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■ The major potential nonpoint-
source impact resulting from
silvicultural activities is sediment
from roads and skid trails. Other
minor nonpoint-source impacts
on water quality include short-term
increased peak flows during storms;
short-term increased base flows;
short-term increased nutrient con-
centrations (primarily nitrogen and
phosphorous); short-term increases in
herbicides, fertilizers, and derivative
products; and thermal pollution
(increased stream temperature).

Introduction

The quality of water draining forested
watersheds  in the South is typically
the highest in the country (Brown and
Binkley 1993, Clark and others 2000).
For this reason, the effects of forestry
activities on water quality have been
widely studied (Brown and Binkley
1994; National Council for Air and
Stream Improvement 1994, 1999;
Riekerk and others 1989; Stickney
and others 1994; Swank and others
1989). It has been found that pollution
impacts on water quality from forestry
activities are generally local in nature,
short-lived, less frequent, and less
extensive in nature than activities
related to either agricultural or urban
activities (Bethea 1985, Dissmeyer
2000). For a complete discussion on
various types and sources of pollution
and the relative impacts of silvicultural
versus other land use activities on
water quality in the South (see chapter
19). Chapter 8 describes the many
laws and regulations governing
silvicultural nonpoint-source impacts
on water quality.

Without adequate controls, how-
ever, forestry operations do have
the potential to significantly affect
high-quality water sources and
critical fisheries habitat. Silvicultural
operations that can cause nonpoint-
source pollution include road and
skid trail construction, tree cutting
and removal, site preparation and
stand regeneration treatments,
herbicide application, fertilizer
application, and prescribed burning.
The major types of potential pollutants
produced by these sources include
sediment, logging equipment fluids,
nutrients from harvested areas and
applied fertilizers, forestry pesticides,
and increased water temperature
or thermal pollution.

This chapter describes how forest
management activities and pollutants
influence water quality. Prior to the
enactment of the Clean Water Act
(CWA) in 1972, research on forest
water quality examined the impacts
of forestry activities characterized
by the absence of controls over how
and where trees were cut or how
they were removed. Since that time,
however, water-quality research has
begun to focus on the effectiveness
of BMPs for maintaining water quality
while harvesting trees. In response
to the CWA, there is a growing body
of research on the effectiveness of
BMPs in protecting water quality.
Chapter 22 specifically describes the
range of appropriate silvicultural BMPs
and addresses the effectiveness of BMPs
in protecting water quality in the South.

While there is a considerable amount
of overlap between chapters 15, 19,
20, 22, and 23, this chapter focuses
specifically on the impacts of

Key Findings

■ In the absence of controlling
measures such as Best Management
Practices (BMPs), silvicultural
operations have the potential to
significantly impact general water
quality by generating nonpoint-
source pollution.

■ From 1988 to 1998, an annual
average of approximately 3,600
miles of rivers and streams were
considered potentially impaired
by pollution from silvicultural
activities throughout the South.

■ When compared with other
land uses in the South, silvicultural
activities are consistently found
to be minor nonpoint sources of
water-quality impacts (see chapter
19). Silviculture was one of the
lowest “leading sources” of pollution
or impairment for rivers and streams
between 1988 and 1998 as reported
by Southern States.

■ BMPs are critical in mitigating
water-quality degradation from
silviculture. When appropriately
implemented and maintained, BMPs
are very effective in controlling
nonpoint sources of pollution.
They are particularly important
in areas with steep topography.

■ On an individual site basis,
most water-quality impacts are short
term (first several years after harvest),
decreasing over time as vegetation
regrows. However, there is very
little information available on
the cumulative effects of past
and ongoing timber harvesting
on overall watershed health.

How have forest
management activities
and other forest uses

influenced water quality,
aquatic habitat, and
designated uses in

forested watersheds?
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silvicultural activities on water. From
public meetings and written comments
obtained when the Assessment was
being planned, a list was compiled of
major points to address in this chapter.
These included:

■  Evaluate how these activities
have influenced and can influence
hydrologic response.

