
 Ziemer, R.R. and T.E. Lisle. 1998. Hydrology. In River ecology and management: lessons 

from the Pacific Coastal ecoregion. Eds. R.J. Naiman and R.E. Bilby. New York: Springer‐
Verlag: 43‐68.



71 
 

APPENDIX A. Researchers who conducted technical and scientific  

literature review on riparian buffers and functions 

 

 
Section Name Affiliation 

Slope stability/erosion control 
Hydrology 

Jessi Kershner UW School of Marine Affairs 

Water quality 
Litter fall/organic matter 
inputs 

Rachel M. Gregg UW; Washington Sea Grant 

Large Woody Debris Dan Tonnes UW School of Marine Affairs, NOAA-
NMFS 

All Functions Jim Brennan UW; Washington Sea Grant 
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APPENDIX B. Brief descriptions of seven buffer review documents 

 
FEMAT 1993 
The Forest Ecosystem Management Assessment Team (FEMAT) was formed in 1993 with a directive to 
assess management options for managing federal lands within the range of the Northern Spotted Owl along 
the west coast of the United States. The forest plan presents buffer effectiveness curves that were created to 
represent the relationship between buffer width and ecosystem function. 
 
Castelle et al. 1992 
This report focuses on the role of wetland buffers and their effectiveness in protecting ecosystem functions, 
and was developed for Washington State agencies to consult when creating policies for wetland protection. 
The report contains a literature review, an agency survey of buffer requirements of areas throughout the 
United States, and a field study of buffers in King and Snohomish counties. 
 
Knutson and Naef 1997 
This review of fish and wildlife habitat requirements was written for the Washington Department of Fish and 
Wildlife. The authors review freshwater riparian habitat functions (e.g., vegetation, litter fall, large woody 
debris, water quality) and assess the vulnerabilities of riparian habitats to human activities. The report 
provides recommendations using riparian habitat area (RHA) widths. 
 
May 2000 
This report covers buffers as means of protection for riparian habitat functions for stream systems in Kitsap 
County. The author summarizes buffer-related research and pays special attention to the preservation of 
salmonid habitat, including riparian wetlands, and instream spawning and rearing areas. 
 
Desbonnet et al. 1994, 1995 
Both papers focus on the role of vegetated buffers in coastal areas and provide recommendations. These 
papers review the benefits of vegetated buffers, their effectiveness in protecting ecosystem functions, and the 
variables that affect buffer effectiveness, including possible impacts from human activities and land use.  
 
Wenger 1999 
The authors reviewed about 140 articles and books for guidelines on riparian buffers with regards to their 
width, extent, and composition. This review was created to provide guidelines for local officials and natural 
resource managers in Georgia.
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APPENDIX C. Literature cited for seven buffer functions 
 
Study  Year  Study type  Review or original 

research 
Pollutant of 

focus 
Buffer 

Composition 
Buffer range  Minimum Width 

Recommendation1 
Key findings and comments 

City of Boulder 
PDS and 
Biohabitats, 
Inc.  

2007  Wetlands 
and streams 
 

Review of science and 
regulatory approaches 
to buffers 
 

Phosphorus  Not specified  Not specified  30 m (100 ft) for steep 
slope, 50 ft for shallow 
slope  

Base minimum recommendations on 
CWP/EPA 2005. 
 
Buffer composition not specified, but 
recommends grass and trees (best for 
sediment‐ bound nutrients, pesticides, 
and pathogens).  

Nitrogen  30 m (100 ft) 

Biocontaminants, 
pesticides 

15 m (50 ft) 

Goates  2006  Freshwater 
streams 

Review of adequacy of 
standard 30m buffers in 
protecting wildlife 

Not specified  Not specified  15‐40 m (49 – 131 ft) (Phillips 
1989) 

Not specified   

Soluble nitrogen  Forest  30m (98 ft) to remove 97‐
100% (Doyle et al. 1975; Pinay 
and Decamps 1988) 

Nitrogen and 
phosphorous 

Not specified  36 m (118 ft) to reduce 
nutrients (Young et al. 1980) 

Mayer et al.   2006  Freshwater 
and 
wetlands 

Summary of 14 regional 
reviews of riparian 
buffer literature 

Nitrogen 
 

Grass  4.6 – 27m (15 – 89 ft)– surface 
flow, ‐27‐76% effective 
10 – 100 m (33 – 328 ft) 
subsurface flow, 60‐100% 
effective 

>30 m (>98 ft) for 
effective reduction 

Soil type, hydrology (flow paths), and 
subsurface biogeochemistry (e.g., organic 
carbon supply, high nitrate inputs) 
influence nitrogen removal in subsurface 
flows. 
 
Surface flows primarily remove nitrogen 
effectively when buffers are wide enough 
and sufficiently vegetated to control 
erosion and filter particulate nitrogen 
forms. Vegetation type (e.g. grass, trees, 
etc.) influences interception potential; for 
example, grass buffers are better at 
trapping sediment, filtering sediment‐
borne nutrients, and reducing sheet flow. 

Grass forest  7.5 – 15 m (25 – 49 ft) – 
surface flow, 28‐41% effective 
6 – 70 m (20 – 230 ft) – 
subsurface flow, 91‐99%  

Forest  30 – 70 m (98 – 230 ft) – 
surface flow, 78‐79% 
10 – 220 m (33 – 722 ft) 
subsurface flow, 58‐100% 

Forest wetland  5.8 – 38 m (19 – 125 ft) – 
subsurface flow, 59‐100% 

Wetland  20 m (66 ft) – surface flow, 12‐
74% 
1 – 200 m (3.28 – 656 ft) – 
subsurface flow, 52‐100% 

Hawes and 
Smith  

2005  Freshwater 
streams 

  Nitrogen and 
phosphorus 
 
Pesticides 

  4.9 – 50 m (16‐164 ft)  
 
 
15 – 100 m (49‐328 ft) 

5‐30 m (16 – 98 ft) of 
dense grassy or 
herbaceous buffers on 
gradual slopes 

Wider buffers will be able to provide 
longer‐term storage. Nitrogen is more 
effectively removed than phosphorous.  
Greater widths necessary for steeper 
slopes 
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Parkyn  2004  Freshwater 
and 
wetlands 

Summary review of 
published research on 
efficiency and 
management of 
riparian buffer zones 

Solids, 
phosphorus, and 
nitrogen 

Vegetated filter 
strips, usually 
consisting of 
rank paddock 
grasses 

4.6 ‐ 9.1 m (15 – 30 ft) for 
removal of 74‐84% of solids, 
61‐79% of phosphorus, 54‐
73% of nitrogen (Dillaha et al. 
1989) 

Not specified   
 
 

May  
 

2003  PNW 
streams 

Review and summary of 
stream buffer literature 
and evaluation of Puget 
Sound lowland streams. 

Sediment and 
erosion control 

Not specified  8 – 183 m (26 – 600 ft)  
 

Not specified   

Pollutant 
removal 

4 – 262 m (13 – 860 ft) 
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Summary of water quality buffer recommendations from selected review documents. 
Study  Year  Study type  Review or original 

research 
Pollutant of 

focus 
Buffer 

Composition 
Buffer range  Minimum Width 

Recommendation1 
Key findings and comments 

Schoonover 
and Williard  

2003  Stream 
buffer 

Original  Nitrate  Not specified  0 – 10 m (0 – 33 ft) 
(at 3.3 m (11 ft), 61‐90% 
nitrate reduction) 

Not specified  Limited samples in original research along 
cane and forested buffers. 
 
In 10 m(33 ft) cane buffer, about 40% of 
observed 99% nitrate reduction may be 
related to dilution by upwelling groundwater. 
Denitrification and plant assimilation – most 
likely reasons for reduction. 
Results varied based on Nitrate‐N input 
(mg/L) and water table depth. 

Review of 
groundwater 
nitrate removal by 
forest riparian 
buffer zones 

Nitrate  Deciduous 
forest 

19 m – 55 m (62 – 181 ft) 
for 90 – 94% removal 

Forest  16 m – 90 m (53 – 296 ft)  
for >90% removal  

Pine forest  5 m (16 ft) 
for 98% removal  

Alder forest 
 

50 m (164 ft)  
for 98% removal  

Pine/deciduous 
forest 

8 m – 15 m (26 – 49 ft) 
for 21‐93% removal  

GEI 
Consultants 
Inc.   
 

2002  Freshwater 
 

Review of riparian 
buffers on WA 
agricultural lands  

Fecal coliform  Not specified  Not specified  3.8 m (12.5 ft) (Doyle et al. 
1975 and Oskendahl 1997)  

 

Borin and 
Bigon  

2002  Stream 
buffers 

Original  Nitrate  Grass and trees  6 m (1.8 ft) 
for 47‐74% reduction 

6 m (1.8 ft)  Subsurface flow 
5m grass strip and 1m wide row of trees 

Kuusemets et 
al.  
 

2001  Stream 
buffers 

Original  Nitrate  Meadow/Alder 
forest 

31 – 51 m (102 – 167 ft)  31 m (102 ft) for 40% removal 
51 m (167 ft) for 85% removal 

 

Phosphorus  31 m (102 ft) for 78% removal 
51 m (167 ft) for 84% removal 

Christensen   2000  Freshwater 
streams and 
rivers 

Literature review of 
studies on 
freshwater buffers 

Nitrogen  Vegetated  7‐60 m (23 – 197 ft) range 
for removal 

30 m (100 ft) most 
recommended minimum 
width to reduce inputs 

Wide range of effectiveness due to slope, 
vegetation composition, and time of year 
 Phosphorus  5‐50 m (16 – 164 ft) range 

for removal/reduction 
USDA  
 

2000    Review of studies 
evaluating buffer 
effectiveness for 
pesticides 

Not specified  Not specified  4.6 – 9 m (15‐30 ft), up to 
50 m (164 ft) for 
multipurpose buffers 
4.8 – 18 m (16‐59 ft) to 
filter chemicals   
5‐262 m (16 – 860 ft) 
(soluble) 

Not specified   

Wenger   1999  Stream 
buffers 

Review and 
summary of the 
primary buffer 
literature and 
evaluation of 
several models for 
evaluating riparian 
function 

Sediment  Not specified  15 – 30 m (49 – 98 ft)  3 options: 
30.5 m (100 ft) + 0.61 m (2 
ft) per 1% slope 
15.2 m (50 ft) + per 1% slope 
30.5 m (100 ft) fixed buffer 
width (recommended for 
governments that find it 
difficult to implement variable 
width buffers) 

Slopes > 25% does not count toward buffer 
width. 
Long‐term studies suggest the need for wider 
buffers. 
All major sources of contamination should be 
excluded from the buffer, including 
construction, impervious surfaces, mining 
activities, septic tank drain fields, agricultural 
fields, waste disposal, livestock, clear cutting, 
application of pesticides and herbicides. 
Buffer effectiveness declines over time, 
primarily due to loading. 
Must control sources of contaminants. 

Nitrate  15 – 30 m (49 – 98 ft) 

Phosphorus  15 – 30 m (49 – 98 ft) 

Other 
contaminants 

9+ – 15+ m  
    (30+ – 49+ ft) 
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Knutson and 
Naef  
 

1997  Freshwater 
systems 

Review and 
summary of 
riparian and buffer 
literature 

Sediment 
filtration 

Not specified  8 – 91m (26 – 300 ft)    42m (138 ft) for sediment 
filtration 

 

Other pollutant 
removal 

4 – 184m (13 – 600 ft)    24 m (78 ft) for pollutant 
removal 

Desbonnet et 
al.  

1994, 
1995 

Coastal 
vegetated 
buffers 

Review and 
summary of 
functions and buffer 
studies conducted 
at different 
locations and under 
different conditions 

Sediment 
TSS 
Nitrogen 
Phosphorus 

Not specified  25 – 700m (82 – 2300 ft) 
for all contaminants 

60 m (197 ft) buffer width for 
80% contaminant removal 
(ultimately recommend 
variable widths to 
accommodate small coastal 
lots) 

Authors provide gradient of effective 
sediment and pollutant removal by m/ft and 
percentage: 

5 m (16 ft) 50% or >  
10 – 15 m (32‐49 ft) 60% or >  
20 – 30 m (66‐98 ft) >70%  
50m (164 ft) 75% or >  
75 – 100 m (246‐328 ft) 80% or > 200 m 

(656 ft) 90% or >  
600 m (1968 ft) 99% or >  

FEMAT   1993  Streams 
and rivers 

Based 
recommendation 
primarily on 
literature review by 
Castelle et al (1992) 

  Not specified  3.7 – 262m (12 – 860 ft)   61 m (200 ft) (logging 
operations) 
 
91 m (300 ft) slope distance 
for fish bearing streams  

Widths vary as a function of geomorphic 
characteristics such as slope and soil type and 
by vegetative structure and cover 

Castelle et al.  
 

1992  Wetland 
buffers 

Review and 
summary of 
literature, agency 
survey, and a field 
study on wetland 
buffer use and 
effectiveness 

  Not specified  3.7 – 262m (12 – 860 ft)  
 
19 – 88m (62 – 288 ft) to 
achieve 50‐92% pollutant 
removal effectiveness 

30.5 m (100 ft) or greater  Buffer effectiveness increases with buffer 
width. 
Slope and vegetation cover are most 
important factors for reducing water quality 
impacts (<15% slope and dense vegetative 
cover are most effective). 
Buffers less than 15m (50 ft) are generally 
ineffective in protecting wetlands. 

1Unlike some other authors, Knutson and Naef (1997) does not offer minimum buffer width recommendations based on individual functions, but instead recommend Riparian Habitat Area (RHA) widths based on stream type. 
Authors note that WDFW does not identify minimum (RHA) widths because minimal conditions do not offer adequate habitat to support healthy fish and wildlife in the long run. 
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Summary of fine sediment control buffer recommendations from selected review documents. 
Study  Year  Study type  Review or 

original 
research 

Buffer 
Composition 

Buffer Range  Minimum Buffer 
Width 

Recommendation1 

Key findings and comments 

City of Boulder 
PDS and 
Biohabitats, Inc.  

2007  Wetlands 
and streams 
 

Review of 
science and 
regulatory 
approaches to 
buffers 

Not specified    3 m (100 ft) for 
steep slope (5‐15%) 
15 m (50 ft) for 
shallow slope (<5%) 

Base recommendations on CWP/EPA 2005 

Hawes and 
Smith 

2005  Freshwater 
streams 

  Not specified  10 – 45 m (33‐
148 ft) (Army 
Corps   
       1991) 
9 – 61 m (30‐200 
ft) (Fisher and  
       Fischenich 
2000) 
15 – 65 m (49‐
213 ft)     
(Broadmeadow 
and Nisbet 2004) 

  Depends on soil type, slope, land use, rainfall, the rate at which water can be 
absorbed into the soil, type of vegetation in the buffer, the amount of 
impervious surfaces, and other characteristics specific to the site.  
Mixed buffers of trees, shrubs, and grasses are more effective than single 
buffer vegetation type. 

