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Chapter 3

Active Forest Management  
and Community Water:  
Issues and Interactions
Jeff Behan

Oregon has some of the most productive forestland in the world. Timber 
harvesting and associated activities played a key role in Euro-American 
settlement and development in Oregon, and remain a significant sector 

in the state’s economy. For years, Oregon has led the nation in softwood and 
plywood production. Oregon’s forest industry supports more than 60,000 jobs 
(OFRI 2017).

Forested watersheds — both managed and unmanaged — also produce higher quality 
water than any other type of surface water source area and supply drinking water to 
most of Oregon’s community water systems. Forest management practices, including 
methods for road construction and use, harvesting and site preparation and chemical 
applications, have markedly improved in recent decades. But forestry can still impair 
downstream water quality in a number of ways, primarily through the construction, use 
and maintenance of forest roads, but also silvicultural activities, mainly from when trees 
are harvested through the first decade or two into the new rotation. Forest roads and 
active forest management have also been shown to impact the volume and timing of 
water delivered from watersheds.
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This chapter provides an overview of interactions between forestry and water, best 
management practices to reduce water quality impacts, and some remaining issues and 
concerns. 

Sections 3.1 and 3.2 summarize mechanisms and functions regarding:

 ¾The stability and movement of soil and sediment in forest environments.

 ¾Water collection, retention and production in forested watersheds.

 ¾How forest management can affect these functions.

This summary is drawn primarily from forest hydrology text books (Chang 2012, Amatya 
et al. 2016 and chapters therein) supplemented with more focused peer-reviewed journal 
articles reporting on individual studies and literature reviews. 

Section 3.3 explores the use of synthetic forest chemicals (herbicides, pesticides and 
fertilizers), and forest management actions that can modify the production of naturally 
occurring compounds, such as natural organic matter and nitrates that may affect water 
quality. Section 3.4 discusses natural organic matter and disinfection byproducts.

Section 3.5 provides a brief history and overview of Best Management Practices for 
mitigating the effects of forest management on water resources.

The intention with this chapter is to summarize generally established and accepted 
science knowledge and concepts regarding these topics to complement more detailed 
discussion focused more specifically on relationships to drinking water in Chapters 4, 5, 6 
and 7.

3.1. Forest management and stream sediment
Undisturbed forests have high infiltration rates and little overland flow. Precipitation 
usually passes through the soil before reaching streams, minimizing erosion and 
sedimentation and producing high quality water (Stednick and Troendle 2016; Williams 
2016). Forestry activities such as road building and timber harvesting disturb soils, which 
may then be mobilized by water or wind. Consequently, forest operations that increase 
the erosion, transport and deposition of forest soil into waterways have long been 
subject to intense focus from stakeholders, researchers, policymakers and practitioners. 
Wind erosion can be an issue in drier forests (e.g., Whicker et al. 2006), but water erosion 
is of primary concern, especially in wetter forests, and will be the focus here.

Stream sediments are soil and mineral particles. These particles are usually inorganic but 
sometimes partly organic, detached from the land by processes that include raindrop 
impact, surface runoff, streamflow, wind and gravity, often in association with human 
activity. Sediment inputs that result from human activities frequently impair the physical, 
chemical and biological properties of streams and degrade beneficial uses. Sediment is a 
leading cause of stream impairment nationwide and in Oregon (USEPA 2017). Sediment 
can affect water turbidity, chemical composition, taste and odor. It can also interfere 
with drinking water treatment. Sediment concentration and yield are widely accepted 
indicators for the effectiveness of watershed management practices.

3.1.1. The water erosion process

Water erosion is a three-step process consisting of soil detachment, transport and 
deposition. Raindrops detach soil particles and generally increase in size and terminal 
velocity with rainfall intensity. Once detached by striking raindrops or overland flow, 
soil particles are transported by runoff. The distance soil particles travel depends on soil 
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properties, topography, runoff energy and surface conditions. Sediment is deposited 
when the soil carrying capacity is less than the weight of the soil particles. The ability of 
soil to resist detachment from raindrop impact and surface flow generally increases with 
increasing organic matter content and infiltration rate. Depending on conditions and 
disturbance history of the area, a soil particle can move into a nearby waterway during 
one rainfall event or over decades or centuries (Chang 2012).

Water erosion in watersheds occurs at a range of scales. Smaller-scale processes include 
interrill and rill erosion on side slopes and ephemeral gully erosion along shallow 
drainage ways. These in turn feed downslope into more deeply incised gullies that form 
when converging eroded drainage ways reach a certain size. Gully erosion generally 
occurs in well-defined drainage ways and involves soil particle detachment by flowing 
water and slumping of unstable banks, and transport by flowing water. Sediment loads 
are often greater downstream due to the additive effect of interrill and rill erosion from 
adjacent areas and detachment of soil particles upstream in the drainage way. Sediment 
transport capacity increases downstream along with flow volume.

Gullies are an advanced stage of water erosion and are permanent unless they are 
actively filled.  Without active conservation and mitigation measures, gullies will 
continue to expand and grow via down-cutting and head-cutting. Down-cutting deepens 
and widens gully bottoms. Head-cutting extends channels upslope into headwater areas 
and expands the gully tributary system. Deep gullies may extend to the watershed divide. 
Poor road layout and construction often accelerate gully development.

In contrast to gully erosion, which occurs in the upper ends of headwater tributaries 
with water flowing primarily during or immediately after storms, channel erosion occurs 
in the lower end of headwater tributaries where water flows on a continuous basis. 
Channel erosion consists of soil erosion on streambanks and sediment transport in the 
stream channel. Streambank erosion is frequently caused or exacerbated by removal of 
vegetation.

Slope failures or mass movements, including landslides and debris flows, generally are 
larger scale processes involving the downhill movement of significant volumes of soil, 
rocks and organic matter under the direct influence of gravity. Slope failures usually 
occur in areas with steep slopes and weak geological structures. They are often triggered 
by some combination of factors or events, including intense and prolonged rainfall, 
snow buildup and melt, converging overland flows and seepage, earthquakes and forest 
harvesting. A decrease in slope stability can be caused by increased water content, 
reduced internal soil cohesion and a higher groundwater table resulting from increased 
precipitation or deforestation (Chang 2012).

Pore water pressure (or just pore pressure) is the pressure exerted by water held in pore 
spaces in soil. When a soil is fully saturated, pore-water pressure is said to be positive. 
Pore pressure rise resulting from rainfall or snowmelt is the most common triggering 
mechanism for landslides. Positive pore water pressure develops just above a restrictive 
layer (e.g., bedrock) in rapid response to rainfall infiltration, causing soil shear strength to 
decrease to the point at which the slope fails. In addition to storm intensity and duration, 
the extent of pore water buildup is also influenced by soil moisture conditions prior to 
the storm. Wetter antecedent conditions (e.g., in midwinter) promote more rapid pore 
pressure response during storms compared to drier conditions such as when fall rains 
begin. (Sidle and Bogaard 2016.)
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3.1.2. The role of forest vegetation in controlling water erosion

Maintaining forest vegetation is an effective, economical and long-lasting approach 
to mitigating soil erosion and stream sediment loading in forest environments. Plant 
sizes are taller, canopy density is greater, litter floor is thicker and root systems are 
deeper in forests than in any other type of vegetation cover. Thus, forests resist erosion 
and sediment movement much more than other vegetation types (Chang 2012). This 
resistance is a key reason forests are capable of producing such high-quality water.

Water erosion of soil is initiated when soil particles or soil masses are detached from the 
soil matrix or underlying surface by some combination of precipitation, runoff energy and 
gravity. Forest vegetation attenuates soil detachment and transport, at scales ranging 
from individual soil particles to mass movement of large volumes of soil and rock, via 
several different mechanisms:

 ¾ Interception of rainfall by tree canopies above the ground, which reduces the 
velocity and energy of raindrops and also the amount of precipitation that reaches 
the ground.

 ¾The ability of litter, woody debris and ground-level vegetation to reduce raindrop 
and overland flow energy by shielding the soil and inhibiting runoff movement.

 ¾Root systems and organic matter that increase the cohesive and frictional 
components of soil shear strength, which contributes to soil stability.

 ¾Transpiration and evaporation (evapotranspiration) of water by trees and other 
vegetation, which reduces soil moisture content.

 ¾Buttressing or soil-arching action between tree trunks, which counteracts 
downslope shear forces.

Most rain falling into a forest canopy is intercepted by tree foliage. In smaller storms, 
nearly all rainfall may evaporate off of the foliage and never reach the ground, especially 
in dense coastal old-growth forests, but the percentage that evaporates decreases as 
storm intensity and duration increase (Moore and Wondzell 2005). The degree to which 
a forest canopy reduces raindrop energy by intercepting drops depends on canopy 
density, canopy height and tree species. Canopy heights (from ground level to the lowest 
tree branches) of less than 20 meters significantly decrease raindrop speed and impact 
energy. Conifer forest canopies intercept more rainfall than deciduous forests. Forest 
vegetation of any height also helps attenuate wind and increases in raindrop impact 
energy caused by wind-driven drops striking the soil at an angle. (Williams 2016; Chang 
2012.) Canopies that are close to or in ground contact act as shields and essentially 
eliminate raindrop energy. Litter in the form of leaves, needles, cones and small branches 
that drop from forest canopies of any height increases ground surface roughness and 
slows runoff velocity, thereby reducing soil erosion.

Large roots from woody vegetation extend down through the soil surface horizon and 
anchor the soil mantle to the substrate. In conjunction with these larger taproots and 
lateral roots, fine roots, fungal mycelia, and decomposed organic matter help form 
anchored aggregates of surface soils centered around individual trees. The strong binding 
effects of this dense and interwoven soil–root system stabilize the forest soil mantle.

Any forest management action that reduces canopy coverage and disturbs the forest 
floor and soil has the potential to generate additional erosion and sediment production. 
The increased sediment yield resulting from a forest activity depends on the degree of 
forest and soil disturbance, location and proportion of the watershed affected, watershed 
characteristics (e.g. slope, soil type, ecological factors), weather patterns and climate.



5656

Chapter 3: Active Forest Management and Community Water

3.1.3. Forest harvesting, erosion and sediment production

In actively managed forests, logged hillslopes are the largest land surface area 
subject to potential disturbance. Under modern forest practices, the size of harvested 
compartments (clearcuts) is restricted to smaller sizes than in the past. These general 
harvest areas (outside of haul roads and major skid trails) usually have patches of 
compacted soils interspersed with areas more similar to undisturbed forest floor. Runoff 
typically builds slowly in general harvest areas, even under heavy rainfall, usually starting 
on the more disturbed patches of the hillslope. But channelized flow tends not to develop 
in general harvest areas due to the high spatial variability in soil infiltration capacity, 
and presence of remaining vegetation and loose material on the soil surface. This patchy 
nature of runoff generation usually limits the ability of runoff in general harvest areas to 
mobilize large amounts of sediment. After harvesting, disturbed soils can recover some 
of their infiltration capacity over time (Croke and Hairsine 2006).

There are exceptions to these general findings regarding general harvest areas, especially 
when forests are harvested in steeper terrain. Removal of trees has consistently been 
shown to reduce the stability of steep slopes and increase the risk of landslides and 
mass movement (Goetz et al. 2015; Imaizumi and Sidle 2012; May 2002; Jakob 2000; 
Montgomery et al. 2000). More specifically, many studies have shown that from about 
two to 15–20 years after harvesting on steep slopes, the rate of landsliding is about two 
to 10 times higher than prior to harvest (Sidle and Bogaard 2016) and that this increase 
is strongly linked to the loss of root reinforcement and cohesion in forest soils after the 
trees are removed and as the roots decompose (Sakals and Sidle 2004; Roering et al. 
2003; Guthrie 2002; Schmidt et al. 2001). Intact forests also contribute to slope stability 
by attenuating rainfall and soil moisture (Preti 2013) although Sidle and Bogaard (2016) 
argue that in temperate forests, root reinforcement is usually more important for slope 
stability than transpiration or canopy interception. 

These findings are particularly relevant in the Oregon Coast Range. In this region, 
landsliding is a major geomorphic process by which sediment is delivered to headwater 
streams, “priming” the landscape for subsequent episodic movement of fine-grained 
sediment downstream during large storms and associated floods (May and Gresswell 
2003). Increased landslide risk associated with forest harvesting can be reduced by 
partial cutting of the stand and retention of understory vegetation (e.g. Dhakal and Sidle 
2003; Sakals and Sidle 2004; Turner et al. 2010).

Findings linking forestry activities on steep slopes with increased occurrence of 
landslides are usually based on landslide inventories comparing logged and unlogged 
areas. Such inventories are often compiled primarily through air photo interpretation, 
a method which can be subject to “detection bias” — the difficulty of detecting smaller 
slides under the canopies of intact forests (Robison et al. 1999). Rigorous studies often 
attempt to correct for this potential bias by augmenting air photos with subsampling, 
ground truthing or some type of correction factor (e.g., Turner et al. 2010; Miller 
and Burnett 2007). The use of Light Detection and Ranging (LiDAR) remote sensing 
techniques also shows promise for reducing detection bias in landslide delineation and 
inventory (Guzzetti et al. 2012; Jaboyedoff et al. 2012).

Relationships between active forest management and sediment production have been 
extensively researched and are discussed in more detail in Chapter 5.

3.1.4. Site preparation and sediment production

Under the Oregon Forest Practices Act, industrial timberlands in the state must be 
replanted to trees within 24 months after clearcut harvests. Prior to replanting, sites are 
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prepared to reduce vegetation that competes with tree seedlings, habitat for animals 
that damage seedlings and wildfire risk. Site preparation also creates spots for planting 
(Fitzgerald 2008). Site preparation can involve the use of herbicides, mechanized 
equipment, fire or some combination of these methods. In general, any site-preparation 
activities that contribute to an increase in bare mineral soil, soil compaction or soil 
mixing have the potential to increase sediment production. See Chapter 5 for a more 
detailed discussion regarding these interactions.

Industrial timberlands in western Oregon are typically treated with herbicides prior 
to replanting. Neary et al. (2000) maintain that in general, herbicide use ranks behind 
both fire and mechanized equipment in severity of impact on sediment production. But 
herbicide use in western Oregon forestry continues to spark controversy, especially 
over the potential for it to drift into drinking water sources or populated areas when 
applied via aerial spraying (e.g. Burns 2019; Perkowski 2018; Swanson 2017). The Forest 
Practices Act stipulates that herbicides must be prepared for use at least 100 feet from 
streams that bear fish or are drinking water sources. Aerial applicators must closely 
monitor weather patterns and only spray when risk of drift will be minimized. They must 
also spray at least 60 feet from waterways and bodies of standing water larger than a 
quarter-acre. Any detectable concentrations of herbicides in waterways are usually short-
term. Herbicide use in forestry is discussed in more detail in Chapter 6.

3.1.5. Forest roads, erosion and sediment production

Sediment input into streams from forest roads has long been of concern, and forest 
roads continue to be recognized as the major source of erosion in watersheds (Croke and 
Hairsine 2006). As Neary et al. (2009) put it, “…the study of nonpoint source pollution 
from forestry activities has largely been a study of runoff and erosion from bare soil 
areas created for roads, landings, skid trails, fire breaks, and also bare soils created by site 
preparation fires. In all forested areas of the United States (except for flat coastal plain 
areas), roads, landings, and skid trails have been repeatedly implicated as the primary 
source of sediment from silvicultural operations” (p. 2275).

A watershed-level network of forest roads often contains a mosaic of older and newer 
roads designed to different standards, sometimes for different purposes, and crossing 
terrain of differing sensitivities to erosion and mass wasting. The particular pattern and 
hydrologic connectivity of this mosaic of road segments has implications for how it will 
interact with the forest watershed, streams and other downstream water uses (Endicott 
2008). Impacts of roads range from chronic and long-term contributions of fine sediment 
into streams to catastrophic mass failures of road cuts and fills during large storms 
(Beschta 1978; Wemple et al. 2001; Sidle and Ochiai 2006). Megahan and King (2004) 
concluded that roads affect landslide creation more than any other forest management 
activity. Problems with drainage and transport of water — especially during heavy rainfall 
and floods — are primary reasons roads fail.

Roads can also alter channel morphology directly or modify channel flow and extend the 
drainage network into previously unchanneled parts of the hillslope. The magnitude and 
longevity of chronic effects of forest roads on suspended sediment in streams depends 
on many site-specific factors. These factors include traffic, geology, road grade, road 
connectivity to the stream and sediment availability for transport (Grant and Wolff 1991; 
Benda and Dunne 1997; Hassan et al. 2005), and also road age, construction practices, 
maintenance practices, climate and storm history. Volume, weight and the timing of 
traffic (i.e. during dry or wet weather) also affect the amount of sediment produced.
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In recent decades, management practices in road location, design, construction, 
maintenance and use have markedly improved (Gucinski et al. 2001). Most changes have 
focused on reducing hydrologic connectivity between roads and waterways. But few 
studies have quantified improvements in lowering mass erosion rates, and forest roads 
and their effects on sediment production and water quality remain controversial issues. 
“Legacy” roads — forest roads that were planned and built before current road-building 
standards — are also problematic and controversial. 

3.1.6. Forestry and sediment production: information gaps

Anderson and Lockaby (2011) found information gaps in science knowledge regarding 
active forest management and stream sediment. One need is for longer-term studies 
that can better account for climatic variability and address the effectiveness of current 
and improved forest practices over time. They note that funding for long-term and paired 
watershed studies has declined, although the Alsea Watershed Study has been reinitiated 
on a more limited basis (e.g. Hatten et al. 2018) and the Hinkle Creek Watershed Study 
was initiated in 2011. They observe that major storms are often a significant driver of 
sediment movement, and that whether or not one or more major storm occurs during 
the duration of study can significantly affect results of studies that span only a few years. 
Knowledge regarding mechanisms of sediment production and the cumulative effects of 
forest management in larger watersheds is limited. This is due in part to the variability 
of forestry activities (e.g., roads, harvesting and site preparation) and temporal range of 
their impacts on stream sediment. Some actions have an immediate effect and others 
take years to manifest. Research is also needed into how much of the sediment mobilized 
from silviculture or forest roads is then actually delivered to streams.

