
REVIEW OF THE SCIENTIFIC FOUNDATIONS OF THE FORESTS AND FISH PLAN: SECTION 2.3—COARSE SEDIMENT 

2.3  Coarse Sediment 
2.3.1  Summary of the Coarse Sediment Issue 
Coarse sediment delivery to streams may have positive and negative effects on aquatic 
habitats. Mass wasting (landsliding) in forested drainage basins is the principal, natural 
mechanism by which coarse sediment enters stream channels from hillslopes. Forest 
practices may affect mass wasting by reducing root strength, increasing soil moisture, and 
altering slope stability characteristics during road construction and maintenance.  

The stated resource objective of the Forests and Fish plan is “to prevent the delivery of 
excessive sediment to streams by…protecting unstable slopes, and preventing the routing of 
sediment to streams.” The plan addresses this objective by containing programmatic and 
prescriptive rule changes to address forest practices on potentially unstable slopes and 
landforms. Additionally, the plan contains implementation commitments in support of the 
anticipated rule package.  

The Forests and Fish plan contains a complete list of the diagnostic landforms found across 
the state that are potentially unstable. The administrative process by which the DNR, in 
consultation with affected tribes and other interested parties, identifies, reviews, and 
regulates forest practices on potentially unstable slopes is clear and defensible. In summary, 
the plan contains the right ingredients to significantly reduce the effects of forest practices 
on landsliding and the introduction of excessive coarse sediment to public resources.1 The 
following subsections contain a review of the effectiveness of the Forests and Fish plan’s 
prescriptions for unstable slopes and landforms. 

2.3.2  Scientific Principles 
Why Is Coarse Sediment Important to Fish and Other Aquatic Resources? 
To understand the effectiveness of the proposed prescriptions for controlling coarse 
sediment delivery, this evaluation begins with discussions of landsliding processes and 
natural erosion regimes. The immediate short-term effects of mass wasting on channel 
habitat include: 

• The capacity of the stream to transport material downstream is overwhelmed by the 
large influx of sediment, wood and other organic material. 

• The increased sediment deposition aggrades channels. 

• The average grain size of the channel bed decreases. 

• Riparian vegetation is damaged or removed. 

Potential negative impacts on aquatic habitats include direct fish kills and habitat (e.g., 
pools, LWD, riffles) loss by burial, increase in the potential for dam-break floods (Coho and 
Burges 1993), and influx of excess fine sediment (Beschta 1981). Over time, the stream 
gradually removes much of the deposited material, and new channel habitats and riparian 
                                                      
1 Public resources are defined by the Forest Practices Act and Rules as water, fish, wildlife, and capital improvements of the 
state and its political subdivisions. 
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plant communities are established. Persistent, long-term morphologic effects include the 
construction of terraces, accumulation of boulders at depositional sites, and construction of 
debris fans that force the channel against the opposite valley wall (Benda 1990; Grant and 
Swanson 1995). 

Potential positive habitat effects include an increase in large woody debris (McGarry 1994), 
the formation of large ponds or more frequent and deeper pools (Everest and Meehan 1981), 
increased cover, formation of side channels (Miller and Benda, in press), and higher nutrient 
loading (Dahm et al. 1987). The cumulative ecological effects of mass wasting on aquatic 
habitats at the watershed or landscape scale are governed by the spatial density and spacing 
of landslide and debris flow deposits, their frequency of occurrence, and the nature of the 
sediment and wood involved (e.g., particle and wood size distribution, rock and soil type). 
The cumulative morphologic legacy of these deposits dictates the types, diversity, and 
distribution of many of the channel and riparian environments found within watersheds 
(Swanson et al. 1988; Benda et al. 1998). 

The ecological relationship among landslides, fish habitats, and fish populations (in a 
natural or human-modified environment), although obviously dependent on the regime of 
mass wasting, also is strongly dependent on the environmental condition of the channel into 
which the landslide-derived sediment and wood enter. For example, landslide debris 
entering a channel with a low supply of sediment and wood will have one effect on habitat 
(possibly a long-term positive effect), while debris that deposits into a channel containing 
large volumes of sediment will have a different effect (possibly short-term negative effect). 

What Are the Coarse Sediment Processes and Input Sources? 

Natural Occurrence and Rates of Landslides. Over short time scales (i.e., a few years to a few 
decades), landscapes may appear static and tranquil. However, sediment budgets have 
consistently shown that mass wasting (e.g., shallow and deep landslides, debris flows, and 
earthflows) is a major source of sediment to stream channels in the Pacific Northwest in 
managed and unmanaged basins (Dietrich and Dunne 1978; Reid 1981; Swanson et al. 1982; 
Lehre 1982; Benda and Dunne 1987; Roberts and Church 1986).2 

Over longer time periods (i.e., decades to centuries), periodic fires and windstorms create a 
changing mosaic of vegetation (Spies and Franklin 1988; Agee 1993). Infrequent large 
storms, sometimes occurring in conjunction with wildfires, trigger mass wasting, sheetwash, 
and gullying (the latter two processes being more prevalent in eastern Washington). 
Episodic erosion is characteristic of many landscapes in the Pacific Northwest region, 
including eastern Washington (Klock and Helvey 1976), the Cascade humid mountains 
(Swanson et al. 1982), and the Pacific coastal rainforests (Dietrich and Dunne 1978; Benda et 
al. 1998). The mode of delivery and volumetric flux rate of sediment to channels will govern 
many aspects of aquatic and riparian habitat formation. In addition, mass wasting can 
deliver large quantities of wood to the channel system under natural processes, which can 
be considered beneficial to the formation of complex stream habitats (Swanson and 
Lienkaemper 1978; Swanson et al. 1982; Benda and Sias 1998). 

                                                      
2 A sediment budget accounts for the definable sediment inputs, outputs, storage reservoirs, and transport mechanisms for a 
given land unit.  
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Landslides and debris flows have an extremely low probability of occurrence at any 
particular site or point in time, but over a broad landscape (i.e., areas more than 200 km2) 
their pattern and frequency are more predictable. The rate of landsliding can be considered 
for a single site, referred to as a recurrence interval, or a rate can be described for a specific 
area containing a population of slide areas (e.g., number/area/time). Landslide rates vary 
across the region, depending on topography, lithology, vegetation, and climate. The natural 
rate of landsliding also varies with basin size (Benda and Dunne 1997). Wildfires, which 
were an important part of most landscapes in the region prior to European settlement (Agee 
1993), probably played an important role in triggering landsliding (Benda et al. 1998). 
Wildfires are presently suppressed in the region, and suppression has resulted in 
significantly fewer large fires (Agee and Flewelling 1983). Landsliding cannot be 
represented as a single rate, but only as a distribution of rates, with each landslide rate 
(number of slides per specified time period per area) associated with a particular likelihood 
or probability of occurrence (Benda and Dunne 1997).  

Benda and Dunne (1997) used a simulation model to estimate the pattern of shallow 
landsliding in the Oregon Coast Range. The simulation model predicted that episodes of 
concentrated landsliding tend to occur within burned areas during storms for a decade or so 
after a stand replacement fire, with few or no landslides at other times and places. At a 
drainage area of 200 km2, landsliding in the watershed is a relatively common occurrence 
with about ten landslides occurring every few years. In any year, the probability that a 
landslide or debris flow delivers sediment to the channel network increases as one moves 
downstream because the number of potential landslide source areas and the probability of 
fires and large storms increases with increasing drainage area. 

Concentrated landsliding can occur during intense precipitation in the absence of wildfires. 
Hogan et al. (1995) estimated that spates of shallow landsliding and debris flow occur in the 
Queen Charlotte Islands approximately every 70 years. In northwest Washington, Orme 
(1990) found evidence that debris torrents have the same frequency of occurrence in alluvial 
fans. Aerial photography taken in 1939 in the Olympic Peninsula revealed concentrated 
landsliding under forest canopy, perhaps linked to two large storms in water years 1934 and 
1935 (Benda et al. 1998). Recent ground-based landslide inventories in the Oregon Coast 
Range also showed numerous landslides under forest canopy (Robison et al. 1999). These 
data suggest that previous reliance on aerially-based landslide inventories may have 
significantly underestimated the natural landslide rates. Consequently, the landslide rates 
attributed to forestry activities have been overestimated relative to natural rates.  

Erosion Processes and Input Sources. Coarse sediment enters stream channels from 
hillslopes through a variety of processes including mass wasting, bank erosion, sheet wash, 
and gullying (Swanson et al. 1987; Swanston 1991). Across much of the landscape, mass 
wasting is the principal mechanism by which coarse sediment enters stream channels; other 
processes are covered in Section 2.4 (Fine Sediment) of this document. Mass wasting can be 
differentiated into several component processes, each of which is discussed below in more 
detail. 
Shallow-Rapid Landslides. Shallow landsliding is the most common mass wasting process in 
the region. It occurs primarily on steep hillslopes in bedrock hollows and along inner gorges 
adjacent to stream channels. Bedrock hollows or swales are convergent areas of hillslopes 
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that have accumulated sediment and concentrate subsurface flow during rainstorms 
(Montgomery and Dietrich 1994). Thick soils that accumulate in the axis of the hollow 
become inherently unstable, and thick soils also reduce the anchoring effect of tree roots 
(Sidle 1992). Bedrock hollows are formed from persistent sliding at that single location over 
thousands of years (Reneau and Dietrich 1991). Shallow landslides also may be concentrated 
in inner gorges, a landform located immediately adjacent to streams or rivers. Inner gorges 
are demarcated from adjacent hillslopes by an abrupt break in slope near the river (Benda et 
al. 1997).  

Shallow landslides are characterized by the failure of thin soils or colluvium, generally less 
than 10 feet (3 m) thick, overlying steep bedrock or other compacted surficial materials such 
as glacial drift or till. Soil thickness is small compared to slope length or length of the 
landslide. During failure, debris moves quickly downslope and can break apart to form a 
debris flow. Shallow failures are controlled primarily by the slope of the hillside (Swanson 
et al. 1981), thickness of the soil and colluvium (Dunne 1991), root strength within the soil 
(Burroughs and Thomas 1977), and soil saturation (e.g., intensity and duration of storms) 
(Sidle et al. 1985).  

Landslide inventories have shown that most landslides occur where potentially unstable 
landforms combine with hillslope gradients that exceed approximately 35 degrees 
(70 percent; Robison et al. 1999). For example, in southwest Washington, Dragovich and 
others (1993) estimated that 87 percent of all shallow slides occurred on slopes in excess of 
35 degrees. Similar findings have been documented in numerous Washington watershed 
analyses (e.g., Connelly Creek, Acme, Sekiu, and Hoko). However, there is not a threshold 
slope gradient above which landslides predictably occur. Rather, the probability of failure 
increases when hillslope gradients exceed approximately 35 to 36 degrees, and then steadily 
increases with increasing gradient above 35 to 36 degrees. In other words, the rate of 
increase in probability increases with increasing hillslope gradient above 35 to 36 degrees.  

Debris Flows. Shallow landslides in some parts of watersheds can transform into debris 
flows if the channels into which the debris enters are sufficiently steep and confined. A 
debris flow, also known as a debris torrent, is a highly mobile slurry of soil, rock, vegetation 
and water containing 70 to 80 percent solids and 20 to 30 percent water. The most 
destructive debris flows scour first- and second-order streams (Washington forest practices 
Type 4 and 5 channels, or perennial non-fish-bearing and seasonal streams). Entrainment of 
additional sediment and organic debris in first- and second-order channels can increase the 
volume of the original landslide by 1,000 percent or more, enabling debris flows to become 
more destructive as their volume increases with distance traveled. Debris flows typically 
stop where the channel gradient decreases to less than about 7 percent, or at tributary 
junctions when the junction angle approaches 70 to 90 degrees (Benda and Cundy 1990).  