■  Include a consideration of all
relevant water-quality parameters:
biological, chemical, and physical.

■  Examine effects of pesticides,
sediment, and fertilizer.

■  Examine the influence of these
activities on municipal water supplies.

■  Discuss how impacts may differ
depending on the size and intensity
of harvest and other treatments.

■  Identify any differences in water-
quality impacts of hardwood versus
pine management and plantations
versus natural stands.

Each of these items is discussed
in the “Results” section of this chapter,
with the exception of the influence of
forestry activities on municipal water
supplies and designated uses (for a
definition of designated uses, see
chapter 19). Specific information on
these topics was not identified during
research conducted for this chapter.
However, the impacts of individual
water-quality pollutants, including
sediment, nutrients, and pesticides/
herbicides resulting from forestry
activities on designated uses, such
as drinking water supply, primary
contact recreation, or wildlife habitat,
are generally discussed in sections
related to individual pollutants.

Methods and
Data Sources

Existing literature, which is extensive,
was reviewed to describe impacts from
silvicultural activities on water quality.
Given the magnitude of the study area
and the generally localized nature of
water-quality impacts from silviculture,
the primary objective for this chapter
was to compile an extensive, current
summary of literature on the subject.
No original research was conducted.

Primary data sources include Federal
agency reports, academic and
professional journals, and workshop
proceedings. An attempt was made to:

(1) identify the most recent literature
on the subject matter, and (2) identify
appropriate references and studies that
have been completed across the entire
13-State study area.

Results

Brown and Binkley (1994) compiled
an extensive review of land manage-
ment impacts on water quality in North
America. They concluded that there
is the potential for forestry operations
to adversely affect water quality if
BMPs are poorly implemented. Without
adequate controls, forestry operations
may degrade several water-quality
characteristics in water bodies receiving
drainage from forests (Mostaghimi and
others 1999). Sediment concentrations
can increase due to accelerated erosion;
water temperatures can increase due
to removal of overstory riparian shade;
slash and other organic debris can
accumulate in water bodies, depleting
dissolved oxygen; and organic and
inorganic chemical concentrations can
increase due to harvesting and fertilizer
and pesticide applications (Brown
1985). These potential increases in
contaminants are usually proportional
to the severity of site disturbance
(Riekerk 1985, Riekerk and others
1989). Impacts of silvicultural non-
point-source pollution depend on site
characteristics, climatic conditions,
and the forest practices employed.

The U.S. Environmental Protection
Agency (EPA) publishes a biennial
national assessment of water quality,
summarizing State reports that are
based on monitoring, surveys of
scientists, water-quality modeling,
and citizen input. EPA National Water
Quality Inventory Reports from 1988
to 1998 reported an annual average
of approximately 3,600 miles of rivers
and streams that were considered
potentially impaired by nonpoint-
source pollution from silviculture
activities throughout the South
(table 21.1). An impaired water is
defined as any water body that is
classified as partially supporting, or
not supporting, its designated use(s)
(see chapter 19). From 1988 to 1998,
Mississippi reported the greatest
average number of river and stream
miles per year (1,216 miles) that
were considered impaired by forestry
activities, followed by Louisiana (984
miles) and Florida (563 miles). Texas

did not report any river and stream
miles as being impaired by forestry
activities during this timeframe.
Georgia reported an average of one
river and stream mile per year as being
impaired by silvicultural activities.

The information displayed in
table 21.1 represents an aggregation
of current, localized water-quality
problems that have been partially
or wholly attributed to silvicultural
activities and reported by individual
States. Given the magnitude of the
study area, it was not possible to
identify and summarize the extent of
these localized problems for this report.