Anderson and Lockaby (2011) also note that while forestry Best Management Practices 
(BMPs) overall have clearly resulted in significant reductions in impacts to water quality, 
studies that sort out the effectiveness of individual practices are still quite limited. This 
point is echoed by Edwards et al. (2016). In addition, even when a particular BMP is 
known to be effective, the exact mechanism for its effectiveness may still be unclear. For 
example, vegetated buffers along streams have been clearly shown to reduce sediment, 
but is this due to reducing or intercepting overland flow, reducing bank and channel 
scouring, or a combination? Similarly, there are significant knowledge gaps regarding 
the effectiveness of different buffer widths, and the effects of thinning or partial harvest 
within buffer zones.

3.2. Forest management and water production
Relationships between forest cover and type, forest management, and the quantity and 
timing of water produced by forested watersheds have been studied for at least 100 
years (e.g., Bates and Henry 1928; Griffin 1918). Understanding of these relationships 
has been greatly enhanced by long-term, paired watershed studies (Stednick 1996, 
Stednick 2008, Stednick and Troendle 2016). But significant knowledge gaps remain 
regarding how harvesting may affect water production in larger watersheds and 
mechanisms that influence the ability of watersheds to store water (McDonnell et al. 
2018). 

3.2.1. Precipitation, infiltration and watershed storage

Water in stream channels comes from at least one of the following:

¾	Precipitation intercepted by stream channels.

¾	Overland flow (surface runoff).
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¾	Interflow (subsurface runoff).

¾	Baseflow (groundwater runoff).

Precipitation in forests is reduced by canopy and litter interception and to a much lesser 
degree by wetting of the soil surface. Effective rainfall – the amount that reaches the 
mineral soil — ranges from 70% to 80% of gross rainfall in forested areas. Water enters 
soil by infiltration, a combination of capillary attraction, gravitation, and pressure from 
water ponding at the surface. The rate of infiltration is initially high and then declines 
as soil spaces fill with water. The process of water draining to deeper layers is called 
percolation. Macropores are voids in the soil through which precipitation percolates, 
mostly tubular channels created by root mortality or activity by insects, worms or 
burrowing animals, but also structural cracks or fissures. Macropores are the reason 
intact forest soils display much higher vertical hydraulic conductivity than those obtained 
from sieved samples of the same soil (Williams 2016).

Surface conditions, such as vegetation type, land uses, roughness, crusting, cracking, 
slope, water repellency resulting from fire, and chemicals, have a significant impact on 
surface ponding, overland flow velocity and the ability of water to infiltrate soil. Below-
ground conditions that affect soil water-holding capacity and water movement include 
soil texture, structure, organic matter content, depth, compaction, water content, 
groundwater table and root systems. Forested watersheds are generally characterized by 
deep, loose soils; thick, loosely compacted duff layers on the forest floor; complex root 
systems; large canopies and high capacities for water infiltration. For a given soil type, 
water infiltration in a forest can be many times greater than over bare mineral soil. As a 
result of these factors, infiltration-excess overland flow is rare on undisturbed temperate 
forests (Neary et al. 2009; Williams 2016), including those in the Pacific Northwest.

Watershed storage is water retained within a watershed after collection from precipitation 
and before discharge out of the watershed as streamflow. Watershed storage consists 
primarily of soil moisture, canopy and litter interception, snowpack, ponds and wetlands, 
shallow aquifers, storage in streambanks, channels and fractured bedrock, and in 
vegetation during transpiration. Stored water can remain in a watershed for years or 
even decades (McDonnell et al. 2018). Water storage is the key function of forested 
watersheds (Black 1997).

3.2.2. Runoff and streamflow

Runoff is precipitation (rain or melted snow) running across the land surface or through 
the soil to nearby stream channels. It occurs when rainfall or snowmelt is greater than 
soil infiltration rate, or exceeds soil-infiltration or percolation capacity. The soil surface 
does not need to be saturated for overland flow to occur. Infiltrated water can become 
surface runoff again as it flows laterally and downslope or to stream channels as 
subsurface runoff. Channel rainfall, surface runoff, and subsurface runoff combined are 
direct runoff, a direct response of streamflow to storm precipitation over a relatively short 
time frame. Water flowing in streams during periods of no rainfall (base flow) comes from 
groundwater. The sum of direct runoff and base flow is total streamflow. 

A hydrograph graphically illustrates streamflow discharge or stage over a particular 
time period, such as a single storm event or a water year. A hydrograph for a storm 
event typically shows an upward sloping, then level, and then downward sloping line as 
discharge increases and then declines back to base flow. The rising limb, which shows 
increasing watershed discharge, begins sometime after precipitation starts, and varies 
with watershed characteristics and storm duration, intensity and distribution. Due to 
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watershed storage, lag time is longer in forests than other watershed cover types. Large 
watersheds may take days to respond to precipitation. The hydrograph crest — the 
highest concentration of storm runoff, also termed peak flow — spans from where the 
rising limb levels off to where the line begins to decline. The end of the crest indicates the 
end of direct runoff to the stream. The recession limb, showing the draining-off process, 
represents the contribution of water from watershed storage and is independent of 
storm characteristics (Chang 2012).

Streamflow discharge varies greatly with watershed. Smaller watersheds tend to be more 
sensitive to precipitation events, with quicker responses, and sharper rises and declines 
in their hydrographs than larger watersheds. In general, higher elevation watersheds 
are cooler and have less evapotranspiration, more precipitation, steeper slopes, and 
shallower soils. This results in more runoff than in lower-elevation watersheds. Soil 
infiltration tends to be lower and overland runoff greater and faster in watersheds with 
steep slopes. Watersheds with shallower slopes typically store more water than those 
with steep slopes (Chang 2012). However, studies in the California and Oregon coast 
ranges (Montgomery and Dietrich 2002; Sayama et al. 2011) showed that steeper 
watersheds in those sites can store as much or more water than — and release it at 
similar rates to — watersheds with shallower slopes. These findings are attributed 
primarily to water storage in fractured, permeable bedrock just below the soil layer.

Oregon experiences a Mediterranean climate, resulting in distinct seasonal delivery 
of precipitation that can be categorized as wet and dry seasons. About 80% of annual 
precipitation in western Oregon falls between October and March, especially from 
December to March when there is ample streamflow and virtually no agricultural demand 
for irrigation water. At higher elevations, much of this precipitation falls as snow, which 
accumulates through winter then melts during spring. The timing of snowmelt thus plays 
a major role in shaping annual hydrographs in Oregon. 

Hydrographs for most Oregon streams peak in winter and spring, but demand for most 
water uses peaks during the late summer dry season when flows are lowest (Mucken 
and Bateman 2017). For water providers trying to meeting late-summer demand, this 
misalignment poses persistent challenges. These challenges are expected to intensify 
as a warming climate reduces the proportion of annual precipitation falling as snow and 
stored as snowpack, increasing winter rainfall that runs off without being stored (Clifton 
et al. 2018; Mote et al. 2018; Siler et al. 2018).

Streamflow fluctuation is important to water supply and floodplain management and can 
be used as an indicator for the effectiveness of watershed management conditions.

3.2.3. Forest harvesting and water yield

Forestry activities can affect water production by altering total annual flow; and also 
shorter-term peak flows (e.g. during and after storms) and seasonal low flows which in 
Oregon typically occur toward the end of the summer dry season. These subtopics are 
introduced here and discussed in greater detail in Chapter 4. Many studies in wetter 
forests have found that forest harvesting increases watershed-level water yield (e.g., 
Jones and Post 2004). Paired watershed studies indicate that a minimum of 450–500 
millimeters of annual precipitation is usually necessary for increases to be apparent. 
In drier forests, harvest often simply increases soil evaporation or water use by other 
vegetation (Stednick and Troendle 2016).

Watershed-level water yield increases usually are greatest the year after cutting. 
Yield decreases as vegetation regrows, eventually returning to preharvest levels. 
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Water yield increases are attributed to increases in soil moisture due to reductions in 
evapotranspiration and canopy interception of rain and snow after trees are removed, 
and vary with harvest intensity, species, amount and timing of precipitation, and soil 
topographic conditions (e.g. Reid and Lewis 2007). Deep and fine-textured soils can 
hold more water than shallow and coarse-textured soils and thus have more potential 
for water yield increase. In soils less than about 1 meter deep, water yield increases are 
minimal after forest harvest. Harvesting on upper slopes increases water yield less than 
harvesting on lower slopes or close to stream channels (Chang 2012). Harvesting 20% 
of the watershed is commonly cited as the minimum necessary to detect an increase in 
water yield; for 12 studies in the Pacific Northwest this figure averaged 25% (Stednick 
1996).

Results of studies on which these generalizations are based vary widely, with some 
watersheds showing large increases in water yield after harvest and others showing little 
to none at all. Further complicating this picture are studies indicating that watersheds 
covered with young, vigorously growing plantations of Douglas-fir significantly reduce 
summer low flows compared to adjacent unharvested watersheds where cover remains in 
old-growth forest (Moore et al. 2004; Perry et al. 2017; Segura et al. 2020). Few studies 
have addressed this issue; effects appear to take around two decades or more after 
harvesting and replanting to become apparent (Gronsdahl et al. 2019), and relevant long-
term data is limited. However, the potential for decreased summer low flows associated 
with timber plantations is likely to spur additional research, given the critical nature of 
water supplies during this time of year and the potential for climate change to exacerbate 
such challenges.

In addition to changes in annual water yield, forest harvesting can also affect the 
timing of water production from a watershed. Comparing two small, snow-dominated 
watersheds on the Okanagan Plateau of British Columbia in Canada, Winkler et al. 
(2017) found only a 5% increase in overall yield after clearcutting of 47% of the logged 
watershed, but dramatic changes in the timing and magnitude of April-June streamflow, 
which they said could increase the risk of channel destabilization during the snowmelt 
season and water shortages early in the irrigation season.

Difficulties in consistently predicting the effects of forest harvest and regeneration on 
water yield have prompted suggestions that this approach is overly simplistic. As a result, 
some have called for an expanded research agenda that also encompasses relationships 
between forest harvesting and processes that affect watershed storage in order to 
maintain this key ecosystem service (McDonnell et al. 2018; see also McNamara et al. 
2011, Sayama et al. 2011). Further, Chang (2012) notes that most studies on harvesting 
and water yield take place in the upper parts of watersheds, so effects on water quantity 
changes for downstream water users also warrant further research.

3.2.4. Forest harvesting and peak flows

The effects of forest cover on peak flow frequency, magnitude and timing have been 
debated since at least the early 20th century, when these issues served as a key rationale 
for creation of the U.S. National Forest system. Peak flows and flooding can affect 
drinking water treatment by raising turbidity levels and introducing other pollutants 
mobilized by floodwaters.

While not definitive, evidence supports the notion that forestry activities can increase 
peak flows (e.g. Winkler et al. 2017; Zhang and Wei 2014; Schnorbus and Alila 2013; 
Kuras et al. 2012; Lin and Wei 2008; Moore and Wondzell 2005; Jones 2000; Burton 
1997; Jones and Grant 1996). One challenge with this type of research is the difficulty of 
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distinguishing the effects of harvesting from those of roads. Another persistent challenge 
is that as peak-flow size increases, frequency of occurrence decreases, so the number 
of observations and resulting statistical power regarding the largest events are usually 
limited. Also, reviews and summaries (e.g., Stednick and Troendle 2016; NRC 2008; Grant 
et al. 2008) often find that results are mixed across studies from different areas and with 
different methods. Some studies show significant increases in peak flows and others 
show no effects or decreases. 

Smaller peak flows generally increase after harvesting, but Sidle and Gomi (2017) 
caution that “much controversy still persists around the effects of forest removal on 
large floods,” (e.g., Alila et al. 2009; Beschta et al. 2000; Jones and Grant 1996; Kuras et 
al. 2012; Thomas and Megahan 1998) and that based on physical evidence, attributing 
increases in major peak flows to forest harvest only is “difficult to justify” (Sidle and 
Gomi 2017, p.101). Scientific thinking on this complicated topic continues to evolve, and 
research results can vary widely, depending on topography, climate, site conditions, land 
use history, scale, study design, analysis methods and other variables. As the National 
Research Council (2008) notes, scientists are confident regarding general hydrological 
responses to forest harvesting, but precise prediction of effects in areas that have not 
received intensive study can be problematic.

Most Oregon streams and rivers peak during winter and spring, and decline to their 
lowest levels in late summer. Overlain on this seasonal pattern are numerous hydrograph 
peaks from individual precipitation events. Rain-on-snow events in particular can 
produce large spikes in hydrographs (Marks et al. 1998). Thus, peak flows are assessed by 
looking at both their frequency and magnitude. Chang (2012) provides broad conclusions 
from research on the effects of forestry on peak flows and flooding, including:

1.	Forestry activities such as road construction and site preparation that cause soil 
compaction are more likely to affect flood generation than forest harvesting.

2.	Forests can attenuate peak flows for storms of short duration and lower intensity, 
but cannot prevent floods produced from storms of high intensity and long 
duration over a large area.

The consensus has been that impacts of forest harvest on peak flows are more 
noticeable for smaller, shorter storms. When precipitation amount, intensity and 
duration increase, the relative influence of human activities on runoff volume declines. 
Soils become saturated, and flows overwhelm any incremental increase attributable to 
forest harvesting. Human-caused increases in flow volume and peak are less evident 
downstream due to cumulative effects from other tributaries, decreasing percentages 
of treated areas as watershed area increases downstream, and attenuating effects of 
channel storage (Chang 2012, Buttle 2011).

Grant et al. (2008) reviewed the effects of harvesting on peak flows in western Oregon 
and Washington. They found wide variability in research results, and that assessing 
the effects of modern forest practices was problematic. They note that peak flows are 
also affected by overall basin condition; age and pattern of forest stands; the location, 
age and extent of road networks; and the extent of riparian buffers. The review was 
complicated by challenges in distinguishing the effects of harvesting from effects of 
forest roads. General conclusions from the review include:

1.	The largest peak flow increases reported were for small storms with recurrence 
interval much less than 1 year.

2.	Increase in peak flow generally decreases with time after harvest.
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3.	The largest increases occur in clearcut areas.

4.	Watersheds in rain-dominated elevations are less sensitive to peak flow changes 
than those in the transient snow zone. (A lack of sufficient data precluded 
assessment of harvesting in the snow zone). 

The review found studies in larger basins to be limited and complicated by other 
land uses and factors that affect peak flows. However, reviewers concluded that the 
magnitude of any peak flow increase in response to forest management diminishes with 
increasing basin area. Grant et al. (2008) list, in order of potential likelihood of increasing 
peak flows:

1.	High road density.

2.	High road connectivity.

3.	Fast watershed drainage efficiency.

4.	Large harvest patch size.

5.	Lack of riparian buffers.

The magnitude of peak flow increases generally increase with percentage of the basin 
harvested (Buttle 2011). Stednick and Troendle (2016) indicate that peak flow increases 
seem to occur less frequently under contemporary forest practices, which they surmise is 
due to generally smaller harvest patch sizes and proportion of the watershed harvested, 
reduced road lengths and the presence of streamside vegetation buffers.

Research on peak flows in transient snow and snow zones has increased over the past 
decade and is relevant for Oregon, where many forests receive a large percentage of 
their annual precipitation as snow. Studies indicate that forest harvest may increase peak 
flows in these zones to a greater degree than in rain-dominated zones, especially during 
rain-on-snow events (e.g. Marks et al. 1998; Jones and Perkins 2010). Mechanisms for 
these increases may include greater snow accumulation and higher wind and advective 
rain energy available to melt snow in open areas than under forest canopies.

More recently, researchers have debated experimental methods and relevant parameters 
for assessing the effects of forest harvest on flooding in snow-dominated systems. 
Green and Alila (2012) argue for a “paradigm shift” from generally accepted methods 
of comparing floods by equal meteorology or storm input (chronological pairing) to 
a flood frequency distribution framework (frequency pairing). They maintain that 
chronological pairing approaches in paired watersheds have yielded inaccurate results 
that underestimate forestry effects on large flood frequency, and that frequency pairing 
approaches are more appropriate. Green and Alila (2012) and related work (Kuraś et al. 
2012, Schnorbus and Alila 2012) in a low elevation, snow-dominated system in British 
Columbia found that forest harvesting has substantially increased the frequency of 
the largest floods. These findings are attributed to increased net radiation associated 
with conversion from longwave-dominated (infrared) snowmelt beneath the canopy 
to shortwave-dominated (visible and ultraviolet light) snowmelt in harvested areas, 
amplified or mitigated by basin characteristics such as aspect distribution, elevation 
range, slope gradient, amount of alpine area, canopy closure and drainage density.

Alila and his colleagues acknowledge that their results run counter to prevailing wisdom 
in hydrological science – i.e., that the effect of forest harvesting must always decrease 
with an increase in flood event size, which is still being taught in textbooks today, 
including Chang (2012) cited above. Their work spurred debate regarding the use of 
chronological pairing and frequency pairing approaches (Alila and Green 2014a; Alila and 
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Green 2014b; Bathhurst 2014; Birkinshaw 2014). Despite various critiques regarding the 
most appropriate research questions and methods, commenters generally suggested that 
both approaches provide meaningful information.

The effect of roads on peak streamflow is generally assumed to be strongly related to 
watershed size, road density, and the roads’ degree of hydrologic connectivity. Roads 
on steep hillsides not only contribute overland runoff from compacted areas, but also 
intercept subsurface flow along cutslopes, especially where cutslopes intersect with 
bedrock (Sidle and Gomi 2017). Forest roads can contribute significantly to increases 
in peak flows, sometimes at levels equal to increases attributed to forest harvest (La 
Marche and Lettenmaier 2001). In large watersheds, roads usually constitute a smaller 
proportion of the land area and have relatively little effect on peak flow (Gucinski et al. 
2001) but this would depend on road density in the watershed.