Deep-Seated Landslides and Earthflows. Deep-seated landslides usually involve movement 
of soil at depths of tens to hundreds of feet (tens of meters). Sliding may involve rapid 
displacement of large blocks or groups of blocks and the formation of debris flows. 
Sometimes, movement can be slow or incremental, and characterized by tension cracks, 
formation of grabens, sag-ponds, and tipped and deformed trees. Some deep-seated slides 
may involve both types of failures, often at different times and under different rainfall 
patterns. Important watershed factors include soil and bedrock mechanical properties, soil 
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(or weathered rock) depth, and regional and local groundwater response to multi-year and 
yearly precipitation and snowmelt patterns. Rotational failures are typically triggered by the 
build-up of pore water pressure in mechanically weak, and often clay-rich, rocks (Swanston 
1974). Slumping involves the downward and backward rotation of the slide.  

There are two major types of deep-seated slides: bedrock and glacial. In bedrock, deep-
seated slides commonly occur in relatively weak sedimentary or metamorphic rocks. In 
certain landscapes, pervasive deep-seated landsliding has transformed steep, high-relief 
topography into lower-relief and lower-gradient topography, thereby reducing the 
occurrence of shallow failures in the affected areas (Benda et al. 1998). Deep-seated slides in 
glacial sediments commonly occur where clay deposits are associated with sandy deposits. 
Subsurface water is likely to flow along the perching clay layers weakening the structure of 
the coarser soils above. Under some circumstances, increasing the amount of ground water 
reaching the perching layer will increase the risk of slope failure. The potential for this 
change in landslide activity depends on environmental conditions that vary from site to site. 
For example, if a landslide area is actively failing, then an increase in the annual water 
budget may contribute to increased activity (Iverson and Major 1987; Swanston et al. 1988).  

2.3.3  Background  
Forest Practices Effects on Erosion Input Sources and Processes 
Although mass wasting is a naturally occurring process in mountain drainage basins, forest 
practices can contribute to slope instability. Potential effects of forestry activities fall into the 
following categories (Sidle et al. 1985; NCASI 1985; Benda et al. 1997):  

• Failure of road fills or sidecast material. 

• Reduction in rooting strength. 

• Increase in soil moisture due to increased snow accumulation and subsequent melt 
and/or loss of evapotranspiration potential. 

• Alteration of drainage patterns due to road construction or road maintenance. 

• Alteration of near-stream channel riparian vegetation. 

Numerous studies of landslide incidence have pointed to poorly planned, designed and 
maintained legacy roads that were constructed prior to modern forest practice rules as the 
greatest forestry-related contributor increasing the rate of landslides in managed forests 
(NCASI 1985; Robison et al. 1999; Pyles et al. 1998). Such roads can increase soil saturation 
enough to trigger shallow landslides. It is well demonstrated that the concentration of road 
drainage onto steep, unstable slopes can lead to increased landslide activity (Megahan 
1972).  

Forestry harvest activities influence slope stability primarily through their effects on root 
strength and soil saturation. Root strength is important in shallow soils on steep slopes 
where studies that have documented an increase in shallow landslides following timber 
harvest (Burroughs and Thomas 1977; Ziemer 1981). The effect is similar to the effect of 
stand replacement fires on landsliding and continues until new vegetation attains 
approximately 10 to 30 years of age (Robison et al. 1999; Benda et al. 1998). 
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Vegetation removal increases the amount of precipitation reaching the ground (moisture 
that otherwise would have evaporated from the vegetative canopy) and decreases the 
amount of water that is removed from the ground by vegetative transpiration. However, the 
actual effects of these processes on soil saturation during a storm event when landslides are 
triggered is not well understood. Several researchers have suggested that there is a 
connection between loss of evapotranspiration processes and shallow landsliding (e.g., Sidle 
et al. 1985; Swanson et al. 1987; Dietrich and Montgomery 1998), but the actual evidence is 
tenuous and difficult to separate from loss of root strength.  

The effect of harvesting trees that are growing on the bodies of deep-seated landslides is not 
well established. However, several field studies in the Pacific Northwest have suggested 
that when trees are cut, deep seated slumps and slump-earthflows can be reactivated or 
accelerated (Swanston et al. 1988; Swanston 1981; Ziemer 1984; Benda et al. 1988). Because 
failure takes place at least several meters below the ground surface, the loss of anchoring by 
tree roots is probably less important, although lateral roots may play a minor role in 
reinforcing across planes of weakness such as headwalls and tension cracks surrounding 
earthflows and slumps (Swanston and Swanson 1976). The increase in movement probably 
arises from increased water content of the failing material as evapotranspiration is reduced 
following timber harvest. Furthermore, there are studies that suggest a linkage between 
timber harvest upslope of glacial deep-seated landslides and failure activity (e.g., Kennard 
and Pess 1994; Miller and Sias 1997). Removal of material from toes of dormant, deep-seated 
landslides during road construction and maintenance can lead to reactivation of deep-
seated landsliding by eliminating the buttressing effect of soil mass which is at least 
temporarily holding the unstable material in place. 

A recent comprehensive study of landsliding in managed and natural areas in the Oregon 
Coast Range by Robison and others (1999) concluded that landslide rates in some second-
growth forests decreased below levels found in natural (i.e., 150-year-old) forests. The 
landslide sites in natural forests showed that almost 50 percent of failures occurred in 
association with gaps in the forest canopy containing deciduous trees and ferns (Dietrich 
1998).  

This finding, although preliminary and perhaps geographically limited to forests of the 
central Oregon Coast Range, is supported by root strength theory. In second-growth forests, 
replanting of trees after clearcutting leads to a relatively high density of conifer trees. Under 
that condition, a high rooting strength should be achieved. In contrast, natural forests may 
have larger gaps containing few to no trees, and higher species diversity. If the root strength 
effect reported by Robison and others occurs in other forests across the region, it may 
suggest a role for forest practices in mitigating potential landslides.  

Given the relationship between episodic wildfire and storm patterns, and the occurrence 
and rate of landslides discussed earlier, forestry activities may alter the frequency and 
magnitude of failures rather than dramatically alter the overall long-term rate of failures.  

Another potential effect of forestry practices is the removal of streamside trees along 
confined, first- through fifth-order channels in landslide-prone terrain. Under these 
conditions, trees can inhibit the propagation of debris flows in first- and second-order 
channels, and dam-break floods in higher-order channels when trees intercept the events a 
short distance from their initiation points (Coho and Burges 1993). However, riparian stands 
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may also contribute debris that can cause dam-break floods (Johnson 1991; Costa 1984; 
Johnson and Rodine 1984).  

2.3.4  How Does the Forests and Fish Plan Address Coarse Sediment? 
The Forests and Fish plan contains a number of recommendations for programmatic and 
prescriptive rules to address the effects of forest practices on erosion processes and input 
sources. In addition, implementation commitments were made by the authors to improve 
identification of potentially unstable slopes in the forest practices regulatory process. The 
Forests and Fish Report anticipated that the recommendations and commitments would work 
with the old rule structure (i.e., in place prior to adoption of the Forests and Fish Emergency 
Rules in January 2000) to form an overall plan to protect fish habitat and water quality. The 
elements of the plan and proposed rule changes are described below. 

Programmatic rules: 
• Field review of all forest practices applications that are flagged by a coarse screen 

mapping of potentially unstable slopes areas managed forest lands. 3 

• Field verification of potential high-risk landforms by DNR forest practices foresters 
under the supervision of qualified slope stability experts in the Department. 

• Rule guidance to the DNR for State Environmental Policy Act (SEPA) review of forest 
practices proposed on field-verified high-risk landforms. 

• A process for identification of regional high-risk landforms, including deep-seated 
landslides and high-risk planer slopes, and for identification of moderate-risk indicators 
and features that cumulatively may indicate the presence of potentially unstable slopes. 

• Adaptive management provisions are provided to ensure that the rules for managing 
mass wasting events remain in compliance with all applicable laws. Regulatory and 
management feedback mechanisms would be used to make improvements based on 
inventory and field-verification results, and other new information with implications for 
coarse sediment management. 

Prescriptive rules: 
• Mass wasting risk assessment of each forest practices application. 

• Identification of specific landforms that are high risk for mass wasting and a 
requirement that where these high-risk landforms are known to be present, they be 
identified on forest practices applications. 

• Road construction rules that require full-bench, end-haul construction on 31 degrees 
(60 percent) or greater slopes. 

• Mandatory road maintenance planning that includes identification and assessment of 
potential road-related mass wasting sites within 5 years of the effective date of the rule. 

                                                      
3 DNR is currently in the process of selecting the appropriate slope stability model or models to use as a screening tool in 
forested lands of the state. There is further discussion of this topic later in this section. 
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2.4  Fine Sediment 
2.4.1  Summary of Fine Sediment Issues 
Forest practices may affect soil erosion processes through the alteration of vegetation and 
soil properties. Among forest practices, roads generally have the greatest potential for 
surface erosion and fine sediment delivery to streams. However, heavy equipment use or 
yarding near streams can compact soil and disturb streambanks, which increase the risk of 
erosion and sediment delivery. The old rules (i.e., in place prior to adoption of the Forests 
and Fish Emergency Rules in January 2000) have made considerable progress toward 
controlling erosion. 

In this section, the reader will find an evaluation of the prescriptions in the Forests and Fish 
plan regarding soil disturbance and the effects of fine sediment on fish habitat and water 
quality. The prescriptions are evaluated for their effects on soil compaction, disturbance of 
the ground surface, and sediment delivery to streams.  

The stated resource objective in the Forests and Fish Report and plan is to “prevent the 
delivery of excessive sediment to streams by protecting stream bank integrity, providing 
vegetative filtering,…and preventing the routing of sediment to streams.” The Forests and 
Fish plan provides management prescriptions to prevent or minimize the impact of forest 
practices on surface erosion processes. The major commitments to reducing sediment 
delivery to streams are: 

• Disconnecting road drainage systems from streams. 

• Reducing water and sediment delivery from existing stream-adjacent roads. 

• Higher construction standards for new roads. 

• 30- or 50-foot-wide no-entry core zones with additional tree retention out to a distance 
equal to one site-potential tree height for fish-habitat streams. 

• 30-foot-wide equipment limitation zones with leave-tree requirements for non-fish-
habitat perennial streams. 

• Riparian management zones on non-fish-habitat perennial streams avoid ground 
disturbance at seeps, springs, and other sensitive sites. 

2.4.2  Scientific Principles of Surface Erosion 
Why Is Fine Sediment Important to Fish and Other Aquatic Resources? 
Soil is an important resource for supporting vegetation communities and terrestrial and 
aquatic habitats. Soil productivity is a measure of soil health. It influences the amount, 
growth, and type of vegetation. Soil productivity is related to soil moisture, soil aeration, 
organic matter content, nutrient availability, soil biology, and sediment production. Long-
term soil productivity is the ability of soil to maintain the natural growth potential of plants 
and plant communities over time (USDA and USDI 1994). Soil disturbance and erosion can 
alter soil productivity and change ecosystem structure and function. 
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Surface erosion and fine sediment delivery to streams are natural processes that occur to 
various degrees in every watershed. While fine sediment is generally related with negative 
impacts on streams, surface erosion can provide desirable ecological functions. For example, 
nutrients and organic matter that are vital to aquatic biota are attached to particles of fine 
sediment. Also, fine sediment serves to reduce stream energy through bed roughness and 
sediment transport. Furthermore, fine sediment is an important component of floodplain 
development and riparian zone dynamics.  