Table 21.1 highlights the extreme
variability in river and stream miles
impaired by silvicultural activities
as identified by States. Because of this
variability, the National Association of
State Foresters (NASF) and the Society
of American Foresters (SAF) conducted
a thorough review of water bodies listed
as impaired by silvicultural operations
(Society of American Foresters 2000).
In their review, they concluded that
EPA and the States overestimated
the amount of waters affected by silvi-
culture. The study cited two major
problems with the listing process:
(1) inconsistent data reporting and
(2) insufficient water-quality data.
There is a great deal of interstate
variability in how State reports are
compiled. For example, some States
may simply identify silviculture as
a general source of nonpoint-source
pollution; other States may distinguish
between different silvicultural oper-
ations such as road building, site
preparation, herbicide application, etc.
(Society of American Foresters 2000).
In addition, some listings are a result
of deforestation rather than silviculture.
An instance is cited in Louisiana where
the actual cause of impairment was
deforestation for residential develop-
ment rather than forestry operations.

Clearly there is uncertainty regarding
the accuracy of State listings of impair-
ment due to silviculture. Despite these
limitations, this information represents
the most comprehensive set of current
water-quality data available for the
South. These reports were used in this
chapter to identify general trends over
time at the regional and State levels.
A more thorough discussion of the
EPA National Water Quality Inventory
Reports and the relative importance of
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Table 21.1—Total river miles impaired by silviculture in the South (1988-98)

Impaired river milesa

Average
State 1988 1990 1992 1994 1996 1998 1988-98b

Alabama 0 196 218 195 219 0 138
Arkansas 0 261 193 251 218 0 154
Florida 63 142 154 1,181 1,410 428 563
Georgia 0 — — — 3 0 1
Kentucky — — 34 120 103 56 78
Louisiana — 1,339 1,167 758 1,328 326 984
Mississippi 0 405 2,051 408 2,310 2,121 1,216
North Carolina 48 — 313 276 243 151 206
Oklahoma 20 — 126 126 110 218 120
South Carolina 4 — — 326 221 221 193
Tennessee 140 142 — 74 524 61 188
Texas — — — — — 0 0
Virginia 0 — — 166 658 11 209

Total 275 2,485 4,256 3,881 7,347 3,593 3,639

— = not reported.
a A river mile includes all river and stream miles reported by each State. An impaired river mile is classified as partially supporting overall use or not
supporting overall use.
b Average impaired miles from 1988 to 1998 is defined as the total of impaired miles for the years that data was reported divided by the number of years
for which data was reported.
Source: U.S. Environmental Protection Agency 1990, 1992, 1994, 1996, 1998, 2000a (National Water Quality Inventory Reports to Congress).

silviculture as a source of water-quality
problems is included in chapter 19.

The major impacts of silvicultural
activities on water quality described
here are: (1) changes in hydrological
responses of watersheds, (2) increases
in sedimentation, (3) increases in
temperature, (4) reductions in dissol-
ved oxygen content, (5) increases in
nutrient content of streams, (6) effects
on aquatic habitat and biota, and (7)
effects on forested wetlands. A final
section addresses the water-quality
effects associated with silvicultural
management intensity and specific
site-preparation techniques, such
as fertilizer or herbicide application
and prescribed burning.

Hydrologic Response
Seven processes are at work in the

terrestrial portion of the hydrologic
cycle: condensation, precipitation,
interception, infiltration, surface
runoff, subsurface flow, and
evapotranspiration. These occur
simultaneously and, except for
precipitation, continuously. Precipi-
tation begins after water vapor becomes
too heavy to remain in atmospheric
air currents. During rainfall, some
precipitation is caught on vegetative