May  2003  PNW streams  Review and 
summary of 
stream buffer 
literature and 
evaluation of 
Puget Sound 
lowland streams 

Not specified  8 – 183 m (26 – 
600 ft) for 
sediment 
removal/erosion 
control 
 

30m (98 ft)   

Pentec 
Environmental 

2001  Freshwater 
in City of 
Everett 

Review  Not specified  15 – 91 m (50‐
300 ft) 

15 m (50 ft) for 60% 
removal 
30 m (98 ft) for 70% 
removal 
91 m (300 ft) for 
80%+ removal 

 

Bavins et al.   2000  Fish habitat 
(freshwater 
and marine) 

Summary of 
buffer 
recommendation
s for fish habitat 
 

Not specified  9‐90 m (30 – 295 
ft) 

30‐90 m (98 – 295 
ft) 

Ability of buffers to remove sediment varies depending on vegetation type 
and density, type of soil, slope and placement of the filter.  
Grass more effective at removing coarse sediments.  
Non‐linear relationship between buffer width and % sediment removal.  

USDA   2000    Review of studies 
evaluating 
effectiveness of 
buffers to trap 
pesticides 
entering water 

Not specified  4.6 – 15 m (15‐
50 ft) 

4.6 – 9 m (15‐30 ft) 
cited as adequate, 
but for 
sedimentation and 
erosion, wider 
buffers are 
recommended 
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Study  Year  Study type  Review or 
original 
research 

Buffer 
Composition 

Buffer Range  Minimum Buffer 
Width 

Recommendation1 

Key findings and comments 

Christensen  2000  Freshwater 
streams and 
rivers 

Literature 
review of 
studies on 
freshwater 
buffers 

Not specified  3 – 122 m (10‐
400 ft)  

31 m (100 ft)   

Wenger  1999  Stream 
buffers 

Review and 
summary of the 
primary buffer 
literature and 
evaluation of 
several models 
for evaluating 
riparian function 

Not specified  18‐30 m (49‐98 
ft) 

15 – 30m (49 – 98 ft)  Ability to trap suspended solids is negatively correlated with slope. 
Significant evidence from long‐term analysis that wider buffers are 
necessary to maintain sediment control.  
Buffers are less effective in stopping sediment transported by concentrated 
or channelized flow. 

Knutson and 
Naef 

1997  Freshwater 
systems 

Review and 
summary of 
riparian and 
buffer literature 
 

Not specified  8 – 91m (26 – 
300 ft) for 
sediment 
filtration 
31 – 38 m (100‐
125 ft) erosion 
control 

42 m (138 ft) 
 
 

 

Desbonnet et 
al. 

1994, 
1995  

Coastal 
vegetated 
buffers 

Review and 
summary of 
riparian 
functions and 
buffer studies 
conducted at 
different 
locations and 
under different 
conditions 
(composite of 
data). 
 

Not specified  0.6 – 304 m (1.98 
– 997 ft) for 4 – 
99% removal of 
TSS and 
sediment 

25m (82 ft) for 80% 
removal efficiency 

For TSS removal, an approximate increase in buffer width by a factor of 3.0 
provides a 10% increase in removal efficiency; buffer width must increase by 
a factor of 3.5 to achieve a 10% increase in sediment removal. 
TSS and sediment removal values high in forested buffers. 
Application of vegetated buffers for residential and other developing lands 
has not been adequately addressed in existing implementation efforts. 
Much of the coast is developed (or developing) to the water’s edge, providing 
little means for long‐term protection of coastal water quality, shoreline and 
aquatic habitat, and visual appeal. 
Mechanisms that apply to inland riparian buffers should similarly apply to 
coastal buffers. 

FEMAT  1993  Streams and 
rivers 

  Not specified  3.7 – 262 m (12 – 
860 ft) 

None offered specific 
to sediment 
removal/ water 
quality, other than 
the following: 
61 m (200 ft.) (one 
site potential tree 
height to control 
sediment from  
logging operations) 
two site potential 
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Study  Year  Study type  Review or 
original 
research 

Buffer 
Composition 

Buffer Range  Minimum Buffer 
Width 

Recommendation1 

Key findings and comments 

trees, or 91 m (300 
ft) slope distance for 
fish bearing streams 
(for maintaining 
general riparian 
functions) 

Castelle et al.  1992  Wetland 
buffers 
 

Review and 
summary of 
literature review, 
agency survey, 
and a field study 
on wetland 
buffer use and 
effectiveness 
Sediment/soil 
erosion control 
recommendation 
is part of general 
water quality 
buffer 
recommendation 

Not specified  3.7 – 262 m (12 – 
860 ft) 
19 – 88m (62 – 
288 ft) to achieve 
50‐92% 
pollutant 
removal 
effectiveness 

30.5 m (100 ft) or 
greater 

Buffers are essential for wetlands protection. 
Buffer effectiveness increases with buffer width. 
Slope and vegetation cover are most important factors for reducing water 
quality impacts (<15% slope and dense vegetative cover are most effective). 
Buffers less than 15 m (50 ft) are generally ineffective in protecting wetlands. 
Buffer widths effective in preventing significant water quality impacts to 
wetlands are generally 30.5 m (100 ft) or greater. 
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Summary of shade buffer recommendations from selected review documents. 
 

Study 
 

Year 
 

Study focus 
 

Review or 
original 
research 

 
Buffer 

Composit
ion 

 
Buffer Range 

 
Minimum Buffer Width 
Recommendation1 

 
Key findings and Comments 

Hawes and 
Smith 

2005  Freshwater 
streams 

  Not 
specified 

9 – 70 m (30 ft – 230 ft) 
 
 

9 m (30 ft) – adequate, 
may need 70 m (230 ft) 
to completely control 
temperature 

“ The amount of shade required is related to the size of the 
channel. The type of vegetation in the buffer regulates the 
amount of sunlight reaching the stream channel. Generally, a 
buffer that maintains 50% of direct sunlight and the rest in 
dapple shade is considered preferable.” 

Parkyn  2004  Freshwater 
and wetlands 

Summary 
review of 
published 
research on 
efficiency and 
management of 
riparian buffer 
zones 

Vegetated 
filter 
strips, 
usually 
consisting 
of rank 
paddock 
grasses 

5 – 30 m (16‐ 98 ft) 
(for reduced air 
temperatures – Meleason 
and Quinn 2004) 

5 m (16 ft) reduced air 
temp by 3.25ºC 
 
30 m (98 ft) reduced air 
temp by 3.42ºC 

Narrow buffers can maintain cool air temperatures 
 
 
 

>10 m (33 ft)  
(for water temperature 
moderation – Davies and 
Nelson 1994) 

10 m (33 ft) or greater  

45 m (148 ft) or >  
(to maintain natural 
microclimate following 
timber harvest – 
Brosofske et al. 1997) 

45 m + (148+ ft) 

May  2003  Freshwater 
streams 

Literature 
review of 
freshwater 
riparian buffers 

Not 
specified 

11 – 43 m (36 – 141 ft) 
for water temperature 
moderation 

30 m (98 ft)  Buffer width recommendations should be qualified with 
vegetation type and SPTH of trees. “For example, 30 m (98 ft) of 
mature forest may provide a natural level of shade, but the same 
width of deciduous trees (willow, alder, etc.) or shrubs may not. 
With respect to shade and temperature control, a buffer 
composed of grasses, shrubs, and/or small trees is not 
equivalent to a natural riparian forest of mixed, mature 
coniferous and deciduous trees. Buffer quality is as important as 
buffer quantity.”  

 
45 – 200 m (148 – 656 
ft) for microclimate 

 
100 m (328 ft) 

Eastern 
Canada Soil 
and Water 
Conservatio
n Centre 

2002  Freshwater 
streams and 
rivers 

Literature 
review of buffer 
strips 

Not 
specified 

17 – 24 m (56 – 79 ft)  24 m (79 ft) with dense 
trees will maximize 
shading and 17 m (56 ft) 
will supply 90% of shade 
(Belt et al. 1992) 

Loss of vegetation may increase water temperature by 2 to 
100C(Belt et al. 1992).  
Recommend large dense trees and bushes (based on Carlson et 
al. 1992). 
The amount of shade is more dependent on the height and 
density of the buffer than actual width. 

Christensen  2000  Freshwater 
streams and 
rivers 

Literature 
review of 
studies on 
freshwater 
buffers 

Not 
specified 

11 – 43 m (36 – 141 ft)  30 – 43 m (98 – 141 ft) 
for 50‐100% 
temperature moderation  
11 – 24 m (36 – 79 ft) 
and 15 – 30 m (49 – 98 
ft) (36 – 141 ft) for 60‐

11 – 43 m (36 – 141 ft): ranges represent between 60 and 100% 
of shading that is similar to levels of light below the canopy of 
old‐growth riparian trees 
 
22 – 46 m (72‐150 ft) range of effective buffers, 31 m (100 ft) 
min buffer width. “provide shade equivalent to mature forest 
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Study 

 
Year 

 
Study focus 

 
Review or 
original 
research 

 
Buffer 

Composit
ion 

 
Buffer Range 

 
Minimum Buffer Width 
Recommendation1 

 
Key findings and Comments 

80% temperature 
moderation  
23 – 38 m  
for 80% temperature  
        moderation  

conditions, and maintian background water temperatures” 

Bavins et al.   2000  Fish habitat 
(freshwater 
and marine) 

Summary of 
buffer 
recommendatio
ns for fish 
habitat 
 

Not 
specified 

15 – 30 m (49 – 98 ft) 
(for water temperature 
moderation) 

15 m (49 ft)   
Not specific, but use Dosskey et al. (1997) to recommend  shrub 
and trees to yield high level of effectiveness for temperature 
moderation. Grass ranks low. 
 

Wenger 
  

1999  Stream buffers  Review and 
summary of the 
primary buffer 
literature. 

Not 
specified 

10 – 30 m (33 – 98 ft)  10 m (33 ft) 
(based primarily on 
review by Osborne and 
Kovacic 1993) 

Must be forested and continuous along all stream channels 
Forested buffers of native vegetation are vital to the health of 
stream biota 

Knutson and 
Naef 
  

1997  Fish and 
wildlife 
associated 
with 
freshwater 
systems 

Review and 
synthesis of 
riparian and 
buffer 
literature. 
 
 

Not 
specified 

Temperature Control: 
11‐46 m (35‐151 ft) for 
50‐80% shading 
 
Microclimate 
Maintenance: 61 ‐ 160 m 
(200 – 525 ft) 

Temperature 
27 m (90 ft) 
 
Microclimate: 126 m 
(412 ft) 

Perpendicular distance from stream 
NOTE: Authors (WDFW) do not identify minimum Riparian 
Habitat Area (RHA) widths because minimal conditions do not 
offer adequate habitat to support healthy fish and wildlife in the 
long run. 
 

FEMAT    1993  Streams and 
rivers 

Based 
recommendatio
n primarily on 
Beschta et al. 
1987; 
Steinblums 
1977; Chen 
1991. 
 

Not 
specified 

3.7 – 262 m (12‐860 ft)  None offered specific to 
shade/microclimate, 
other than the following: 
‐ 100 ft.+ to provide as 
much shade as 
undisturbed late 
successional forest 
(Steinblums 1977) 
‐  
 

Buffer width correlates well with degree of shade (citing Beschta 
et al. 1987). 
 
Temperature and microclimate characteristics are influenced by 
season, time of day, aspect and extent of tree removal. 
 
Few reported field observations of microclimate in riparian 
zones, but Chen (1991) documented change in soil and air 
temperature, soil moisture, relative humidity, wind speed, and 
radiation as a function of distance from clear‐cut edge into 
upslope forest. 

Castelle et al.    1992  Wetland 
buffers 

Review and 
summary of 
literature, 
agency survey, 
and a field 
study on 
wetland buffer 
use and 
effectiveness. 

Not 
specified 

15 – 30 m (50‐98 ft) 
(Broderson 1973; Lynch 
et al. 1985 and Brazier 
and Brown 1973) 
 

30.5 m (100 ft) or greater 
for multiple functions; no 
recommendation specific 
to shade 

Buffers are essential for wetlands protection 
Buffer effectiveness increases with buffer width 
Slope, exposure, and canopy cover are considerations for 

establishing buffers on a case‐by‐case basis. 
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Summary of large woody debris (LWD) buffer recommendations from selected review documents. 
 Study  Year  Study type  Basis for Buffer 

Recommendation 
Buffer 

Composition 
Buffer Range  Minimum Buffer Width 

Recommendation1 
Key comments and findings 

May  2003  Freshwater 
streams 

Review and summary of 
stream buffer literature 
and evaluation of Puget 
Sound lowland streams 

Not specified  10 – 100 m (33 – 328 ft) 
 
20‐30 m (Murphy and Koski 1989) 
15‐46 m (McDade et al. 1990) 
45 m (148 ft) (Harmon et al. 1986) 
46 m (151 ft) (Robison and Beschta 
1990) 
50m (Van Sickle and Gregory 1990; 
Collier et al. 1995) 
55m (Thomas et al. 1993) 
200 m (656 ft) Hennings 2001 
(required to minimize non‐native 
veg. intrusion) 

50 m (164 ft)  Approximates one site tree height and is based on 
long‐term, natural levels of LWD 
 
 

Bavins et al.   2000  Fish habitat 
(freshwater 
and marine) 

Summary of buffer 
recommendations for 
fish habitat 
 

Not specified  5‐100  m (16 – 328 ft)   
 

 

Christensen  2000  Freshwater 
streams and 
rivers 

Literature review of 
studies on freshwater 
buffers 

Not specified  10 – 100 m (33 – 328 ft)  
provides approximately 80‐90% 
LWD 
 
30 m (98 ft) (Murphy and Koski 
1989) 
31 m (102 ft) (Bottom et al. 1983) 
30‐46 m (98 – 151 ft) (Mc Dade et al. 
1990) 
45 m (148 ft) (Harmon et al. 1986) 
50 m (164 ft) (Collier et al. 1995; 
Robison and Beschta 1990; Van 
Sickle and Gregory 1990) 

46 m (150 ft)   
 
 

Wenger   1999 
  

Stream 
buffers 

Review and summary of 
the primary buffer 
literature 

Not specified  15 – 130 m (49 – 427 ft) (Murphy et 
al 1986) 
 
1 SPTH for LWD input – 3 SPTH for 
stability (allow for wind throw) 
(Collier et al 1995) 

No specific 
recommendation 

LWD is the most important factor in determining 
habitat for salmonids and related fish (May et al. 
1997) 
Of all the ecological functions of riparian areas, 
the process of woody debris loading requires the 
longest time for recovery after harvest (Gregory 
and Ashkenas 1990) 

Knutson and 
Naef 

1997  Freshwater 
systems 

Review and synthesis of 
riparian and buffer 
literature. 
Used average of 
reported widths  

Not specified  30.5 – 61 m (100 – 200 ft)  45m (147 ft) 
 

Perpendicular distance from stream 
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 Study  Year  Study type  Basis for Buffer 
Recommendation 

Buffer 
Composition 

Buffer Range  Minimum Buffer Width 
Recommendation1 

Key comments and findings 

FEMAT  1993  Streams and 
rivers 

Based recommendation 
on the probability that a 
falling tree will enter 
the stream is a function 
of slope distance from 
the channel in relation 
to tree height (citing 
multiple authors). 
Note: does not account 
for steep and unstable 
slopes that would 
increase the likelihood 
of delivery from greater 
distances. 