Increases in stream sedimentation can lead to impacts on aquatic habitat and water quality 
(Chapman 1988). High fine sediment levels can reduce salmonid survival-to-emergence 
ratios by entrapping eggs within the streambed and limiting inter-gravel flow of oxygenated 
water (Cederholm and Salo 1979; Meehan and Swanston 1977; Koski 1972; Lotspeich and 
Everest 1981; Young et al. 1990; Kondolf 1988; Bjornn and Reiser 1991). Fine sediment can fill 
the interstitial spaces between gravels that juvenile salmonids, benthic invertebrates, and 
amphibians use for cover and reduce growth and survival (Bjornn 1977; Alexander and 
Hansen 1986; Chapman and McLeod 1987; Bjornn and Reiser 1991). Reiser and Bjornn (1979) 
noted possible disruptions in adult salmonid migration from increased turbidity levels in 
water. Also, increases in fine sediment levels can impact biota such as benthic invertebrates 
that are a significant food source for adult salmonids (Cederholm and Salo 1979). In 
addition, the filling of pools by fine sediment can reduce rearing habitat for salmonids 
(Reiser and Bjornn 1979; Lisle 1989). 

What Are the Fine Sediment Processes and Input Sources? 
Fine Sediment Generation. The potential for surface erosion is a function of climate, 
topography, vegetation, and other organic cover and soil characteristics. Fine sediment can 
be generated naturally from on-site processes, such as physical and chemical weathering of 
geological features. Raindrop splash, expansion and contraction of soil from freeze and thaw 
cycles, wind, and overland flow can detach soil particles. Loss of vegetation or organic duff 
from fire or ground disturbance can increase surface erosion. Finally, the effects of all of these 
causes of surface erosion are more pronounced on steep slopes.  

Streambank erosion is another important source of fine sediment. The rate of bank erosion 
can vary depending on a number of factors including flood discharge, precipitation pattern, 
bank material, and vegetation. Most bank erosion occurs during larger floods where 
saturated soils are easily washed away. More cohesive soil or rock and the root network of 
riparian trees can mitigate the rate of bank erosion (Hooke 1980). 

Fine Sediment Transport. Fine sediment can be transported off-site by wind (e.g., volcanic ash) or 
surface water runoff (e.g., seeps, rills, gullies, and streams). Most undisturbed forest soils in 
Washington State have little potential for sediment transport by surface water because 
runoff is deterred by a thick, protective layer of organic material (duff layer), relatively low 
intensity rainfall, and relatively high soil infiltration rates (Bennett 1982; Dunne and 
Leopold 1978).1 In forested environments, ground surface disturbances from natural events 
such as wildfire can increase the potential for surface erosion and delivery of fine sediment 
to streams (Swanson 1981).  

                                                      
1 The high annual precipitation in western Washington occurs from long periods of rainfall at relatively low intensities. 
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Fine sediment transport and deposition within streams can be extremely variable. Most silt and 
smaller-sized particles are rapidly transported downstream as suspended sediment. Sand-
sized particles can be transported during a flood event. As a flood recedes, sand, along with 
some finer material, is deposited on floodplains and channels where still water occurs (e.g., in 
the bottoms of pools and in low-gradient reaches). 

2.4.3  Background  
Forest Practices Effects on Erosion Input Sources and Processes 
Forest practices that remove or disturb the protective duff layer on the forest floor, compact the 
soil, or increase the slope angle (i.e., cut- and fill-slopes) have the greatest potential to increase 
soil erosion rates. Additionally, activities that increase or concentrate the flow of water over soil 
can increase the amount of erosion and the likelihood of delivering sediment to streams. 
Specific activities that can increase soil disturbance and surface erosion include road 
construction, road maintenance, ground and cable yarding, and site preparation. 

Roads represent the greatest potential source of fine sediment production from forest 
practices (Fredricksen 1970; Brown and Krygier 1971; Megahan and Ketcheson 1996). 
Research in the Pacific Northwest and elsewhere has shown the importance of the following 
factors in influencing sediment production from forest roads: 

• Road surfacing material (Swift 1984; Kochenderfer and Helvey 1987; Burroughs and 
King 1989). 

• Traffic level (Reid and Dunne 1984; Bilby et al. 1989). 

• Vegetation (Dyrness 1975; Burroughs and King 1989). 

• Soil texture (Kochenderfer and Helvey 1987; Luce and Black 1999). 

• Precipitation (Bilby et al. 1989). 

• Gradient (Luce and Black 1999). 

Roads that cross or are in close proximity to surface waters provide the greatest potential for 
sediment delivery to streams. Stream-crossing density, which varies by road location and 
stream density, will be more indicative of sediment delivery problems than a simple 
measure of road density. At stream crossings, road ditches may transport fine sediment 
eroded from cut-slopes, ditch bottoms, and road embankments directly to surface waters. In 
certain topographic situations, fine sediment eroded from a fill-slope or stream crossing can 
be delivered to the forest floor and then routed to a stream during a storm. Table 2.4-1 
summarizes the average and maximum sediment delivery distances from forest roads. 
Sediment delivery distances vary depending on the:  

• Amount of runoff available to transport material (Burroughs and King 1989). 

• Total volume of eroded material (King 1979; Ketcheson and Megahan 1996). 

• Hillslope gradient (Brake et al. 1997; Ketcheson and Megahan 1996). 

• Density of obstructions (Megahan and Ketcheson 1996; Packer 1967). 
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Soil compaction and displacement in riparian areas can change soil physical properties and 
increase delivery of sediment to streams. Soil compaction from ground-based logging or 
roads can reduce infiltration rates and impede the ability of soils to store water (Fleischner 
1994; Bohn 1986; Gifford 1981; Clary and Medin 1990; Meehan and Platts 1978). Resultant 
increases in surface water flow may lead to higher erosion rates (Branson 1984; Meehan and 
Platts 1978) or flood damage (Elmore 1990; Platts 1981). In addition, soil disturbance from 
skid trails near or across streams may damage stream bank integrity (Rashin et al. 1999). 
Compacted soil can slow root development of vegetation, reduce soil moisture, and increase 
soil temperature. Reductions in plant health may lead to changes in plant communities 
(Clary 1995; Clary and Medin 1990; Meisner et al. 1988; Hynes 1983). Also, high-intensity 
burns that may result from broadcast burning can eliminate the organic material on the 
ground surface, expose large areas of mineral soil, and increase the risk of erosion (Benoit 
1978). 

TABLE 2.4-1 
Summary of Sediment Travel Distances from Forest Roads 
 

Sediment Delivery Distance (feet)   

Average  Maximum Soil Type Reference 

26 (new roads) 86 (new roads) Weathered gneiss and schist Burroughs and King (1989) 

21 (new roads) 206 (new roads) Highly weathered granitics Megahan and Ketcheson (1996) 

Weathered sedimentary rock Brake et al. (1997) 16 (old roads) 

29 (new roads) 

73 (old roads) 

125 (new roads) Weathered sedimentary rock Brake et al. (1997) 

 

Concern about forest practices effects on erosion often translates to concern about water 
quality if eroded material is delivered to streams. Effects can vary widely. For example, the 
effects of timber harvest were reported to persist up to 30 to 50 years, depending on 
watershed conditions (Coffin and Harr 1992). However, Adams and Stack (1989) and Feller 
(1981) showed that water quality in small completely clearcut watersheds recovered to 
reference levels within 6 to 9 years after logging.  

The old forest practices rules have made significant progress toward addressing erosion 
control, and the effectiveness of forestry BMPs and road erosion reduction strategies, if 
consistently applied, has been documented by numerous studies (Pentec 1991; EPA 1993; 
Craig et al. 1993; Burroughs and King 1989). In fact, a majority of the forest road system 
does not deliver sediment to surface waters. A selection of watershed analyses from 
Washington State indicate that 70 to 85 percent of the road mileage does not contribute 
sediment to streams (Andersen 1996; McGreer 1997; Toth 1998). A study of state and private 
lands in western Oregon indicated that 61 to 71 percent of roads did not directly contribute 
sediment to streams (ODF 1996). 

Old Forest Practices and Surface Erosion  
Numerous Best Management Practices (BMPs) are employed as part of the old forest 
practices rules, but their inconsistent application may result in significant surface erosion 
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and fine sediment delivery to streams (Rashin et al. 1999; DNR 1999; Veldhuisen and Russell 
1999). Rashin et al. (1999) found that streamside buffers are generally effective at preventing 
sediment delivery, but that yarding timber within 30 feet of streams without buffers often 
causes soil disturbance, bank erosion, and sediment delivery to streams. They also observed 
chronic sediment delivery and inadequate fish passage from many new stream culvert 
installations they sampled. Erosion control measures were rarely applied in their samples to 
prevent chronic sediment delivery following road construction or timber harvest activities.  

DNR (1999) found that although the old road maintenance practices may be adequate, 
implementation often does not comply with forest practices requirements (Table 2.4-2). Note 
that compliance reported in the table reflects a suite of road practices within a sub-basin and 
not a rate of compliance for individual practices. Past implementation of forest practices 
rules has been a problem; however, the rules generally are believed to be effective when 
properly implemented. 

TABLE 2.4-2 
1998 Compliance Summary for 36 Sub-Basins in Washington State (Adapted from DNR 1999) 
 

Road Component Compliant Sub-basins Non-Compliant Sub-basins 

Cut/Fill-Slope Stability 17 19 

Road Surface Drainage 7 29 

Ditch Drainage 5 31 

Water Crossing Structures 3 33 

Drainage Maintenance 12 24 

Forest Road Bridge 3 4 

 

Veldhuisen and Russell (1999) found that the old forest practices rules are effective at 
preventing erosion within the roadway, but ineffective at preventing gullies and landslides 
below drainage sites. Energy dissipation features such as rocks are often effective at 
minimizing gully erosion, but were seldom applied on the sites they studied. The old cross-
drain spacing standards are generally ineffective at preventing erosion below drainage sites 
so opportunities exist for improvement (Veldhuisen and Russell 1999; Montgomery 1994). 

2.4.4  How does the Forests and Fish Plan Address Fine Sediment? 
The Forests and Fish plan includes numerous prescriptions to address the potential for 
delivery of fine sediment from roads and timberlands. The plan addresses fine sediment 
inputs from roads through proposed programmatic and prescriptive rule changes. It 
addresses surface erosion within riparian harvest units by providing 30- or 50-foot-wide 
core zones along fish-habitat streams, and 30-foot-wide equipment limitation zones along all 
non-fish-habitat streams. The proposed rules are designed to supplement the old rule 
structure and add significantly to the guidance for meeting the intent of the rules provided 
by the Forest Practices Board Manual. The elements of the plan are summarized below. 
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Programmatic rule changes proposed by the Forests and Fish plan include: 
• Revised standards for construction and maintenance of forest roads to limit sediment 

delivery to amounts that are not expected to preclude maintenance or recovery of fish 
habitat or attainment of water quality standards. 

• Mandatory road maintenance planning, which includes identification of road-related 
sediment delivery, points to the stream network within 5 years of the effective date of 
the rule.2 

• The addition of BMPs to the Forest Practices Board Manual to identify site-specific 
practices for meeting the sediment delivery standards. 