surfaces, and the water may evaporate
before reaching the ground surface.
This is moisture called interception.
A portion of the precipitation that
reaches the Earth’s surface seeps into
the ground through the process called
infiltration. The amount of water that
infiltrates the soil varies with rainfall
intensity, the degree of land slope, the
amount and type of vegetation, the soil
and rock type, and whether the soil is
already saturated with water. The more
openings in the surface (cracks, pores,
joints), the more infiltration occurs.
Precipitation that reaches the surface
of the Earth but does not infiltrate into
the soil is called surface runoff. When
there is a lot of precipitation, soil may
become saturated with water, and
additional rainfall can no longer enter
it. Surface runoff will quickly drain
into creeks, streams, and rivers, adding
a large amount of water to their flow.
Along the way, some water evaporates,
percolates into the ground, or is used
for agricultural, residential, or industrial
purposes. The infiltrated water either
moves by subsurface pathways to the
stream system, or it is taken up by
plants through their roots and
transpired. Evapotranspiration is water
evaporating from the ground and

transpiring from plants, or the total
water vapor added to the atmosphere.

Streamflow is water moving through
a stream channel and is comprised of
both baseflow and stormflow. Between
storm events, streamflow is dominated
by baseflow resulting from soil moisture
and ground-water discharge to the
channel (Hewlett 1961, Hewlett and
Hibbert 1966). During and shortly after
a storm, streamflow rises and then falls
back toward baseflow conditions. Such
pulses of water during storms are called
stormflow. Changes in flows attributed
to forestry activities (especially timber
removal) are generally measured as
an average change in inches of surface
runoff, and then reported relative to
a control watershed. Peak flow is the
maximum flow rate that occurs in a
specified period of time, usually across
a year or during a storm. A perennial
stream is one which flows throughout
the year. Intermittent and ephemeral
streams flow seasonally and during
storms, respectively.

Silvicultural activities can impact
the hydrologic cycle by affecting soil
compaction, amount of vegetative
soil cover, evapotranspiration, infil-
tration into soil, interception loss, soil
moisture, and snow melt/accumulation
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(Reid 1993). Timber removal can
drastically change interception amounts
for several years after harvest and
temporarily alter the water balance
of a watershed by reducing total evapo-
transpiration. In general, reduced
evapotranspiration rates result in higher
soil moisture, ground-water recharge,
and streamflow (Ursic and Douglas
1979). Reduced evapotranspiration
rates can also cause increased
stormflows because soils are wetter at
the start of each rainfall event. Increases
in surface runoff can be attributed
to many different factors, including
amount of precipitation, antecedent
climatic conditions such as drought,
hurricanes, percent of timber removed,
soil compaction, infiltration, and
soil moisture.

Hydrologic changes after a timber
harvest usually include increases in
total water yield (baseflow plus storm-
flow) and total streamflow, higher water
tables (Douglas and Helvey 1971,
Likens and others 1970, Lynch and
Corbett 1990, Mostaghimi and others
1999, Riekerk 1985, Ursic and Douglas
1979), and increases in total amount
and timing of storm runoff and
peak flow rates (Beasley and Granillo
1988, Blackburn and others 1986,
Mostaghimi and others 1999,
Swank and others 1988, Ursic 1991,
Van Lear and others 1985).

Forestry activities can also impact
hydrologic regimes by altering the
land’s topography. For example, tractor
skid trails can channel and concentrate
erosive flows. Shallow subsurface
flows can also be influenced by the
use of mechanical equipment for site-
preparation and planting activities
(Mostaghimi and others 1999, Scoles
and others 1996). Minor drainage inter-
ruptions can occur when skid trails or
road construction redirect flows from
one drainage to another (Reid 1993).

Baseflow and stormflow—
Numerous studies have demonstrated
increased water yields in the form of
both increased baseflow and stormflow
in response to timber cutting. Increased
baseflows and stormflows can increase
channel scouring, erosion, and down-
stream deposition of eroded materials.
Streamflow increases are approximately
proportional to the percentage of trees
removed (Patric 1978). Maximum
increases in water yield result from
clearcutting and extensive site
preparation, which completely

remove vegetation. Flows return to
normal levels within several years as
vegetation regrows (Bosch and Hewlett
1982, Hibbert 1966, Scoles and others
1996, Swank and others 1988, Swift
and Swank 1981).