Not specified  No range provided  None offered specific to 
LWD, other than the 
following: 
Estimation of values 

provided in generalized 
curves indicates 
approximately 70% 
cumulative effectiveness 
for LWD at 0.5 SPTH 
(30.5 m; 100 ft) 
Delivery of wood is low 

at distances greater than 
approximately one tree 
height away from stream 
channel 
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Summary buffer recommendations for input of litter fall/organic matter from selected review documents.  
Study  Year  Study type  Basis for Buffer 

Recommendation 
Buffer 

Composition 
Buffer Range  Minimum Buffer Width 

Recommendation1 
Key comments and findings 

Hawes and 
Smith 

2005  Freshwater 
streams 

Review of buffer 
recommendations 

Not specified  3 – 100 m (10‐328 ft) 
 
Majority of studies 
reviewed fall within 15 – 
31 m (50‐100ft) 

3‐10 m (10 – 33 ft)   Use general rec widths of Jontos 2004 
(modified from Fisher and Fischenich 2000) 
 

Bavins et al.   2000  Fish habitat 
(freshwater 
and marine) 

Summary of buffer 
recommendations for 
fish habitat 
 

Not specified  5‐100 m (16 – 328 ft)    
 

 
 

Wenger  1999  Stream 
buffers 
 

Citing primary literature, 
specifically Davies and 
Nelson (1994) 

Not specified  15 – 130 m (49 – 427 ft) 
(Murphy et al. 1986) as 
part of combined 
discussion of litter and 
LWD 

30m (98 ft)  Removal of riparian forests has a profoundly 
negative effect on stream biota. 
Results in significant decrease in 
macroinvertebrate and fish abundance 
Forested buffers of native vegetation are vital 
to the health of stream biota. 

Knutson and 
Naef 

1995  Freshwater 
systems 

Review and synthesis of 
riparian and buffer 
literature 
Discussed as 
“contributions to the 
food web” and in relation 
to LWD 
Used average of reported 
widths  

Not specified  30 – 61 m (100 – 200 ft) 
(same as LWD) 

45m (147 ft) – none offered 
specific to this function, but 
discussed along with 
LWD/Structural Diversity 
 

Riparian areas are the dominant contributor 
to the aquatic food web (approximately half 
dissolved compounds, half particulate matter) 

Desbonnet et al.  1994, 
1995 

Coastal 
vegetated 
buffers 

  Not specified  This function not reviewed 
by these authors 

Not specified   

FEMAT  1993  Streams and 
rivers 

Based recommendation 
primarily on Erman et 
al. (1977) and “best 
professional judgment.” 
Erman et al. reported 
that composition of 
benthic invertebrate 
communities in streams 
with riparian buffers 
greater than 30.5m (100 
ft.) were 
indistinguishable from 
streams flowing 
through unlogged 
watersheds. 

Not specified  No range offered, but 
produced effectiveness 
curve consistent with 
Erman et al (1977) and 
“best professional 
judgment” 

30.5 m (100 ft) or more (one‐
half site potential tree height, or 
more) to maintain biotic 
community structure in stream 

Distance from which litter originates depends 
on site‐specific conditions 
Delivery of leaf and other particulate organic 
matter declines at distances greater than 
approximately one‐half tree height from 
stream channel 
Riparian forests of widths equal or greater 
than 30.5 m (100 ft) retained sufficient litter 
inputs to maintain biotic community 
structures in the stream. 
 

Castelle et al  1992  Wetland 
buffers 

Review and summary of 
literature review, agency 

Not specified  This function not reviewed 
by these authors 

30.5 m (100 ft) or greater for 
multiple functions; no 

Vegetation provides a food source through leaf 
litter and insect drop and provides cover 
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Study  Year  Study type  Basis for Buffer 
Recommendation 

Buffer 
Composition 

Buffer Range  Minimum Buffer Width 
Recommendation1 

Key comments and findings 

survey, and a field study 
on wetland buffer use 
and effectiveness 
 

  recommendation specific to 
inputs of organic matter   

through deposition of large organic debris. 
Buffer effectiveness increases with buffer 
width.  Slope, exposure, and canopy cover are 
considerations for establishing buffers on a 
case‐by‐case basis. 
Cite Erman et al. (1977) and Newbold (1980), 
who found that a 30 m (98 ft) buffer was 
successful in maintaining background levels of 
benthic invertebrates in streams adjacent to 
logging activity 
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Summary of hydrology/slope stability buffer recommendations from selected review documents. 
Study  Year  Study type  Review or original 

research 
Buffer 

Composition 
Buffer Range  Minimum Buffer 

Width 
Recommendation1 

Key findings and comments 

City of Boulder 
PDS and 
Biohabitats, Inc.  

2007  Wetland and stream 
 

Review of science and 
regulatory approaches 
to buffers 

Not specified  Not specified  Not specified  Best vegetation type: shrubs and trees  
 

Hawes and 
Smith 

2005  Freshwater  Review  Not specified  9 – 30 m (30‐98 ft)  10‐20 m (based on 
Jontos 2004) 

 

May   2003  PNW streams  Review and summary 
of stream buffer 
literature 

Not specified  Not specifically 
reviewed by this 
author. Some 
information may be 
derived from 
summary of sediment 
removal and 
streambank erosion 
control: 
 
8‐183 m (26‐600 ft)  
for sediment control 

30 m (98 ft) 
 
 

 

 

Bavins et al.   2000  Fish habitat 
(freshwater and 
marine) 

Summary of buffer 
recommendations for 
fish habitat 
 

Not specified  5‐125 m (16‐410 ft) 
for stabilization of 
bank erosion 

5 m (16 ft) (of 
vegetated buffer 
required to protect 
riverbank stability) 
 

“The Guidelines for Queensland Streambank Stabilisation 
with Riparian Vegetation recommend a naturally 
diverse and dense vegetation community within a 
buffer zone width determined by the minimum width of 
5 m (16 ft) (the basic allowance) plus the height 
allowance and the establishment allowance. An example 
of a ‘decision tree’ is provided in the guidelines to assist 
the determination of riparian zone widths. It should 
also be acknowledged that erosion processes are 
natural and even healthy vegetated streambanks are 
not static, and should not be expected to remain 
unchanged by erosive forces over time.” 

Christensen  2000  Freshwater  Review  Not specified  Not specified  31 m (100 ft)    

Wenger   1999 
 

Stream buffers  Review and summary 
of the primary buffer 
literature and 
evaluation of several 
models for evaluating 

Not specified  Author did not 
review these 
functions specifically.  
However, the review 
of sediment and 

30 m (98 ft) (general 
buffer 
recommendation) 

Buffer effectiveness increases with buffer width 
Long‐term studies have suggested that much wider 
buffers (than those recommended) are necessary for 
sediment control. 
Efficiency of buffers can be expected to vary based on 
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Study  Year  Study type  Review or original 
research 

Buffer 
Composition 

Buffer Range  Minimum Buffer 
Width 

Recommendation1 

Key findings and comments 

riparian function  surface runoff is 
relevant to these 
topics.   

slope, soil infiltration rate, and other factors.  Width 
may be extended to account for steep slopes and land 
uses that yield excessive erosion. 
One of the most important roles of protected riparian 
buffers is to stabilize banks. 
 

Knutson and 
Naef 

 1997 
  

Freshwater systems  Review and summary 
of riparian and buffer 
literature. 
 

Not specified  Authors provide 
some relevant 
review, but no 
recommendations 
specific to these 
topics. However, 
discussion and 
recommendations for 
erosion control are 
relevant. 
 
30 – 38 m (98‐125 ft) 
for erosion control 

34 m (12 ft ) 
 
NOTE: Authors 
(WDFW) do not 
identify minimum 
Riparian Habitat Area 
(RHA) widths because 
minimal conditions 
do not offer adequate 
habitat to support 
healthy fish and 
wildlife in the long 
run. 

Riparian areas assist in regulating stream flow by 
intercepting rainfall, contributing to water infiltration, 
and using water via evapotranspiration – vegetation 
helps to trap water flowing on the surface, storing it in 
the soil and later releasing it to streams, moderating 
peak stream flows. 
Used average of reported widths.  
Note that larger buffer in range is for controlling mass 
wasting. 
 

Desbonnet et al   1994, 
1995 

Coastal vegetated 
buffers 

  Not specified  These functions not 
reviewed by these 
authors 

Not specified   

FEMAT  1993  Streams and rivers    Not specified  No range offered, but 
produced 
effectiveness curve 
for slope stability 
based on an estimate 
of tree root strength. 

Not specified  Based recommendation on the width of a slide scar plus 
half a tree crown diameter, which is an estimate of the 
extent to which root systems of trees adjacent to the 
slide scar margin affect soil stability. 
Steep hill slope areas are common initiation sites of 
debris slides and debris flows (Dietrich and Dunne 
1978). 
Root strength provided by trees and shrubs contribute 
to slope stability; and loss of root strength following 
tree death by harvest or other causes may lead to 
increased incidence of slides (Sidle et al. 1985) 

Castelle et al.  1992  Wetland buffers  Summary of literature 
review, agency survey, 
and a field study on 
wetland buffer use and 
effectiveness 

Not specified  This function not 
specifically reviewed 
by these authors 
 

30.5 m (100 ft)  or 
greater for multiple 
functions; no 
recommendation 
specific to hydrology 
and slope stability.   

Buffers play a role in moderating water level 
fluctuations…vegetation impedes the flow of runoff and 
allows it to percolate into the ground. The soil then 
yields this water to the wetland over an extended 
period of time, resulting in stable, natural ecosystems. 
Buffer effectiveness increases with buffer width 
Slope, exposure, and canopy cover are considerations 
for establishing buffers on a case‐by‐case basis. 
The best functioning buffers were the most stable, and 
buffer stability was in turn enhanced by high 
percentage vegetative cover and dense stands of trees, 
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Study  Year  Study type  Review or original 
research 

Buffer 
Composition 

Buffer Range  Minimum Buffer 
Width 

Recommendation1 

Key findings and comments 

rather than by sparse vegetation or individual trees 
protruding above an understory (citing Darling et al 
1982). 

1Unlike some other authors, Knutson and Naef (1997) do not offer minimum buffer width recommendations based on individual functions, but instead recommend Riparian Habitat Area (RHA) widths 
based on stream type.  Authors do not identify minimum (RHA) widths because minimal conditions do not offer adequate habitat to support healthy fish and wildlife in the long run. 
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Summary of wildlife buffer recommendations from selected review documents. Buffer composition was not specified. 
Study  Year  Study type  Review or 

original 
research 

Review of 
Multiple 
Wildlife 
Types 

Buffer Range 
 

Minimum Buffer 
Recommendation 

Key comments and findings 

City of 
Boulder PDS 
and 
Biohabitats, 
Inc.  

2007  
 

Wetland and 
streams 
 

Review of 
science and 
regulatory 
approaches to 
buffers 

 

    31 m (100 ft) for 
unthreatened species 
 
61 – 91 m (200‐300 ft) for 
rare, threatened and 
endangered  
 
15 m (50 ft) for species 
diversity in rural areas; 
31 m (100 ft) for species 
diversity in developed 
areas 

Base recommendations on CWP/EPA 2005 
 

Goates  2006  Freshwater 
streams 

Review of 
adequacy of 
standard 30m 
buffers in 
protecting 
wildlife 

  30.5 m (only 44% of nests and 
hibernation burrows of turtles 
in South Carolina (Burke and 
Gibbons 1995) 
 
30 m (98 ft) buffer inadequate 
to maintain bird species in 
logged areas of western WA 
(Pearson and Manuwal 2001) 

73 m (240 ft) required to 
protect 90% of 
hibernation and nesting; 
275 m (902 ft) to protect 
100% (Burke and Gibbons 
1995) 
 
45 m (148 ft) buffer 
required to maintain bird 
community (Pearson and 
Manuwal 2001) 

30m minimum protect from timber harvests (Castelle et al. 1994; 
Semlitsch and Bodie 2003; Lee et al. 2004) 
 
Recommend that managers consider temporal constraints, long‐term 
analyses, sex, and location. 
 

Hawes and 
Smith 

2005  Freshwater  Review    10 – 50 m (33‐164 ft)     

Parkyn  2004  Freshwater 
and wetlands 

Summary 
review of 
published 
research on 
efficiency and 
management of 
riparian buffer 
zones 

  3‐107 m (10 ft ‐ 351 ft) 
(depending on particular 
resource needs of invidiual 
species – Castelle et al. 1994) 
 
 

  Will differ depending on needs of species 

May   2003  PNW streams    Yes  15‐100 m (49 – 328 ft)  100 m (328 ft)  Compiled different recommendations from authors, including: 
30m for macroinvertebrates, Chinook salmon, Cutthroat trout  
>30m for macroinvertebrates and salmonids  
30‐70 m (98 – 230 ft) for salmonids  
30‐70 m (98 – 230 ft) and 67‐93 m (220 – 305 ft) for small mammals  
100 m (328 ft) min for migration corridor for large mammals and for 
interior habitat and migration corridor 
50‐125 m (164 – 410 ft) for nesting, migrating, and feeding habitat for 
birds  
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Study  Year  Study type  Review or 
original 
research 

Review of 
Multiple 
Wildlife 
Types 

Buffer Range 
 

Minimum Buffer 
Recommendation 

Key comments and findings 

200 m (656 ft) for eagle nest and heron rookery, deer and elk habitat 
Bavins et al.   2000  Fish habitat 

(freshwater 
and marine) 

Summary of 
buffer 
recommendatio
ns for fish 
habitat 
 

Yes, but 
primarily 
limited to 
fish 

5‐106 m (16 – 348 ft)  for 
species diversity and 
distribution (e.g., connectivity 
between marine and 
freshwater environments; 
continuous lines of vegetation; 
migration pathways) 
15‐45 m (49 – 148 ft) for 
provision of other wildlife 
habitat (wildlife corridors) 
5‐100 m (16 – 328 ft) for 
provision of remnant 
vegetation 
30 m (98 ft) or > for salmonid 
eggs to develop normally 

Not specified, but 
recommend vegetated 
buffers 

 
 
 
 
 
 
 

Wenger  1999  Stream 
buffers 

  Yes  Ranges reported for different 
wildlife types 

Generally: 15‐100+m (49 – 
328+ ft) 

100m (328 ft)  While not practical on all streams, there should be some with 90‐300m 
riparian corridors, along with large blocks of upland forest targeted 
for preservation. 