• Authorization for the DNR to require detailed information on road construction plans. 

• Increased stream buffer widths and leave-tree requirements on all streams. 

• Adaptive management. 

Prescriptive rule changes proposed by the Forests and Fish plan include: 
• Specific road construction rules to severely restrain new road construction within 

riparian areas. 

• Upgrade of road construction and maintenance rules to include the entire stream 
network in stream-crossing protection and limitations on sediment delivery. 

• New rules to address cut- and fill-slope erosion, cross-drain spacing, diversion of ditch 
water away from streams and wetlands, road ditch erosion and re-vegetation of areas 
disturbed during construction. 

• Upgrade of rules on new or replacement water crossings for minimum culvert size and 
to require that they pass a 100-year flood event. 

• New rules for constructing road crossings of headwater, non-fish-habitat streams. 

• Mandatory upgrade of roads to meet the new standard for sediment delivery within 
15 years of the effective date of the rule, with provisions for work to begin at once on 
high-priority sites. 

• Strengthening of the rules for temporary road and landing construction. 

• Riparian buffer requirements on fish- and non-fish-habitat streams that protect areas 
sensitive to disturbance and erosion. 

• Equipment exclusion zones on all fish-habitat streams and equipment limitation zones 
on all non-fish-habitat streams.  

New Road Construction. The new rules would make it more difficult to build roads in 
riparian areas or adjacent riparian forest. Except for the minimum number of crossings that 
are necessary for management operations, new road construction in streams, channel 
migration zones, or riparian management zones would be limited to situations where the 

                                                      
2 The Forests and Fish Emergency Rules went into effect in January 2000. 
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landowner can demonstrate to the satisfaction of public resource managers that other 
alternatives would cause greater damage to resources. 

The new rules would require that forest roads be designed and constructed to avoid 
sediment delivery to any part of the stream system. The primary method for accomplishing 
this would be the requirement to divert runoff water away from streams and wetlands, and 
onto the forest floor where sediment can be filtered out before the water reaches the stream 
channel.  

Additional rules and BMPs would address sources of sediment by requiring that cut- and 
fill-slopes of new roads be designed and constructed so that they can resist erosion forces. 
This would be accomplished by building to proper slope angles, compacting fill material, 
and re-vegetating disturbed areas. Potential erosion from ditch and culvert outfalls would 
be addressed with reformatted culvert spacing recommendations to take into account 
regional differences and local site conditions. The proposed rules would require rock-
armored ditch blocks and culvert inlets where ditch or stream gradients exceed 6 percent.  

Under the proposed rules, the DNR would have additional authority to require submission 
of a detailed road design before a forest practices permit is granted to ensure that the rules 
are being followed and BMPs are properly applied. Where temporary roads, landings, or 
stream crossings are proposed, the Forests and Fish plan would require that they be built and 
maintained to provide the same level of protection required for permanent structures. 

Road Maintenance. Road maintenance plans will provide systematic plans and schedules to 
complete the repair or abandonment of all roads with erosion problems within 15 years. 
Three of the primary plan objectives for road repair and maintenance work are to:  

• Limit sediment delivery to surface waters. 

• Disconnect road drainage from streams. 

• Minimize water and sediment delivery to streams from stream-adjacent roads. 

The Forest and Fish plan recommends rules for road maintenance planning that establish 
schedules for large landowners to complete the planning process within the 5-year time 
period. These schedules require a regular pace for submitting basin or road system plans 
and ensure that the plans have adequate review and comment from state regulatory 
agencies and affected tribes. The sequence of planning areas would be prioritized based on 
the presence of listed fish species, sensitive soils or geology, other restoration efforts, and 
the likelihood of increased future road use in the basin. Limiting sediment delivery from 
road and stream intersections, and from stream-adjacent roads, would be a high priority for 
repair work. Review and approval of plans would include the DNR, the Department of 
Ecology, the Department of Fish and Wildlife, and affected tribes. The Forest and Fish plan 
would require that repair work begin immediately in the first year of the plan and that work 
continue at a regular pace to complete upgrades of the entire road network within 15 years. 
There would be provisions for annual review of progress changes in plans to accommodate 
unforeseen circumstances. Landowners found to be out of compliance with the work 
schedule in a plan would be subject to the forest practices rule enforcement authority of 
DNR to restrict road use of the affected road segments.  
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Near-Stream Protection. Fish-habitat streams would receive 30- or 50-foot-wide no-harvest 
zones and additional leave trees out to a distance of one site-potential tree height. Yarding 
corridors would require an HPA, which would require full suspension yarding to reduce 
sediment delivery sources. Yarding corridors would be allowed through riparian zones, but 
they generally would be less than 30 feet wide and at least 150 feet apart. Total riparian 
openings from yarding corridors would not exceed 20 percent of the stream length along the 
harvest unit.  

Perennial streams would receive erosion protection through measures to reduce or avoid 
ground disturbance at seeps, springs, and other sensitive sites. Thirty-foot-wide equipment 
limitation zones are provided for all non-fish-habitat streams and associated wetlands to 
minimize the effects of timber harvest on soil compaction and bank erosion. If the amount of 
ground disturbance along non-fish-habitat streams exceeds 10 percent of the equipment 
limitation area, erosion control mitigation measures would be required. The DNR would 
retain authority to condition forest practices applications to prevent direct sediment 
delivery to water. 

2.4.5  Critical Question 
To consider the adequacy of the Forests and Fish plan, the following critical question needs to 
be addressed:  

Are the proposed forest practices rules in the Forests and Fish plan adequate to 
reduce the potential effects of forest practices on fine sediment delivery to meet water 
quality standards, and support fish and other aquatic life? 

2.4.6  Analysis of the Effects of the Forests and Fish Plan on Fine Sediment Delivery  
BMP Effectiveness 
Forest practices rules are proven to be effective when properly implemented. Findings of 
forest practices monitoring reports for western states suggest that forest practices are 
compatible with streamside management objectives when measures are taken to control 
sediment delivery to streams (SWRCB 1987; MSG 1999). Forestry BMPs are effective in 
controlling sediment when they are fully and correctly applied (1996 Forest Practices Audit 
Team 1997; Fortunate, et al. 1998; Binkley and Brown 1993; Ice 1991; Novotny and Olem 
1994). Delivered sediment primarily is from roads, especially in unstable geologic 
conditions and where road maintenance is lacking, with comparatively minor contributions 
from harvest systems (Murphy 1995). Reaudits conducted in Montana indicate that BMPs 
are effective over time when properly designed and implemented (Fortunate et al. 1998). 
Therefore, the fine sediment problems that have been identified in Washington can be 
solved through proper application of well-understood forestry BMPs. 

Proposed Forest Practices to Control Surface Erosion  
The Forests and Fish plan’s prescriptions for controlling surface erosion are more rigorous 
than the old forest practices rules and specifically target surface erosion and soil disturbance 
in areas with a high potential to deliver sediment to surface waters; that is, road surfaces 
and stormwater conveyance facilities. Whereas the old forest practices rules generally are 
believed to be adequate for most timber harvest applications, the Forests and Fish plan would 
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provide additional measures to reduce surface disturbances in riparian areas, especially 
areas near stream channels. 

Prescriptions to prevent sediment delivery from timber harvesting activities focus on the 
areas adjacent to streams and stream-crossing locations. Research suggests that, on average, 
leave-tree widths of 30 feet or more should be effective at filtering out sediment from 
adjacent timber harvest activities (Brake et al. 1997; Rashin et al. 1999). Fish-habitat streams 
would receive 30- or 50-foot-wide no-harvest zone and additional leave trees out to a 
distance of one site-potential tree height. Therefore, the 30- or 50-foot-wide no-harvest zones 
along fish-habitat streams, and equipment limitation zones on non-fish-habitat streams, 
should prevent soil compaction and bank disturbance in the area with the greatest potential 
for sediment delivery. In most cases, the leave-tree requirements for fish-habitat streams 
would provide buffers that are wider than the maximum sediment delivery distance 
reported for older roads (Brake et al. 1997).  

The Forest and Fish plan’s prescriptions include BMPs that specifically disconnect the road 
drainage system from watercourses. Also, they address cut- and fill-slope erosion, stream-
crossing protections, cross-drain spacing, road drainage and sediment delivery, road ditch 
erosion, and the application of erosion control measures. The effectiveness of these types of 
BMPs has been documented by numerous studies. Pentec (1991), EPA (1993), and Craig et 
al. (1993) summarize published sources on the effectiveness of forestry BMPs. Burroughs 
and King (1989) provide a detailed review of the effectiveness of road erosion reduction 
strategies if consistently applied.  

The effectiveness of proposed programmatic rule changes are more difficult to evaluate than 
prescriptive changes, but the potential effectiveness of road maintenance and abandonment 
plans can be assessed from watershed analysis prescriptions. Modeled sediment production 
and delivery from three surface erosion assessments conducted before and 5 years after 
developing and implementing road maintenance and abandonment plans were evaluated 
using the watershed analysis surface erosion methodology (Washington Forest Practices 
Board 1995). Figure 2.4-1 illustrates the potential for reducing sediment delivery by 
implementing such plans (Baitis 1999; Toth 1997).  

Results show that sediment delivery in the Chehalis, Stillman, and Taneum watersheds was 
reduced by 48, 34, and 44 percent, respectively, within 5 years. Although each watershed is 
unique and road maintenance and abandonment plans varied, the results provide a 
reasonable indication of the expected benefits from implementing such road plans.  

Under the proposed plan, landowners would begin developing road plans immediately and 
complete planning for all their roads within 5 years after the Forests and Fish plan is adopted 
into rule. Implementation would begin immediately upon approval of the first plan and be 
completed within 15 years. Road systems or basins potentially affecting listed fish species 
would be given highest priority, generally starting at the mouth of the basin and working 
upstream. 
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FIGURE 2.4-1 
Modeled Natural Background and Road-Related Sediment Yield in Basins Prior to and 5 Years After Implementation of 
Road Improvement Plans for Watershed Analysis in Washington. 
 

The Forests and Fish plan would necessitate a much more rapid rate of road condition 
assessment and improvement than would be done under the existing watershed analysis 
process. Since the Washington Forest Practices Board adopted watershed analysis into 
regulation in 1992, original assessments have been completed for only 56 of 754, or 7 per-
cent, of Washington’s forested watershed analysis units (WAUs) (DNR 2000). That 
translates to approximately eight WAUs analyzed per year. At that rate, it would take about 
87 years to complete original watershed analyses on all forested watersheds in Washington. 

The adaptive management provisions of the Forests and Fish plan would identify priority 
research areas to assess the effectiveness of prescriptions and the validity of performance 
targets for controlling surface erosion. However, the effect of management activities on fine 
sediment generation and control would be evaluated through various monitoring programs. 

For example, the effectiveness of the programmatic prescriptions for road maintenance and 
abandonment plans may need to be evaluated through the adaptive management process. 
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2.4.7  Conclusions 
This section discusses the ecological importance of fine sediment delivery to streams, the 
primary sources and mechanisms for delivery, the potential effects of forest practices on 
roads and drainage systems, and evaluates the possible effectiveness of the Forests and Fish 
plan’s proposed programmatic and prescriptive rule changes and implementation 
commitments.  

The Forests and Fish plan contains a clear and defensible administrative process for 
identifying, reviewing, and regulating forest practices that may contribute to fine sediment 
delivery. The Forest and Fish plan’s prescriptions address the management practices and 
landscape areas with the highest potential to deliver fine sediment to streams. The 
recommended management prescriptions are stricter than the old rules, and their potential 
effectiveness is supported by scientific research. 