At a study site in the H.J. Andrews Experimental Forest, Burt et al. (2015) found that 
large contrasts between El Nino and La Nina climate patterns were a stronger driver of 
variability in streamflow response than differences in forest cover. Safeeq et al. (2015) 
concluded that over time, snowpack changes related to climate warming are likely to 
result in large increases in peak flow magnitudes in areas such as the Cascades and Blue 
Mountains. These and similar findings suggest that any effects that forestry activities 
have on peak flows may intertwine with climate in increasingly complex ways. At the 
same time if, as expected, the frequency and magnitude of floods in Oregon increase 
under climate change, public and agency interest in mitigating anthropogenic factors that 
contribute to peak flows may intensify.

3.2.5. Forest management and low flows

Active forest management also has the potential to affect late summer low flows in 
streams and rivers. This is particularly relevant in Oregon, where there is essentially no 
precipitation for about three summer months each year. Thus, late summer can be a 
challenging time for water providers.

Definitions of low flows vary, from point-in-time flow rates, to number of days below 
a certain threshold, to recurrence intervals such as 7-, 10- or 30-day average low flow. 
Defining low flow as a percentage of change could be misleading, because a small change 
in low flow volume could be expressed as a large percentage (Stednick and Troendle 
2016).

Baseline low flows in unmodified landscapes are controlled by natural factors such 
as geology, soils and topography (Tague and Grant 2004). Flows may be modified by 
changes in land use and climate. Most studies on forest management and low flows 
have focused on effects from just after harvest through re-establishment of the new 
stand. There is consensus that low flows usually increase in the first years after forest 
harvesting (Buttle 2011). Most studies show that removal of forest vegetation increases 
low flows as a result of reduced evapotranspiration, which increases soil moisture 
content (e.g. Stednick 2008; Surfleet and Skaugset 2013). Flows generally decline toward 
preharvest levels within a few years as transpiration rises in the regenerating stand. But 
a number of studies have also reported no significant change in low flows after harvest 
(e.g. Lin and Wei 2008). 

In the snow zone, low flows typically occur from late summer through the winter until 
spring snowmelt. Low flows are a normal part of the yearly water cycle. Low flows are 
maintained in the dry season through the release of water from groundwater storage 
and surface water discharge from lakes, wetlands and flow from channel banks (Pike 
and Sherer 2003). Stednick and Troendle (2016) maintain that because current forest 
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practices exclude many riparian areas from harvest, flow increases may not be as 
common today, and any such increases appear to return to preharvest conditions within a 
few years.

There is evidence that forest practices may decrease low flows under some conditions. 
In a study in coastal Oregon, Harr et al. (1982) found reduced low flows after harvesting 
and hypothesized that reduced fog interception and canopy drip could explain these 
results. Jones (2000) found similar results and suggested the same causal mechanism in 2 
out of 10 basins examined. Hicks et al. (1991) identified decreases in low flows that could 
be attributed to changes in riparian vegetation from conifer to deciduous species; with 
the latter transpiring relatively more water per unit of leaf area.

Some recent studies have focused on how regenerating forests affect summer 
low flows later into the rotation, after the new stand is fully re-established. In the 
Oregon Coast Range, Segura et al. (2020) compared responses of daily streamflow 
in a harvested mature/old forest in 1966; 43- to 53-year-old and 48- to 58-year-old 
industrial plantation forests in 2006–2009; and the same plantation forests in 2010 
and 2014 after harvesting. They found that daily streamflow from a 40- to 53-year-
old Douglas-fir plantation was 25% lower on average, and 50% lower during summer, 
relative to the mature/old forest, and that these deficits lasted at least six months of 
each year. Similarly, in the western Oregon Cascades, Perry and Jones (2017) showed 
that summer low flows were 50% lower in basins with 34- to 43-year-old plantations of 
Douglas-fir than in basins with 150- to 500-year-old mixed conifer forests. In three small 
watersheds in southern interior British Columbia, Gronsdahl et al. (2019) found that 
summer flows were reduced starting about 20 years after the onset of forest harvesting. 
These investigators all attributed persistent streamflow deficits after logging to high 
evapotranspiration from rapidly regenerating vegetation, including planted commercial 
timber species. 

In light of these findings, water providers would benefit from a better understanding of 
how intensively managed forests and expected warmer, drier conditions in the future 
may influence summer low flows. In addition to potential water supply issues, summer 
low flows in streams are also associated with reduced turnover and mixing in the water 
column, and with increased potential for harmful algal blooms in receiving lakes and 
reservoirs. This issue is discussed in more detail below.

3.3. Forest chemicals, nutrients and water quality
A variety of chemicals are used in forestry. Fertilizers are often applied in timber 
plantations to enhance tree growth. Pesticides are used to control unwanted organisms, 
including fungi, rodents, insects and plants. Herbicides are widely used after harvest to 
discourage colonization of clearcuts by deciduous species until newly planted conifers 
are established. Herbicides may also be applied near forest roads to control weeds or 
vegetation encroachment. Fungicides and insecticides may be used locally to control for 
fungi or insects that attack trees.

Some of these chemicals may pose a human health hazard if drinking water sources are 
contaminated during or after chemical applications. During application, chemicals may 
drift into waterways or other nontarget areas. After application, chemicals or chemical 
residues may enter surface water or groundwaters through runoff and leaching (USDA-FS 
2012). Plant nutrients, minerals, organic chemicals, fertilizer, and pesticides can attach to 
soil particles and be carried into streams with sediment (Chang 2012). Chemicals applied 
to roads can also enter streams by various pathways. The effects of these chemicals on 
water quality depend on how much chemical is applied, the distance of the road from 
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a stream, and characteristics of weather and runoff events that move chemicals and 
sediments (Gucinski et al. 2001). Forest harvesting machinery requires petroleum fuel 
and lubricants, which can leak or spill and wind up in waterways.

While the use of chemicals in forestry is usually far lower than in other forms of 
agriculture, the risks of contamination of water bodies by silvicultural chemicals are well-
recognized. Research indicates these risks are usually low, provided that the chemical is 
carefully applied according to manufacturer directions (by properly licensed professional 
applicators in some cases) and that modern best management practices are followed. 
However, the risks that forestry chemicals pose to human health are a persistent 
concern. Moreover, there are knowledge gaps regarding the persistence and long-
term fate of chemicals after they are applied, and a lack of consensus in some quarters 
regarding the toxicity of certain chemicals (e.g., glyphosate) and long-term health effects 
in humans.

Aerial spraying of herbicides is a common practice in western Oregon industrial forests, 
and can be particularly contentious. (See, e.g., Bernstein et al. 2013; Glucklich 2018). 
Potential impacts on drinking water have led to efforts to eliminate aerial spraying 
through county-level ballot initiatives. This was successful in Lincoln County. The risks 
that such activities could degrade water quality in small, non-fish-bearing streams, 
and potential impacts on drinking water, were among the factors cited in NOAA-EPA’s 
disapproval of Oregon’s Coastal Non-Point Pollution Control Program (NOAA 2015).

Forest chemicals are covered in greater detail in Chapter 6.

3.3.1. Nitrogen and other forest nutrients in drinking water

Nitrogen (N) is essential for all living things and is a key nutrient for trees and other 
plants. But excess N can also impair water quality and aquatic ecosystems, and is the 
most common water pollutant in the U.S. Nitrogen occurs naturally in soil in organic 
forms from decaying plant and animal residues, and also in inorganic forms derived 
from minerals. In the soil, bacteria convert N to nitrate, which is desirable because 
most N used by plants is absorbed as nitrate. But nitrate is also highly leachable and 
easily carried by water through the soil profile. In wet climates, dissolved nitrate often 
percolates below the plant root zone and travels into surface waters and groundwater.

Because of its importance as both a plant nutrient and pollutant, N dynamics after 
forest harvest (and forest soil N processes in general) have received extensive study. 
With some exceptions (e.g. Binkley et al. 2004; Binkley et al. 1999) research regarding 
N dynamics in forests tends to focus on management effects such as harvesting, site 
preparation and fertilization on the productivity and sustainability of forest soils, rather 
than potential effects on drinking water. Temperate conifer forests usually conserve 
N and other nutrients. Soil N and N leaching often increase (usually temporarily) after 
timber harvesting as a result of reduced uptake from vegetation, or when N is released 
from decomposing slash or other plant material (e.g., Mupepele and Dormann 2016). 
Nitrogen export also often increases after wildfires (e.g., Rhoades et al. 2011; Smith et 
al. 2011) or prescribed fires. Nitrate is often a major portion of the total N exported from 
forests to surface waters. Processes (e.g., denitrification) in riparian and wetland areas 
and in streams can remove nitrate, but the significance of these processes in regulating 
nitrate flux varies widely. This variation suggests that some watersheds with increased 
N inputs (e.g., fertilization) will show increased nitrate-nitrogen outputs, while others 
have buffering capacity within soils, riparian areas and stream channels to mitigate such a 
response (Stednick 2008).
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To track its various sources and fates, total dissolved nitrogen in water is often broken 
out into total organic nitrogen and total inorganic nitrogen. Undisturbed, mature stands 
may have large stores of organic N in the soil, forest floor litter layers, and old trees, and 
may utilize less N than vigorously growing younger stands that have lower ecosystem 
N stores after removal of slash from prior harvest. Forests and tree plantations in 
the Oregon Cascades and Coast Ranges established after a previous harvest and site 
preparation are often N-limited, with trees and other vegetation taking up all available N.

Vitousek and Reiners’ (1975) model of N dynamics after forest harvest suggested 
that there is usually an initial flush of N export (because N uptake by vegetation is 
interrupted) that declines a few years after a new stand is initiated, and then N often 
becomes limiting again as the young trees grow. Leaching of N after harvest is often 
observed in temperate conifer forests (Mupepele and Dormann 2016; Jerabkova et al. 
2011; Stednick 2008; Binkley et al. 2004; Antos et al. 2003; Feller et al. 2000; Martin 
and Harr 1989; Brown et al. 1973) with most studies finding that nitrate export declines 
to preharvest levels within 5–7 years or less, but confounding factors and exceptions 
are fairly common (Binkley et al. 2004). Variables that can affect the results of different 
studies include soil conditions (especially initial N availability) and land use history prior 
to harvest, site preparation methods and length of time after harvest, sampling strategy, 
weather and climate, topography, hydrology and other factors.

Recent research illustrates the complexity of this topic. At their sites in southwestern 
Canada, Grand et al. (2014) found overall moderate increases in N, but a dramatic 
increase in N variability after harvest, with some sites showing extreme inorganic N 
values. Consistent with studies of local drainage water chemistry, Grand et al. (2014) 
concluded that conifer forests export significant N after harvesting, but that leaching 
would likely vary significantly from plot to plot. They suggest that this small- to medium-
scale heterogeneity in N export has implications for nutrient leaching potential as well as 
researchers’ ability to detect and predict harvest-induced changes.

In Oregon’s west central Cascades, Cairns and Lajtha (2005) found that younger 
watersheds with stands 10 years or more in age still lost significantly more N than 
watersheds with older forests. However, building on this work, Cairns et al. (2009) found 
that higher N concentrations in streams draining younger stands did not correlate well 
with N concentrations in soil solutions from those stands that were tested by lysimeter. 
They surmised that the differences identified in their 2005 study may have been a result 
of in-stream processing (nitrification) of N, in combination with processes in the dynamic 
riparian vegetation zone near the streams, and also perhaps the presence of minor 
amounts of N-fixing red alder, which has been shown to be a significant contributor to N 
exports in many western Oregon watersheds (Greathouse et al. 2014; Wise and Johnson 
2011; Compton et al. 2003). If alder increases after harvest, this adds to the pool of N 
available for export, especially if alder is a component of the riparian vegetation (Pike et 
al. 2010; Stednick 2008).

Nitrogen export can increase seasonally with the onset of wet weather in the fall (e.g. 
Vanderbilt et al. 2003) or during periods of snowmelt. Swank (2000) indicates that 
knowledge gaps remain regarding nutrient concentration changes associated with storm 
runoff events, and that such information is most important where drinking water supplies 
are derived from forested headwaters with rapid streamflow responses to precipitation, 
e.g., watersheds with shallow soils, steep slopes, intense rainfall and rapid snowmelt.

While Oregon forestlands are some of the most productive in the world, additions of N 
can often promote even more vigorous tree growth. Also, intensive forest management 
can reduce N stores in forest soil. For these reasons, N fertilizer is commonly applied on 
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PNW commercial timberlands, usually by helicopter (Hanley et al. 2006). Although the 
amount applied is a fraction of that used in conventional agriculture, some 125,000 acres 
of Oregon timberland are fertilized annually. Nitrogen from forest fertilization can be a 
significant contributor to elevated N levels in some stream reaches in Oregon’s western 
Cascades and Coast Ranges (Anderson 2002).

Phosphorus is less frequently applied to commercial timberlands, usually as a smaller 
component of N-based fertilizer blends. While the focus has primarily been on N, there 
is evidence that phosphorus may be limiting in a significant acreage of PNW Douglas 
fir forests. This suggests that adding it to these stands may be beneficial from a timber 
management perspective (Mainwaring et al. 2014). Phosphorus in drinking water is 
generally not considered to pose direct human health risks (Scatena 2000) but excess 
phosphorus in water bodies can contribute to harmful algal blooms, discussed below.

Excess nitrates in drinking water can pose human health risks, primarily for infants and 
nursing mothers, and are regulated by the EPA. Available evidence indicates that nitrate 
accumulations attributable to forestry rarely approach drinking water standards and 
that when they do are usually short-term (Bisson et al. 1992; Binkley and Brown 1993; 
Anderson 2002; Binkley et al. 2004). Binkley et al. (1999) cite the effects of repeated 
fertilization in short-rotation plantations as a major knowledge gap. 

If properly implemented, Best Management Practices to minimize nutrient flushing after 
forestry activities and the potential for fertilizers to get into waterways are considered 
to be effective (Cristan et al. 2016; Stednick 2008). Any potential for dissolved nutrients 
in runoff from actively managed forests to impact drinking water may be higher where 
the source watershed is relatively small, steep or close to the municipal water intake, 
contains significant amounts of commercial timberland, where tree plantations in the 
watershed are fertilized multiple times or just prior to significant storm events. 

3.3.2. Forest nutrients and harmful algal blooms

Certain environmental conditions in freshwater bodies (usually involving excessive 
nutrients) can cause algae and similar microorganisms to grow explosively, causing algal 
blooms. Blooms that can harm human health or aquatic ecosystems are termed harmful 
algal blooms. Phosphorus and nitrogen both contribute to harmful algal blooms in 
freshwater systems. In these systems, naturally occurring cyanobacteria (photosynthetic 
bacteria formerly called blue-green algae) typically cause the most frequent and severe 
harmful algal blooms.

Some cyanobacterial harmful algal blooms (termed cyanoHABs by the EPA) can produce 
potent toxins called cyanotoxins. These cyanotoxins can cause sickness and death in 
humans, pets and livestock who drink the water or otherwise come in contact with it. 
CyanoHABs can also create hypoxic (low oxygen) conditions in water bodies that can 
kill fish and other wildlife. CyanoHABs are a growing concern in the United States and 
worldwide as a result of their potential to broadly impact aquatic ecosystems, drinking 
water supplies, property and other economic values, and water-based recreational 
activities (USEPA 2019a).

A range of environmental factors can contribute to cyanoHABs. CyanoHABs are usually 
initiated by an excess of nutrients (especially phosphorus and nitrogen), compounded 
by warm, stagnant water, plentiful sunlight and sometimes invasive fish species. Sources 
of nutrient pollution include wastewater treatment plants, septic systems, fertilizers, 
agricultural runoff, urban and forestry runoff, and soil erosion. The exact combination of 
these factors that result in an individual bloom depends on conditions at that particular 
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waterbody. Identifying the specific causes of a cyanoHAB usually requires detailed 
environmental analysis (Oregon DEQ 2019).

There have been cyanoHABs in a number of Oregon lakes, reservoirs and rivers, usually 
in late summer when inflows, water levels, and vertical mixing in the water column 
are lowest. Depending on local conditions the cyanoHABs vary in appearance from 
green, blue-green to reddish brown colored in the form of mats, foam, slicks or scum. If 
cyanotoxins over the USEPA national 10-day Health Advisory levels occur in tap water, 
people are at risk of health impacts including upset stomach, vomiting and diarrhea, 
and liver and kidney damage. Oregon has several documented cases of dogs dying and 
humans becoming ill from exposure to cyanotoxins from cyanoHABs. Conventional 
water treatment can usually remove cyanobacterial cells and low levels of cyanotoxins. 
However, providing safe drinking water can challenge providers during a severe bloom 
event, when drinking water sources contain high levels of these pollutants.

Conditions that cause cyanobacteria to produce cyanotoxins are complex and not fully 
understood. Some species that can produce toxins may not do so under all conditions. 
Both toxic and nontoxic varieties of most of the common toxin-producing cyanobacteria 
exist, and it is not possible to determine toxicity by how the bacteria look. Even when 
toxin-producing cyanobacteria are present, they may not always produce toxins. To 
further complicate matters, some species can produce multiple types and variants 
of cyanotoxins. Molecular testing can establish if the cyanobacteria carry the toxin-
producing gene but quantitative cyanotoxin analysis is necessary to determine if they are 
actually producing the toxin (USEPA 2019a).

Conditions that favor longer and more severe cyanoHABs, such as warmer 
temperatures and increased nutrient inputs into waterways, are increasing. Reducing 
excess nitrogen and phosphorus in drinking water sources is important for long-
term mitigation of the risks from cyanoHABs. As of June 2019, there were no 
federal regulatory guidelines for cyanobacteria or their toxins in drinking water or 
recreational waters. However, the EPA published drinking water health advisories 
with recommended 10-day limits for children and adults for the toxins microcystins 
and cylindrospermopsin in June 2015. In 2016, the cyanotoxins anatoxin-a, 
cylindrospermpsin, microcystins and saxitoxin were listed on the EPA Contaminant 
Candidate List, requiring monitoring for them between 2018 and 2020 using analytical 
methods developed by EPA and consensus organizations (USEPA 2019a, b).