Knutson and 
Naef 

1997  Freshwater 
systems 

  Yes  8‐300 m (26 – 984 ft)  88m (average of reported 
widths) 

“Buffers” described as “Riparian Habitat Area” widths 

Desbonnet et 
al 

1994, 
1995 

Coastal 
vegetated 
buffers 

  Yes  15‐200 m (49 – 656 ft)  No single buffer 
recommendation offered 

Reported buffer widths were intended as minimum values to meet 
desired objective 
5 m (16 ft) poor habitat value; useful for temporary use by wildlife 
10 m (33 ft) minimal protection for stream habitat, useful for 
temporary use by wildlife 
15 m (49 ft) minimal wildlife and avian value 
20 m (66 ft) minimal value for habitat, some for avian habitat 
30 m (98 ft) maybe useful as travel corridor for wildlife and avian 
habitat 
50 m (164 ft) minimal habitat value 
75 m (246 ft) fair to good wildlife and avian habitat value 
100 m (328 ft) good wildlife habitat, may even protect significant 
wildlife habitat 
200 m (656 ft) excellent wildlife value, likely to support a diverse 
community 
600 m (1968 ft) excellent wildlife habitat value, supports diverse 
community, protects significant species 

Castelle et al.  1994  Wetland 
buffers 

  Yes  2‐110 m (7‐361 ft) wildlife     

Johnson and 
Ryba 

1992  Stream 
buffers 

  Yes  10‐200 m (33‐656 ft)     Birds require larger buffers than other wildlife groups.  
Salmonids require ~30 m (100 ft) buffer. 
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Study  Year  Study type  Review or 
original 
research 

Review of 
Multiple 
Wildlife 
Types 

Buffer Range 
 

Minimum Buffer 
Recommendation 

Key comments and findings 

 
Castelle et al  1992  Wetland 

buffers 
  Yes  Ranges varied by wildlife type  33‐98 m (108 – 321 ft)  Draws conclusion from WA Dept. of Wildlife (1992) Buffer needs of 

wetland wildlife. 
Groffman et 
al 

1990      Yes  32‐100 m (105 – 328 ft) (or 
more) 

No single buffer 
recommendation offered. 
32‐100 m (or more in 
case of threatened or 
endangered species) 

Buffer model is offered, based on 4 factors: 1) habitat suitability; 2) 
wildlife spatial requirements; 3) access to upland and/or transitional 
habitats; 4) noise impacts on feeding, breeding, and other life 
functions. 
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APPENDIX D. Original FEMAT curves. 
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APPENDIX E: Literature summary documenting the impacts of development, agriculture and 

forest practices on riparian functions 
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Land use impacts on riparian function (Development, Agriculture and Forestry) 

La
n
d
 u
se
  

Riparian function impaired 

Specific activities 
associated with 
land use category 

Impact findings on function  Literature cited 

W
at
er
 Q
ua
lit
y 

Sh
ad
e/
M
ic
ro
cl
im
at
e 

LW
D
 

Li
tt
er
 fa
ll 

Fi
ne
 s
ed
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en
t  
co
nt
ro
l 

W
ild
lif
e 

H
yd
ro
lo
gy
/s
lo
pe
 s
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bi
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D
ev
el
op
m
en
t 

X  X  X  X  X  X  X 

Clearing and 
grading/vegetation 
removal 
 
Construction of 
homes, buildings, 
roads/Impervious 
surfaces 
 
Shoreline armoring 
(docks, bulkheads, 
etc.) 
 
Landscaping (non‐
native plants) 
 
Recreational 
activities (hiking, 
biking, 
beachcombing, etc.) 
 

Riparian areas are more highly altered in developed landscapes than in 
agricultural and forested landscapes 

Booth 1991 (in Everest and Reeves 2006)  

Direct alteration within the riparian area (vegetation removal/reduction, soil 
compaction, grading) causes changes in loading of nutrients, organic matter 
and sediments; reduces capacity of riparian area to filter/absorb pollutants; 
increases sediment loading 

Valiela et al 1992; Wahl et al. 1997; Jones et al. 
2000; Jordan et al. 2003 (in Hale et al. 2004) 

Creation of impervious surfaces (e.g., parking lots, paved streets, sidewalks, 
roads), vegetation removal, and soil compaction cause surface water to 
increase in volume and magnitude. Increased runoff decreases the ability of 
soils and vegetation to infiltrate and intercept pollutants , increases flooding 
potential.  

Knutson and Naef 1997; Montgomery et al. 
2000 (in Johannessen and MacLennan 2007); 
Glasoe and Christy 2005; 
Hashim and Bresler 2005; Ekness and Randhir 
2007; Schiff and Benoit 2007 

Construction of boat landings, docks, and piers creates increased slopes, 
causing increased and concentrated water flows; construction of domestic, 
residential and industrial facilities and utilities in and near riparian areas can 
result in altered topography, removal of vegetation, and rerouting of surface 
and groundwater flows 

Knutson and Naef 1997; NRC 2002; Ekness and 
Randhir 2007; Schiff and Benoit 2007 

Construction close to the water’s edge (bulkheads, docks, etc.) reduce shade 
as well as species diversity and abundance 

Sobocinski et al. 2003; Rice 2006 

Areas with high levels of impervious surface coverage (>50%) correlated 
with low macrobenthic diversity and abundances 

Lerbert et al. 2000 

Vegetation removal causes decreased shade and increased temperatures 
 

Beschta et al. 1987; Macdonald et al. 1994; 
1995; Thom et al. 1994; Penttila 1996; Williams 
and Thom 2001; Bereitschaft 2007 

Removal of vegetation cover also reduces LWD and canopy cover, which 
serve to dissipate flow energy and control temperature by shading 

Booth et al. 2006 

Increases of light levels in the upper intertidal zone results in higher levels of 
mortality and dessication of insects, invertebrates, and the eggs of intertidal 
spawning fish like Pacific sand lance and surf smelt. 

Pentilla 1996, 2000; Rice 2006 

Low levels of organic litter and LWD have been found on armored beaches   Sobocinski et al. 2003; Dugan and Hubbard 
2006; Defeo et al. 2009 

Increased surface runoff of toxins  
Toxins can affect wildlife through physiological and behavior changes, 

Klapproth and Johnson 2000; Krebs and Bums 
1977; Krebs and Valiela 1978; Moore et al. 1979 
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reduced density and species richness  (in Adamus et al. 1991); Firehock and Doherty 
1995 (in Klapproth and Johnson 2000); Hashim 
and Bresler 2005; PSAT 2007 

Vegetation is a critical component in maintaining stable slopes .  
Roots anchor thin layers of soil to the bedrock or provide lateral stability 
through intertwined roots. 

Morgan and Rickson 1995 (in Parker and 
Hamilton DATE); Sidle et al. 1985 and Chatwin 
et al. 1994 (in Stanley et al. 2005). 

Decreased wood abundance and elevated beach temperatures have been 
documented in several studies around Puget Sound.  

Higgens et al. 2005; Rice 2006; Tonnes 2008 

Low levels of LWD and organic litter have been found on armored beaches as 
compared with unaltered beaches  

Sobocinski et al. 2003; Dugan and Hubbard 
2006; Defeo et al. 2009 

Dams and other water control structures have caused changes in nutrient 
cycling 

Knutson and Naef 1997 

Offshore structures (e.g., breakwaters, jetties) can cause increased 
deposition of beachwrack .  

Martin et al. 2005 in Defeo et al. 2009 

Shoreline modifications result in 
1. wildlife habitat loss, reduction, and or alteration  
2. lowered bird biodiversity 
3. altered food webs and benthic community composition  
4. creation of passage barriers for salmon and fragmented habitat 

connectivity  
5. lowered abundance of wildlife which can cause harm to upper 

trophic levels, like Pacific salmon 
 

1. Paulson 1992; Levings and Thom 1994; 
Williams and Thom 2001; Toft et al. 2004; 
Griggs 2005 

2. Donnelley and Marzluff 2004 
3. (Dauer et al. 2000; Lerberg et al. 2000 in 
Hale et al. 2004),  

4. Williams and Thom 2001).  
5. Sobocinski et al. 2003; Johannessen and 
MacLennan 2007; Defeo et al. 2009 

Habitat alteration can cause increased loading of contaminants and 
pathogens  

Siewicki 1997; Inglis and Kross 2000; Mallin et 
al. 2000 (in Hale et al. 2004) 

Habitat alteration can cause changes in water flow  Hopkinson and Vallino 1995;  Jones et al. 2000 
(in Hale et al. 2004) 

Clearing of land for development produces the largest amount of sediment to 
aquatic resources; developed areas can produce 50‐100 times more 
sediment than agricultural areas  

U.S. EPA 1993 (in Stanley et al. 2005); Jones and 
Gordon 2000 (in Stanley et al. 2005 
 

A
gr
ic
u
lt
u
re
 

X    X    X  X  X 

Clearing and 
grading/vegetation 
removal 
 
Application of 
pesticides/fertilizers 
 
Tillage/irrigation 
practices 

Loss of native vegetation and LWD, bank instability and loss of floodplain 
function 

Spence et al. 1996 (in Everest and Reeves 2006) 

Increased phosphorus and nitrogen levels in soils and surface runoff; 40 
times the amount of nitrogen in agricultural land than forested areas and two 
times the nitrogen levels of urban areas in Puget Sound  

Carpenter et al. 1998 (in Stanley et al. 2005); 
Ebbert et al. 2000 (in Stanley et al. 2005  

Excessive fertilizer use has led to increased nutrient levels in aquatic 
environments, causing algal blooms and eutrophication  

Caffrey et al. 2007 

Activities can cause soil loss and erosion  Hashim and Bresler 2005 
Loss of vegetation cover, changes in hydrology cause altered flow regimes; 
increased sedimentation 

Seddell and Froggatt 1984 (in Everest and 
Reeves 2006) 

Activities within riparian areas have simplified aquatic and riparian habitats  Spence et al. 1996 (in Everest and Reeves 2006) 
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Direct alteration can cause increased loading of contaminants and pathogens  Inglis and Kross 2000 (in Hale et al. 2004)  

Conversion of riparian areas to cropland can decrease the infiltration 
potential of riparian soils 

NRC 2002 

Fo
re
st
ry
 

X  X      X  X  X 

Introduction of 
pesticides and 
fertilizers 
 
Impervious surfaces 
(roads etc) 
 
Vegetation removal 
(timber harvesting) 

Timber harvesting within riparian areas reduces shade  Hashim and Bresler 2005 

Timber harvesting within riparian areas increases sedimentation  Everest and Reeves 2006 
Timber harvesting within riparian areas reduces bank stability  Everest and Reeves 2006 
Road construction and maintenance activities can increase fine sediment 
loads and mass wasting processes, and can reduce bank stability 

Hashim and Bresler 2005; Everest and Reeves 
2006 

Forestry practices can cause changes in the abundance and diversity of 
wildlife in riparian areas. This occurs through the loss of LWD, canopy and 
shrub cover, interior forest habitat within and adjacent to the riparian zone, 
sedimentation of the aquatic habitat, and habitat fragmentation. 

Knutson and Naef 1997 

Removal of trees within marine riparian reduces available shade (thereby 
increasing water temperatures); temperature changes affect water quality 
and changes in fish/wildlife behavior, structure, and composition. 

Hashim and Bresler 2005 
Vigil 2003; Everest and Reeves 2006 

Forestry practices, including use of fertilizers and pesticides, timber 
harvesting, and road construction and maintenance, degrade water quality 
and can cause extensive changes in hydrology and riparian vegetation 

Jones et al. 2000 
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Impact of specific activities on riparian function 
Specific 
activities 

Typically 
associated 
with land 
use 

Riparian function impaired  Finding  Literature cited 

 W
at
er
 q
ua
lit
y 

Sh
ad
e/
M
ic
ro
cl
im
at
e 

LW
D
 

Li
tt
er
  fa
ll 

Fi
ne
 s
ed
im
en
t c
on
tr
ol
 

W
ild
lif
e 

H
yd
ro
lo
gy
/s
lo
pe
 s
ta
bi
lit
y 

Clearing and 
grading/ 
vegetation 
removal 
(including 
timber 
harvesting) 

Development 
Agriculture 
Forestry 

X  X  X    X  X  X  Can lead to an increase in contaminated runoff  Ekness and Randhir 2007 
Common development practices can result in conditions that produce unhealthy plants 
that require excessive fertilizers and pesticides 

WDOE 2007 

The reduction or removal of slope vegetation can result in either increased rates of soil 
erosion or higher frequencies of slope failure. 

OSB 2007 

Permanent loss of vegetation cover or replacement by ineffective vegetation increases soil 
saturation and surface water runoff. Disturbed or degraded sites undergo continual 
erosion and may not establish an effective cover. 

Menashe 2001 

Vegetation removal decreases shade, leading to increased temperatures that can impact 
wildlife survival 

Macdonald et al. 1994; Thom 
et al. 1994; Macdonald 1995; 
Penttila 1996, 2000; Williams 
and Thom 2001; Rice 2006; 
Bereitschaft 2007 

Can cause extensive changes in hydrology and riparian vegetation.  Jones et al. 2000 
Timber harvesting within riparian areas reduces shade; agricultural activities can degrade 
water quality by increasing fecal coliform levels, temperatures and nutrient/pesticide 
loading. 

Hashim and Bresler 2005 

Timber harvesting within riparian areas reduces bank stability  Everest and Reeves 2006 
Agricultural activities within riparian zones have resulted in a loss of native vegetation 
and LWD, bank instability, and loss of floodplain function. 

Spence et al. 1996 (in Everest 
and Reeves 2006) 

Agricultural activities within riparian areas have simplified aquatic and riparian habitats  Spence et al. 1996 (in Everest 
and Reeves 2006) 

Construction 
and 
maintenance 
of impervious 
surfaces (e.g. 
roads, homes 
and buildings) 
 

Development 
Agriculture 
Forestry 

X        X  X  X  Can lead to an increase in contaminated runoff  Ekness and Randhir 2007 
Can degrade water quality (including increased temperatures) and cause extensive 
changes in hydrology 

Jones et al. 2000 

Direct alteration can cause increased loading of contaminants and pathogens  Mallin et al. 2000 (in Hale et 
al 2004) 

Can increase fine sediment loads and mass wasting processes, which can cause erosion.  Hashim and Bresler 2005 
Direct alteration within the riparian area causes changes in loading of nutrients, organic 
matter and sediments 

Valiela et al 1992;  Wahl et al. 
1997; Jones et al. 2000; 
Jordan et al. 2003 (in Hale et 
al. 2004) 

Areas with high levels of impervious surface coverage (>50%) correlated with low 
macrobenthic diversity and abundances. 

Lerbert et al. 2000 
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Impervious surfaces cause increased volume and magnitude of surface water runoff, 
decreasing the ability of soil and vegetation to absorb/intercept pollutants 

Montgomery et al. 2000 (in 
Johannessen and MacLennan 
2007) 

Impervious surfaces increase flooding potential  Glasoe and Christy 2005 
Increased sedimentation has also been shown to affect juvenile and filter‐feeding fish.   Williams and Thom 2001 

Shoreline 
armoring (e.g. 
docks, 
bulkheads, etc) 

Development  X 
 

        X    The construction of boat landings, docks, and piers often creates increased slopes, which 
causes increased and concentrated water flows. Shoreline armoring structures, such as 
rip‐rap, concrete, and bulkheads, can require the removal of vegetation and can also 
impede the movement of wildlife that utilize the shoreline as migration corridors. 