The proposed programmatic changes would require stricter standards, long-term road 
maintenance and improvement planning, and detailed documentation that experience 
indicates can be effective at significantly reducing fine sediment delivery. Evaluation of 
programmatic changes through adaptive management will be important to ensure that 
erosion control measures are applied consistently and implemented properly. Overall, the 
plan appears to contain appropriate ingredients for significantly reducing the effects of 
forest practices that otherwise could deliver excessive fine sediment to public resources. 
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2.5  Hydrology 
2.5.1  Summary of Hydrology Issues 
The Forests and Fish plan propose forest practices standards to help maintain the hydrologic 
regimes of private forestlands. The resource objective for hydrology stated in the Forests and 
Fish plan is to “maintain surface and groundwater hydrologic regimes (magnitude, 
frequency, timing, and routing of stream flows) by disconnecting road drainage from the 
stream network, preventing increases in peak flows causing scour, and maintaining the 
hydrologic continuity of wetlands.” 

The hydrologic regimes influence water and habitat quality in watercourses and riparian 
areas and are important to the formation of fish habitat in streams. Hydrologic processes are 
complex, and responses to management actions vary by site and scale. Forest practices may 
affect hydrologic processes through the alteration of vegetation characteristics and soil 
properties. However, numerous hydrologic studies during and after well-designed forest 
practices suggest that significant effects to streamflow and aquatic habitat conditions are 
uncommon.  

This section reviews the forest practices prescriptions in the Forests and Fish plan regarding 
hydrologic regimes and evaluates the potential effects on fish habitat and water quality. The 
potential effects are addressed for surface and subsurface hydrologic regimes. The surface 
waters may or may not contain fish habitat, and consist of perennial and seasonal streams, 
lakes, ponds, and wetlands. Subsurface waters consist of water that is stored in or 
transported through hillslope soils or colluvium. Groundwater, in this discussion, is 
subsurface water stored in rock. 

2.5.2  Scientific Principles 
What Is the Role of Hydrology? 
The hydrologic cycle of forests has been adequately and comprehensively described (e.g., 
Hewlett 1982; Black 1991; Swank and Crossley 1988). Water represents the greatest flow of 
any material substance through forested ecosystems (Waring and Schlesinger 1985).  

Overland and subsurface flows provide the basis for connecting terrestrial and aquatic 
systems. Hydrologic regimes, which are influenced by forest condition, affect the quantity 
and timing of streamflows and flood frequencies. Flooding and sediment transport are 
normal events critical for formation and development of streams and floodplains (Waring 
and Schlesinger 1985). However, hydrologic regimes outside of the normal range of 
variability can cause excessive erosion and result in channel alteration.  

Forest hydrology perpetuates a natural complement of stream life. Forest conditions 
influence water dynamics, the susceptibility of channel networks to disturbances, and the 
response of streams during floods. By virtue of their location in watersheds and proximity 
to watercourses, riparian forests may influence the local hydrologic condition and bank 
stability. The characteristic hydrology for each site and watershed shapes channel 
morphology, erosion and sedimentation patterns, and aquatic habitat structures. 
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Soil water and groundwater provide cool, clean water to streams and help to maintain 
adequate water quantities and temperatures for salmonids and other aquatic organisms. The 
outflow of soil water and groundwater, especially at perennial seeps and springs, can be 
important for amphibians and aquatic insects (Petranka et al. 1993; Kelsey 1995; Bury and 
Corn 1988).  

What Are the Hydrologic Processes and Water Input Sources? 
The underlying processes that control water movement in forests include: evaporation, 
transpiration, snowmelt, infiltration, percolation, lateral flow, and capillary rise (Waring 
and Schlesinger 1985). Surface water is controlled by precipitation, topography, vegetation, 
evaporation, and soil characteristics (Hewlett and Nutter 1970; Dunne and Black 1970). The 
rate and volume of surface water flow is largely controlled by seasonal precipitation 
patterns and the timing of individual storms. Vegetation primarily influences flow through 
interception (collection of rain and snow by the canopy) and evapotransporation (water lost 
back to the atmosphere). Although tree-covered landscapes often are touted for extending 
the duration of stream discharge, forests and wooded riparian areas, as a rule, lose more 
water to the atmosphere than any other vegetative cover or land use type. 

Streams draining forestland are fed almost entirely by drainage through (not across) soils. 
Water moves from upslope and from soils along stream channels (Patric 1994). Years of 
careful research and close observation across the nation indicate that: (1) overland flow does 
not occur on most forested land, where rain ordinarily infiltrates as fast as it falls; and (2) the 
incessant tug of gravity gradually pulls enough water from upslope soils to supply streams 
between storms (Patric 1994).  

Streamflow between storms, or baseflow, results from the slow migration of water as 
unsaturated flow from drying soils upslope (Patric 1994). At the onset of a storm, rain 
falling directly into channels increases streamflow immediately. With continuing rain, water 
infiltrating riparian soils along the channel soon percolates to the depth of streamside soil 
saturation. The level of saturation in riparian soil rises, water begins to drain more rapidly 
into the stream, and stormflow begins. The longer the rain continues, the farther upslope the 
streamside areas of saturation extend, the faster soil water drains to streams, and the greater 
the volume of stormflow produced. In effect, the source area providing water immediately 
to the stream extends farther into riparian areas and upslope, laterally and longitudinally as 
rain continues (Dunne and Black 1970; Troendle and Leaf 1980).  

Increases in flow volume result from successively greater storms and expanding source 
areas within individual watersheds (Hewlett 1982). Floods occur when soil saturation 
inhibits infiltration, bankfull stage of channels is exceeded, and overland flow occurs. The 
magnitude of floods is determined by the amount of rainfall, the rate of spring snowmelt, 
and the combination effects. Rain-on-snow events have generated some of the largest floods 
on record in western and eastern Washington (Coffin and Harr 1992; MacDonald and 
Hoffman 1995). The highest flows of rare occurrence produce the greatest sediment 
discharges and habitat complexity, in part because streambanks erode and large woody 
debris jams are created. 

Widespread canopy openings can increase water yield and summer low flows temporarily 
by decreasing the interception of precipitation by trees and evapotranspiration loss of soil 
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water (Washington Forest Practices Board 1995). Presumably, forests that are abnormally 
highly stocked (i.e., forests overstocked because of decades of fire suppression) have 
reduced water yields. These conditions may result in lower water yields, reduced low flows, 
and low peak flows. Also, decreases in water yield and summer low flows may be 
associated with establishment of hardwoods in riparian areas (Washington Forest Practices 
Board 1995). It is logical that historical fire suppression and the build up of abnormal 
quantities of biomass in riparian areas have altered forest hydrology and its associated 
ecological processes to create conditions outside the natural ranges of variability, 
particularly in many Eastside forest locations.  

2.5.3  Background 
How Can Forest Practices Affect Hydrologic Processes? 
Forest practices can affect hydrologic processes primarily through the alteration of 
vegetation and soil properties. Tree removal can temporarily reduce interception and 
evapotranspiration, increase soil water storage, and affect the quantity and timing of 
streamflows.  

Several researchers found increases in annual water yield proportional to the amount of 
timber harvest in western Oregon (Rothacher 1970; Harris 1973; Harr et al. 1979). Decreases 
in streamflow after timber harvesting are rare or only last a few years (Adams 1993). 
However, Connelly and Cundy (1992) found that harvest intensity alone is not a good 
indicator of harvest effects on water yield. For example, Fowler et al. (1987) found no 
significant increases in annual water yield, peak, or low flow for three small watersheds 
after shelterwood cutting and clearcutting removed 22 to 50 percent of the standing volume 
over 11 to 41 percent of the area. 

Decades of fire suppression have resulted in overstocked Eastside forests, which have 
approached unsustainable limits in many watersheds (ICBEMP 1997). Also, past practices 
and wildfire often have favored riparian hardwood regeneration in the riparian zone after 
vegetation removal, which can decrease summer low flows (Moring 1979).  

Silvicultural manipulation of forest structures has a direct effect on and can enhance 
vegetative cover and surface roughness conditions, which affect rates of water interception, 
evapotranspiration, percolation through soil, and groundwater recharge, as well as water 
quality (Troendle 1983). Stocking and species control can make more water available to 
residual trees, increasing their vigor and the health of forest stands. Certainly, stocking 
control can reduce evapotranspiration on a landscape scale, resulting in greater soil 
moisture and an increase in water available for aquifer recharge.  

Forest practices are actively used to create more desirable and sustainable hydrological 
functions and processes. Furthermore, silvicultural practices aimed at attaining more 
sustainable ecosystems are used to reduce the risks of catastrophic damage (by fire, insects, 
and disease) to forest ecosystems, and to proactively reduce potential undesirable impacts to 
hydrological conditions and surface waters. 

Some hydrology studies have detected changes in surface flows following road 
construction. At times, past logging activities have reduced discharge from springs where 
soil compaction or road cuts slowed groundwater recharge, or where debris-clogged 
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channels forced streamflow to go underground. The magnitude of change varies greatly 
with the size of the storm (Thomas and Megahan 1998), size of the watershed, interaction 
between road and channel networks (Montgomery 1994), dominant runoff mechanism (e.g., 
snowmelt, rain-on-snow or rainfall), and location of the watershed.  

Consideration of elevation, aspect, stand age, and hydrologic response improves the 
predictions of harvest effects on stream flows (Connelly and Cundy 1992). Increases in peak 
flows have been noted for areas of the Pacific Northwest after timber harvest and road 
construction (Harr et al. 1975; Harr et al. 1979; Thomas and Megahan 1998). However, other 
researchers have found either no effects or even decreased and delayed peak flows 
following harvest and road construction (Duncan 1986; Harr 1976; Harr 1980; Cheng et al. 
1975; Harr and McCorison 1979). Rothacher (1965, 1973) reported that peak flows showed 
little or no increase from timber harvesting, but low flows showed a modest increase. 

At Caspar Creek in California, Ziemer (1981) and Keppeler and Ziemer (1990) found that 
water yield increases and changes in peak flows from forest harvesting have minimal effect. 
At the H.J. Andrews Experimental Forest, Adams et al. (1991) found that when only small 
areas of large watersheds are cleared at any one time, changes in summer streamflows 
should have little consequence for downstream water uses.  

Harr (1976, 1980, 1983), Harr et al. (1979), and Harr et al. (1982) found that increases in water 
yield from clearcut areas are greatly overshadowed by flows from uncut areas in 
watersheds with a balanced mix of forest ages and structures; and that the size and timing 
of annual water yields and instantaneous peak flows following logging activities were not 
significantly changed. Duncan (1986) found that a particular level of timber harvesting in 
large Washington watersheds does not necessarily correspond to changes in peak flow 
because only a small percentage of a watershed is harvested at one time, and harvesting 
usually is dispersed. He concluded that care should be exercised in using information from 
small watershed studies for predicting effects in large watersheds. 

Changes in peak flows from roads have been observed in some studies (Harr et al. 1975; 
Harr 1979; King and Tennyson 1984). However, similar research in other Pacific Northwest 
watersheds found no significant difference or a decrease in peak flows following substantial 
soil compaction from roads and skid trails (Rothacher 1970; Ziemer 1981; King and 
Tennyson 1984; Wright et al. 1990). The variability in these results suggests that watershed-
specific factors other than timber harvest and road construction affect the influence of forest 
practices on hydrologic regimes. 