Rice and Wallis (1962) found that
streamflow increased 2.08 inches
relative to an undisturbed control
watershed after the harvest of 2.8
million board feet and the construction
of approximately 3 miles of new logging
roads in a 4-square-mile watershed
in the Sierra Nevada Mountains in
California. In a worldwide survey of
the literature on timber harvesting and
water yield, Bosch and Hewlett (1982)
found that cutting 10 percent of the
pine forest on a watershed increased
annual stormflow by approximately
1.6 inches in the first year after
harvest. Harvesting 100 percent
of the watershed increased flows
between 7 and 20 inches during the
first year after harvest.

Scoles and others (1996) reported
that annual stormflows increased an
average of 4 inches off both clearcut
and selectively cut watersheds in
the year after harvest in Arkansas
compared to an uncut watershed.
The increase was not statistically
significant, however, due to the
variability in stormflows between
watersheds. In a different large-scale
watershed study in Arkansas, Scoles
and others (1996) found that average
annual streamflow (corrected for
rainfall) increased by 20 percent
(3.9 inches) after 20 percent of the
watershed was converted to pine
plantation less than 10 years old,
accompanied by a rapid expansion
of the road network. Most of the total
increase was seen during the dormant
season (October through February).
This increase in streamflow after
conversion of hardwood forest
to planted pine contrasts with the
more usual result of decreased flows
following conversion to pine (Swank
and Douglas 1974, Swank and Miner
1968) (see section “Hardwood
Conversion to Planted Pine”). This
contrast may be due to the fact that
the plantations described by Scoles
and others (1996) were generally less
than 10 years old and not transpiring
at their maximum possible rate.

Lebo and Herrman (1998) examined
outflow characteristics from 1986 to
1994 in a low-level pocosin site with

artificial drainage in a 1,161-acre
watershed on the Coastal Plain of
North Carolina. They evaluated effects
of semiannual road maintenance,
timber harvest, site preparations, and
replanting on water quality. Approx-
imately 60 percent of the site was
harvested during the study period.
BMPs for the State of North Carolina
were implemented where applicable.
Although comparison of harvest and
nonharvest years was complicated by
variations in annual rainfall, the authors
found that a 47-percent increase in
outflow (4.33 to 6.40 inches) was
associated with the harvesting of trees.
The effects persisted for a year after
the sites were prepared for planting.

There have been several exceptions
reported in the literature where average
annual stormflow on clearcut sites
actually decreased following intensive
site preparation compared to a control
site (Mostaghimi and others 1999,
Scoles and others 1996). Scoles and
others (1996) reported decreased
average annual stormflow in the first
year after clearcutting and intensive
site preparation on watersheds in
Oklahoma. Those authors hypothesized
that the unexpected decreases may
have been due to subsoiling, a site-
preparation method similar to deep
plowing that creates soil furrows
and often destroys soil texture,
sealing large macropores created by
old root channels, animal burrows,
or soil cracks. Sealing of these
macropores allows for collection
of rainwater in the soil furrows
with less draining of stormwater
to ephemeral stream channels.

Similarly, Mostaghimi and others
(1999) found that storm-runoff
volumes were reduced after clear-
cutting and site preparation on sites in
the Virginia Coastal Plain both with and
without BMPs. The authors attributed
the reduction of flows to the disruption
of subsurface flow pathways from soil
compaction and site-preparation
activities similar to subsoiling.

Scoles and others (1996) found
that the increases in stormflow off
clearcut and selectively cut watersheds
were greater than those off control
watersheds during low-flow periods,
primarily the growing season and
fall. The increase in stormflow from
harvested watersheds during the
growing season is particularly evident
because of the lack of water uptake
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from vegetation. The lack of vegetation
often leads to soil saturation and, sub-
sequently, greater volumes of water
entering the stream system (Scoles
and others 1996).