NRC 2002 

The installation of shoreline armoring structures reduces beach width, resulting in the 
loss of wildlife habitat (in upper intertidal areas) 

Griggs 2005 

Associated with low levels of organic litter and LWD  Sobocinski et al. 2003; Dugan 
and Hubbard 2006; Defeo et 
al. 2009 

Alters hydrologic processes, which affects sand transport rates, erosion and beach 
accretion processes 

Defeo et al. 2009 

Shoreline modifications result in habitat loss, reduction, and or alteration* lowered bird 
biodiversity** (altered food webs and benthic community composition*** creation of 
passage barriers for salmon and fragmented habitat connectivity****  

 

*Paulson 1992; Levings and 
Thom 1994; Williams and 
Thom 2001; Toft et al. 2004 
** Donnelley and Marzluff 
2004 
***Dauer et al. 2000; Lerberg 
et al. 2000 in Hale et al. 2004 
****Williams and Thom 2001 

Construction 
and 
maintenance 
of impervious 
surfaces (e.g. 
roads, homes 
and buildings) 
 

Development 
Agriculture 
Forestry 

X        X  X  X  Can lead to an increase in contaminated runoff  Ekness and Randhir 2007 
Can degrade water quality (including increased temperatures) and cause extensive 
changes in hydrology 

Jones et al. 2000 

Direct alteration can cause increased loading of contaminants and pathogens  Mallin et al. 2000 (in Hale et 
al 2004) 

Can increase fine sediment loads and mass wasting processes, which can cause erosion.  Hashim and Bresler 2005 
Direct alteration within the riparian area causes changes in loading of nutrients, organic 
matter and sediments 

Valiela et al 1992; Wahl et al. 
1997; Jones et al. 2000; 
Jordan et al. 2003 (in Hale et 
al. 2004) 

Areas with high levels of impervious surface coverage (>50%) correlated with low 
macrobenthic diversity and abundances. 

Lerbert et al. 2000 

Impervious surfaces cause increased volume and magnitude of surface water runoff, 
decreasing the ability of soil and vegetation to absorb/intercept pollutants 

Montgomery et al. 2000 (in 
Johannessen and MacLennan 
2007) 

Impervious surfaces increase flooding potential  Glasoe and Christy 2005 
Increased sedimentation has also been shown to affect juvenile and filter‐feeding fish.   Williams and Thom 2001 

Shoreline 
armoring (e.g. 
docks, 
bulkheads, etc) 

Development  X          X    The construction of boat landings, docks, and piers often creates increased slopes, which 
causes increased and concentrated water flows. Shoreline armoring structures, such as 
rip‐rap, concrete, and bulkheads, can require the removal of vegetation and can also 
impede the movement of wildlife that utilize the shoreline as migration corridors. 

NRC 2002 



99 
 

The installation of shoreline armoring structures reduces beach width, resulting in the 
loss of wildlife habitat (in upper intertidal areas) 

Griggs 2005 

Associated with low levels of organic litter and LWD  Sobocinski et al. 2003; Dugan 
and Hubbard 2006; Defeo et 
al. 2009 

Alters hydrologic processes, which affects sand transport rates, erosion and beach 
accretion processes 

Defeo et al. 2009 

Shoreline modifications result in habitat loss, reduction, and or alteration* lowered bird 
biodiversity** (altered food webs and benthic community composition*** creation of 
passage barriers for salmon and fragmented habitat connectivity****  

 

*Paulson 1992; Levings and 
Thom 1994; Williams and 
Thom 2001; Toft et al. 2004 
** Donnelley and Marzluff 
2004 
***Dauer et al. 2000; Lerberg 
et al. 2000 in Hale et al. 2004 
****Williams and Thom 2001 

Tillage and 
irrigation 
practices 

Agriculture  X              Can result in soil loss and erosion as well as the transport of pesticides and fertilizers to 
surface and groundwater 

Hashim and Bresler 2005 

Introduction of 
pesticides and 
fertilizers 

Development 
Agriculture 
Forestry 

X              Can degrade water quality and cause extensive changes in hydrology and riparian 
vegetation 

Jones et al. 2000 

Agricultural activities result in fecal coliform pollution, and nutrient and pesticide loading  Hashim and Bresler 2005 

Recreational 
activities 
(trails, etc) 

Development              X  Trampling of riparian soils leads to compaction, erosion and the destruction of soil 
microbial communities 

NRC 2002 
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APPENDIX F. Puget Sound Shore Form Tables (adapted from Shipman 2008) 

 
 

Shoreline Type Landforms Characteristic Regional Location(s) Characteristic Human 
Modifications 

Rocky Coasts 
(resistant bedrock 
with limited upland 
erosion) 

Plunging 
(rocky shores within minimal erosion/deposition 
and no erosional bench or platform) 

San Juan Islands  
 
Strait of Juan de Fuca 

Intertidal fill 
Armoring of pocket beaches 

Platform 
(wave-eroded platform/ramp, but no beach) 
Pocket Beaches 
(isolated beaches contained by rocky headlands) 

Beaches 
(shorelines consisting 
of loose sediment and 
influenced by wave 
action) 
             
              

Bluffs 
(formed by landward retreat of the shoreline) 
 

Main Basin, most of Puget Sound 
Whidbey Basin  
Northern Straits 
South Sound 
San Juan Islands 

Armoring 
Intertidal and backshore fills 
Groins and jetties 
Overwater structures 
Slope stabilization 
Fill at base of bluff 
Upland hydrologic changes 
Inlet stabilization 

Barriers 
(formed where sediment accumulates seaward of 
earlier shoreline) 

Embayments 
(protected from wave 
action by small size 
and sheltered 
configuration) 
 

Open coastal inlets 
(small inlets protected from wave action by their 
small size or shape, but not extensively enclosed 
by a barrier beach) 

Northern Straits 
Main Basin 
South Sound  
Kitsap bays and inlets  
Hood Canal  
 
Includes Port Madison, Discovery 
Bay, Eld Inlet, Kala Point, Point 
Monroe, Foulweather Bluff, 
Beckett Point 
 
 
 

Watershed modifications: 
hydrology, sediment loading 
Fill 
Bank armoring 
Inlet modifications: relocation, 
stabilization, closure, dredging 
Wetland and intertidal fill 
Barrier modification 

Barrier estuaries 
(tidal inlet largely isolated by a barrier beach and 
with a considerable input of freshwater from a 
stream or upland drainage) 
Barrier lagoons 
(tidal inlet largely isolated by a barrier beach and 
with no significant input of freshwater) 
Closed lagoons and marshes 
(back-barrier wetlands with no surface 
connection to the Sound) 

Large Deltas 
(long-term deposition 
of fluvial sediment at 
river mouths) 
 

River-dominated 
(extensive alluvial valleys with multiple 
distributaries and significant upstream tidal 
influence) 

Strait of Juan de Fuca  
Stilliguamish River 
Elwha River 
Dosewallips River 
Hood Canal (South of Foulweather 
Bluff) 

Diking 
Draining 
Cultivation 
Watershed changes 
Dredging 
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Wave-dominated 
(deltas heavily influenced by wave action, 
typically with barrier beaches defining their 
shoreline) 
Tide-dominated 
(deltas at heads of bays where tidal influence is 
much more significant than fluvial factors, 
typically with wedge-shaped estuary) 
Fan deltas 
(steep, often coarse-grained deltas with limited 
upstream tidal influence) 
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APPENDIX G.  A summary of buffer width recommendations from Appendix C. 

See Section II for a description of how this table was created. 

 
 
 

Function Buffer width 
recommendation to 

achieve ≥ 80% 
effectiveness 

Literature cited Average of all literature 
(to achieve ≥ 80% 

effectiveness) 
 
 

Minimum buffer width  
(approximate) based on 

FEMAT curve to 
achieve ≥ 80% 
effectiveness 

Water quality 5-600 m (16 – 1,968 
ft) 

(Appendix C contains 
specific buffer widths 

for different water 
quality parameters)  

5 m (16 ft):  Schooner and 
Williard (2003) for 98% removal 
of nitrate in a pine forest buffer 

109 m (358 ft) 
 
 

25 m (82 ft) sediment 
60 m (197 ft) TSS 
60 m (197 ft) nitrogen 
85 m (279 ft) 
phosphorus 

600 m (1969 ft):  Desbonnet et al 
(1994/1995) for 99% removal 

Fine sediment 
control 

25-91 m (92 – 299 ft) 25 m (82 ft): Desbonnet et al 
(1994/1995) for 80% removal 

58 m (190 ft) 
 

25 m (82 ft) (sediment) 
60 m (197 ft) (TSS) 

91 m (299 ft): Pentec 
Environmental (2001) for 80% 
removal 

Shade 17-38 m (56 – 125 ft) 17 m (56 ft): Belt et al 1992 IN 
Eastern Canada Soil and Water 
Conservation Centre (2002) for 
90% 

24 m (79 ft) 37 m (121 ft) (.6 
SPTH*) 

38 m (125 ft): Christensen (2000) 
for 80% temperature moderation 

LWD 10-100 m (33 – 328 
ft) 

10 m (33 ft): Christensen (2000) 
for 80-90% effectiveness 

55 m (180 ft) 40 m (131 ft) (.65 
SPTH*) 
 100 m (328 ft): Christensen (2000) 
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for 80-90% effectiveness 
Litter fall No studies found  N/A N/A 24 m (79 ft) (.4 SPTH*) 
Hydrology/slope 
stability 

No studies found  N/A N/A N/A 

Wildlife 73-275 m (240 – 902 
ft) 

73 m (240 ft): Goates (2006) for 
90% of hibernation and nesting 

174 m (571 ft) N/A 

275 m (902 ft): Burke and 
Gibbons 1995 IN Goates 2006 for 
100% of hibernation and nesting 

* Tree height (SPTH) is used to indicate buffer width where one SPTH = 61 meters or 200 ft (adapted from FEMAT 1993)
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SECTION I:  Introduction/Background  

 
The Marine Riparian Technical Review Workshop (riparian workshop) was held on November 19, 
2008 at the University of Washington’s School of Aquatic and Fishery Sciences. The goal of the 
workshop was to solicit expert scientific opinion to help the state’s Aquatic Habitat Group (AHG) 
develop management guidelines to protect marine riparian functions. The AHG is a multi-agency 
panel assembled to provide guidance for local governments updating Shoreline Master Programs and 
Critical Areas Ordinances to better protect ecological functions, including marine riparian functions. 
The riparian workshop included a panel of 14 scientists (including three members of the AHG) with 
expertise in riparian functions and processes. Panelists were asked to help determine how best to apply 
knowledge about freshwater riparian functions to protect marine riparian functions and processes. 
Seven specific riparian functions were addressed during the workshop, including: 
 

A. Water Quality 

B. Shade/Microclimate 

C. Large Woody Debris (LWD) recruitment 

D. Litter Fall/Provision of allochthonous inputs 

E. Fine Sediment Control  

F. Wildlife  

G. Hydrology/Slope Stability 

 
The names, affiliations, and expertise of panelists (including the three members of the AHG who also 
served as panelists) are included in Appendix A.  
 
The riparian workshop was the second of a three-phase project. Phase I involved a literature review 
and the development of draft riparian guidance document; Phase II (the riparian workshop) is the focus 
of these proceedings. Phase III will involve finalizing the guidance document based in part on expert 
input solicited during Phase II. Although shoreline managers utilize a variety of tools to protect 
aquatic and riparian ecosystems, this project is focused on providing guidance on establishing 
appropriate buffers for protection of marine riparian area functions.   
 
In preparation for the workshop, the AHG modified the functional effectiveness curves (also known as 
riparian function curves) designed and used by FEMAT (1993) to characterize the relationship 
between buffer width and riparian functions in freshwater environments of the Pacific Northwest (see 
original curves at end of Appendix A). These regenerated riparian function curves are based on the 
results of function studies conducted primarily in freshwater systems and are presented as analogs for 

                                                 
 Allochthonous inputs are organic matter brought in from outside a system.  
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marine riparian areas. The relevance of freshwater riparian functions to marine riparian functions has 
been recognized and supported in a number of publications (e.g., Adamus et al. 1991; Desbonnet et al. 
1994, 1995; NRC 2002; Brennan and Culverwell 2004; Lavelle et al. 2005). The curves plot the 
relationship between buffer width (X axis) and its relative effectiveness (Y axis) in maintaining or 
providing a particular function (e.g., pollution abatement/water quality, LWD recruitment, wildlife 
habitat). These curves are particularly well suited to define tradeoffs between buffer width or size and 
function loss based on the following assumptions:   
 

1. By virtue of their location, riparian areas mediate important ecological processes and functions 
that benefit adjacent water bodies (and vice versa).   

2. The functional effectiveness of buffers at various widths illustrated by the riparian function 
curves reflects a generic or typical setting (i.e., a prototypical morphology and physical setting 
of a relatively undisturbed vegetation community growing adjacent to a water body).  

 
Most studies focus on receiving waters to measure and observe how riparian functions are manifested 
in the ecosystem, yet many of these ecological functions occur within the riparian area as well. For 
example, the curve describing LWD recruitment is measured from the middle or edge of the stream, 
not within the riparian area. For some functions, site potential tree height (SPTH) was used as a proxy 
for buffer width, whereas other buffer width determinations are provided as simple linear 
measurements. More details about how the riparian function curves were used to solicit expert opinion 
during the riparian workshop is included in the following section. Input gathered from panelists during 
the workshop on the applicability of riparian research to protect marine riparian functions is intended 
to meet the state’s best available science criteria. 
 

SECTION II:  Workshop Objectives and Approach  

 
The four key objectives for the workshop were to: 
  

1. Solicit expert opinion on the applicability (or fit) of using freshwater riparian function curves 
to protect marine riparian functions.  

2. Solicit expert opinion on the uncertainties associated with the application of buffers in different 
physical or ecological settings (e.g., geomorphology, vegetation type and cover, exposure, 
etc.). 

3. Identify literature that could help inform the development of buffers for marine riparian areas. 
4. Identify data gaps, uncertainties, and research needs associated with marine riparian areas. 

 
To achieve these objectives, the workshop was divided into three facilitated sessions as described 
below. 
 
Session I: Background/context 
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Panelists were provided with background information on marine riparian protection efforts in the 
Puget Sound region. This was followed by an overview and summary of scientific information for 
each of the seven riparian functions addressed in the workshop. Riparian function curves for six of the 
seven riparian functions (wildlife was not included, see details in section III d) were presented along 
with underlying science used to generate the curves, providing a context for how applicable the 
function curves could be for marine settings.  
 
Session II: Riparian function curve review 
Panelists were asked to review the riparian function curve generated for each riparian function and to 
respond to three questions: 
 

1. Does the riparian function curve “fit” (e.g., is it applicable) in marine settings? The 
applicability of a particular function curve refers to how well the curve describes the functions 
of marine riparian areas in a prototypical shoreform/beach type in Puget Sound.  
 

2. How important is this riparian function in marine settings? Panelists were asked to provide 
their opinion on the capacity of undisturbed marine riparian areas to provide each function or 
process on a scale of 1 (lowest) to 10 (highest). For example, for the hydrology/slope stability 
function, participants were asked to assign points based on their understanding of marine 
riparian areas’ ability to protect hydrology and slope stability functions derived from riparian 
vegetation. This information was used to generate discussion and help the workshop organizers 
better understand where and why opinion differed among panel members.  
 

3. How should the curve be modified to better characterize the marine riparian environment?  If 
the panelists thought a function curve did not accurately describe a relationship, they were 
asked how the curve should be modified to better describe it.  Panelists were asked to provide 
supporting information for suggested modifications.  

 
Session III: Additional information (caveats, controlling factors, missing literature, and data gaps):    
 
For each of the seven functions, panelists were asked:  
 

1. Which controlling factors (e.g., shore form, slope, disturbance, vegetation type, aspect, soils, 
etc) are most important in determining the specific relationship between buffer width and this 
function?  
 