Jones and Grant (1996) observed changes in peak flows of small and large watersheds in 
western Oregon that are consistent with road-related changes in water routing. However, a 
reanalysis of their data by Thomas and Megahan (1998) found a decreasing trend in peak 
flows over time. This decreasing trend is inconsistent with permanent road-related changes 
and further points out the complexity of hydrologic processes. Nevertheless, most believe 
that the greatest hydrologic effects stem from poorly located, designed, and managed roads 
and trails, a problem best dealt with by the use of modern forestry Best Management 
Practices (Brown and Kryger 1970; Beschta 1978; Sullivan 1985; Patric 1994). And although 
peak flow may be greater in streams draining harvested watersheds during small storms, 
flood flows are essentially equal in watersheds draining harvested and undisturbed land 
during the occasional great storm that causes major or catastrophic events.  
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The old forest practices rules (i.e., in place prior to adoption of the Forests and Fish 
Emergency Rules) reduce the potential for significant hydrologic effects from timber harvest 
and road construction. Rules limit a contiguous clearcut area to 120 acres. Areas adjacent to 
existing clearcuts cannot be harvested until young trees are reestablished. Proposed forest 
practices in the rain-on-snow zone are closely scrutinized if the area contains hydrologically 
immature vegetation.1 Furthermore, forest practices rules provide for voluntary watershed 
analysis that includes a hydrologic assessment of the past and current effects of timber 
harvest within the basin, and binding, site-specific prescriptions to address any effects 
revealed in the assessment, particularly those related to rain-on-snow peak flows.  

Despite the gains made under the old forest practices rules, opportunities exist for 
additional improvement. Past road design standards resulted in delivery of surface water 
from road ditches and culverts directly to streams. However, concerns about the delivery of 
water and fine sediment to streams were highlighted by watershed analyses and studies 
that recommended revisions to road standards. For example, a selection of watershed 
analyses from Washington State indicate that 15 to 30 percent of the road mileage 
contributes sediment to streams (Andersen 1996; McGreer 1997; Toth 1998). A study of state 
and private lands in western Oregon indicated that 29 to 39 percent of roads directly 
contribute sediment to streams (ODF 1996). 

2.5.4  How Does the Forests and Fish Plan Address Hydrology? 
The old forest practices rules reduced the potential for significant hydrologic impacts from 
timber harvest and road construction by: 

• Limiting clearcut size and distribution (green-up rules). 

• Establishing road best management practices (BMPs) for construction and maintenance.  

• Promoting voluntary watershed analysis. 

• Identifying wetlands and limiting harvest operations. 

• Using a rain-on-snow rule to control peak flows. 

The Forests and Fish plan builds on the old rules by including additional measures to address 
potential effects of forest practices on hydrologic processes. It provides increased assurances 
that significant hydrologic changes would not occur through programmatic and prescriptive 
standards and guidelines. 

Programmatic Changes to Rules. The plan would provide four changes in the application of 
rules to reduce the influence of forest practices on hydrologic regimes: 

1. The proposed road maintenance and abandonment measures would disconnect road 
drainage to streams, reduce water and sediment delivery from stream-adjacent roads, 
and improve hydrologic connectivity. Collectively, they would reduce the delivery of 
water and sediment to streams. 

                                                      
1 Hydrologically immature vegetation means young forest stands that do not hold significant snowfall in the tree canopy and do 
not moderate the effects of wind and rain on the snow pack at ground level. 
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2. Riparian protection is extended to include entire channel migration zones associated 
with fish-habitat streams. This would ensure that trees are retained within the area of 
active channel movement within valleys. The extended protection should protect the 
zones of shallow subsurface flow beneath and adjacent to migrating streams. 

3. Rules would be clarified to include forested wetlands in the regulatory mitigation 
process when forest practices propose filling or draining wetlands. Additional 
requirements would be added for identification and mapping wetlands associated with 
riparian area and mapping smaller forested wetlands in upland harvest units. 

4. Adaptive management provisions would be provided to ensure that the recommended 
actions are being applied and are effective. Regulatory and management feedback 
mechanisms would be used to make improvements based on effectiveness and 
validation monitoring and research. 

Prescriptive Changes to Rules: Hydrologic Management Across the Landscape. The Forests and 
Fish plan includes additional prescriptions intended to further reduce the effects of forest 
practices on hydrologic processes. The hydrologic management measures include: 

• Forest Road Management—improved construction, upgrading existing roads, and 
improved maintenance practices; road abandonment where necessary. 

• Wetland Protection—measures to maintain hydrologic functions of wetlands. 

• Riparian Management Zones (RMZs) and Sensitive Site RMZs—tree retention 
provisions for priority areas and aquatic features on perennial, non-fish-habitat waters; 
equipment limitation zones. 

Forest Road Management. The prescriptions that address the delivery of water from roads 
to streams are contained in the Forests and Fish Report’s items D.1 (Road Maintenance and 
Abandonment Plans), D.2 (New Road Construction), D.3 (Orphan Roads), and the Forests and Fish 
Emergency Rules Part 4 (Forest Roads and Wetlands). To achieve the resource objectives for 
hydrology, emphasis is placed on: 

• Inventorying and assessing the condition of existing roads and orphan roads. 

• Planning and implementing the proper maintenance or abandonment of existing roads. 

• Repairing and upgrading existing roads. 

• Minimizing construction of new roads. 

• Building new roads to higher standards. 

The Forests and Fish plan’s prescriptions are expected to reduce undesirable impacts on the 
surface water network through the requirement for road maintenance and abandonment 
plans. The primary plan objectives for road repair and maintenance work are to:  

• Disconnect road drainage from directly entering streams. 

• Reduce water and sediment delivery from stream-adjacent roads to streams. 
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• Improve hydrologic connectivity (i.e., to reduce interruption of surface water drainage, 
the interception of subsurface water, and the transfer of water from one basin to 
another). 

• Relocate roads if they cannot be brought to the design and construction standards. 

The Forests and Fish plan includes a number of measures for locating and building new 
roads to higher standards, including more constraints on road construction in forested 
wetlands and adjacent to streams, for example: 

• Rules limiting construction of stream-adjacent roads would be strengthened.  

• All bridges, stream-crossing culverts, and cross-drain culverts would be designed to 
pass the 100-year flood. 

• Minimum size requirements for culverts at stream crossings would be increased.  

• Distances between cross drains would be decreased. 

• Stormwater would be routed to the forest floor where roadside ditches slope toward 
streams. 

Wetland Protection. The old wetlands rules require identification and mapping of open-
water and non-forested wetlands, and forested wetlands over 5 acres in size. The old rules 
required buffers on non-forested wetlands and harvest restriction in forested wetlands. 
Also, there are rules requiring mitigation for filling or draining wetlands, and higher 
environmental review of filling or draining that exceeds one-half acre.  

Additional Forests and Fish plan prescriptions designed to maintain hydrologic functions of 
wetlands are contained in the Forests and Fish Report’s item F.2 (Wetland Mitigation) and the 
Forests and Fish Emergency Rules Part 4 (Forest Roads and Wetlands). For example: 

• For all road and landing construction within wetlands, including forested wetlands, 
landowners would have to employ a mitigation plan to avoid, minimize, restore, reduce, 
or replace affected areas. 

• Small wetlands of any size within an RMZ would be identified and mapped. The 
threshold for mapping forest wetlands outside RMZs would be lowered to 3 acres. 

• DNR would be required to maintain a map record of wetlands identified in forest 
practices applications. 

Riparian Management Zones (RMZs). Riparian prescriptions designed to protect hydrologic 
processes are contained in Forests and Fish Report item B.4 (Prescriptions Applicable to Harvest 
and Certain Other Forest Practices) and Forests and Fish Emergency Rules Part 2 (Riparian 
Management Zones): 

Sensitive Site RMZs. Management for sensitive aquatic sites along perennial non-
fish-habitat streams would include:  

1. On the Westside, retain all vegetation within 50 feet of sensitive aquatic sites—
perennial headwall seeps, side-slope seeps and springs within 100 feet of the 
stream, alluvial fans, perennial stream initiation points, and intersections of two 
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or more perennial streams. Where the confluence with fish-habitat waters, 
sensitive sites, and inner gorges do not cumulatively result in a minimum of 
50 percent buffering of perennial non-fish-habitat stream reaches, the shortfall 
would be made up by retaining all vegetation within 50 feet of priority areas 
including: 

• Low-gradient reaches. 
• Reaches for tailed frog habitat. 
• Groundwater influence zones. 
• Other priority areas. 

2. On the Eastside, extend the 50-foot-wide managed buffer where necessary to 
include sensitive aquatic sites. Retain 12 to 30 tons of down wood (depending on 
the forest habitat type) in specified material sizes in the inner RMZ after harvest, 
if initially present, to maintain surface roughness and detain overland flow. 

The following prescriptions prevent or minimize disturbances to the forest floor that affect 
water infiltration rates and subsurface flow through water source areas: 

Channel Migration Zones (CMZs). All vegetation would be maintained within the 
boundaries of a channel migration zone. 

No-Harvest Core Zones. No harvest would be conducted within 30 or 50 feet from 
perennial fish-habitat streams on the Eastside and Westside, respectively.  

Equipment Limitation Zones. Within 30 feet from Westside and Eastside non-fish-
habitat streams, landowners would implement erosion control mitigation measures 
if more than 10 percent of the ground surface is disturbed by ground-based 
equipment, skid trails, stream crossings, or partially suspended cable logging.  

2.5.5  Critical Question 
To consider the adequacy of the Forests and Fish plan, the following critical question needs to 
be addressed: 

Are the proposed forest practices rules in the Forests and Fish plan adequate to reduce the 
potential effects of forest practices on hydrologic processes to attain water quality standards, 
and support fish and other aquatic riparian life? 

2.5.6  Analysis of the Effects of Proposed Rules on Hydrology 
Compared to the old rules alone, the Forests and Fish plan further reduces the potential for 
management-related effects on hydrologic processes on covered forestlands. The Forests and 
Fish plan provides additional provisions to further reduce the effect of forest practices on 
hydrologic processes in three general areas: roads, wetlands, and riparian zones. The 
commitments outlined above are expected to reduce soil disturbance and compaction at 
areas with significant shallow subsurface flow and reduce the amount of concentrated road 
drainage flowing directly to streams.  

Forest Road Management. The Forests and Fish plan should considerably reduce the 
potential for road-related delivery of water to streams on non-federal forestlands. Two areas 
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of road management, in particular, are expected to help avoid significant effects to 
hydrological regimes:  

• Minimizing the length of forest roads that deliver water directly to streams. 

• Maintaining or restoring the natural flow paths of surface and shallow subsurface water.  

These practices address the water delivery mechanisms with the greatest potential for 
changing water-routing patterns and increasing peak flows.  

As discussed in Section 2.4 (Fine Sediment), 5-year reviews of surface erosion in several 
watersheds estimated a 34 to 48 percent reduction in delivery of sediment to streams 
following implementation of road maintenance and abandonment plans (Baitis 1999; Toth 
1997). It is reasonable to expect a proportionate increasing trend toward the normal delivery 
of surface waters to streams as a result of implementing the plan.  

Other important effects of the Forests and Fish plan are the rate at which the road 
maintenance and abandonment plans would be implemented and the prioritization of 
watersheds with listed species. The condition of all roads (including orphan roads) would 
be inventoried and assessed to address direct delivery of water from roads to streams. 
Landowners would begin developing road plans immediately and complete planning for all 
their roads within 5 years after the Forests and Fish plan is adopted into rule.2 Imple-
mentation would begin immediately upon approval of the first plan and be completed 
within 15 years. Road systems or basins potentially affecting listed fish species would be 
given highest priority, generally starting at the mouth of the basin and working upstream. 