The Oregon Health Authority (OHA) is responsible for posting warnings and educating 
the public about cyanoHABs. Once a bloom is identified, the Oregon Department of 
Environmental Quality (DEQ) is responsible for investigating the causes, identifying 
pollution sources and producing a pollution reduction plan. The DEQ and the OHA 
coordinate the handling and analysis of harmful algal bloom water samples (Oregon 
DEQ 2019). The DEQ also focuses on addressing nutrient, sediment and other HAB-
related load allocations via its Total Maximum Daily Load process and both the Oregon 
Agricultural Water Quality Management Area Plans and the Oregon Forest Practices Act; 
which the Oregon Department of Agriculture and the Oregon Department of Forestry 
use to meet water quality standards. (Schaedel 2011.) 

At the statewide level, forestry-related nutrient runoff that contributes to cyanoHABs 
in Oregon probably ranks well below agricultural and urban runoff in significance. 
But contributions from forestry activities could be important or even dominant for 
particular blooms at the local level. CyanoHABs are expected to increase as climate 
change progresses. With concern about cyanoHABs growing and increased scrutiny from 
agencies charged with oversight of drinking water, science knowledge will also expand. 
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This may trigger additional regulatory and agency action to monitor and control harmful 
algal bloom-related nutrient runoff from all sources, including forestry.

3.4. Natural organic matter and disinfection byproducts

3.4.1. Natural organic matter

Natural organic matter is ubiquitous in drinking water source waters. Defined as 
nonliving organic molecules found in the environment in soil, sediments and water, 
natural organic matter is a product of plant and animal tissue decay and plays a 
pivotal role in the carbon cycle (Nebbioso and Piccolo 2013). Living matter is mostly 
composed of well-defined molecules such as proteins, nucleic acids, lipids, sugars and 
cellulose. In contrast, due to interactions with soil and rocks that alter its plant and 
animal-derived precursors, natural organic matter is mostly composed of molecules of 
unknown structure. Nevertheless natural organic matter has been extensively researched 
because of its ecological and geochemical importance and influences on pollutant fate 
and transport in the environment. Natural organic matter in water includes particulate 
organic matter (POM) and dissolved organic matter (DOM), each defined by isolation using 
filtration, with POM being the fraction caught in the filter and DOM the fraction passing 
through with the water.

Prior to the early 1970’s, treatment of natural organic matter in raw water focused 
on aesthetic issues such as color. Then, research demonstrated that natural organic 
matter is a precursor constituent in the formation of hazardous disinfection byproducts. 
Today, natural organic matter is the raw water constituent that most often influences 
the design, operation, and performance of water treatment systems. In addition to its 
role in the formation of disinfection byproducts, natural organic matter can overwhelm 
activated carbon beds used in water treatment and reduce their ability to remove organic 
micropollutants. Natural organic matter also contributes significantly to the fouling of 
membranes in all membrane technologies used in water treatment, and can promote 
microbial fouling and regrowth in water distribution systems. Expanded understanding of 
linkages between natural organic matter and disinfection byproducts continues to spur 
changes in drinking water treatment and regulation (O’Melia 2006).

3.4.2. Disinfection byproducts

Disinfection byproducts are an unintended outcome of using chemical disinfectants 
to kill harmful pathogens (e.g., cryptosporidium) in drinking source water. Disinfection 
byproducts form when disinfectants react with natural organic matter (usually decaying 
plant matter), or with bromide, iodide, or various pollutants. People ingest disinfection 
byproducts primarily through drinking water, but also via inhalation and skin exposure 
while bathing and swimming. Documented health risks include bladder cancer, 
miscarriage, birth defects, liver and kidney damage and respiratory problems. Based on 
existing research, disinfection byproducts such as trihalomethanes and haloacetic acids 
are regulated by the EPA and in other countries. Research combining toxicology and 
chemistry has identified other emerging disinfection byproducts of concern. Disinfection 
byproducts are produced by four major disinfectants used by water providers 
(chlorine, chloramines, ozone and chlorine dioxide) and also by UV treatment with 
postchlorination. Each disinfectant can produce its own suite of disinfection byproducts 
(Richardson and Postigo 2012).

A key consideration for drinking water providers is identifying sources of and reducing 
the quantity of natural organic matter that arrives at their raw water intakes. Natural 
organic matter from forest detritus is a major precursor to disinfection byproducts 
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in drinking water sources (Bhardwaj 2006, Majidzadeh et al. 2019). Thus, forest 
management activities that influence the quantity and mobility of this source of natural 
organic matter in source waters can influence the potential for disinfection byproducts 
to form during water treatment. Natural organic matter and disinfection byproducts are 
discussed in greater detail in Chapter 7.

3.5. Best management practices 

3.5.1. Best management practices: history and overview

Recognition that forestry activities can affect soil and water quality emerged by the 
early 1900s. Organized research programs into the causes and mechanisms of these 
effects were initiated in the 1950s, as harvesting increased to accommodate the post-
war housing boom, giving greater visibility to forestry activities and awareness of their 
impacts. Passage of the Clean Water Act in 1972, and additional provisions under the 
1987 Clean Water Act reauthorization to address nonpoint source pollution prompted 
further development, implementation and refinement of forestry procedures to minimize 
soil and water quality impacts. These methods are termed best management practices, or 
BMPs.

A number of different definitions for forestry BMPs appear in scientific and government 
agency literature. The most detailed definition, and that from which several others have 
been derived, may be this one from the U.S. Forest Service Soil and Water Conservation 
Handbook, first published in 1988:

A practice or a combination of practices, that is determined by a State (or designated area-
wide planning agency) after problem assessment, examination of alternative practices and 
appropriate public participation to be the most effective, practical (including technological, 
economic, and institutional considerations) means of preventing or reducing the amount 
of pollution generated by nonpoint sources to a level compatible with water quality goals 
(USDA-FS 1988).

The most common definition is probably this one from the Clean Water Act (40 CFR 
130.2[Q]; Clean Water Act: Definitions), used for many years by the EPA and currently 
found in some archived EPA documents, and still in use by many state forestry agencies:

A practice or combination of practices considered by a State [or authorized Tribe] to be the 
most effective means (including technological, economic and institutional considerations) of 
preventing or reducing the amount of pollution by nonpoint sources to a level compatible with 
water quality goals.

As of 2019, this is the definition used in the Clean Water Act and by EPA, and appears to 
have been in use since at least 2011:

Methods, measures or practices selected by an agency to meet its nonpoint source control 
needs. BMPs include but are not limited to structural and nonstructural controls and 
operation and maintenance procedures. BMPs can be applied before, during and after 
pollution-producing activities to reduce or eliminate the introduction of pollutants into 
receiving waters.

Other definitions include:

Practical control measures (including technological, economic and institutional considerations) 
that have been demonstrated to effectively minimize water quality impacts (Ice 2004).
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Proactive and often voluntary practical methods or practices used during forest management 
to achieve goals related to water quality, silviculture, wildlife and biodiversity, aesthetics and/
or recreation (Smallidge and Goff 1998).

For BMPs to be successful, they need to be effective and consistently implemented. 
By most accounts, adoption and refinement of forestry BMPs over time have been 
effective in reducing (although not eliminating) water quality impacts resulting from 
timber harvesting, forest road building and use, and other forest management activities, 
as compared to these activities without the use of BMPs (Ice et al. 2010; Cristan et 
al. 2016). Reviews also suggest that implementation rates are generally high (Cristan 
et al. 2018). But the term “effective” is open to different interpretations, and there is 
still debate regarding differences in focus between implementation monitoring and 
effectiveness monitoring, the role of voluntary measures, and assessment of watershed-
scale and cumulative impacts (e.g., MacDonald and Coe 2014). For Oregon DEQ’s 
purposes, “effective” BMPs are those that ensure water quality standards are met and 
beneficial uses of water are protected and maintained.

Another set of issues involve “lag time” — the time elapsed between when a particular 
BMP is implemented and the first measurable improvement in water quality in the 
target water body occurs. If lag time is not accounted for, assessments and monitoring 
may underestimate BMP effectiveness (Meals et al. 2010). Conversely, lag time can 
also apply to the time elapsed between when forest management activities take place 
and detection of any resulting impacts, e.g., residence times for eroded sediment in hill 
slopes or stream channels, or chemicals in forest soils, before they are detected lower in 
the watershed.

The concepts that underlie most BMPs emerged from the experiences of working 
foresters combined with results from scientific studies conducted in the 1950s through 
the 1970s, mainly at U.S. Forest Service experimental watersheds (Jackson 2014). 
BMPs are generally understood to be dynamic and always subject to improvement and 
development (USDA-FS 2012); development of effective BMPs and protection of water 
quality at the watershed scale has been an iterative process (MacDonald and Coe 2014). 
Evolution of BMPs continues to this day as understanding of environmental impacts and 
the effectiveness of control measures advances, resulting for the most part in ongoing 
refinement of previously developed practices to further enhance effectiveness (Ice 2004, 
Cristan et al. 2016).

Cristan et al. (2016) reviewed the effectiveness of forestry BMPs, breaking out their 
summary by region. They compiled results from 31 studies conducted in the West Coast 
region, mostly the Pacific Northwest and including five studies from western Oregon. 
Cristan et al. (2016) note that BMPs differ by state and by region, but typically include 
similar operational categories: 

¾	Forest road construction and maintenance

¾	Log landings (decks)

¾	Skid trails

¾	Streamside management zones

¾	Stream crossings

¾	Wetland protection and management

¾	Timber harvesting
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¾	Site preparation.

¾	Reforestation

Cristan et al. (2016) concluded:

¾	BMPs can minimize erosion and sedimentation.

¾	Implementation rates and quality are critical to BMP effectiveness for reduction of 
erosion and sediment yield.

¾	BMP implementation can be enhanced with pre-operation planning and the 
involvement of a registered professional forester.

¾	Increased logger training and landowner knowledge of forestry BMPs can help 
improve implementation.

Cristan et al. (2016) also submitted specific BMP guidelines:

¾	Forested streamside management zones trap sediment and reduce stream total 
suspended solids concentrations.

¾	Critically important BMP practices for forest roads include proper drainage 
structures, surfacing, erosion control of cut and fill slopes, traffic control and 
closure.

¾	Sediment control structures applied to stream crossing approaches can 
significantly reduce runoff and sediment delivery.

¾	BMPs need to be applied during forest operations, not merely as a closure measure.

¾	Effective skid trail closure practices can include installing waterbars and applying 
slash, mulch, or a combination of mulching and seeding.

¾	Improved stream crossings such as portable skidder bridges and temporary culverts 
can decrease total suspended solids concentrations and turbidity compared to 
unimproved stream crossing structures.

National-level guidance for forestry BMPs is provided in the EPA document National 
Management Measures to Control Nonpoint Source Pollution from Forestry (USEPA 2005). 
This document summarizes causes of nonpoint source pollution from forestry activities 
and approaches to reducing the effect of such pollutants. The manual also discusses 
the application of management measures in a watershed context and nonpoint source 
monitoring and tracking techniques. Since the document is national in scope and does 
not address all BMPs specific to regional soils, climate, or forest types it encourages 
states to utilize research and guidance developed under local harvesting circumstances 
and to implement the national BMPs within the context of state laws and programs 
wherever possible. 

Oregon’s BMP program is primarily regulatory (the Oregon Forest Practices Act, 
discussed in more detail below) buttressed by some voluntary measures. The agencies 
responsible for BMP policy development in Oregon are the Oregon departments of 
forestry, state lands, agriculture and environmental quality. Some examples of specific 
BMPs for timber harvesting, forest roads and forest chemicals are discussed below.

3.5.2. Best management practices: timber harvesting

BMPs for timber harvesting related to water quality focus on harvest activities near 
streams, wetlands or other water bodies. The basic approach is to designate buffer strips 
along waterways where some or all forest vegetation is left in place to retain mobilized 
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sediment or forest chemicals, to provide shade to maintain or lower stream water 
temperatures, and to serve as a source for woody debris to maintain certain stream 
functions. These areas are variously referred to as Streamside Management Zones (SMZ), 
Streamside Management Areas (SMA), Riparian Management Areas (RMA) and similar 
terms. Buffer widths may vary by landownership and management strategy, with the 
Federal government under the Northwest Forest Plan having the widest buffers, and with 
state forests management plans generally requiring the buffer widths exceeding those of 
private lands under the Forest Practices Act (Boisjolie et al. 2017).

Typically, the width of stream buffers and the extent of forestry activities allowed 
within them vary according to the size of the stream, whether the stream contains fish 
species of concern, beneficial uses of the stream (including drinking water) and other 
factors. Smaller streams that do not support populations of salmonids and are not 
specifically designated as sources for drinking water often have no buffers. Harvesting 
can be precluded in streamside management zones, but in other cases allowances may 
be made for some limited harvesting activities, e.g., trees of a certain size class, or a 
certain percentage of trees. These variables have been and continue to be researched 
extensively, and BMPs are updated and refined based on findings. It has been suggested 
that adopting a more flexible approach to buffer widths would allow site-specific tailoring 
to account for local conditions and management goals, but such an approach would be 
more complicated to administer and monitor for compliance (Richardson et al. 2012).

3.5.3. Best management practices: forest roads

Research shows that unpaved forest roads are a primary source of sediment entering 
streams and estuaries in forested watersheds (e.g., Reid and Dunne 1984; Amaranthus 
et al. 1985; Bilby 1985; Ketcheson and Megahan 1996; Luce and Black 1999; Carson 
and Younie 2003; Endicott 2008). Any forest road, no matter how carefully constructed, 
may contribute to soil erosion and potential stream sedimentation. Thus, a key tenet of 
road BMPs is minimizing road number and extent through careful planning (Daniels et al. 
2004).

Forest road BMPs continue to be the subject of research. Over time BMPs have been 
developed and refined for forest road design, placement, construction practices, 
maintenance, temporary decommissioning, and complete decommissioning and 
reclamation (NCASI 2009). Three examples of significant areas of improvement are:

1.	Actively routing runoff away from existing streams (as opposed routing it into 
existing channels, as was the previous practice).

2.	Improving stream crossings by installation of bridges and/or culverts to keep road 
traffic from directly crossing stream channels, to minimize disturbance of the 
stream channel and maintain the integrity of stream structure and function.

3.	Upsizing culvert diameters to increase their flow capacity and reduce the likelihood 
that they will plug during storms, diverting water down roadways and/or causing 
fill failures.

Other key tenets of forest road BMPs include maximizing the distance between roads 
and water bodies and minimizing stream crossings, the total area of roads and road 
grades (Megahan and King 2004). 



7575

Trees to Tap

Sugden (2018) provides a list of current BMPs for forest roads:

¾	Minimize the road density and area of road prism.

¾	Locate roads away from streams; i.e., outside streamside management zones unless 
stream crossings are required.

¾	Install road drainage features at regular intervals to reduce erosion and divert 
overland flow from roads onto undisturbed hillslopes to promote water infiltration.

¾	Ensure road runoff is disconnected from streams toward filtration areas.

¾	Revegetation and ground cover establishment on disturbed areas near streams 
(cutslopes, fillslopes and road ditches).

¾	Gravel surfacing on highly erodible soils or when wet weather use is required.

¾	Install supplemental filtration for suspended sediments where needed to prevent 
direct sediment delivery to streams. This includes slash windrows, silt fences and 
straw bales.

¾	Install appropriately sized stream crossing structures that allow passage of flood 
flows, sediment and wood, and minimize disruptions to aquatic species movement.

¾	Manage or restrict seasonal road access to vehicles as needed to prevent rutting, 
and perform any necessary maintenance such as grading through time.

¾	Consider road closure or decommissioning of unneeded roads.

Edwards et al. (2016) synthesized information from almost 800 studies pertaining to 
BMPs for forest roads. They conclude that forest road BMPs are generally effective when 
“effectiveness” is simply defined as producing less sediment compared to not using the 
BMP. They also warn that despite the widespread assumption that road BMPs are well-
supported by scientific research, rigorous quantitative studies of road BMP effectiveness 
under different climatic, geologic and topographic conditions are limited. Sources cited 
as evidence of effectiveness include paired watershed studies with limited pretreatment 
data and where BMPs are assessed together, making it difficult to assess which particular 
BMPs were most or least effective. They note that sediment measured at the mouth of 
a watershed does not account for hill-slope and in-channel storage of eroded sediment, 
and associated lag times for this sediment to reach the measurement point. 

Edwards et al. (2016) also criticize statements that BMPs “minimize” sediment or 
pollution as misleading. They note that studies on effectiveness often find that some 
practices are more effective than others, or more effective in some situations than others 
in reducing sediment. Thus, all practices cannot be effective at “minimizing” sediment, 
the authors argue, so this term should be avoided because it gives a false impression 
about the degree of pollutant generation and transport that can be expected with 
BMP implementation. They note that BMPs cannot and are not intended to completely 
eliminate pollutants but rather to control them to levels compatible with environmental 
goals.  

A growing area of active research and knowledge is BMPs for the decommissioning and/
or removal of old forest roads. This topic is discussed in more detail in Chapter 5.

3.5.4. Best management practices: forest chemicals

Silvicultural chemical BMPs have been developed by many states for fertilizers used to 
improve crop tree growth and yield and pesticides used to protect trees from competing 
vegetation and insect pests. BMPs to protect water quality may include multiple layers of 
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specificity based primarily on stream classification, hillside slope, soils and the presence 
of anadromous fish. As with sediment, the primary means of protecting streams from 
silvicultural chemicals is usually designation of a streamside management zone that 
consists of the stream and an adjacent area of varying width where preparation and use 
of the chemicals is restricted (Michael 2004).

Other BMPs for silvicultural chemicals can be categorized as follows:

¾	Following all product label instructions

¾	Disposal of excess chemical and containers

¾	How, when and where to apply or not apply the chemical

¾	Maintenance and service of application equipment

¾	Prevention of direct application to surface water

¾	Prevention of contamination by drift

¾	What to do in case of spills

There is some overlap in these categories, i.e., the first is “follow label instructions,” and 
most labels have instructions regarding disposal of containers, following recommended 
application rates and some of the other categories.