2. What additional literature would be informative? 
 

3. What data gaps exist?  
 



109 
 

SECTION III: Overview of Riparian Functions and Key Findings of 
Science Panel    
 
A. Water Quality 

 
Overview   
 
The water quality function of riparian areas is well understood and widely documented, although much 
of the literature is focused on freshwater systems. Riparian vegetation and soils bordering both 
freshwater and marine systems act in concert to intercept and absorb water; absorb and process 
nutrients, sediments, and pollutants; store and transmit water; and retain or decompose pollutants 
(Correll 1997; Wenger 1999; Vigil 2003; Brennan and Culverwell 2004; Hawes and Smith 2005). 
Vegetation and soils decrease surface and subsurface water velocity and flow, thereby increasing the 
potential for retention, filtration, and/or transformation of sediments and other contaminants. A 
number of factors have a strong influence on buffer effectiveness for water quality, including 
vegetation type and density, topography and slope (i.e., geomorphology), contaminant load, amount of 
impervious surface, ability to provide sheet flow (as opposed to channelized flow), 
infiltration/absorption capacity, organic and moisture content of soils, and soil texture (permeability).  
 
Riparian function curve for water quality 
The data (Table 1) and graph (Figure 1) below were adapted from Desbonnet et al. (1995) to provide a 
generalized representation of buffer width recommendations for water quality.  It is considered a good 
synopsis of the findings of several buffer review and synthesis papers, and was one of the few sources 
of summary data for water quality effectiveness at various buffer widths.
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Table 1. Summary data used to produce a generalized curve for effectiveness of vegetated buffers to remove various pollutants at different 
widths (adapted from Desbonnet et al. 1995). TSS = total suspended sediment. We found no information available on composition of 
vegetation within the buffer. 

% Removal 
Buffer Width (m) 

Sediment TSS Nitrogen Phosphorus 
50 0.5 2 3.5 5 
60 2 6 9 12 
70 7 20 23 35 
80 25 60 60 85 
90 90 200 150 250 
99 300 700 350 550 

 

 
Figure 1. Contaminant removal effectiveness of four water quality constituents at various buffer widths (adapted from 
Desbonnet et al. 1995).
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Key science panel findings 
 
Water quality is an important function of marine riparian areas, but relative to the dynamics affecting 
water quality in Puget Sound at the watershed and landscape scales, many panelists concluded that an 
undisturbed marine riparian area’s contribution to maintaining water quality is proportional to the 
upland area. Anthropogenic activities in marine riparian areas undoubtedly include the generation and 
routing (via water) of pathogens, nutrients, toxics, heat, and fine sediment (above normal background 
levels) that can affect water quality. However, the marine riparian area is limited in spatial extent; that 
is, it constitutes a small fraction of the Puget Sound drainage basin. Most contaminants reach Puget 
Sound via: 
  

1) Streams or drainage networks discharging into the Puget Sound Basin, or pathways that 
concentrate rainfall and snowmelt from impervious surfaces associated with human residential 
and commercial development and transportation infrastructure; and  

 
2) Waste water entering Puget Sound from municipal and industrial facilities (i.e. municipal 

sewage treatment plants and direct discharge from industrial facilities).  
 

Thus, while minimizing impervious surfaces and controlling harmful inputs into surface and 
groundwater is as important in marine riparian areas on an acre for acre basis as it is across the entire 
Puget Sound basin, many panelists believed that relative to the larger watersheds that deliver 
pollutants to Puget Sound, marine riparian areas contribute a small fraction of the ecological function 
in mitigating water quality impacts at a landscape scale. However, given their proximity to nearshore 
development and their role in influencing shoreline habitats and species, the panel generally agreed 
that marine riparian areas do play a role in protecting water quality (i.e., site specific, along marine 
shorelines) and contribute to the cumulative watershed influences. One aspect of residential 
development in marine riparian areas not addressed during the workshop included pollution from 
failing septic systems including bacteria and nutrients.  
 
Panelists generally agreed that the curve in Figure 1 is conceptually valid for water quality issues 
originating in marine riparian areas.  
   
B. Shade/Microclimate 

 
Overview  
 
Marine riparian areas have unique natural climate control mechanisms that differ from upland areas 
and which influence both physical and biological conditions at a local scale. Riparian vegetation can 
intercept solar inputs and help create microclimate conditions (soil and ambient air temperature, 
moisture, solar radiation, wind, humidity) in both terrestrial and aquatic environments (FEMAT 1993; 
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Knutson and Naef 1997; May 2003; Parkyn 2004). Forested buffers have an insulating effect, helping 
to moderate ambient air, soil, and water temperatures, keeping them warmer in the winter and cooler 
in the summer (Castelle et al. 1992; FEMAT 1993; Osborne and Kovacic 1993; Knutson and Naef 
1997; Chen et al. 1999; Wenger 1999; Bavins et al. 2000; Rice 2006; Tonnes 2008). 
 
Riparian function curve for shade    
In order to develop a graphic representation of shade effectiveness (Figure 2), the generalized curve 
from FEMAT (1993) (Appendix D) was used to generate the data needed (Table 2) to create a plot of 
buffer width effectiveness at varying distances from the edge of a forest stand. 
 
 
Table 2. Approximated data used to create a generalized curve (Figure 3) indicating percent of 
riparian shade function occurring within varying distances from the edge of a forest stand (adapted 
from FEMAT 1993) (SPTH = site potential tree height). 

Cumulative 
Effectiveness (%) 

Buffer Width 
(SPTH) 

SPTH m(ft) 

0 0.00 0(0) 
10 0.07 4(14) 
20 0.15 9(30) 
30 0.22 13(44) 
40 0.29 18((58) 
50 0.36 22(72) 
60 0.42 26(84) 
70 0.50 31(100) 
80 0.61 37(122) 
90 0.73 45(146) 
93 0.80 49(160) 
95 1.00 61(200) 
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Figure 2. Generalized curves representing cumulative effectiveness of microclimate attributes as a 
function of distances of the edge of a forest stand (after Chen 1991). One tree height equals 200ft 
(61m) (from FEMAT 1993).   
 
 
Key science panel findings 
 
Panelists unanimously agreed that shade/microclimate is an important marine riparian function. In 
contrast to freshwater environments, where shade can help moderate stream water temperatures, shade 
in marine environments was considered less important in moderating water temperature than in 
moderating temperatures of beach substrates in the supratidal zone and in intertidal zones during low 
tides, especially during summer months. Panelists noted that while increases in solar radiation due to 
loss of riparian shade could warm shallow intertidal waters, the effects of this warming have not been 
quantified. They pointed to studies indicating that riparian vegetation plays an important role in the 
survival of forage fish spawn (Penttila 2001; Rice 2006) by reducing either heat or desiccation stress. 
They also noted that solar radiation is an important limiting factor for most rocky intertidal organisms 
(Ricketts and Calvin 1968; Connell 1972), and that shade may be particularly important for climate-
sensitive species. Panelists also noted that ultraviolet radiation is an important consideration because it 
will persist, even on cloudy days.    
 
Additional panel comments include:   

 Overall, vegetation community type is an important consideration for assessing the shade 
function as some shorelines, even in an undisturbed state, do not support forest community 
types.  
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 Important factors that influence marine riparian shade include aspect, SPTH, bank 
morphology, and other site characteristics that affect plant growth. 

 Loss of overstory trees can increase solar radiation to the patch and to the upper beach – an 
effect that may persist for decades or even longer.  

 The continuity of the vegetated community structure over time is an important component 
of the shade characteristics it provides (as well as other functions) and is influenced by 
natural processes and disturbances. In the Puget Sound marine environment, where 
slumping cliffs and erosion are common shoreline characteristics, the shade function 
depends on a recruitment process. For example, the setback distance of a tree that is 50 feet 
from the shoreline today will shrink over time as a result of bank erosion, or surface soil 
creep. This differs from the shade function in freshwater environments, which may be 
relatively more stable, but is somewhat analogous to a relocation of the stream channel in a 
floodplain, albeit with somewhat greater predictability because the shoreline only migrates 
in one direction. 

 
Data gaps 

 Limited knowledge exists on survival thresholds for climate-sensitive species, especially in the 
marine environment.  

 Microclimate data are typically derived from upland research. Applying upland climatic data to 
the marine environment where many buffers are simply one-sided is a large data gap. 

 Research is needed on the influence of shade to groundwater (some of which is discharged to 
beaches via surface flows) on shorelines. 

 
C. Large Woody Debris (LWD) Recruitment and other functions of wood 

 
Overview 
 
The contribution of large woody debris (LWD) into marine environments is considered an important 
function of marine riparian areas, although the relative proportion of wood delivered from the marine 
setting compared to river systems is not well documented (Brennan and Culverwell 2004; Tonnes 
2008). The role of upland riparian areas in providing LWD in freshwater environments, however, has 
been very well studied. It is generally believed that LWD provides similar functions in both freshwater 
and marine systems (Harmon et al. 1986; Sedell et al. 1988; Bilby and Bisson 1998; Hyatt and Naiman 
2001; Latterell and Naiman 2007) including: 

 Accumulation of organic matter and sediments. 

 Habitat structure for periphyton (Coe et al. 2009), invertebrates, fish, and wildlife. 

 Bank stability and erosion control. 

 Substrate (such as “nurse logs”) for recruitment of plant species.  

 Moderation of local benthic temperatures and moisture regimes on beaches. 
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The source of LWD in streams and rivers is riparian forest growth both adjacent to and upland from 
the stream channel. Similarly, the natural source of marine LWD (also known as “driftwood”) comes 
from adjacent marine riparian areas, or is delivered from rivers, streams, and other shoreline areas via 
marine currents. In recent decades, the volume and quality (wood variety and dimensions) of LWD 
from natural sources appear to have been reduced due to historic and current logging practices, the 
conversion of shoreline areas for agriculture and flood control levees, and urbanization (Tonnes 2008). 
Persistence and residency time of LWD are controlled by decomposition rates of different wood types, 
size and dimensions of the wood, their ability to become trapped or anchored, and the exposure to 
hydraulic forces (e.g., river flows, tides, waves, currents).  
Riparian function curve for LWD 
For the LWD riparian function curve (Figure 3), cumulative effectiveness of LWD recruitment data 
(Table 3) was plotted as a function of potential tree height (based on the FEMAT 1993). 
 
Table 3. Approximated data used to create generalized curve (Figure 3) indicating percent of LWD 
recruitment function occurring within varying distances from the edge of a forest stand (adapted from 
FEMAT 1993).  Note that one SPTH equals 200 feet (61 meters). 

Cumulative 
Effectiveness (%) 

Buffer 
Width 

(SPTH) 
SPTH 
m(ft) 

0 0 0 
10 0.09 6(18) 
20 0.18 11(36) 
30 0.25 15(50) 
40 0.32 20(64) 
50 0.4 24(80) 
60 0.47 29(94) 
70 0.55 34(110) 
80 0.65 40(130) 
90 0.8 49(160) 
93 0.85 52(170) 
95 0.9 55(180) 
99 1 61(200) 
99 1.2 73(240) 
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Figure 3. Generalized curve indicating percent effectiveness of LWD recruitment from riparian areas 
occurring within varying distances from the edge of a forest stand. Tree height (SPTH) is used to 
indicate buffer width. One SPTH is equal to 200ft (61m) (FEMAT 1993). 
 
Key science panel findings 
 
In general, the science panel agreed that the LWD effectiveness curve is conceptually valid although 
the proportion of marine LWD entering via shorelines versus river systems is largely unknown. The 
panel recognized that the quantity and availability of marine LWD is likely to be lower now than 
historically, particularly in the largest diameter classes, as a result of historic harvest, urbanization, 
salvage logging, and efforts by the U.S. Army Corps of Engineers to remove floating logs that pose 
navigation hazards. Wood entering beaches from coastal shorelines may be more stable since this 
LWD often includes root balls, or may be anchored in the bank, which could reduce its mobility 
during high tide and storm events. Dan Tonnes discussed his thesis research in Whidbey Basin, where 
he found that 1.4 percent of the LWD on sediment bluff beaches originated from adjacent unstable 
bluffs. Additional points raised by the panel included: 

 LWD is important for many nearshore organisms that use wood as food and habitat. 

 LWD helps stabilize beaches and reduce wave-cut erosion of bluffs. 

 The shape of the function curve is primarily based on downhill delivery, within a distance of a 
single tree height and for more stable and less steep. The shape of the curve would be different 
under steeper and less stable slope conditions. 
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D.  Litter Fall/Provision of Allochthonous Inputs 

 
Overview 
 
Riparian areas contribute significantly to material creation, cycling, and movement between terrestrial 
and aquatic systems (Lavelle et al. 2005; Ballinger and Lake 2006). Although the exchange of energy 
and nutrients between aquatic and terrestrial systems is identified as an important ecological process 
for maintaining productivity, most studies of these interactions focus on the influence of allochthonous 
inputs of organic material on stream systems. The contribution of these inputs to marine systems and 
influence on productivity and other ecological functions is not well understood.   
 
Riparian vegetation provides organic litter that serves as habitat and food for fishes and aquatic 
invertebrates (Adamus et al. 1991; Vigil 2003; Lavelle et al. 2005;; Ballinger and Lake 2006). Aquatic 
invertebrates are important components of stream systems and are often used as indicators of stream 
health (Wenger 1999). Riparian vegetation influences the amount and type of terrestrial invertebrates 
that fall into aquatic systems which in turn serve as a major food source for freshwater fishes birds, 
mammals, reptiles, and amphibians (Romanuk and Levings 2003; Sobocinski 2003). Terrestrial insects 
are an important food source for many salmonids in streams, and have recently been shown to be a 
large component of the diet in juvenile salmonids while residing in marine nearshore waters of Puget 
Sound (Sobocinski 2003; Brennan et al. 2004; Duffy et al. 2005; Fresh et al. 2006; Fresh 2007). In 
addition, some fish and invertebrates feed directly on vegetative detritus (McClain et al.1998; King 
County DNR 2001; Vigil 2003; Lavelle et al. 2005). 
 
 
Riparian function curve for allochthonous inputs  
The FEMAT (1993) “litter fall” buffer effectiveness curve was used to recreate a generalized graphic 
representation of allochthonous inputs because data required to generate a graph were not available 
from other sources.  
 



118 
 

Table 4. Approximated data used to create generalized curve (Figure 5) indicating percent of riparian 
allochthonous input function occurring within varying distances from the edge of a forest stand 
(adapted from FEMAT 1993). 

Cumulative 
Effectiveness (%) Buffer Width (SPTH) SPTH m(ft) 

0 0 0 
10 0.04 2.4(8) 
20 0.08 4.9(16) 
30 0.12 7.3(24) 
40 0.17 10.3(34) 
50 0.22 13.4(44) 
60 0.27 16.5(54) 
70 0.33 20(66) 
80 0.4 24.4(80) 
90 0.5 30.5(100) 
95 0.65 40(130) 
98 0.9 55(180) 

 
 
 

 
                                                 
 An estimate of values from FEMAT 1993 plotted on an X and a Y axis, or extrapolating from FEMAT graphs to come up with specific 
numbers to plot on a new graph. See guidance document for more detail.   
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Figure 4. Generalized curve indicating percent effectiveness of riparian allochthonous input and litter 
fall occurring within varying distances from the edge of a forest stand. One site potential tree height is 
equal to 200ft (61m) (adapted from FEMAT 1993).  
 