The Forests and Fish plan would necessitate a much more rapid rate of road condition 
assessment and improvement than would be done under the existing watershed analysis 
process. Since the Washington Forest Practices Board adopted watershed analysis into 
regulation in 1992, original assessments have been completed for only 56 of the 754 
(7 percent) of the forested watershed analysis units (DNR 2000). That translates to 
approximately eight units (WAUs) per year. At that rate, it would take about 87 years to 
complete original watershed analyses on all forested watersheds in Washington. 

Forest road management measures that minimize construction of new roads in riparian 
areas, upgrade existing roads to reduce disturbances of water routing patterns, and 
construct new roads to higher standards would reduce the potential disruption of 
hydrologic regimes. No-harvest buffers and equipment limitation zones that prevent or 
minimize disturbances to the riparian forest floor would better maintain water infiltration 
rates and subsurface flow through riparian soils. Also, retention of down wood in RMZs 
after harvest would maintain more normal patterns of surface roughness and overland flow 
when it occurs (Megahan and Ketcheson 1996; McGreer 1981; Benoit 1979). 

Evaluation of the specific effects of forest practices on hydrologic regimes typically requires 
years of monitoring and careful scientific evaluation due to all of the complexities of 
hydrologic systems in the forested environment and variability in precipitation patterns. 
However, practices that maintain historical hydrology patterns through careful planning, 
design, and maintenance of forest roads have the greatest assurance of providing desirable 

                                                      
2 The Forests and Fish Emergency Rules went into effect on March 20, 2000. 
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hydrologic regimes. The Forests and Fish plan is deliberately focused on forest practice 
measures and management actions that maintain and improve hydrologic regimes and their 
effects on aquatic resources: forest road location, design, and maintenance. 

Wetland Protection. Combined with the old rules, improved identification, mapping, and 
protection of wetlands contained in the Forests and Fish plan should better protect the 
hydrologic functions of sensitive wetland areas. 

Riparian Management Zones (RMZs). The riparian prescriptions that address hydrologic 
processes (and CMZs) are expected to provide a higher level of hydrologic protection. 
Sensitive Site RMZs emphasize tree retention around seeps, springs, and forested wetlands, 
which may be hydrologically sensitive. Channel migration zones are recognized as part of 
the channel, and therefore are included within the no-harvest portion of the RMZ. These 
measures protect shallow subsurface flows beneath and adjacent to these streams, which are 
important for supporting a variety of aquatic organisms. 

2.5.7  Conclusions 
This section discusses the ecological roles of forest hydrology, identifies the primary 
hydrologic processes and water input sources, describes the potential effects of forest and 
road management on hydrologic regimes, and evaluates the possible effectiveness of the 
Forests and Fish plan’s prescriptions in reducing the effect of forest practices on hydrologic 
processes. 

Hydrologic regimes that occur within the range of natural variation are presumed to 
maintain cool, clean water and adequate aquatic habitat. The Forests and Fish plan proposes 
a number of measures that would reduce the potential effects of forest practices on 
hydrologic processes to attain water quality standards, and support fish and other aquatic 
and riparian life. The Forests and Fish plan’s prescriptions should reduce undesirable impacts 
on the surface water network by requiring road maintenance and abandonment plans, 
upgrading existing roads, and constructing new roads to minimize effects on water routing.  

The Forests and Fish plan proposes substantive measures to disconnect road drainage from 
the stream network, reducing the possible effects of road runoff on peak flows and their 
potential effects on channel scouring. All perennial streams receive some hydrological 
protection by retaining functional riparian areas, with emphasis on retaining trees and 
down wood in RMZs and around seeps and springs. Protection of the hydrologic continuity 
of wetlands would be increased through clarification of the regulatory process that requires 
sequential consideration of impact avoidance and minimization, and wetland restoration 
and replacement. No-harvest buffers in and around riparian areas, including channel 
migration zones, would protect the shallow subsurface flows beneath and adjacent to these 
streams. Improved wetland mapping, combined with the old rules for operations within 
wetlands, should better protect the hydrologic functions of these sensitive systems. These 
proposed prescriptions along with equipment limitation zones near stream channels would 
further reduce soil disturbance and compaction at areas with significant shallow subsurface 
flow near both fish-habitat and non-fish-habitat streams.  
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2.6  Pesticides 
2.6.1  Summary of the Herbicides Issue 
Herbicides are the chemicals used to manage noxious weeds and competing forest 
vegetation, under certain conditions. They are among the group of pesticides, including 
herbicides, insecticides, fungicides, and rodenticides, used in seed orchard and seedling 
nursery management, silvicultural practice, and other forest practices. 

The old forest practices rules (i.e., in place prior to the adoption of the Forests and Fish 
Emergency Rules in January 2000) set best management practices for herbicide application 
near surface waters and water supplies (Washington Forest Practices Board 1998). Under the 
old rules, herbicide residue was not commonly found in managed forest environments. The 
Forests and Fish plan proposes additional best management practices designed to eliminate 
the direct entry of herbicides to waters and wetlands, to protect riparian vegetation, and to 
minimize off-target drift to water and vegetation in riparian zones. The primary focus of the 
Forest and Fish plan’s pesticide prescriptions is on herbicide application rules for protecting 
water quality and non-target vegetation. The plan’s stated resource objective is “to use 
forest chemicals in a manner that meets or exceeds water quality standards and label 
requirements by buffering surface water and otherwise using best management practices.” 

Herbicide research confirms that the riparian management zones proposed in the Forests and 
Fish plan would eliminate the direct entry of herbicides to water and wetlands, and protect 
riparian vegetation. The Forests and Fish plan’s prescriptions substantially increase the 
confidence that herbicides can be used without adverse environmental effects.  

This section discusses the role of herbicides in managing forests, describes the potential 
effects of herbicide application on fish habitat and water quality, and evaluates the 
effectiveness of the Forests and Fish plan’s best management practices prescriptions. 

2.6.2  Scientific Principles 
What Is the Role of Forest Herbicides? 
Herbicides interfere with the physiological processes of unwanted vegetation, allowing 
more desirable vegetation a competitive advantage. For example, competition from 
unwanted vegetation can inhibit the establishment and growth of young conifer trees in 
riparian areas. Over the short term, reduction or elimination of deciduous vegetation by 
herbicides can affect streams in positive and negative ways, depending on existing site 
limitations. Herbicides used to release conifers from competing hardwood vegetation and 
improve forest health can accelerate the long-term recovery of riparian and upland habitat 
functions. Use of herbicides to favor conifers helps ensure future recruitment of functional 
large woody debris in these stands. 

Concern about herbicide use generally focuses on its potential toxicity to unintended 
targets. For example, sublethal effects of some herbicides on salmonids include reduced 
growth, decreased reproductive success, altered behavior, and reduced resistance to stress 
(Beschta et al. 1995). The risk of toxicological effects of herbicides on aquatic resources is 
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greatest when herbicides are applied directly to surface waters, and least when applied to 
upland forests (Spence et al. 1996).  

Risk of unintended effects is reduced by controlling the ability of herbicides to travel by 
wind and water in the environment, as well as herbicide potency and persistence. Factors 
that influence travel and exposure include herbicide volatility, mobility in soil, persistence 
in the environment, manner of application (e.g., ground vs. air, droplet size), microclimate, 
temperature, and wind direction.  

2.6.3  Background  
Why Are Herbicides Used and How Are They Applied? 
Forest managers have several objectives when developing and implementing vegetation 
management plans:  

• Control competing vegetation within desired levels to achieve tree seedling survival and 
rate-of-growth objectives. 

• Apply vegetation control treatments (i.e., herbicides) in a safe manner. 

• Meet overall cost/benefit targets. 

• Protect forest resources, including water quality and non-targeted vegetation.  

In managing forests, a wide variety of herbicides are used to control invasive hardwoods, 
herbaceous plants, grasses, and other undesired or competing vegetation to obtain site-
specific management objectives. Competing vegetation reduces forest productivity by 
interfering with the establishment and growth of desired trees.  

The method of herbicide application is the most important variable affecting off-site travel. 
Herbicides are applied by one of three general equipment types: (1) hand-held applicators; 
(2) ground-based power equipment; and (3) aerial spray with helicopter. Each type varies in 
its susceptibility to spray drift. Spray drift is the unintended movement of herbicide away 
from the point of application, traveling with the direction of air movement.  

Application factors that contribute most to travel distance are: (1) the range of droplet sizes 
emitted from the equipment, and (2) the height of spray release above the ground (SDTF 
1997). Droplet size is influenced by nozzle type and angle used in the spray equipment, and 
herbicide pressure. If not managed correctly, aerial applications have the greatest potential 
to cause spray drift and affect water quality and non-target vegetation because of the height 
of spray release.  

The Spray Drift Task Force (SDTF) is a consortium consisting of 38 agricultural chemical 
companies. SDTF was established in 1990 to respond to the Environmental Protection 
Agency’s spray drift data requirements. Using a common experimental design, more than 
300 applications were made in 10 field studies covering a range of application practices. Key 
results from the SDTF (1997) aerial application studies are: 

• Droplet size was confirmed to be the most important factor affecting drift from aerial 
applications (i.e., the smaller the droplet, the greater the drift). The SDTF (1997) 
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determined that particles less than 150 microns in size have the greatest likelihood to 
drift. 

• The physical properties of the spray mixture (i.e., active ingredients) have only a 
minimal effect on drift relative to the combined effects of equipment parameters, 
application technique, and weather, except at high levels of air shear. 

• Logically, the results confirmed that drift only occurs downwind. 

• Although drift cannot be eliminated totally with current technology, drift can be 
minimized to very low levels, which do not cause harmful environmental effects, by: 

− Applying the coarsest droplet sizes that provide effective coverage and control. 

− Controlling application height above the target vegetation (i.e., the lower the 
application height, the less drift). 

− Using the shortest practical spray boom length. 

− Applying herbicides when wind speeds are low. 

− Buffering sensitive areas downwind of applications when drift cannot be reduced to 
low enough levels through altering the equipment setup and application techniques. 

• The spray-drift model is an effective means of predicting aerial spray drift. 

Terry and Ice (1998) estimated the spray pattern off-sets, or buffers, to protect riparian zone 
vegetation when aerially applying herbicides under various spraying scenarios. After 
reviewing the literature, contacting leading herbicide experts, and evaluating the AgDRIFT 
model (Teske et al. 1998), they concluded that: 

• No observable effect levels (NOELs) on vegetation when contacted with a herbicide are 
between 1 and 20 percent of the target application rate. NOELs are dependent on the 
herbicide used, species and age of vegetation, and season of application. 

• Symptomatic injury to riparian vegetation may be caused by application rates from 
about 10 to 20 percent of the target rate, depending on chemical and rate used, but 
plants would not be killed or prevented from reaching their full-growth potential. 

• Nozzle type, wind speed, flying height above target vegetation, and other variables 
affect drift: 

− Extra coarse droplets, as produced by equipment similar to the Raindrop™ nozzle, 
are very effective in minimizing herbicide drift when contrasted to the standard (D8-
46) nozzle. 

− A spray-swath off-set, or buffer, of approximately 22 feet (7 m) was required to 
prevent drift from reaching the riparian zone at the 10 percent target rate (using 
equipment producing droplet sizes similar to a Raindrop™ nozzle with a 5-mph 
unfavorable wind and a flight height of 20 feet above the vegetation). 