3.6. Implementing BMPs in Oregon

3.6.1. The Oregon Forest Practices Act: overview and history

The Oregon Forest Practices Act is the state’s primary regulatory framework for 
addressing the environmental impacts of forest operations on state and private forest 
lands. The Forest Practices Act sets standards for all commercial activities involving the 
establishment, management or harvest of trees in the state. The seven-member Oregon 
Board of Forestry has primary responsibility for interpreting the Forest Practices Act and 
setting enforceable forest practice rules. Under ORS 468B.110(2), ORS 527.765, and 
ORS 527.770, the forestry board establishes BMPs or other control measures by rule 
that, to the maximum extent practicable, will ensure attainment and maintenance of 
water quality standards.

The Oregon Environmental Quality Commission is a five-member panel of Oregonians 
appointed by the governor for four-year terms to serve as Oregon Department of 
Environmental Quality’s policy and rule-making board. The Environmental Quality 
Commission has the authority to request rule changes to rules in the Forest Practices 
Act, including strengthening protections for soil and waterways. If the Environmental 
Quality Commission does not believe that the Forest Practices Act rules will accomplish 
this result, it is authorized to petition the forestry board for more protective rules.

When passed in 1971, the Forest Practices Act was the first legislation of its kind in the 
U.S. The Forest Practices Act’s first rules were implemented in 1972 and emphasized 
BMPs, which have since been revised repeatedly in response to emerging environmental 
concerns and science findings. Rules for pesticide use were strengthened in 1977 and 
again in 1996. In 1983, new rules focused on road and log landing parameters were 
added in response to heightened concern over road-related landslides in western Oregon. 
Rules to address landslide risks associated with harvesting in steep areas were more 
controversial, but were enacted two years later. The issue of linkages between forestry 
and landslides on steep slopes surfaced again 1996, one of the wettest years on record, 
when impacts from numerous slides in western Oregon increased public attention on the 
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matter. In 1997, additional restrictions focused on public safety were placed on logging 
on steep slopes near roads or where people might be present (OFRI 2018a, Langridge 
2011). Langridge (2011) describes scientific and policy debates associated with the 1997 
rule changes and how the issue was framed primarily in terms of human safety while 
environmental protection was de-emphasized. As of June 2019, the Forest Practices Act 
does not have any water quality-related landslide-prone area rules.

Rules associated with riparian vegetation and buffer strips have arguably been the most 
contentious and have evolved to the greatest degree. Riparian rules were modified in 
1987 and again, more significantly, in 1994. Increasingly comprehensive and integrated 
science reports on topics such as the cumulative effects of forest practices (Beschta et 
al. 1995) and the status of salmonids and their habitat (Botkin et al. 1995), coupled with 
federal direction to mitigate dwindling salmon runs kept pressure on the forestry board 
to further restrict harvesting in riparian and landslide-prone areas. But the studies also 
demonstrated the inherent complexity of these issues (Hairston-Strang et al. 2008).

In 2003, Forest Practices Act rules were updated to require the use of higher quality 
rock or the suspension of log hauling during very wet weather, based on findings from 
an Oregon Department of Forestry monitoring study on wet season use of forest roads 
(Robben et al. 2003, ODF 2003).

The most recent Forest Practices Act rule changes were in 2016 and 2017, and include 
60-foot no-spray buffers for aerial herbicide use around homes and schools; a new 
salmon-steelhead-bull trout category of stream classification and wider riparian buffer 
strips that must be left around these streams, and additional protections for bald eagles 
(OFRI 2018b). The salmon-steelhead-bull trout rules are the first change to Forest 
Practices Act riparian rules since 1994.

3.6.2. Forest Practices Act administration and compliance monitoring

Oregon Department of Forestry (ODF) stewardship foresters administer Forest Practices 
Act rules by working with forest landowners and operators to help them comply with 
Forest Practices Act requirements. The Oregon Forest Resources Institute publishes a 
detailed manual to assist with planning and execution of timber harvests that comply 
with the Forest Practices Act (Cloughesy and Woodward 2018). The ODF Forest 
Practices Monitoring Program reviews the effectiveness of the Forest Practices Act and 
its rules. This program provides science information for adapting regulatory policies 
and management practices, delivers education and training on Forest Practices Act 
rules, assesses whether Forest Practices Act rules and voluntary guidance sufficiently 
protect natural resources, and evaluates whether Forest Practices Act rules are complied 
with and if voluntary measures are implemented. If Forest Practices Act violations are 
identified, ODF starts with education and notices of correction before going into formal 
enforcement. Citations may be issued requiring cessation of the violating practice until 
agreement is reached on a mitigation strategy, and a legally binding consent order signed 
(ODF 2019).

Since 2013, compliance monitoring has been conducted through the ODF Private 
Forests Monitoring Unit using contractors who audit Forest Practices Act rules for road 
construction and maintenance, timber harvesting, some riparian management area 
measures, measures for small wetlands, and rules for operations near waters of the state. 
Audits through 2016 found 97% overall compliance (ODF 2018).

The Forest Practices Act also requires forest landowners and operators to notify the ODF 
at least 15 days before they begin forest operations on any nonfederal lands in Oregon. 
As defined in the Forest Practices Act, forest operations include timber harvesting, 
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road construction and reconstruction, site preparation, slash treatment, woody biomass 
removal, chemical application, land use changes, and certain noncommercial forest 
activities. In addition, permits are required for any operation using power-driven 
machinery or fire. The Notification of Operations and Application for Permit (NO/AP) 
process is conducted through the ODF Private Forests and Protection from Fire divisions. 
In 2014 the ODF updated the NO/AP process by implementing its Forest Activity 
Electronic Notification and Reporting System (FERNS), a web-based, centralized database 
of all forestry operations subject to ODF oversight. The FERNS application is integrated 
with the state’s GIS system. Any interested person or party can subscribe to FERNS and 
receive electronic notifications of pending forest operations in their area. Subscribers can 
also review and submit official comments about the forest operation work plans. Online 
subscriptions to FERNS are free.

About 60% of Oregon’s forestland is owned by the federal government, about 34% is 
privately owned (of which 22% is held by owners with 5,000 acres or more and 12% 
with less than 5,000 acres), 3% is owned by the state, 1% by local government, and 
2% by tribes (OFRI 2017). Because the Forest Practices Act and its rules apply only to 
nonfederal forestland in Oregon, and to ensure that consistent minimum standards are 
met, the ODF, U.S. Forest Service, and U.S. Bureau of Land Management agreed that 
Oregon’s forest practice rules would be met or exceeded on federal land in Oregon 
(Hairston-Strang et al., Adams and Ice 2008). The Clean Water Act requires federal land 
managers to ensure that their practices will meet state water quality standards, laws and 
rules (consistency review). In addition, state forests owned by the Department of State 
Lands and the forestry board typically exceed Forest Practices Act requirements through 
their management plans.

3.6.3. Oregon Forest Practices Act rules  
with particular relevance for drinking water
Arguably, the original Forest Practices Act and most subsequent revisions to it were 
intended primarily to maintain or improve water quality. But certain sections are more 
directly related to drinking water than others. Minimizing soil disturbance and erosion 
potential to protect water quality is fundamental to nearly all Forest Practices Act 
rules for timber harvesting (Division 630). Other Forest Practices Act sections that are 
relevant for drinking water include: 

¾	Division 620 — Chemical and other petroleum product rules

¾	Division 625 — Forest road construction and maintenance, and several divisions of 
the water protection rules

¾	Division 635 — Purpose goals, classification and riparian management areas

¾	Division 642 — Vegetation retention along streams

¾	Division 645 — Riparian management areas and protection measures for 
significant wetlands

¾	Division 650 — Riparian management areas and protection measures for lakes

¾	Division 655 — Protection measures for “other wetlands,” seeps and springs

¾	Division 660 — Stream channel changes 

Provisions relating to riparian management areas, streamside buffers, and stream 
crossings for forest roads are often focused on maintaining conditions for coldwater fish 
species, but domestic water use is also explicitly referenced in the Forest Practices Act 
stream classification system. Protection of water quality to benefit fish and maintaining 
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safe drinking water sources for humans are not mutually exclusive goals — measures 
targeted toward either goal often produce benefits for the other (Abell et al. 2019).

3.6.4. The Oregon Forest Practices Act stream classification system

The Forest Practices Act protection goal for water quality is to ensure that, to the 
maximum extent practicable, nonpoint source discharges of pollutants resulting from 
forest operations do not impair the achievement and maintenance of the water quality 
standards (ODF 2018, p. 53).

The Forest Practices Act uses a stream classification system to align the physical flow 
characteristics and beneficial uses of a water body to a set of appropriate protection 
measures. This classification system, and methods by which streams are classified, have 
been refined over time to reflect new science knowledge or policy imperatives. A Type F 
stream is any stream used seasonally or year-round by anadromous fish, game fish, or fish 
listed as threatened or endangered under the federal or state endangered species acts. 
Type F streams may also serve as community water sources. In July 2017, the salmon, 
steelhead and bull trout (Type SSBT) category was added along with modified stream 
buffer rules to better protect the cooler water quality temperatures needed by these 
fish. (Groom et al. 2018.) A Type D stream is any stream which does not contain fish (as 
defined above) and is located within a specified distance upstream of any domestic water 
intake for which an Oregon Water Resources Department permit has been issued. All 
other streams are classified as Type N.

The distance upstream from an intake that Type D (domestic water use) classification 
applies varies according to whether the intake meets Oregon’s definition for a 
community water supply: has 15 or more service connections used by year-round 
residents, or which regularly serves 25 or more year-round residents. If the intake meets 
one of these criteria, Type D classification initially applies to the length of stream that 
was designated Class I under the classification system in effect on April 22, 1994 (as 
shown on district water classification maps). If the intake is not for a community water 
supply (as defined above) Type D classification initially applies for the shortest of 1) the 
distance from the intake upstream to the farthest upstream point of summer surface 
flow, 2) half the distance from the intake to the drainage boundary, or 3) 3000 feet 
upstream from the intake. Type D classification also applies to tributaries off the main 
channel as long as the above conditions hold.

Streams are further classified by size: 

¾	Small — average annual flow of 2 cubic feet per second (cfs) or less

¾	Medium — average annual flow greater than 2 but less than 10 cfs

¾	Large — average annual flow of 10 cfs or greater.

Criteria for establishing average annual flows are explained in Forest Practices Technical 
Note Number 1 (ODF 1994). Actual measurements of average annual flow may 
substitute for the calculated flows described in the technical note. Any stream with a 
drainage area less than 200 acres is assigned to the small stream category regardless of 
the flow calculated.
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3.7. Forestry and drinking water source protection: 
controversial or unresolved issues 

3.7.1. Forest roads and sediment input into streams

Among forestry-related sources of sediment inputs to streams, forest roads are a 
primary, if not the primary contributor. For this reason, runoff from forest roads 
continues to be a contentious issue relevant to forestry and drinking water source 
protection. This section summarizes a long-running legal dispute regarding forest roads 
in Oregon that eventually reached the U.S. Supreme Court.

In 2006, the Northwest Environmental Defense Center (NEDC) sued the State of 
Oregon, the forestry board, and several timber companies, claiming that forest roads 
are point sources of pollution under the Clean Water Act and thus require a National 
Pollutant Discharge Elimination System (NPDES) permit. This challenged decades of 
precedent under the EPA “Silvicultural Rule” which specifies which types of logging-
related discharges EPA considers point sources and excludes forest roads (Boston 2012). 
The case centered on Clean Water Act language stating that “the term ‘point source’ 
means any discernible, confined and discrete conveyance, including but not limited to any 
pipe, ditch, channel, tunnel, conduit … from which pollutants are or may be discharged” and 
whether this should include logging roads that convey sediment through ditches and 
culverts into nearby streams.

Since the Clean Water Act exempts stormwater runoff, except when the runoff is 
“associated with industrial activity,” the legal case also focused on whether transport 
of sawlogs constituted an “industrial activity.” The EPA Industrial Stormwater Rule lists 
“logging” as an industry, and “transport of raw materials” as an “industrial activity,” but 
also states that “associated with industrial activity” refers to “manufacturing, processing 
or raw materials storage areas at an industrial plant.” Another area of dispute was 
whether the phrase term “at an industrial plant” referred to just “storage areas” or also 
“manufacturing” [or] “processing.” [40 CFR § 122.26; Decker v. NEDC, 568 U.S. 597, 
particularly Justice Scalia’s dissent 616].

In 2007, the U.S. District Court for Oregon ruled that forest roads do not require a 
NPDES permit. The NEDC appealed. In 2011, the U.S. Ninth Circuit Court of Appeals 
overturned the district court, ruling that despite longstanding policy to the contrary, 
the EPA had misinterpreted clear language in the Clean Water Act when drafting its 
regulations and that roadside ditches on forest roads used to transport sawlogs do 
require an NPDES permit. In 2013, the U.S. Supreme Court, in a 7-1 decision, reversed 
the Ninth Circuit ruling. Deferring to EPA’s interpretation of Clean Water Act language 
when the agency drafted pertinent regulations, the court cited previous case law that an 
agency’s interpretation need not be the “best” one, only that it be “reasonable.” Justice 
Scalia, in a detailed and strongly worded dissent, sided with NEDC on the merits, arguing 
that deference was not warranted because EPA language in its Silvicultural Rule clearly 
conflicts with Clean Water Act definitions of “point source” in the statute and with EPA 
language elsewhere listing “logging” as an “industry” and detailing what is “associated 
with industrial activity” (Wasson 2016; Carr and Dively 2013; Boston 2012).

Complicating the Supreme Court case, the EPA amended the Industrial Stormwater Rule 
just before oral argument in 2012, clarifying that the NPDES requirement applied only to 
logging operations involving rock crushing, gravel washing, log sorting and log storage 
facilities. In this amendment, EPA said it would evaluate other silvicultural discharges 
“under section 402(p)(6) of the Clean Water Act because the section allows for a broad 
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range of flexible approaches that may be better suited to address the complexity of 
forest road ownership, management, and use.” (Carr and Dively 2013.)

In January 2014, Congress amended Clean Water Act Section 402(l), effectively 
prohibiting the requirement of NPDES permits for the discharge of runoff resulting from 
a range of silviculture activities, including surface drainage or road construction and 
maintenance. In December 2014, the Environmental Defense Center (EDC) and Natural 
Resources Defense Council petitioned the Ninth Circuit to compel EPA to respond, within 
six months, to a question remanded in a 2003 case (EDC v EPA) in which EDC contended 
that EPA arbitrarily failed to regulate discharges from forest roads under its 1999 Phase II 
stormwater rule. In the 2003 case, the court directed EPA to consider, in an appropriate 
proceeding, whether Clean Water Act Section 402(p)(6) requires it to regulate forest 
roads, then either accept or reject EDC’s arguments using valid reasoning set forth in a 
way that permitted judicial review. Following a settlement agreement in August 2015, 
the Ninth Circuit established a schedule requiring EPA to issue a final determination 
(Wasson 2016). On July 5, 2016, EPA issued a Notice of Decision not to regulate forest 
road discharges under Section 402(p)(6) of the Clean Water Act. (USEPA 2016.)

In their rationale for this decision, the EPA acknowledged ongoing and significant 
water quality impacts attributable to forest road runoff, but argued that many states 
already have programs to address these impacts that are similar to options that would 
be available under Clean Water Act Section 402(p)(6). The EPA said progress continues 
to be made in strengthening these programs to reflect new technology and research, 
specifically tailored for locations in which they are implemented. Pointing to nationwide 
diversity in topography, climate, soil types, and intensity of timber operations and water 
quality impacts, the agency concluded that working with states to strengthen existing 
programs would be more effective than superimposing an additional federal regulatory 
layer over them. The EPA argued that despite the potential benefits of a more consistent 
and enforceable approach to mitigating forest road runoff, the complexity, cost and 
regulatory burden of a nationwide program could outweigh these benefits.

The EPA indicated that while it had decided not to regulate under Clean Water Act 
Section 402(p)(6), it would facilitate ongoing improvements in approaches to mitigating 
water quality impacts from forest roads. EPA said it plans to help strengthen existing 
programs by forming an ongoing dialogue with all relevant stakeholders (e.g., industry, 
environmental groups, academics and government agencies at federal, state, tribal and 
local levels) on program improvements, technical and policy issues, research results, 
state of the art technologies, success stories, and solutions to problem areas. The EPA 
envisions a forum where stakeholders can exchange information and expertise on 
problems and solutions to forest roads, such as existing/legacy roads or stream crossings 
as well as particularly effective forest road programs and best practices. As an example 
of a state-led effort to adopt new methods for reducing sediment impacts, the EPA 
cited a stipulation in California’s “Road Rules Package” (California Board of Forestry 
and Fire Protection 2014) that, where feasible, all forest roads must be hydrologically 
disconnected from streams (USEPA 2016).

As a result of these court decisions and policymaking, the EPA shifted efforts to regulate 
forest road runoff from a consistent, nationwide framework developed under Clean 
Water Act Section 402(p)(6) to state-led nonpoint source programs for forestry. But the 
EPA also noted that it has other tools to address forest road discharges, such as Sections 
303, 305 and 319 of the Clean Water Act.
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3.7.2. ‘Legacy’ forest roads

Nationwide, state-level monitoring shows generally high levels of compliance with 
forestry BMPs (Cristan et al. 2018). Regulatory frameworks for BMPs continue to be 
updated to reflect new knowledge and increase their effectiveness. But Oregon and 
other western states have a large number of so-called “legacy” forest roads that were 
constructed without BMPs to reduce their impacts. These substandard roads were 
sometimes poorly sited (e.g., along waterways), constructed with steep grades, or have 
poorly designed stream crossings. In other cases, problems stem primarily from lapsed 
maintenance.

Some unmaintained legacy road segments gradually revert back to vegetative cover, 
but others develop gully systems that become chronic sources of sediment. Legacy road 
segments that have been stabilized by revegetation can become sediment sources again 
if they are subsequently encompassed in new harvest units. And a significant number of 
legacy roads remain in use. “Problem” legacy road segments present a major challenge 
for managers, because they can generate many times the amount of sediment than roads 
constructed using modern BMPs (Ice and Shilling 2012) and resources are often scarce to 
repair and decommission them.