Peak flows—Research has generally
concluded that forest harvesting has
little influence on the size of a major
peak flow (Hewlett and Helvey 1970).
Scoles and others (1996) found that
while peak flows increased with harvest
intensity in several small watersheds
in the Ouachita Mountains in Arkansas,
the differences were not statistically
significant. After large storms, peak
flows did not differ much between an
undisturbed watershed and a harvested
area. They speculated that when there
is significant rainfall and the soil is
saturated with moisture, presence
of vegetation in the watershed has less
of an effect on mitigation of peak flows
(Scoles and others 1996). However,
soil and geologic features can produce
wide variations in peak flows.

Sedimentation
Many studies have shown that the

most important water-quality problem
associated with forestry activities is
sedimentation. Harvest and site-
preparation techniques that expose
bare soil to the erosional influence
of raindrops have the greatest potential
to impact water quality. Areas where
soil has been disturbed are subject to
erosion, resulting in the downslope
movement of sediment after it rains.
The movement of sediment downhill
is related to the steepness of the slope
and soil erodibility (National Council
for Air and Stream Improvement 1994).
Soil erodibility greatly influences the
magnitude of soil erosion and transport.
Factors that affect soil erodibility
include soil texture, percent organic
matter, presence of a litter layer, infil-
tration rate, and bulk density. Sources
of sediment include roads and ditches
(particularly at stream crossings),
bare soil on steep slopes, cut banks,
slope failures and debris flows, and
streambank erosion and channel scour.
For a more complete discussion of the
factors influencing soil erosion and
sedimentation (see chapter 22).

Fine sediments can impair habitat
primarily by: (1) reducing the per-
meability of streambed gravels, which
reduces water and gas exchange; (2)
burying gravels, which inhibits or
prevents the movement of organisms

and materials between the stream
channel and the river-influenced
ground-water zone; (3) filling pools
(National Council for Air and Stream
Improvement 1994); and (4) covering
salmonid nests, which prevents
emergence and survival of fish fry
(Waters 1995). Most timber harvest
impacts are related to the access and
movement of vehicles and machinery
and the skidding and loading of trees
or logs. Simply felling trees does not
accelerate erosion much above geologic
rates (Patric 1978). It does not compact
the soil, and initially it actually adds
to the litter layer. Revegetation is
so quick in eastern hardwood forests
that vegetation covers the soil within
2 to 3 years.

Harvesting activities that have the
greatest erosion potential include the
construction and use of haul roads, skid
trails, and landings for access to and
movement of logs, particularly in areas
with steep slopes (Brown and Binkley
1994, National Council for Air Stream
Improvement 1994, Patric 1978). Site
preparation with large tractors that
shear, disk, drum-chop, or root-rake
a site usually result in considerable soil
disturbance and compaction. Extensive
vehicle movement removes vegetation
and litter cover, which exposes and
disturbs bare mineral soil. Harvesting
and site-preparation activities can
also create furrows and depressions
that can capture and hold eroded soil.
Decreased infiltration and percolation
of precipitation may result in increased
stormflows and runoff with high erosive
forces. The retention of logging slash
protects bare soil by intercepting
rainfall, minimizing soil detachment.

Sedimentation impacts from forestry
operations are generally short lived.
Major impacts occur during and for
several years after road construction
activities—until road surfaces and cut-
and-fill slopes stabilize. In examining
the effects of logging on streamflow and
sedimentation in a California watershed
in the Sierra Nevada, Rice and Wallis
(1962) reported that suspended
sediment increased eightfold (from
0.25 to 4.12 tons per acre) in the
first year after logging and dropped
to 0.47 tons per acre, or twice its
normal rate, by the second year.