Key science panel findings 
 
Overall there was a general acceptance that organic nutrient exchange is a relevant function of marine 
riparian areas and that the conceptual curve is a valid representation of marine allochthonous input 
functions. In addition, there was a consensus on the following:   

 Energy and nutrient exchange is a multi-dimensional characteristic across the aquatic and terrestrial 
interface. For example, litter fall/allochthonous input is not limited to leaves, but includes other 
matter such as plant stems, insects, and other organic matter.  

 Riparian areas are likely an important area of emergence for insects, and some flying insects may 
be introduced to marine waters via wind and stream inputs. Panelists noted that some of the insects 
found on beaches and in the diet of juvenile salmonids do not fly and are not as likely to become 
airborne and transported via wind.  

 Nutrient exchange is not simply unidirectional, but bi-directional. Marine derived nutrients are also 
transported into the terrestrial environment via multiple pathways including:  

o Atmospheric input via wet or dry deposition, which can occur through fires, intensive 
farming and agricultural activities, and wind erosion (Lavelle et al. 2005).  

o Lateral transfers of nutrients through water flows, including microalgae and macroalgae 
washed ashore (Adamus et al. 1991; McLachlan and Brown 2006).  

o Decomposing secondary consumers, such as juvenile Pacific herring, Pacific sand 
lance, longfin smelt, surf smelt, sole, salmon, seabirds, and marine mammals, also 
contribute nutrients. For example, in freshwater systems, Pacific salmon nutrients are 
deposited by predators and scavengers in excreta, or as carcasses and skeletons 
(Cederholm et al. 1999; Naiman et al. 2002; Drake et al. 2006). 

o Secondary consumers can transport nutrients to upland areas, facilitating nutrient and 
energy exchange between terrestrial and aquatic food webs (Ballinger and Lake 2006). 
For example, Elliott et al. (2003) examined the relationship between bald eagles and 
Plainfish Midshipman, a demersal fish and intertidal spawner. Between May and June 
of 2001, the authors found that eagles consumed about 22,700 ± 3,400 midshipman, 
representing large transfers of nitrogen into trees, and the potential to enhance 
community productivity along the shoreline.  

 

The overall relevance of this function curve was ranked in the middle, likely because many panelists 
did not feel knowledgeable enough to make an informed ranking due to a lack of empirical studies in 
marine riparian systems. 
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E. Fine Sediment Control 

 
Overview 
 
One of most studied functions of riparian areas is fine sediment control. Fine sediments enter 
waterways from a number of terrestrial sources, both natural and anthropogenic. The human-derived 
fine sediments originate primarily from construction sites, suburban and urban developed areas, 
forestry and agricultural practices, and unpaved roads that drain into waterways. Sediments become 
exposed and subject to erosion as a result of vegetation removal, excavation, road wash from unpaved 
roads, and compaction of soils. Once sediments are suspended in and moved by surface water runoff, 
they can be delivered to waterways unless they settle out or become trapped.  
 
Excess amounts of sediment, particularly fine sediments, can have numerous deleterious effects on 
water quality and aquatic biota. The following list briefly summarizes several major effects from 
anthropogenically-produced sediment (adapted from Wenger 1999): 

 Sediment deposited in rivers and streams can reduce habitat for fish and invertebrates. 

 Suspended sediment reduces light transmittance, which decreases primary productivity. 

 High concentrations of fine suspended sediments cause direct mortality, or impairment 
(such as suffocation and/or reductions in food supply) for many fish and invertebrates. 

 Excess suspended sediments can interfere with filter feeders’ apparatus thus reducing the 
abundance and diversity of filter-feeding organisms, including mollusks and some 
arthropods. 

 Sediments absorb chemical compounds, serving as a delivery mechanism for contaminants 
to water bodies.   

 
Riparian buffers composed of dense vegetation can act as a “line of defense” for reducing or 
eliminating anthropogenic sedimentation of waterways in a number of ways by (adapted from Wenger 
1999): 
 

 Displacing sediment-producing activities away from a water body;  

 Trapping terrestrial sediments in surface runoff; 

 Reducing the velocity of sediment-bearing storm flows, allowing sediments to settle out of 
water and be deposited on land; 

 Creating sheet flow of surface waters, reducing channelization (which can increase 
conveyance and erosion); 

 Stabilizing banks and bluffs, preventing landslides and other erosion; 

 Intercepting and absorbing precipitation in the canopy, understory, and ground cover, 
thereby reducing the amount of water that can displace sediments; and/or 
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 Contributing LWD, which helps to trap sediments, support vegetation, and reduce erosion 
from stream flows and waves.  

 
Research on buffer effectiveness has examined both forested buffers (composed of native vegetation) 
and grass buffers, although results are mixed as to which is most effective at controlling fine 
sediments. Riparian buffers composed of dense vegetation can reduce the velocity of sediment bearing 
storm flows, help reduce channelization, and intercept precipitation in the canopy thereby reducing the 
amount and energy of water that can displace sediments. In addition, composition and density of 
riparian vegetation (both standing and as LWD) are important elements for controlling surface flows, 
trapping sediments, and reducing erosion. Riparian soils also play an important role in absorbing water 
and trapping sediments.  
 
An important factor in determining the sediment removal capabilities of riparian areas is slope. 
Riparian areas with steeper slopes require wider buffers to provide the same level of sediment removal 
(similarly with contaminant removal). Capacity is also an important consideration. High levels of 
sediments can exceed the capacity of riparian areas to trap sediments. If overloaded, riparian 
effectiveness can be reduced to a point where this function is essentially lost. 
 
Riparian function curve for fine sediment control  
To illustrate fine sediment control in generalized curves for riparian buffer effectiveness at various 
widths, the summary data from Desbonnet et al. (1995) (Table 5) were used to generate a scatter plot 
(Figure 5) and associated curves, similar to the riparian buffer curves developed by FEMAT (1993).  
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Table 5. Summary data used to generate generalized curves for sediment control effectiveness at 
different buffer widths (adapted from Desbonnet et al. 1995). 

 
 
 

 
 
 
 
 
 
 

 
Figure 5. Generalized curve illustrating sediment removal effectiveness at various buffer widths 
(adapted from Desbonnet et al. 1995). 
 
 
Key science panel findings 
 
There was general consensus by panelists that the riparian function curve for sediment control is 
conceptually valid. The panelists discussed the relationship between sediment delivery and land use, 
the role of sediment, the definition of sediment (e.g., size, class), and the source and function of 
natural versus unnatural causes of sedimentation. Panelists ranked the relevancy of this function as it 
relates to other marine riparian functions as low, largely because there is a strong contrast in natural 
and anthropogenic sediment issues in freshwater and marine systems. Panelists noted that maintaining 
natural erosion and sediment transport processes are critical to maintaining beaches in Puget Sound. 

% 
Removal 

Buffer Width(m) 
Sediment TSS 

50 0.5 2 
60 2 6 
70 7 20 
80 25 60 
90 90 200 
99 300 700 
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They also noted that much of the sediment nourishing Puget Sound beaches originates in marine 
riparian areas, facilitated by natural driving forces (wind and wave action, bluff saturation, leading to 
slope failures).  The panelists felt strongly that it was very important to maintain natural sediment 
inputs from marine riparian areas into Puget Sound – that perhaps the biggest threat to marine systems 
from human activity is the reduction of sediment inputs by armoring shorelines and disrupting natural 
erosion of bluffs. This is in sharp contrast to freshwater systems, where riparian areas are managed to 
minimize human-induced fine sediment inputs which substantially impact habitat and water quality of 
freshwater streams. Thus, the panel recognized the need to distinguish between “normative” 
sedimentation rates in marine riparian areas as opposed to human-induced changes to sediment inputs. 
Further, while the risks of human induced inputs of fine sediments into marine shorelines have not 
been as well studied as freshwater systems, the panel recognized marine riparian areas as important for 
ensuring “normative” sediment processes and reductions of potentially harmful levels of fine 
sediments from anthropogenic activities. 
 
Additional key comments and questions raised by the science panel are provided under the following 
topics: 
 
Definition of Sediment 

 Most reviews of the water quality functions in riparian areas incorporate a discussion of sediment 
control as part of the discussion of other contaminants. Associating sediment control functions 
with other water quality functions may help reduce the confusion concerning natural sediment 
delivery and transport processes versus excessive fine sediment inputs from anthropogenic 
sources. 

 How sediment is defined (e.g., size, class) can change the role and function within the ecosystem 
as a whole. Perhaps identifying “anthropogenically-derived fines” would help clarify this. 

 Sediment delivery is critical to sustaining Puget Sound beaches and is part of the natural 
watershed process that shapes the shoreline. 

 
Land Use 

 Land use practices influence the characteristics, timing, and magnitude of sediment input, and can 
increase annual sediment loads reaching streams by several factors.  

 
Role of Sediment 

 The role of sediment in nearshore processes of Puget Sound needs to be acknowledged and not 
confused with controlling fine sediment (and associated contaminant) delivery to marine waters. 
The compounds that bind to sediment (such as phosphorus) are delivered to the nearshore aquatic 
environment (where they may play an important ecological role), thus natural levels of sediment 
delivery should be an important component of riparian management. 
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F. Wildlife 

 
Overview 
 
In a review of eight separate reports synthesizing much of the literature on riparian functions and 
buffers, all include a discussion of the importance of riparian areas to wildlife and offer either a range 
of reported buffer widths, and/or specific buffer recommendations for protection of wildlife habitat. 
The provision of wildlife habitat is commonly identified as one of the most important functions of 
riparian areas by meeting important life history requirements such as feeding, breeding, refuge, and 
migration corridors.  
 
Riparian function curve for wildlife 
FEMAT (1993) did not generate a riparian function curve for wildlife. Although a number of other 
publications describe the importance of riparian areas for supporting wildlife, functional effectiveness 
data are specific to individual species life history requirements, so it was not possible to generate a 
function curve. Some researchers have attempted to use physical criteria (plant community, 
microclimates) as a surrogate for identifying unique riparian habitat attributes for wildlife.  
 
 
Key science panel findings 
 
Although no riparian function curve for wildlife was available for panel review, there was general 
consensus that marine riparian areas provide a suite of functions for wildlife as habitat buffers and 
migration corridors. Some participants pointed out that there are a number of species that would not 
utilize marine nearshore areas, or cross onto beaches, if a buffer did not exist, which led to a 
discussion of obligate versus facultative uses. All panel members agreed that marine riparian areas 
provide a suite of important services for wildlife and this function was rated high across the panel. 
Discussion on the wildlife function included:  
 
Obligate/Optimal Use Species 

 There are few known marine riparian obligate species and it was unclear if the process of 
identifying obligate species in marine riparian areas had been carried out. It is believed that most 
wildlife in these areas are generalized in their use and preference, although few studies have 
focused on this set of questions for marine riparian areas. The unique aspect about the marine 
riparian environment is that it supports a number of important functions and processes that create 
and maintain wildlife habitat. Diversity was mentioned frequently with regard to riparian areas; 
many wildlife species are generalists in their use of ecotones, so increased local species diversity 
may or may not lead to high regional diversity. Heightened local diversity occurs because 
structural diversity and vegetation are linked closely with the aquatic system. Larger buffers 
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would benefit bigger animals with wider ranges, and are important for wildlife sensitive to human 
disturbances. See Marzluff (2005), Sax and Gaines (2003), and Scott and Helfman (2001).  

 Invasive species within riparian areas need to be considered as they may reduce buffer 
effectiveness. Buffers can harbor nuisance species and any pathogens that are transported along 
with their introduction, which is a cause for concern with respect to local wildlife and human 
populations. 

 
Additional Key Comments: 

 It may be helpful to provide more information on the functions of ecotones in the guidance 
document (e.g., define and provide information on multiple functions of ecotones).  

 Need to consider obligate versus facultative use species in the buffer. For example, some 
shorebird species may be obligate users of the marine riparian zone during migration periods. 

 Address seasonal variability as it relates to wildlife usage; 

 Need to consider supralittoral (i.e. the splash/spray zone above spring high tide line, not 
submerged by water) use by plovers, seals, otters, deer, and other animals. 

 Buffer areas could disrupt or enhance migratory pathways, depending on the species life history 
requirements and habits. 

 Functional connectivity between habitats does not always have to be continuous; some animals 
can leap-frog areas. 

 Some structural elements may need to be considered for specific wildlife needs (may vary with 
beach and/or buffer type). 

 Wildlife may have important roles, through selective feedings and deposition of nutrients, in 
shaping the structure and productivity of marine riparian areas (Naiman and Rogers 1997). 

 
 
G. Hydrology/Slope Stability 

 
Overview 
 
Substantial literature exists on the role of vegetation in controlling hydraulic processes and increasing 
slope stability. Much of this literature addresses the impacts (such as sedimentation, siltation, and 
excessive flow volumes) of logging, agriculture, urbanization, and other practices to streams and 
wetlands. A significant portion of the literature on impacts has little to do with maintaining or 
protecting ecological functions of riparian or aquatic systems, but rather focuses on how these impacts 
affect human infrastructure. Regardless of the system (freshwater or marine), or the focus of the 
research and assessment reports (ecological or social implications), the general consensus is that 
vegetation can play an important role in controlling hydrologic processes and slope stability in the 
following ways (adapted from Griggs et al. 1992: IN Macdonald and Witek 1994): 
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 Interception: Foliage and plant litter absorb the energy of precipitation, reducing direct impacts 
on soil. 

 Restraint: Root systems bind soil particles and blocks of soils, and filter sediment out of runoff. 

 Retardation: Plants and litter increase surface roughness, and reduce runoff volume and velocity, 
reducing channelization. 

 Infiltration: roots and plant litter help maintain soil porosity and permeability. 

 Transpiration: plants absorb moisture, delaying the onset of soil saturation and surface runoff. 

 
In addition, the influences of woody plants on mass movement may include: 

 Root Reinforcement – Roots mechanically reinforce soil by transferring shear stresses in the soil 
to tensile resistance in the roots. 

 Soil Moisture Depletion – Interception of raindrops by foliage as well as evapotranspiration limit 
buildup of soil moisture. 

 Buttressing and Arching – Tree trunks can act as buttress piles or arch abutments in a slope, 
counteracting shear stresses. 

 Surcharge – The weight of vegetation on a slope may exert a destabilizing down slope stress and 
a stress component perpendicular to the slope that increases resistance to sliding. 

 Root wedging – Roots invade cracks and fissures in soil or rock that could add restraint stability 
or cause local instability by wedging action. 

 Wind throw – Strong winds exert an overturning movement on trees causing blow down (usually 
of aged, diseased, or undermined trees) that disturb slope soils. 

 
Riparian function curve for hydrology and slope stability 
No data could be found plotting the functional effectiveness of the hydrology/slope stability function, 
so data were generated following the model provided by Griggs et al. (1992) (IN  Macdonald and 
Witek 1994) were used to create Table 6 and Figure 6. This study addresses setbacks on bluffs and 
other unstable slopes to protect against property loss.  
 



 127 

Table 6. Setback distances (ft.) for different bluff heights at various levels of stability where geologic 
stability for 50 years cannot be demonstrated (after Griggs et al. 1992). 
 