Recent interagency discussions in Oregon on the topic of forest roads and sediment 
resulted in adoption of the following terms for clarity:

 ¾Legacy road: Built and abandoned prior to passage of the Oregon Forest Practices 
Act and has not been used in the post-Forest Practices Act. The Forest Practices 
Act does not apply to these roads.

 ¾Old road: Built using now-obsolete techniques (e.g., built pre-Forest Practices 
Act or pre-1984 construction standards) but in use post-Forest Practices Act and 
therefore subject to Forest Practices Act rules for water quality performance and 
vacating).

State and federal forest agencies are inventorying and decommissioning or repairing 
legacy roads. From 1997 to 2013, 2,668 miles of logging roads in Oregon public and 
private forests were closed or decommissioned (OFRI 2017). From 1995 through 2008, 
ODF installed 63,055 cross drains on logging roads to route runoff away from streams 
(Mortenson 2011). But the number of such roads greatly exceeds the resources available 
to address them, and legacy and old forest roads remain an urgent issue.

3.7.3. Nonpoint source pollution management in the coastal zone

Relationships between forest practices and nonpoint pollution have been contentious in 
Oregon’s coastal zone. The National Oceanic and Atmospheric Administration (NOAA) 
administers the 1972 Coastal Zone Management Act to address population growth 
and development in coastal areas by focusing on clean water and healthy ecosystems 
(NOAA 2018). The Coastal Zone Act Reauthorization Amendments of 1990 included a 
new Section 6217, “Protecting Coastal Waters,”, requiring each state with a coastal zone 
management program approved under section 306 of the Coastal Zone Management 
Act to develop and implement a Coastal Nonpoint Pollution Control Program (Coastal 
Nonpoint Program) to prevent and control polluted runoff.

Section 6217 requires coastal states to implement nonpoint source pollution 
management measures developed by the EPA, which are organized into two tiers. If the 
first tier does not enable coastal waters to meet water quality standards and protect 
designated uses, the state must implement a second tier of “additional” management 
measures targeted more specifically at restoring coastal waters to maintain water quality 
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standards and to protect beneficial water uses designated by the state (NOAA and 
USEPA 1993). For Oregon’s coastal waters, designated beneficial uses include “public 
domestic water supply” in all streams and rivers inland from the estuary or head of 
tidewater influence (Oregon Legislative Counsel Committee 2017; Oregon DEQ 2018b).

Section 6217 also requires each coastal state to submit its Coastal Nonpoint Program, 
which lays out how they intend to implement their pollution management measures, 
to the NOAA and EPA for approval. Failure to submit an approvable program can result 
in a state losing a portion of its federal funding under section 306 of the Coastal Zone 
Management Act and section 319 of the Clean Water Act.

As required, Oregon submitted its Coastal Nonpoint Program in 1995. In 1998, the 
NOAA and EPA conditionally approved Oregon’s program. Full approval was to be 
granted when the state met specific conditions, which required application of EPA 
management measures to address impacts stemming from a range of activities. In 
regards to forestry, the NOAA and EPA found that the following additional management 
measures were necessary to meet water quality standards and protect beneficial uses:

¾	Protect riparian areas for medium-sized and small fish-bearing (type “F”) streams 
and non-fish-bearing (type “N”) streams.

¾	Address the impacts of forest roads, particularly legacy roads.

¾	Protect landslide-prone areas.

¾	Ensure adequate stream buffers for the application of herbicides, particularly on 
non-fish bearing (type “N”) streams.

Oregon met nearly all conditions laid out in 1998 by modifying its program over time, 
but faced challenges in meeting conditions related to development, onsite sewage 
disposal and forestry. In 2009, Northwest Environmental Advocates (NWEA) sued NOAA 
and EPA, alleging that despite Oregon’s failure to submit an approvable program, the 
federal agencies had not disapproved the program or withheld grant funds as required 
and that as a consequence, Oregon had not improved its forest practices sufficiently to 
protect coastal water quality. In 2010, the Oregon U.S. District Court directed NOAA 
and EPA to either fully approve or disapprove Oregon’s nonpoint program (NWEA 
2010a,b).

In 2015, the federal agencies found that the state had met conditions for new 
development and onsite sewage disposal systems, but not for forestry. As a result, the 
agencies disapproved Oregon’s Coastal Nonpoint Program, triggering a 30% holdback of 
Oregon’s Coastal Zone Management Act Section 306 funds and Clean Water Act Section 
319 funds. These funds will be withheld until the state’s Coastal Nonpoint Program is 
approved, and represent a loss of about $1.2 million from roughly $4 million in annual 
federal grant funding that the state had been using to address coastal pollution (NOAA 
2015; House 2016). Programs affected are Oregon Department of Environmental 
Quality’s nonpoint source reduction program, and Oregon Coastal Management Program 
planning assistance grants for local governments in the coastal zone. As of fall 2018, the 
Oregon Department of Environmental Quality reported the loss of nearly $2.1 million in 
Clean Water Act section 319 funding for its nonpoint source program since 2015. As of 
spring 2019, the Oregon Department of Land Conservation and Development calculated 
the loss of Coastal Zone Management Act Section 306 funds for the Oregon Coastal 
Management Program at $2.6 million since 2015 (Oregon DLCD 2019).

In April 2017, the Oregon Board of Forestry adopted a new set of rules to increase shade 
buffers on small and medium salmon, steelhead and bull trout fish-bearing streams, 
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called the SSBT rule. The SSBT rule covers about a third of Oregon’s small and medium 
Type F stream network according to ODF. The 80-foot buffers adopted are narrower 
than 90 feet that Oregon forestry and environmental quality staff recommended and 
the 100 feet recommended by the EPA to ensure compliance with the Protecting Cold 
Water criterion (OAR 340-041-0028). (Oregon DEQ 2018a.) Progress was made in more 
clearly defining “legacy” and “old” forest roads and how these are treated under the 
Forest Practices Act. But no action has been taken regarding additional management 
measures for landslide prone areas, or buffers on non-fish-bearing (Type “N”) streams 
for protection from aerial herbicide application. Oregon has described the strategies 
in place (mostly voluntary rather than legally binding) to address these remaining 
additional management measures, and also pointed to Oregon’s strong land use planning 
system, which has been effective in helping keep Oregon forestland in forest rather than 
other land uses. But to date the EPA and NOAA have not found these measures to be 
acceptable and have not approved Oregon’s Coastal Nonpoint Program.

As result of such factors as steep topography, high rainfall, and the relatively, small size 
and close proximity of drinking water source watersheds to commercial timberlands, 
issues associated with forest management and drinking water protection are likely to 
remain salient and a source of tension among stakeholders in Oregon’s coastal zone.

3.7.4. Aerial herbicide spraying

Aerial spraying of herbicides for the control of understory and deciduous vegetation 
to promote conifer regeneration is common practice in western Oregon commercial 
forests, and is a perennial concern among some sectors of the public. In 2017, the Board 
of Forestry amended Forest Practices Act rules to require that operators leave a 60-foot 
unsprayed strip between aerially sprayed forests and inhabited dwellings or schools. 
Efforts to pass more restrictive county-level ordinances have continued, including 
Measure 21-177 that passed in Lincoln County in 2017. The Lincoln County measure was 
overturned in court on grounds that it is pre-empted by state law, but the issue of aerial 
spraying is likely to remain active. The use and effects of forestry pesticides, including 
aerially-sprayed herbicides, is covered more extensively in Chapter 6.

3.7.5. Landslides

The effects of timber harvesting in steeper, landslide-prone areas on landslide risk and 
impacts on water quality have been contentious issues in Oregon for several decades 
(Langridge 2011) and remain so today. Oregon’s measures in the Forest Practices 
Act to mitigate landslide risk were one facet of “additional management measures” 
that NOAA-EPA indicated were insufficiently addressed in the ongoing Coastal Zone 
Act Reauthorization Amendments of 1990 and Coastal Nonpoint Pollution program 
dispute. The Forest Practices Act restricts harvesting in areas of landslide risk that could 
potentially pose a risk to lives and property, but these measures do not address water 
quality or aquatic habitat. The effects of landslides on sediment production and water 
quality are discussed in greater detail in Chapter 5.



8585

Trees to Tap

3.8. References
Abell, R., K. Vigerstol, J. Higgins, S. Kang, N. Karres, B. Lehner, A. Sridhar, and E. Chapin. 

2019. Freshwater biodiversity conservation through source water protection: 
Quantifying the potential and addressing the challenges. Aquatic Conservation: 
Marine and Freshwater Ecosystems 29(7): 1022-1038.

Alila, Y., P.K. Kuras, M. Schnorbus, and R. Hudson. 2009. Forests and floods: A new 
paradigm sheds light on age-old controversies. Water Resources Research 45: 
W08416.

Alila, Y. and K.C. Green. 2014a. Reply to comment by Birkinshaw on “A paradigm shift in 
understanding and quantifying the effects of forest harvesting on floods in snow 
environments”. Water Resources Research 50(3): 2769-2774.

Alila, Y. and K.C. Green. 2014b. Reply to comment by Bathurst on “A paradigm shift in 
understanding and quantifying the effects of forest harvesting on floods in snow 
environments”. Water Resources Research 50(3): 2759-2764.

Amaranthus, M.P., R.M. Rice, N.R. Barr, and R.R. Ziemer. 1985. Logging and forest roads 
related to increased debris slides in southwestern Oregon. Journal of Forestry 
83(4): 229-233.

Amatya, D., T. Williams, L. Bren, and C. de Jong (eds). 2016. Forest Hydrology: Processes, 
Management and Assessment. CABI, Boca Raton, FL.

Anderson, C.W. 2002. Ecological effects on streams from forest fertilization—Literature 
review and conceptual framework for future study in the western Cascades. 
U.S. Department of the Interior, U.S. Geological Survey Water-Resources 
Investigations Report 01-4047. https://pubs.usgs.gov/wri/2001/4047/wri01-
4047.pdf

Anderson, C.J. and B.G. Lockaby. 2011. Research gaps related to forest management and 
stream sediment in the United States. Environmental Management 47, 303-313.

Antos, J.A., C.B. Halpern, R.E. Miller, K. Cromack, and M.G. Halaj. 2003. Temporal and 
spatial changes in soil carbon and nitrogen after clearcutting and burning of an 
old-growth Douglas-fir forest. PNW-RP-552. Portland, OR: USDA-Forest Service, 
Pacific Northwest Research Station. 19 pp.

Bates, C.G. and A.J. Henry. 1928. Second phase of streamflow experiment at Wagon 
Wheel Gap, Colorado. Vol. 56(3): 79-85.

Bathurst, J.C. 2014. Comment on “A paradigm shift in understanding and quantifying the 
effects of forest harvesting on floods in snow environments” by KC Green and Y. 
Alila. Water Resources Research 50(3): 2756-2758.

Benda, L. and T. Dunne. 1997. Stochastic forcing of sediment routing and storage in 
channel networks. Water Resources Research 33: 2865-2880.

Bernstein, L., L. Arkin, and R. Lindberg. 2013. Oregon’s Industrial Forests and Herbicide 
Use: A Case Study of Risk to People, Drinking Water and Salmon. Beyond Toxics, 
Eugene, OR.

Beschta, R.L. 1978. Long-term patterns of sediment production following road 
construction and logging in the Oregon Coast Range. Water Resources Research 
14(6): 1011-1016.



8686

Chapter 3: Active Forest Management and Community Water

Beschta, R.L., J.R. Boyle, C.C. Chambers, W.P. Gibson, and coauthors. 1995. Cumulative 
effects of forest practices in Oregon: literature and synthesis. Prepared for 
Oregon Dept. of Forestry. Oregon State Univ., Corvallis, OR.

Beschta, R.L., M.R. Pyles, A.E. Skaugset, and C.G. Surfleet, C.G. 2000. Peakflow responses 
to forest practices in the western cascades of Oregon, USA. Journal of Hydrology 
233(1-4): 102-120.

Bhardwaj, V. 2006. Disinfection By-products. Journal of Environmental Health. 68 (10): 
61, 63.

Bilby, R.E. 1985. Contributions of road surface sediment to a western Washington 
stream. Forest Science 31: 827-838.

Binkley, D. and Brown, T.C., 1993. Forest practices as nonpoint sources of pollution in 
North America. JAWRA Journal of the American Water Resources Association, 
29(5): 729-740.

Binkley, D., H. Burnham, and H.L. Allen. 1999. Water quality impacts of forest 
fertilization with nitrogen and phosphorus. Forest Ecology and Management 
121(3): 191-213.

Binkley, D., G.G. Ice, J. Kaye, and C.A. Williams. 2004. Nitrogen and phosphorus 
concentrations in forest streams of the United States. 40: 1277–1291.

Birkinshaw, S.J. 2014. Comment on “A paradigm shift in understanding and quantifying 
the effects of forest harvesting on floods in snow environments” by Kim C. 
Green and Younes Alila. Water Resources Research 50(3): 2765-2768.

Bisson, P.A., Ice, G.G., Perrin, C.J. and Bilby, R.E., 1992. Effects of forest fertilization on 
water quality and aquatic resources in the Douglas-fir region. Pp. 179-193 In: 
Chappel, H.N., GlF. Weetman, and R.E. Miller.  Forest fertilization: sustaining and 
improving nutrition and growth of western forests. Contribution No. 73. Institute 
for Forest Resources, University of Washington, Seattle, pp.179-193. 

Black, P.E. 1997. Watershed functions. Journal of the American Water Resources 
Association 33(1): 1–11.

Boisjolie, B.A., M.V. Santelmann, R.L. Flitcroft, and S.L. Duncan. 2017. Legal ecotones: A 
comparative analysis of riparian policy protection in the Oregon Coast Range, 
U.S.A. Journal of Environmental Management 197: 206-220.

Boston, K., 2012. Impact of the ninth circuit court ruling (Northwest Environmental 
Defense Center v. Brown) regarding forest roads and the Clean Water Act. 
Journal of Forestry, 110(6), p.344.

Botkin, D., K. Cummins, T. Dunne, H. Reiger, and coauthors. 1995. Status and future of 
salmon of western Oregon and northern California. The Center for the Study of 
the Environment, Santa Barbara, CA. 300pp.

Brown, G.W., A.R. Gahler, and R.B. Marston. 1973. Nutrient losses after clear‐cut logging 
and slash burning in the Oregon Coast Range. Water Resources Research 9(5): 
1450-1453.

Burns, J. 2019. Oregon aerial pesticide bills get hearings in Salem. Oregon Public 
Broadcasting. Accessed online 8/19/2019. https://www.opb.org/news/article/
oregon-aerial-pesticide-bills-get-hearings-in-salem/.



8787

Trees to Tap

Burt, T.P., N.J.K. Howden, J.J. McDonnell, J.A. Jones, and G.R. Hancock. 2015. Seeing the 
climate through the trees: observing climate and forestry impacts on streamflow 
using a 60-year record. Hydrological Processes 29: 473-480.

Burton, T.A. 1997. Effects of basin-scale timber harvest on water yield and peak 
streamflow. JAWRA Journal of the American Water Resources Association 33: 
1187–1196. doi:10.1111/j.1752-1688.

Buttle, J.M., 2011. The effects of forest harvesting on forest hydrology and 
biogeochemistry. Pp. 659 – 677 In Levia, D.F., D. Carlyle-Moses, and T. Tanaka 
(eds). Forest Hydrology and Biogeochemistry: Synthesis of Past Research and Future 
Directions. Springer, Dordrecht, Netherlands. 733 pp.

Cairns M.A. and K. Lajtha. 2005. Effects of succession on nitrogen export in the west-
central cascades, Oregon. Ecosystems 8:583–601.

Cairns, M.A., K. Lajtha, and P. Beedlow. 2009. Dissolved carbon and nitrogen losses from 
forests of the Oregon Cascades over a successional gradient. Plant and Soil 
318(1): 185-196.

California Board of Forestry and Fire Protection. 2014. “Road Rules, 2013”. Title 14, 
California Code of Regulations (14 CCR), Division 1.5, Chapter 4, Subchapters 
1, 4, 5, 6, Articles 4, 5, 6, 8, and 12; Subchapter 7, Articles 2, 6.5, 6.8, 6.9, and 
7. http://bofdata.fire.ca.gov/regulations/approved_regulations/2014_approved_
regulations/roadrules2013.pdf accessed 1/30/2019.

Carr, C. and S. Diveley. 2013. Decker v. NEDC: The Supreme Court May Not Be the End of 
the (Unregulated) Forest Road. American Bar Association Trends 44:7.

Carson, B. and M. Younie. 2003. Managing coastal forest roads to mitigate surface 
erosion and sedimentation: an operational perspective. Watershed 7: 10-13.

Chang, M. 2012. Forest hydrology: an introduction to water and forests. Third edition. CRC 
Press.

Clifton, C.F., K.T. Day, C.H. Luce, G.E. Grant, M. Safeeq, J.E. Halofsky, and B.P. Staab. 
2018. Effects of climate change on hydrology and water resources in the Blue 
Mountains, Oregon, USA. Climate Services 10: 9 – 19.

Cloughesy, M. and J. Woodward. 2018. Oregon’s Forest Protection Laws: An Illustrated 
Manual. Revised third edition. Oregon Forest Resources Institute (OFRI). 317 
SW Sixth Ave., Suite 400, Portland, OR 97204-1705 https://oregonforests.org/
sites/default/files/2018-02/OFRI_IllusManual_full.pdf

Compton, J.A., M.R. Church, S.T. Larned, and W.E. Hogsett. 2003. Nitrogen export from 
forested watersheds in the Oregon Coast Range: The role of N2-fixing red alder. 
Ecosystems 6:773-785.

Cristan, R., W.M. Aust, M.C. Bolding, S.M. Barrett, J.F. Munsell, and E. Schilling. 2016. 
Effectiveness of forestry best management practices in the United States: 
Literature review. Forest Ecology and Management 360: 133-151.

Cristan, R., W.M. Aust, M.C. Bolding, S.M. Barrett, J.F. Munsell. 2018. National status 
of state developed and implemented forestry best management practices for 
protecting water quality in the United States. Forest Ecology and Management 
418: 73-84.