• Drift only occurs downwind, so spray swath off-sets are not necessary when spraying on 
the leeward side of areas to be protected. 
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Payne and others (1989) found that a buffer width of 82 feet (25 m) around water bodies is 
adequate to protect salmon, rainbow trout, and aquatic invertebrates from significant direct 
effects resulting from off-target ROUNDUP depositions using MICROFOIL and Thru Valve 
Boom technologies. When using a standard D8-46 nozzle, they found 98 feet (30 m) to be 
adequate. Newton and Norgren (1977) proposed tiered water quality criteria for 
silvicultural chemicals, which were based on the size of the stream. 

Currently, three regulatory mechanisms are in place to control the use of herbicides in the 
forest (SAF 1998): 

1. All commercial pesticides, including herbicides used in forest applications, must be 
registered by the U.S. Environmental Protection Agency (EPA) before sale or use. Prior 
to registration, products are exhaustively tested for the potential human health and 
environmental effects.  

2. Commercial pesticide applicators are tested and licensed by the Washington State 
Department of Agriculture to ensure the proper transportation, storage, and use of 
herbicides. 

3. Application of forest herbicides is further regulated by Forest Practices rules.  

What Are the Potential Forest Practices Effects of Herbicides?  
There is general agreement that the major concerns for contamination from forest chemicals 
are: (1) poor operator decisions and spills; and (2) applications to soil surfaces at or near 
field capacity moisture content or wash-off from vegetation just prior to a storm runoff 
event. Studies conducted by the Washington Department of Ecology (Rashin and Graber 
1993) and the Oregon Department of Forestry (ODF 1992; Dent 1997; Dent and Robben 2000) 
indicate that forest practices regulations in force at the time of the studies were effective in 
preventing injurious levels of herbicides from reaching streams (as defined by water quality 
concentration criteria proposed by Norris and Dost [1992] and others). In no case were 
water quality criteria for the instantaneous or 24-hour concentration exceeded, although low 
levels of herbicides were detected in the six locations sampled in the Washington study 
(Rashin and Graber 1993) and at 17 percent of the 50 total locations sampled in the Oregon 
study (ODF 1992). 

Commonly, herbicides are undetectable in managed forest environments. For example, the 
USGS (1996) reported, “Of the 25 most frequently detected pesticides, 3 were found 
primarily at urban sites, 6 were found primarily at agricultural sites, and 7 were found at all 
types of sites except forested sites. The four most commonly detected chemicals in the 
Willamette River basin, observed at all except forested sites, were atrazine, metolachlor, 
simazine, and diuron.” In a study conducted in the central Columbia Plateau, Munn and 
Gruber (1997) reported, “Forest was the only land use with no detections of organochlorine 
compounds in either fish or sediment.”  

One reason that herbicides are undetectable on forestland may be that the frequency of 
herbicide application on forestland, compared with agricultural and urban land, is relatively 
low. Less than one-third of all forestland is ever treated, and when treated, herbicides 
typically are applied only once or twice every 50 years. 
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Neary and Michael (1996) summarized research on the fate of herbicides in various forested 
watersheds throughout the southern and western United States, and Canada and Australia. 
Their summary of field data indicates that herbicide residue concentrations tend to be low, 
except where direct applications are made to ephemeral channels or streams, and do not 
persist for extended periods of time. They also reported that regional environmental impact 
statements in the United States demonstrate that the presence of forestry herbicides in 
surface and groundwater is not a significant risk to water quality or human health. 
Furthermore, the research indicated that herbicides can greatly reduce potential adverse 
water quality effects of erosion and sedimentation caused by mechanical control of 
vegetation (i.e., the most practicable alternative).  

2.6.4  How Does the Forests and Fish Plan Address Herbicides? 
The Forest and Fish plan includes a number of measures to address potential effects of 
herbicide application. The plan provides prescriptions for hand, ground, and aerial 
applications that: 

• Minimize off-target drift. 

• Add water quality protection for streams and wetlands. 

• Add protection for riparian vegetation. 

The following commitments are expected to eliminate the direct entry of herbicides to 
waters and wetlands, and fish-habitat riparian areas established through other prescriptions 
in the Forests and Fish plan:  

• Aerial herbicide application would be prohibited within the core and inner riparian 
zones of any fish-habitat stream (Type S or F water), and all wetland management zones 
(WMZs). 

• Off-sets, or distance from the edge of water, would vary depending on wind conditions, 
application height, and nozzle type (Table 2.6-1):1 

− Westside off-set widths would range from 60 to 150 feet (18 to 46 m) under favorable 
wind, and from 145 to 325 feet (44 to 99 m) under calm or unfavorable wind.  

− Eastside off-sets widths would range from 75 to 100 feet (23 to 30 m) under favorable 
wind and from 145 to 325 feet (44 to 99 m) (the same as Westside) under calm or 
unfavorable wind. 

• For non-fish-habitat streams (Type N streams) with flowing waters and Type B 
Wetlands (less than 5 acres), off-sets for Westside and Eastside would be 50 feet (15 m) 
under favorable wind, and 70 to 100 feet (21 to 30 m) under calm or unfavorable wind. 

                                                      
1 Under favorable wind conditions, off-set widths are equal to core and inner zone widths.  Under unfavorable wind conditions, 
off-set widths are wider. 
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TABLE 2.6-1 
Proposed Herbicide Off-Set Widths (Core and Inner Riparian Zones) at Streams and Wetlands 
 

 Proposed Buffer Widths Under Two Wind Conditions (feet)a 

 Favorable Winds Unfavorable Winds 

Fish-Habitat Streams, Type A Wetlands, and Type B Wetlands (>5 acres) 

Westside 60 – 150 145 – 325 

Eastside 75b – 100 145 – 325 

Non-Fish-Habitat Streams with flowing waters and Type B Wetlands (<5 acres) 

Westside 

Eastside 

50 70 – 100 

a  Favorable winds are when wind direction effectively moves the spray cloud away from water, the riparian 
management zone, or the wetland management zone based on visual observation of wind patterns. 
Unfavorable winds are any winds that are not clearly favorable (as defined above) including calm conditions, 
inversions, or conditions of highly variable wind direction. 

b  Minimum Eastside off-set widths at fish-habitat streams are wider than Westside off-sets under favorable wind 
conditions because of slight differences in site-potential tree heights. 

2.6.5  Critical Question 
To consider the adequacy of the Forests and Fish plan, the following critical question needs to 
be addressed: 

Are the proposed forest practices rules in the Forests and Fish plan adequate to reduce the 
potential effects of herbicides to attain water quality standards, and support fish and other 
aquatic riparian life? 

2.6.6  Analysis of the Effects of Proposed Rules on Herbicides 
A simulation model was used to estimate spray drift of forest herbicides, develop 
recommendations for buffering streams and RMZs from aerial applications, and form the 
basis of the Forests and Fish plan’s herbicide prescriptions (Ice 1999). Simulation models have 
been demonstrated to be appropriate tools for calculating widths of off-sets (Barry et al. 
1987).  

Standard and disc-core nozzles, and nozzles that result in the same size spray droplets as 
Raindrop™, were tested and evaluated using the Forest Service’s Cramer-Barry-Grim forest 
spray model (Dumbauld et al. 1980). Off-set distances were determined based on 
operational spray swath off-sets (i.e., realistic widths that considered wind direction). The 
off-sets screened at least 99.0 percent of the average spray site deposition or 99.5 percent of 
peak swath deposition. Minimum off-set recommendations based on the simulations are 
shown in Figure 2.6-1.  

Figure 2.6-1 shows the relationship between off-set width and height of application for two 
nozzle types. Compared with a standard nozzle, off-set widths are considerably lower at all 
application heights when using a nozzle that results in the same size spray droplets as 
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Raindrop™. Importantly, off-set width is unaffected by application heights less than 50 feet 
when using a nozzle that results in the same size spray droplets as Raindrop™. 

Presumably, the third nozzle type tested, the disc-core nozzle, would yield a third 
relationship between height of application and off-set width. However, the Forests and Fish 
plan does not incorporate separate off-set prescriptions for disc-core nozzles. Consequently, 
the plan’s off-set prescriptions could be improved by incorporating BMPs for disc-core 
nozzles before final rulemaking or through the adaptive management process. Similarly, 
intermediate off-set widths may provide adequate protection under intermediate wind 
speed conditions; that is, between the current favorable and unfavorable wind categories.  
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FIGURE 2.6-1 
Proposed Forests and Fish Buffer Guidelines for Minimizing Downwind Drift of Herbicides to Streams and Wetlands Using 
Two Nozzle Types. 

The recommended off-sets that are proposed in the Forests and Fish plan, and based on the 
forest spray model, are expected to adequately protect riparian management zones. The 
simulations are believed to conservatively estimate necessary off-set widths because they:  

• Did not account for deposition on plants. 

• Combined worst-case conditions. 

APRIL 20, 2000 2.6-7 
SEA1-1A127_SECT. 2.6 PESTICIDES.DOC\003671427 



REVIEW OF THE SCIENTIFIC FOUNDATIONS OF THE FORESTS AND FISH PLAN: SECTION 2.6—PESTICIDES 

• Were limited to conservative, smaller-than-allowed nozzles due to limits in nozzle-
droplet size distribution data (Skyler and Barry 1991). 

• Are based on deposition, not concentration—the farther away, the slower the deposition. 

Under favorable wind conditions, spray drift does not occur, or is minimal. The Forest and 
Fish plan, nevertheless recommends the very low risk approach of 50-foot-wide (15 m) off-
sets on non-fish-habitat streams with open water, and 60- to 150-foot-wide (18 to 46 m) off-
sets, depending on inner riparian zone width. Under unfavorable wind conditions when 
potential drift is a concern, the plan’s low-risk approach to stream protection would invoke 
145- to 325-foot-wide (44 to 99 m) buffers, depending on application height and nozzle type. 
The Forests and Fish plan’s goals of eliminating direct entry of herbicides to waters and 
wetlands, minimizing off-target drift, and protecting riparian vegetation in RMZs should be 
accomplished under these off-set widths with a large margin of safety.  

The herbicide prescriptions proposed in the Forests and Fish plan are far more risk-averse 
than the old forest practices rule. In a time of rapidly evolving scientific information on 
chemical application and potential off-site movement, the Forests and Fish plan’s 
prescriptions incorporate and synthesize best available simulation model results. They 
would limit potential adverse effects of drift, and comfortably satisfy EPA label 
requirements and the regulations of the Washington State Department of Agriculture.  

Research indicates that herbicide residue concentrations in forests tend to be low (Neary 
and Michael 1996). Importantly, these research conclusions are based on herbicide practices 
that were generally less restrictive than the Washington forest practices rules for herbicides 
that were in place prior to the Forests and Fish Emergency Rules. Detectable concentrations in 
riparian areas may occur where direct applications are made to ephemeral channels or 
streams, but they do not persist for extended periods of time.  

2.6.7  Conclusions 
Forestry is a land use where herbicides are being applied responsibly. Water quality 
standards have not been shown to be exceeded when herbicide is applied according to EPA 
labels and forest practices rules. The Forest and Fish plan would further reduce the potential 
for undesirable impacts to surface waters and streamside vegetation by restricting aerial 
herbicide applications in the core and inner riparian zones along fish-habitat-streams and 
wetlands, and applying off-sets that vary with wind conditions, application height, and 
nozzle type.  
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