Bluff 
Height 

(ft) 
Stable 

(1:1)(450) 

Moderately 
Stable 

(2:1)(300) 

Unstable 
(1:1)(450)+ 
(2:1)(300) 

20 20 40 60 
40 40 80 120 
60 60 120 180 
80 80 160 240 
100 100 200 300 
120 120 240 360 
140 140 280 420 
160 160 320 480 

180 180 360 540 
200 200 400 600 

 
 

 
Figure 6. Construction setbacks for different bluff heights at various levels of stability, where 
geologic stability for 50 years cannot be demonstrated (after Griggs et al. 1992). 
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Key science panel findings 
 
All participants agreed that the hydrology/slope stability graphic is applicable in the marine 
environment. Panelists discussed the importance of hydrology, geomorphology, soil type, and 
vegetation type in supporting slope stability functions in Puget Sound, in addition to the human safety 
concerns about slope stability in the region.   
 
Geomorphology 

 Landforms and geology can be more important here than buffer width. For example, in the San 

Juan Islands, there can be a 45 slope on basalt form that can be very stable. 

 Consider geomorphic shore form (e.g., geologic legacy, landscape position, density, slope, etc.). 
Use of Shipman (2008) geomorphic classification system may be useful. 

 
Soil and Vegetation 

 Soils and vegetation play important roles in slope stability and hydrology. 

 The relationship of riparian vegetation and slope stability is very specific to hydrologic and 
geologic conditions. It is important to consider flow paths; for example, stability may be 
associated more with altered upland drainage patterns or precipitation patterns. Therefore, this 
relationship may be site-specific.  

 Need to consider the role of vegetation on the slope itself versus above the slope, which would 
yield different functions. The relative importance of vegetation at each location, given site-
specific conditions and methods of protection need to be determined. Similar to the discussion of 
“sediment” above, management should allow for normative rates of LWD recruitment and erosion 
to provide sediments and wood to beaches. 

 Buffer width versus landform may be the most important factor. For example, steeper slopes, 
particularly those with underlying geologic instability, require wider buffers. 

 Need to maintain normative rates of sediment delivery by using setbacks and buffers – should 
avoid interfering with natural processes. 

 Upslope alterations are large contributing factors to slope instability.  

 Home protection and public hazard considerations are likely to garner public support for buffers. 

 Riparian areas can increase slope stability (through root structure) and increase water interception 
and absorption. Protecting natural rates of sediment delivery and protecting processes and 
functions of nearshore ecosystems may be achieved by establishing and maintaining adequate 
riparian buffers. 
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SECTION IV:  Summary and Conclusions 

The purpose of this workshop was to solicit expert opinion on how best to apply riparian science to 
protect marine riparian functions and processes with a particular emphasis on buffers. The science 
panel included fourteen scientists with expertise related to riparian ecosystems. Panelists were asked 
for input on a variety of questions related to seven specific riparian functions and/or processes.    
 
In general, panelists agreed that findings from studies of freshwater riparian areas are transferable to 
marine riparian areas, although some processes and functions are unique to marine riparian areas.   
 
A summary of panelist responses to the key questions follows (note: questions were asked for each of 
seven riparian functions). 
 
1. Is there general agreement that this function applies in the marine environment?  On a scale 

of 1-10 (low to high), what is the relative importance of this particular function in the marine 
environment? 

 
General consensus was reached that each of the seven functions reviewed during the workshop applies 
in both freshwater and marine riparian environments, although their relative importance varied. For 
example, three functions (LWD, litter fall, and hydrology) emerged as having higher relative 
importance to marine environments, based on a subjective ranking process. Many panelists noted that 
marine riparian science would be greatly improved with additional research. It was also generally 
agreed these areas should be viewed and managed holistically to address multiple processes and 
functions at small and large spatial and temporal scales 
 
Water Quality – The panel agreed that while water quality is an important function of marine riparian 
areas overall, the relative contribution of these areas is minor at a larger scale compared to the 
freshwater inputs from the Puget Sound drainage basin as a whole. However, water quality functions 
provided by marine riparian areas may be very important, especially at a site specific level, depending 
upon land use practices and the integrity of the riparian area.  
 
Shade/Microclimate – According to the panel, shade is of medium relative importance to marine 
riparian areas in Puget Sound relative to water temperatures in the marine environment, which was 
judged to be less sensitive to solar inputs than waters in freshwater systems. However, shade has been 
shown to play a role in survival of upper intertidal organisms in Puget Sound. Additional research is 
needed to fully understand its role. Erosion and tree removal within and outside the riparian buffer can 
disrupt the shade function in the marine environment. In addition, the limited knowledge on the 
survival thresholds for climate-sensitive species in the marine nearshore environment is a major data 
gap. 
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LWD Recruitment – LWD in the marine nearshore provides important functions but it was unclear 
how much of that wood comes from marine riparian areas versus rivers. LWD is known to supply 
nutrients, stabilize beaches and banks, reduce wave erosion, enhance establishment and growth of 
vegetation, and provide refuge, nesting and foraging habitat for a variety of species. There is an overall 
general lack of information specific to the marine environment, but sources of LWD to beaches 
include freshwater riparian material, logging activity, and marine riparian areas. Recruitment of 
marine LWD requires buffers that allow for natural erosion and recruitment over extended time 
periods as banks and bluffs recede.   
 
Litter Fall/Provision of Allochthonous Inputs – These inputs are relevant to both marine and 
freshwater environments. Terrestrial source nutrients have been shown to be important to the 
nearshore ecosystem, and some studies have determined that riparian areas serve as emergence habitat 
for fish prey and support a number of trophic levels in the nearshore food web. Nutrient and energy 
exchange is not unidirectional and marine derived nutrients find their way to terrestrial environments. 
Some panelists noted that the contribution of allochthonous inputs to and their influence on 
productivity in marine systems is a data gap. 
 
Fine Sediment Control/Delivery – This process is important in both marine and freshwater systems. 
Sediment delivery to the Puget Sound via river systems and eroding marine bluffs (convergence 
zones) is critical to beach forming processes. Fine sediments originating from anthropogenic sources 
need to be distinguished from natural sources and background levels. Riparian areas can help control 
harmful levels of fine sediment and associated contaminant delivery to the aquatic environment while 
allowing natural processes to continue. 
 
Wildlife – Marine riparian areas provide a suite of habitat functions for wildlife including feeding, 
breeding, and migration corridors. Some panelists pointed out that there are a number of species that 
would not cross into the nearshore area if a marine riparian buffer did not exist. Few studies have 
focused on wildlife utilization of marine riparian areas, but much of what has been studied about the 
life history requirements in other areas would apply to those species that occur in these areas. Some 
species may be highly adapted to marine riparian areas and could be considered obligate species, 
although survey data are lacking.    
 
Hydrology and Slope Stability – Vegetation can play an important role in controlling runoff, 
maintaining slope stability, and maintaining normative rates of erosion. From this perspective, one 
function of a riparian area is protecting people from landslides. The safety factors provided by buffers 
may resonate with people more directly if the argument is framed in terms of the need for normative 
rates of erosion and sediment delivery to beaches along with protection of human structures.  
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2. Does the FEMAT-style curve adapted for this function “fit” for the marine environment? 
(Yes or No)   

 
Nearly every panelist agreed that all six of the FEMAT-style curves adapted for riparian processes and 
functions (a wildlife functional effectiveness graph was not provided) were a reasonable “fit” or 
conceptually valid for the marine environment, notwithstanding site and scale controlling factors. 
Several exceptions and caveats were included, such as the LWD function (every panelist felt that the 
curve’s “fit” would vary at a site specific scale); and the shade function (participants pointed to many 
factors that needed to be considered, including aspect and temporal/spatial variability.  
 
3. Which controlling factors are most important in determining the specific relationship 

between buffer width and function (e.g., shore form, slope, vegetation type, aspect, soils)?      
 
Responses to this question are summarized in Table 7 below. The discussion of these topics was very 
limited due to time constraints.   
 
Table 7. Controlling factors for riparian buffer functions.  

Process/Function Controlling Factors 
Water Quality  anthropogenic activities 

 flow concentration 
 slope (highly relevant to flow 

concentration) 
 vegetation type and density 

LWD  condition of vegetation – species, 
size, presence, age, structure 

 landslides 
 climatic events, wind action, 

precipitation, ice storms 
 anthropogenic disturbances: 

forestry/logging 
 trigger trees (cause others to fall) 
 soils 
 geology 
 groundwater/hydrology 
 condition of wood (insects, root rot, 

disease) 
 fire (consideration of fine scale 

disturbances versus catastrophes) 
 invasive species 

Litter  vegetation species, type, age, 
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Fall/Allochthonous 
Inputs 

structure 
 vertical diversity (big trees versus 

understory, ground cover) 
 climatic events, wind action 
 slope (degree) 
 shoreform type 
 anthropogenic disturbances 

Hydrology/Slope 
Stability 

 soils  
 geology 
 erosion rates 
 presence of vegetation 
 groundwater/hydrology 
 anthropogenic disturbances and 

upland activities 
 topography 
 climatic events, wind and wave 

exposure, storm severity (climate 
impacts/change) 
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Parking Lot Ideas 

Throughout the workshop, panelists brought up ideas, issues, concerns, and questions. A number of 
these topics and considerations were outside the scope of the workshop but were noted as “Parking 
Lot” issues. They fell into two main topic areas: buffer management and research gaps and needs, and 
have been grouped by these two categories below.    

Guidance on Buffer Management 

 Many uncertainties exist in managing marine riparian areas. Using a precautionary approach 
and adaptively managing these areas is important. 

 Management of marine riparian areas must consider a time element.  Like many other 
ecological elements, the processes and functions of marine riparian areas evolve over extended 
time periods, which need to be considered for developing appropriate management actions. For 
example, since plants and plant communities (extent, age since last disturbance, composition) 
are important determinants of riparian functions, managers need to consider the time it takes 
for large trees to grow and plant communities to become established and maintained through 
time.  Similarly, the time it takes to reestablish following a disturbance event (natural or 
anthropogenic) should be incorporated into the management strategy (e.g., for protection, 
enhancement, restoration, recreation).  

 Management of marine riparian areas must consider multiple spatial scales.  Connectivity is an 
important characteristic of riparian areas for maintaining ecological functions. Fragmentation 
and narrowing of buffers can have larger-scale effects. Because shoreline development and 
permitting typically occur on a site-by-site basis, current management does not account for 
cumulative and large-scale impacts. In addition, bluffs may continue to erode over time, sea 
levels will rise and existing buffers will likely become narrower as a result of human or natural 
disturbance, thereby providing reduced functions. This should be a management consideration 
for creating sustainable processes and functions. 

 In addition to ecological functions, riparian areas have important social, cultural, economic, 
and recreational values and these should be important management consideration.   

 Riparian buffers need to be recognized as being important for human safety in addition to their 
ecological importance. A large portion of Puget Sound shorelines is naturally eroding, which 
potentially threatens human infrastructure and safety. The effects of climate change are likely 
to increase erosion rates and threaten existing infrastructure.  

 Sediment (including mass wasting) is important for maintaining beaches in Puget Sound and 
should not be confused with fine “anthropogenic” sediments that could have adverse 
environmental effects. One of the key functions of riparian areas is pollution abatement (e.g., 
trapping fine sediments, treatment of contaminants associated with fine sediments, absorption 
and treatment of water-borne contaminants). Natural sedimentation and transport processes 
should be maintained, at normative rates, while also ensuring that riparian functions are 
protected. 
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 The term “large wood” has not been precisely defined within the nearshore setting. “Small 
wood” (i.e. under 1 m long) has been found to moderate beach temperatures and support richer 
communities of macroinvertebrates. 

 Invasive and nuisance species can have a profound effect on riparian functions .  Many 
invasive and nuisance species are well-adapted to disturbance and once established, may alter 
natural processes and functions, and/or may prevent native species from reestablishing.  

 Marine riparian buffers should not be the sole mechanism by which the marine nearshore 
ecosystems are protected.  

 Resiliency of vegetation in marine riparian areas is a function of patch size. As vegetation 
patches become smaller (thinner) and more isolated by human development, they are more 
likely to experience disturbances that can change structure and function of that plant 
community. Isolated patches of relatively undisturbed vegetation may be more susceptible to 
wind-throw, or invasion of nonnative species, such as English ivy. Further, these patches may 
become isolated to the point where they suffer from a lack of recruitment of new propagules. 
They can also be eliminated altogether as a consequence of bluff retreat. 
 

Research Needs and Data Gaps 

 Link riparian processes and functions to a geomorphic classification for Puget Sound.  A 
geomorphic classification (e.g., Shipman 2008) may be helpful in developing a riparian 
classification scheme and may also be informative for identifying important marine riparian 
functions and processes 

 Determine a standard for describing buffer widths. Some investigators have used site potential 
tree height (SPTH) for determining buffer widths. 

 The influence of groundwater on trees and vegetation in the riparian zone. 

 Relative contribution of litter fall/allochthonous inputs from the riparian zone versus rivers and 
other outside areas. 

 Value of litter fall/allochthonous inputs and relative food web energetic contribution to the 
riparian system. 

 Identification of priority pollutants in the Puget Sound nearshore system. The panelists noted 
the need to understand the role of septic systems as likely primary pollutant sources in marine 
riparian areas; in freshwater systems, septic pollution has been shown to affect fish community 
structure (Moore et al. 2003). 

 Identification of optimal use and obligate species in marine riparian areas  

 Classification of the intensity, frequency, and conditions that could give rise to massive slope 
stability failures in Puget Sound. 

 Vegetation dynamics and the effects on riparian function in areas surrounded by human 
developed lands. 
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 Riparian condition related to volumes/timing and types of terrestrial insects delivered to 
nearshore settings. 

 The geomorphic functions of driftwood along various Puget Sound shoreline types. 
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Appendix B. Agenda 

TIME TOPIC PRESENTER/ 
FACILITATOR 

8:00-8:20  Welcome, introductions, agenda review Hilary  

8:20-8:45  Background, goals, objectives, 
terminology  

Hilary   

8:45-9:45  Summary of riparian functions and 
applicability to marine shorelines 

Jim 

9:45-10:00  Break  
10:00-Noon Detailed discussion of functions 

Key questions for each function: 

 Does the FEMAT-style buffer curve 
derived from the freshwater science 
for this function “fit” for the marine 
environment?   

 Why or why not?   

 How is the relationship between 
buffer width and this function likely 
to be different in marine compared 
with freshwater systems?   

 What data exists to support each of 
the differences identified in answer 
to question the question above?  

Hilary/Panel 

Noon-1:00  Lunch  
1:00-3:00  Detailed discussion of functions 

Key questions for each function: 
 Does the FEMAT-style buffer curve 

derived from the freshwater science 
for this function “fit” in the marine 
environment?   

 Why or why not?   

Hilary/Panel 
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 How is the relationship between 
buffer width and this function likely 
to be different in marine compared 
with freshwater systems?   

 What data exists to support each of 
the differences identified in answer 
to question the question above?  

3:00-3:15  Break  

3:15-4:45  Controlling factors discussion for 
functions 

 Which controlling factors are most 
important in determining the 
specific relationship between buffer 
width and this function? (e.g., shore 
form, slope, vegetation type, aspect, 
soils) 

 What are the most important data 
gaps and uncertainties associated 
with the relationship between buffer 
width and this function?   

 How certain are we of the 
relationship presented?  

Hilary 

4:45-5:00  Wrap-up, next steps 
 Summarize key 

thoughts/recommendations 

 Summarize next steps 
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Appendix D.  Original FEMAT curves (FEMAT 1993) 

 
 
 

           
 
 
 
 