Croke, J.C. and P.B. Hairsine. 2006. Sediment delivery in managed forests: A review. 
Environmental Reviews 14(1): 59-87.



8888

Chapter 3: Active Forest Management and Community Water

Daniels, B., D. McAvoy, M. Kuhns and R. Gropp. 2004. Managing Forests for Water 
Quality: Forest Roads. (Fact sheet.) Utah State University Cooperative Extension 
Service.

Dhakal, A. S. and R.C. Sidle. 2003. Long-term modelling of landslides for different forest 
management practices. Earth Surface Processes and Landforms 28: 853-868.

Edwards, P.J., F. Wood, and R.L. Quinlivan. 2016. Effectiveness of best management 
practices that have application to forest roads: A literature synthesis. NRS-163. 
Newtown Square, PA: USDA-Forest Service, Northern Research Station. 171 pp.

Endicott, D. 2008. National level assessment of water quality impairments related to forest 
roads and their prevention by best management practices. Report prepared for 
USEPA, Office of Water. Contract No. EP-C-05-066. Great Lakes Environmental 
Center. 250 pp.

Feller, M.C., R. Lehmann, and P. Olanski. 2000. Influence of forest harvesting intensity 
on nutrient leaching through soil in southwestern British Columbia. Journal of 
Sustainable Forestry 10(3/4): 241-248.

Fitzgerald, S.A. 2008. Successful reforestation: An overview. The Woodland Workbook. 
Revised October, 2008. EC 1498. Oregon State University Extension Service, 
Corvallis, OR. 8 pp.

Glucklich, E. 2018. Rural Lane County residents fight aerial herbicide spraying. Eugene 
Register-Guard, Feb. 12, 2018. https://www.statesmanjournal.com/story/tech/
science/environment/2018/02/12/rural-lane-county-residents-fight-aerial-
herbicide-spraying/329746002/ accessed 1/24/2019.

Goetz, J. N., R.H. Guthrie, and A. Brenning. 2015. Forest harvesting is associated with 
increased landslide activity during an extreme rainstorm on Vancouver Island, 
Canada. Natural Hazards and Earth System Sciences 15(6): 1311.

Grand, S., R. Hudson, and L.M. Lavkulich. 2014. Effects of forest harvest on soil nutrients 
and labile ions in Podzols of southwestern Canada: Mean and dispersion effects. 
Catena 122: 18-26.

Grant, G.E., S.L. Lewis, F.J. Swanson, J.H. Cissel, and J.J. McDonnell. 2008. Effects of forest 
practices on peak flows and consequent channel response: a state-of-science report 
for western Oregon and Washington. PNW 760. USDA-Forest Service, Pacific 
Northwest Research Station, Portland, OR, 76 pp.

Grant, G.E. and A.L. Wolff. 1991. Long-term patterns of sediment transport following 
timber harvest, Western Cascade Mountains, Oregon, USA. Pp. 31-40 In: 
Peters, N.E., Walling, D.E. (Eds.), Sediment and Stream Water Quality in a 
Changing Environment: Trends and Explanation. Proceedings of the Vienna IAHS 
symposium. International Association of Hydrological Sciences, Vienna, Austria. 
374 pp.

Greathouse, E.A., J.E. Compton, and J. Van Sickle. 2014. Linking landscape characteristics 
and high stream nitrogen in the Oregon Coast range: Red alder complicates use 
of nutrient criteria. JAWRA Journal of the American Water Resources Association 
50(6): 1383-1400.

Green, K.C. and Y. Alila, Y. 2012. A paradigm shift in understanding and quantifying the 
effects of forest harvesting on floods in snow environments. Water Resources 
Research 48(10): W10503.



8989

Trees to Tap

Griffin, A. 1918. Influence of forests upon the melting of snow in the Cascade Range. 
Monthly Weather Review 46(7): 324-327.

Gronsdahl, S., R.D. Moore, J. Rosenfeld, R. McCleary, and R. Winkler. 2019. Effects of 
forestry on summertime low flows and physical fish habitat in snowmelt-
dominant headwater catchments of the Pacific Northwest. Hydrological 
Processes 33(25): 3152-3168.

Groom, J. D., L.J. Madsen, J.E. Jones, and J.N. Giovanini. 2018. Informing changes to 
riparian forestry rules with a Bayesian hierarchical model. Forest Ecology and 
Management 419: 17-30.

Gucinski, H., M.J. Furniss, R.R. Ziemer, and M.H. Brookes. 2001. Forest roads: a synthesis 
of scientific information. General Technical Report PNW 509. USDA-Forest 
Service, Pacific Northwest Research Station, Portland, OR. 103 pp.

Guthrie, R.H. 2002. The effects of logging on frequency and distribution of landslides in 
three watersheds on Vancouver Island, British Columbia. Geomorphology 43(3-
4): 273-292.

Guzzetti F., A.C. Mondini, M. Cardinali, F. Fiorucci, M. Santangelo, and K-T. Chang. 
2012. Landslide inventory maps: New tools for an old problem. Earth Science 
Reviews. 112:42–66.

Hairston-Strang, A.B., P.W. Adams, and G.G. Ice. 2008. The Oregon forest practices act 
and forest research. Pp. 95-113 In Stednick, J. (ed). Hydrological and Biological 
Responses to Forest Practices: The Alsea Watershed study. Springer, New York, NY. 
316 pp.

Hanley, D.P, H.N. Chappell and E.H. Nadelhoffer. 2006. Fertilizing Douglas-fir forests: 
A guide for nonindustrial private forestland owners in western Washington. 
Publication EB 1800. Washington State University Extension. http://cru.cahe.
wsu.edu/CEPublications/eb1800/eb1800.pdf accessed 7-31-19.

Harr, R.D., A. Levno, and R. Mersereau. 1982. Streamflow changes after logging 
130-year-old Douglas fir in two small watersheds. Water Resources Research 
18(3): 637-644.

Hassan, M.A., M. Church, T.E. Lisle, F. Brardinoni, L. Benda, and G.E. Grant. 2005. 
Sediment transport and channel morphology of small, forested streams. Journal 
of the American Water Resources Association 41: 853-876.

Hatten, J.A., C. Segura, K.D. Bladon, V.C. Hale, G.G. Ice, and J.D. Stednick. 2018. Effects 
of contemporary forest harvesting on suspended sediment in the Oregon Coast 
Range: Alsea Watershed Study Revisited. Forest Ecology & Management 408: 
238-248.

Hicks, B.J., R.L. Beschta, and R.D. Harr. 1991. Long-term changes in streamflow following 
logging in western Oregon and associated fisheries implications. Water 
Resources Bulletin 27: 217-226.

House, K. 2016. Oregon fined $1.2 M for failing to address coastal pollution. The 
Oregonian/OregonLive, March 11, 2016. Accessed online 10-22-2018: https://
www.oregonlive.com/environment/index.ssf/2016/03/oregon_fined_12_m_for_
failing.html



9090

Chapter 3: Active Forest Management and Community Water

Ice, G. 2004. History of innovative best management practice development and its 
role in addressing water quality limited waterbodies. Journal of Environmental 
Engineering 130(6): 684-689.

Ice, G. and E.B. Schilling. 2012. Assessing the effectiveness of contemporary forestry 
best management practices (BMPs): Focus on roads. Special Report 12-01. 
National Council for Air and Stream Improvement, Inc., Research Triangle Park, 
NC. 68p. Accessed 12-18-2018. http://www.ncasi.org/Downloads/Download.
ashx?id=7589 

Ice, G.G., E. Schilling, and J. Vowell. 2010. Trends for forestry best management practices 
implementation. Journal of Forestry 108(6): 267-273.

Imaizumi, F. and R.C. Sidle. 2012. Effect of forest harvesting on hydrogeomorphic 
processes in steep terrain of central Japan. Geomorphology 169: 109-122.

Jaboyedoff, M., T. Oppikofer, A. Abellán, M-H. Derron, A.  Loye, R. Metzger, and A. 
Pedrazzini. 2012. Use of LIDAR in landslide investigations: a review. Natural 
Hazards 61:5-28.

Jackson, C.R. 2014. RESPONSE: Forestry Best Management Practices: A Mitigated Water 
Pollution Success Story. Journal of Forestry 112(1): 47–49.

Jakob, M. 2000. The impacts of logging on landslide activity at Clayoquot Sound, British 
Columbia. Catena 38(4): 279-300.

Jerabkova, L., C.E. Prescott, B.D. Titus, G.D. Hope, and M.B. Walters. 2011. A meta-
analysis of the effects of clearcut and variable-retention harvesting on soil 
nitrogen fluxes in boreal and temperate forests. Canadian Journal of Forest 
Research 41(9): 1852-1870.

Jones, J.A., 2000. Hydrologic processes and peak discharge response to forest removal, 
regrowth, and roads in 10 small experimental basins, western Cascades, Oregon. 
Water Resources Research 36(9): 2621-2642.

Jones, J.A. and G.E. Grant. 1996. Peak flow responses to clear-cutting and roads in small 
and large basins, western Cascades, Oregon. Water Resources Research 32: 959-
974.

Jones, J.A., D.A. Post. 2004. Seasonal and successional streamflow response to forest 
cutting and regrowth in the northwest and eastern United States. Water 
Resources Research 40(5): W05203.

Jones, J. A., and R. M. Perkins. 2010. Extreme flood sensitivity to snow and forest 
harvest, western Cascades, Oregon, United States. Water Resources Research, 46: 
W12512.

Ketcheson, G. and W. Megahan. 1996. Sediment production and downslope sediment 
transport from forest roads in granitic watersheds. U.S. Forest Service Resource 
Paper INT-RP-486.

Kuraś, P.K., Y. Alila, and M. Weiler. 2012. Forest harvesting effects on the magnitude 
and frequency of peak flows can increase with return period. Water Resources 
Research 48(1): W01544.

La Marche, J. L. and D.P. Lettenmaier. 2001. Effects of forest roads on flood flows in 
the Deschutes River, Washington. Earth Surface Processes and Landforms 26: 
115–134.



9191

Trees to Tap

Langridge, R. 2011. When do challengers succeed? Nongovernmental actors, 
administrative agencies, and legal change: Shifting rules for Oregon’s private 
forests. Law & Social Inquiry 36(3): 662-693.

Lin, Y. and X. Wei. 2008. The impact of large-scale forest harvesting on hydrology in the 
Willow watershed of Central British Columbia. Journal of Hydrology 359(1-2): 
141-149.

Luce, C. H. and T. A. Black. 1999. Sediment production from forest roads in western 
Oregon. Water Resources Research 35(8): 2561–2570.

MacDonald, L. and D. Coe. 2014. RESPONSE: A suggested tiered monitoring strategy 
for maximizing best management practice effectiveness and protecting water 
quality. Journal of Forestry 112(1): 49-50.

Mainwaring, D.B., D.A. Maguire, and S.S. Perakis. 2014. Three-year growth response of 
young Douglas-fir to nitrogen, calcium, phosphorus, and blended fertilizers in 
Oregon and Washington. Forest Ecology and Management 327: 178-188.

Majidzadeh, H., H. Chen, T.A. Coates, K-P Tsai, C.I. Olivares, C. Trettin, H. Uzun, T. 
Karanfil, and A.T. Chow. 2019. Long-term watershed management is an effective 
strategy to reduce organic matter export and disinfection by-product precursors 
in source water. International Journal of Wildland Fire 28: 804-813. 

Marks, D., J. Kimball, D. Tingey, and T. Link. 1998. The sensitivity of snowmelt processes 
to climate conditions and forest cover during rain-on-snow: A case study of the 
1996 Pacific Northwest flood. Hydrological Processes 12(10-11): 1569-1587.

Martin C.W. and R.D. Harr. 1989. Logging of mature Douglas-fir in western Oregon has 
little effect on nutrient output budgets. Canadian Journal of Forest Research 19: 
35–43.

May, C. L. 2002. Debris flows through different forest age classes in the central Oregon 
Coast Range. JAWRA Journal of the American Water Resources Association 38: 
1097–1113.

May, C.L. and Gresswell, R.E. 2003. Processes and rates of sediment and wood 
accumulation in headwater streams of the Oregon Coast Range, USA. Earth 
Surface Processes and Landforms. 28: 409-424.

McDonnell, J. J., J. Evaristo, K.D. Bladon, J. Buttle, I.F. Creed, S.F. Dymond, G. Grant, A. 
Iroume, C.R. Jackson, J.A. Jones, T. Maness, K.J. McGuire, D.F. Scott, C. Segura, 
R.C. Sidle, and C. Tague. 2018. Water sustainability and watershed storage. 
Nature Sustainability 1(8): 378-379.

McNamara, J.P., D. Tetzlaff, K. Bishop, C. Soulsby, M. Seyfried, N.E. Peters, B.T. Aulenbach, 
and R. Hooper. 2011. Storage as a metric of catchment comparison. Hydrological 
Processes 25(21): 3364-3371.

Meals, D.W., S.A. Dressing, and T.E. Davenport. 2010. Lag time in water quality response 
to best management practices: A review. Journal of Environmental Quality 39(1): 
85-96.

Megahan, W.F. and J.G. King. 2004. Erosion, sedimentation, and cumulative effects in 
the northern Rocky Mountains. Pp. 201-222 In: Ice, G.G. and J.D. Stednick (eds). 
A Century of Forest and Wildland Watershed Lessons. Bethesda, MD: Society of 
American Foresters. 287 pp.



9292

Chapter 3: Active Forest Management and Community Water

Michael, J.L. 2004. Best management practices for silvicultural chemicals and the science 
behind them. Water, Air and Soil Pollution: Focus 4(1): 95-117.

Miller, D.J. and K.M. Burnett. 2007. Effects of forest cover, topography, and sampling 
extent on the measured density of shallow, translational landslides. Water 
Resources Research. 43: W03433.

Montgomery, D.R., K.M. Schmidt, H.M. Greenberg, and W.E. Dietrich. 2000. Forest 
clearing and regional landsliding. Geology 28(4): 311-314.

Montgomery, D. R. and W.E. Dietrich. 2002. Runoff generation in a steep, soil-mantled 
landscape, Water Resources Research 38(9): WR000822.

Moore, G.W., B.J. Bond, J.A. Jones, N. Phillips, and F.C. Meinzer. 2004. Structural and 
compositional controls on transpiration in 40-and 450-year-old riparian forests 
in western Oregon, USA. Tree Physiology 24(5): 481-491.

Moore, R. and S.M. Wondzell. 2005. Physical hydrology and the effects of forest 
harvesting in the Pacific Northwest: A review. JAWRA Journal of the American 
Water Resources Association 41(4): 763-784.

Mortenson, E. 2011. Legacy of logging roads brings change to Oregon forests, and so do 
the courts. Oregon Live, September 27, 2011. Accessed 12-19-18. https://www.
oregonlive.com/environment/index.ssf/2011/09/legacy_of_logging_roads_
bring.html

Mote, P.W., S. Li, D.P. Lettenmaier, M. Xiao, and R. Engel. 2018. Dramatic declines in 
snowpack in the western U.S.. Climate and Atmospheric Science 1(1): 2. 

Mucken, A. and B. Bateman (Eds.). 2017. Oregon’s 2017 Integrated Water Resources 
Strategy. Oregon Water Resources Department. Salem, OR. 190 pp. https://
www.oregon.gov/owrd/WRDPublications1/2017_IWRS_Final.pdf accessed 
5/6/2020.

Mupepele, A.C. and and C.F. Dormann. 2016. Influence of forest harvest on nitrate 
concentration in temperate streams—a meta-analysis. Forests 8(1) 5.

NCASI (National Council for Air and Stream Improvement, Inc.). 2009. Compendium of 
forestry best management practices for controlling nonpoint source pollution 
in North America. No. 966. Research Triangle Park, NC. 230p. http://www.ncasi.
org/Downloads/Download.ashx?id=10204  accessed 1/11/2018.

NOAA (National Oceanic and Atmospheric Administration Office for Coastal 
Management). 2015. NOAA/EPA finding that Oregon has not submitted 
a fully approvable coastal nonpoint program. https://coast.noaa.gov/czm/
pollutioncontrol/media/ORCZARAdecision013015.pdf accessed 10/26/2018.

NOAA (National Oceanic and Atmospheric Administration Office for Coastal 
Management). 2018. National Ocean Service website. What is coastal 
management? https://oceanservice.noaa.gov/facts/czm.html accessed 
10/26/2018.

NRC (National Research Council). 2008. Hydrologic Effects of a Changing Forest 
Landscape. National Research Council, Division on Earth and Life Studies, Water 
Science and Technology Board, Committee on Hydrologic Impacts of Forest 
Management. National Academies Press. 194 pp.



9393

Trees to Tap

Neary, D.G., L.R. DeBano and P.F. Ffolliott. 2000. Fire impacts on forest soils: a 
comparison to mechanical and chemical site preparation. Tall Timbers Ecology 
Conference. Proceedings – Tall Timbers Fire Ecology Conference 21: 85-94.

Neary, D.G., G.G. Ice, and C.R. Jackson. 2009. Linkages between forest soils and water 
quality and quantity. Forest Ecology and Management 258(10): 2269-2281.

Nebbioso, A. and A. Piccolo. 2013. Molecular characterization of dissolved organic matter 
(DOM): a critical review. Analytical and Bioanalytical Chemistry 405: 109-124.

NWEA (Northwest Environmental Advocates v. Locke et al.) 2010a. U.S. District Court 
for the District of Oregon. 2010. Final settlement agreement. Civil No. 09-0017-
PK. https://www.oregon.gov/deq/FilterDocs/CZARA.pdf accessed 10/29/2018.

NWEA (Northwest Environmental Advocates). 2010b. NWEA v. Locke (CZARA 
Oregon Coastal Logging) Settlement Fact Sheet. https://www.
northwestenvironmentaladvocates.org/newblog/download/nwea-v-locke-czara-
oregon-coastal-logging-settlement-fact-sheet/ accessed 10/29/2018.

O’Melia, C.R. 2006. Fundamentals of particle stability. Pp. 317-362 In: Newcombe, G. 
and D. Dixonn (eds). Interface Science and Drinking Water Treatment: Theory and 
Applications. London, U.K.: Academic Press. 376 pp.

ODF (Oregon Department of Forestry). 1994. Forest Practices Technical Note 
Number 1: Water Classification. https://www.oregon.gov/ODF/Documents/
WorkingForests/WaterClassificationTechNote1.pdf accessed 5/6/2020.

ODF (Oregon Department of Forestry). 2003. Forest Practices Technical Note Number 9: 
Wet Weather Road Use. Version 1.0. Accessed 1/20/2019. https://www.oregon.
gov/ODF/Documents/WorkingForests/WetWeatherRoadUseTechNote9.pdf 
accessed 5/6/2020.

ODF (Oregon Department of Forestry). 2019. Forest practice act: Monitoring and 
enforcement. Accessed 1/20/2019: https://www.oregon.gov/odf/working/
pages/fpa.aspx accessed 5/6/2020.

ODF (Oregon Department of Forestry). 2018. Forest Practices Implementation and 
Effectiveness Monitoring Update. https://www.oregon.gov/ODF/Board/
Documents/BOF/20180307/BOFATTCH_20180307_06_01.pdf accessed 
5/6/2020.

Oregon DEQ (Oregon Department of Environmental Quality). 2018a. Regulations; 
Division 41: Water Quality Standards. Accessed online 10-26-2018. https://
www.oregon.gov/deq/Regulations/Pages/OARDiv41.aspx

Oregon DEQ (Oregon Department of Environmental Quality). 2018b. 2017 Oregon 
Nonpoint Source Pollution Program Annual Report. Submitted to USEPA Region 
10, July 2018. https://www.oregon.gov/deq/FilterDocs/2017ORNonpointSourc
ePollutionReport.pdf accessed 

Oregon DEQ (Oregon Department of Environmental Quality). 2019. Temporary rules for 
cyanotoxin monitoring frequently asked questions. June 29, 2018 https://www.
oregon.gov/deq/FilterDocs/habfs.pdf accessed 5/6/2020.

Oregon DLCD (Oregon Department of Land Conservation and Development). 2019. 
Oregon Coastal Management Program: Coastal Water Quality. Accessed online 
6-4-2019: https://www.oregon.gov/lcd/OCMP/Pages/Water-Quality.aspx



9494

Chapter 3: Active Forest Management and Community Water

OFRI (Oregon Forest Resources Institute). 2017. Oregon forest facts 2017-2018. 
https://www.oregonforests.org/sites/default/files/2017-05/OFRI_
FactsFacts_1718_WEB_1.pdf accessed 5/6/2020.

OFRI (Oregon Forest Resources Institute). 2018a. Oregon Forest Practices Act: 
Adaptable and informed by sound science. (OFPA Timeline.) https://www.
oregonforests.org/sites/default/files/2018-02/OFPA_Timeline_REV_2018.pdf 
accessed 5/6/2020.

OFRI (Oregon Forest Resources Institute). 2018b. Oregon’s Forest Protection Laws are 
a-Changin’. https://oregonforests.org/blog/oregons-forest-protection-laws-are-
changin accessed 5/6/2020.

Oregon Legislative Counsel Committee. 2017. Chapter 468B-Water Quality. https://
www.oregonlegislature.gov/bills_laws/ors/ors468b.html accessed 5/6/2020.

Perkowski, M. 2018. Workshop examines aerial spraying. Capital Press, Jun 26, 2018.  
https://www.capitalpress.com/state/oregon/workshop-examines-aerial-
spraying/article_202c69e0-4f8f-503f-acec-5eb346ec67b2.html accessed 
5/6/2020.

Perry, T.D. and J.A. Jones. 2017. Summer streamflow deficits from regenerating Douglas-
fir forest in the Pacific Northwest, USA. Ecohydrology 10(2): e1790.

Pike, R. and R. Scherer. 2003. Overview of the potential effects of forest management on 
low flows in snowmelt-dominated hydrologic regimes. BC Journal of Ecosystems 
and Management 3(1): Art8. http://www.forrex.org/jem/2003/vol3/no1/art8.pdf 
accessed 5/6/2020.

Pike, R.G., M.C. Feller, J.D. Stednick, K.J. Rieberger, and M. Carver. 2010. Water quality 
and forest management. Pp. 401-440 In:  R.G. Pike, T.E. Redding, R.D. Moore, 
R.D. Winker, and K.D. Bladon (eds). Compendium of Forest Hydrology and 
Geomorphology in British Columbia. Land Management Handbook 66. BC 
Ministry of Forests and Range, Forest Science Program, Victoria, BC, and 
FORREX Forum for Research and Extension in Natural Resources, Kamloops, 
BC. 2 Vols. 902 pp.  https://www.for.gov.bc.ca/hfd/pubs/Docs/Lmh/Lmh66.htm 
accessed 5/6/2020.

Preti, F. 2013. Forest protection and protection forest: tree root degradation over 
hydrological shallow landslides triggering. Ecological Engineering 61: 633-645.

Reid, L. M. and T. Dunne. 1984. Sediment production from forest road surfaces. Water 
Resources Research 20: 1753-1761.

Reid, L.M. and J. Lewis. 2007. Rates and implications of rainfall interception in a coastal 
redwood forest. Pp. 107-118 In: Standiford, R.B., G.A. Giusti, Y. Valachovic, W.J. 
Zielinski, M.J. Furniss (tech eds). 2007. Proceedings of the Redwood Region Forest 
Science Symposium: What does the Future Hold? PSW-194. Albany, CA: USDA-
Forest Service, Pacific Southwest Research Station. 553 pp.

Rhoades, C.C., D. Entwistle, and D. Butler. 2011. The influence of wildfire extent and 
severity on streamwater chemistry, sediment and temperature following the 
Hayman Fire, Colorado. International Journal of Wildland Fire 20(3): 430-442.

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



9595

Trees to Tap

Richardson, S. D. and C. Postigo. 2012. Drinking water disinfection by-products. Pp. 93-
137 In: Barceló, D. (ed). Emerging Organic Contaminants and Human Health. The 
Handbook of Environmental Chemistry, Vol. 20. New York, NY: Springer. 466 pp.

Robben, J., K. Mills and L. Dent. 2003. Wet Season Road Use Monitoring Project: Final 
Report. Oregon Department of Forestry, Salem, OR. 34 pp. https://digital.osl.
state.or.us/islandora/object/osl:19663 accessed 5/6/2020.

Robison, E.G., K.A. Mills, J. Paul, L. Dent, and A. Skaugset. 1999. Storm Impacts and 
Landslides of 1996. Forest Practices Technical Report 4. Oregon Department 
of Forestry, Salem, OR 157 pp. https://www.waterboards.ca.gov/water_issues/
programs/tmdl/records/region_1/2003/ref1785.pdf accessed 5/6/2020.

Roering, J.J., K.M. Schmidt, J.D. Stock, W.E. Dietrich, and D.R. Montgomery. 2003. Shallow 
landsliding, root reinforcement, and the spatial distribution of trees in the 
Oregon Coast Range. Canadian Geotechnical Journal 40(2): pp.237-253.

Safeeq, M., G.E. Grant, S.L. Lewis, and B. Staab. 2015. Predicting landscape sensitivity to 
present and future floods in the Pacific Northwest, USA. Hydrological Processes 
29: 5337-5353.

Sakals, M.E. and R.C. Sidle. 2004. A spatial and temporal model of root cohesion in forest 
soils. Canadian Journal of Forest Research 34(4): 950-958.

Sayama, T., J.J. McDonnell, A. Dhakal, and K. Sullivan. 2011. How much water can a 
watershed store? Hydrological Processes 25(25): 3899-3908.

Scatena, F.N. 2000. Drinking water quality. Pp. 7-25 In: Dissmeyer, G.E. (ed.) 2000. 
Drinking Water from Forests and Grasslands: A Synthesis of the Scientific Literature. 
General Technical Report SRS-39, USDA-Forest Service, Southern Research 
Station, Asheville, North Carolina. 246 pp. https://www.srs.fs.usda.gov/pubs/
gtr/gtr_srs039/index.htm accessed 5/6/2020.

Schaedel, A. 2011. Oregon DEQ harmful algal bloom (HAB) strategy. Oregon 
Department of Environmental Quality, Portland, OR. 89 pp. https://www.oregon.
gov/deq/FilterDocs/HABstrategy.pdf accessed 5/6/2020.

Schmidt, K.M., J.J. Roering, J.D. Stock, W.E. Dietrich, D.R. Montgomery, and T. Schaub. 
2001. The variability of root cohesion as an influence on shallow landslide 
susceptibility in the Oregon Coast Range. Canadian Geotechnical Journal 38(5): 
995-1024.

Schnorbus, M. and Y. Alila. 2013. Peak flow regime changes following forest harvesting 
in a snow-dominated basin: Effects of harvest area, elevation, and channel 
connectivity. Water Resources Research 49(1): 517-535.

Segura, C., K.D. Bladon, J.A. Hatten, J.A. Jones, V.C. Hale, and G.G. Ice. 2020. Long-term 
effects of forest harvesting on summer low flow deficits in the Coast Range of 
Oregon. Journal of Hydrology 585: 124749.

Sidle, R.C. and H. Ochiai. 2006. Landslides: Processes, prediction, and land use. Water 
Resources Monograph 18. Washington, D.C.: American Geophysical Union. 
312 pp.

Sidle, R.C. and Bogaard, T.A. 2016. Dynamic earth system and ecological controls of 
rainfall-initiated landslides. Earth-science Reviews 159: 275-291.



9696

Chapter 3: Active Forest Management and Community Water

Sidle, R.C. and T. Gomi. 2017. Hydrologic processes in forest headwater catchments: 
Implications for policy and management. Pp. 94-105 In: R.Tognetti, G. Scarascia 
Mugnozza and T. Hofer (eds). Mountain Watersheds and Ecosystem Services: 
Balancing Multiple Demands of Forest Management in Head-watersheds. EFI 
Technical Report 101. European Forest Institute, Joensuu, Finland. 191 pp. 
https://www.efi.int/sites/default/files/files/publication-bank/2018/tr_101.pdf 
accessed 5/6/2020.

Siler, N., Proistosescu, C. and Po-Chedley, S. 2018. Natural variability has slowed the 
decline in western-U.S. snowpack since the 1980s. Geophysical Research Letters 
46(1): 346-355.

Smallidge, P. and G. Goff. 1998. Forestry Best Management Practices. Cornell University. 
http://www2.dnr.cornell.edu/ext/info/pubs/Harvesting/BMPs.htm accessed 
5/6/2020.

Smith, H., G. Sheridan, P. Lane, P. Nyman, and S. Haydon. 2011. Wildfire effects on water 
quality in forest catchments: A review with implications for water supply. Journal 
of Hydrology 396(1-2): 170-192.

Stednick, J.D. 1996. Monitoring the effects of timber harvest on annual water yield. 
Journal of Hydrology 176(1-4): 79-95.

Stednick, J.D. 2008. Hydrological and biological responses to forest practices: The Alsea 
Watershed Study. Berlin: Springer-Verlag. 316 pp.

Stednick, J.D. and C.A. Troendle. 2016. Hydrological effects of forest management. 
Pp. 192-203 In: Amatya, D., T. Williams, L. Bren, and C. de Jong (eds). Forest 
Hydrology: Processes, Management and Assessment. CABI, Boca Raton, FL. 294 
pp.

Sugden, B.D. 2018. Estimated sediment reduction with forestry best management 
practices implementation on a legacy forest road network in the northern Rocky 
Mountains. Forest Science, 64(2): 214-224.

Surfleet, C.G. amd A.E. Skaugset. 2013. The effect of timber harvest on summer low 
flows, Hinkle Creek, Oregon. Western Journal of Applied Forestry 28: 13-21.

Swank, W. 2000. Forest succession. Pp. In Dissmeyer, G.E. (ed.) 2000. Drinking water 
from forests and grasslands: A synthesis of the scientific literature. General 
Technical Report SRS-39. USDA-Forest Service, Southern Research Station, 
Asheville, North Carolina. 246 pp. https://www.srs.fs.usda.gov/pubs/gtr/gtr_
srs039/index.htm accessed 5/6/2020.

Swanson, L. 2017. Heads up! Oregon Department of Forestry provides information 
about upcoming aerial spraying in area. Tillamook County Pioneer, August 14, 
2017. Accessed online 8/16/2019. https://www.tillamookcountypioneer.
net/heads-up-oregon-department-of-forestry-provides-information-about-
upcoming-aerial-spraying-in-area/ accessed 5/6/2020.

Tague, C. and Grant, G.E., 2004. A geological framework for interpreting the low‐flow 
regimes of Cascade streams, Willamette River Basin, Oregon. Water Resources 
Research 40(4): W04303.

Thomas, R.B. and W.F. Megahan. 1998. Peak flow responses to clear-cutting and roads 
in small and large basins, western Cascades, Oregon: A second opinion. Water 
Resources Research 34: 3393-3404.



9797

Trees to Tap

Turner, T.R., S.D. Duke, B.R. Fransen, M.L. Reiter, A.J. Kroll, J.W. Ward, J.L. Bach, T.E. Justice, 
and R.E. Bilby. 2010. Landslide densities associated with rainfall, stand age, and 
topography on forested landscapes, southwestern Washington, USA. Forest 
Ecology and Management 259(12): 2233-2247.

USDA-FS (United States Department of Agriculture, Forest Service). 1988. Soil and water 
conservation practices handbook. Forest Service Handbook 2509.22. https://
www.fs.fed.us/cgi-bin/Directives/get_dirs/fsh?2509.22 accessed 5/6/2020.

USDA-FS (United States Department of Agriculture, Forest Service). 2012. Volume 1: 
National Core BMP Technical Guide. FS-990a. https://www.fs.fed.us/biology/
resources/pubs/watershed/FS_National_Core_BMPs_April2012.pdf accessed 
5/6/2020.

USEPA (United States Environmental Protection Agency). 2005. National Management 
Measures to Control Nonpoint Source Pollution from Forestry. Office of Water, 
United State Environmental Protection Agency, Washington, D.D. 276 pp. 
https://www.epa.gov/sites/production/files/2015-10/documents/2005_05_09_
nps_forestrymgmt_guidance.pdf accessed 5/6/2020.

USEPA (United States Environmental Protection Agency). 1993. Guidance specifying 
management measures for sources of nonpoint pollution In coastal waters. 
Chapter 3: Management measures for forestry. EPA 840-B-92-002. Office 
of Water Washington, DC 20460. https://www.epa.gov/sites/production/
files/2015-09/documents/czara_chapter3_forestry_0.pdf USEPA (United States 
Environmental Protection Agency). 2016. Decision Not To Regulate Forest Road 
Discharges under the Clean Water Act; Notice of Decision. Federal Register 
81(128): 43492-43510. https://www.govinfo.gov/content/pkg/FR-2016-07-05/
pdf/2016-15844.pdf accessed 5/6/2020.

USEPA (United States Environmental Protection Agency). 2017. Assessment and 
Total Maximum Daily Load Tracking and Implementation System (ATTAINS). 
Information for Oregon accessed online 12-17-2018. https://ofmpub.epa.gov/
waters10/attains_nation_cy.control accessed 5/6/2020.

USEPA (United States Environmental Protection Agency). 2019a. Cyanobacteria and 
cyanotoxins: Information for drinking water systems. EPA-810F11001. Office of 
Water, U.S. Environmental Protection Agency, Washington, D.C. 12 pp. https://
www.epa.gov/sites/production/files/2019-07/documents/cyanobacteria_and_
cyanotoxins_fact_sheet_for_pws_final_06282019.pdf.pdf accessed 5/6/2020.

USEPA (United States Environmental Protection Agency). 2019b. Cyanotoxins and 
the Safe Drinking Water Act: Drinking Water Protection Act, Contaminant 
Candidate List and the Unregulated Contaminant Monitoring Rule. https://www.
epa.gov/cyanohabs/cyanotoxins-and-safe-drinking-water-act-drinking-water-
protection-act-contaminant accessed 5/6/2020.

Vanderbilt K.L., K. Lajtha, and F.J. Swanson FJ. 2003. Biogeochemistry of unpolluted 
forested watersheds in the Oregon Cascades: temporal patterns of precipitation 
and stream nitrogen fluxes. Biogeochemistry 62: 87–117.

Vitousek, P.M. and W.A. Reiners. 1975. Ecosystem succession and nutrient retention: a 
hypothesis. BioScience 25: 376–381. 



9898

Chapter 3: Active Forest Management and Community Water

Wasson, G. 2016. White Paper on Clean Water Act Regulation of Stormwater Discharges 
from Logging Roads. Brunini, Grantham, Grower & Hewes, PLLC. Jackson, MS. 
https://www.americanbar.org/content/dam/aba/administrative/environment_
energy_resources/resources/wotus/forestroads/201707wasson.pdf accessed 
5/6/2020.

Wemple, B. C., F.J. Swanson, and J.A. Jones. 2001. Forest roads and geomorphic process 
interactions, Cascade Range, Oregon. Earth Surface Processes and Landforms 26: 
191–204.

Whicker, J.J., J.E. Pinder, and D.D. Breshears. 2006. Increased wind erosion from forest 
wildfire: implications for contaminant-related risks. Journal of Environmental 
Quality 35(2): 468-478.

Williams, T. 2016. Forest runoff processes. Pp. 17-31  In: Amatya, D., T. Williams, L. 
Bren, and C. de Jong (eds). 2016. Forest Hydrology: Processes, Management and 
Assessment. CABI, Boca Raton, FL 294 pp.

Winkler, R., D. Spittlehouse, and S. Boon. 2017. Streamflow response to clear-cut logging 
on British Columbia’s Okanagan Plateau. Ecohydrology 10(2): e1836.

Wise, D.R. and H.M. Johnson. 2011. Surface-Water Nutrient Conditions and Sources 
in the United States Pacific Northwest. JAWRA Journal of the American Water 
Resources Association 47(5): 1110-1135.

Zhang, M. and X. Wei. 2014. Alteration of flow regimes caused by large-scale forest 
disturbance: a case study from a large watershed in the interior of British 
Columbia, Canada. Ecohydrology 7(2): 544-556.