Forestry professionals now commonly
recognize that roads and skid trails are
the major sources of sediment from
forestry-related activities (Brown and

Binkley 1994; Patric 1976; Swift
1984a, 1984b, 1988; U.S. Department
of Agriculture, Forest Service 1984;
Yoho 1980). Scoles and others (1996)
report that up to 90 percent of stream
sediment following timber harvesting
is road related. Skidding logs across
the forest floor exposes and compacts
mineral soil, increasing chances
of overland flow. Without overland
flow there is no mechanism to carry
detached soil particles to stream
channels. Skidding many logs along
the same track creates furrows that
tend to channel and increase the
erosive force of overland flows.

The Coweeta Hydrologic Research
Laboratory began a series of watershed
treatments in the 1940s to demonstrate
the effects of timber harvesting on soil
loss and water quality. These early
studies emphasized the importance
of roads and skid trails as sources of
sediment to surface waters. Lieberman
and Hoover (1948) reported that
average stream turbidities during
this Coweeta logging demonstration
without BMPs were 96 parts per million
(ppm), with a maximum turbidity level
of 5,700 ppm during a storm in 1947.
Typical logging practices in this era
included steep access roads and skid
trails constructed parallel and adjacent
to streams. No controls were used to
protect water quality. A control water-
shed exhibited average turbidities of
4.3 ppm with a maximum turbidity
of 80 ppm. A second demonstration
with extensive BMPs showed, by
contrast, the value of erosion control
practices (Dils 1957, Swift 1988).

Beasley and others (1984) related
sediment loss associated with forest
roads to the average slope gradient
of road segments. The greater the
average slope gradient, the greater
the soil loss, ranging from a total of
6.8 tons per acre lost when the slope
gradient was 1 percent, to 19.4 tons
per acre at 4 percent, to 32.3 tons
per acre at 6 percent, to 33.7 tons per
acre at 7 percent. In addition, soil loss
from roadbeds occurs primarily during
the short period immediately after
construction, but before the roadbed
is completed and grass seed has become
well established. In studies testing road
design guidelines, one study found that
three-quarters of the eroded soil was
washed into the stream immediately
below a road crossing during the first
2 months of the study; another 15
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percent was measured a year later
during the 3-month period when the
road was being used for hauling logs
(Swift 1988).

Road crossings over defined channels
are the most critical points on a road
system because fills are larger, the road
drains directly into the stream system,
and opportunities for mitigating
practices are limited. Roadside ditches
can also be a particularly large and
direct source of sediment into streams
and rivers (Reid and Dunne 1984,
Sullivan and Duncan 1981). Spacing
between drainage structures should
decrease as slope increases to reduce
the erosive power of ditch water
(Scoles and others 1996, Swift and
Burns 1999).

Careful location and layout of roads
and logging operations can greatly
affect the magnitude of sediment.
Limiting equipment operation and
construction of roads, skid trails,
and landings also reduces the amount
of sediment entering streams (Rice
and Wallis 1962, Stringer and
Thompson 2000). In an overview
of road construction studies conducted
at Coweeta, Swift (1988) describes
the various components of road
construction activities and compares
their impacts. These studies developed
improved road building techniques and
other logging practices and demonstrate
that logging roads could be built in
the Appalachian Mountains without
reducing water quality. In fact, current
BMP guidelines for forest access roads
are “almost without exception” based
on Coweeta experience (Swift 1988).
Soil loss can be reduced by up to
50 percent through proper planning
and use of BMPs (Scoles and others
1996, Yoho 1980). A more thorough
discussion of sediment impacts
from roads and applicable BMPs
is included in chapter 22.

Temperature
Many factors affect stream temp-

erature, including incoming solar
radiation; evaporation rates;
topography; height and density of
vegetation; amount of streamflow,
depth and direction of flow; and
temperature of water entering streams
from subsurface flow (National Council
for Air and Stream Improvement
1994, Scoles and others 1996). Forest
practices may impact stream temp-
eratures through: (1) the removal of

streamside forest canopy, (2) altera-
tion of the size and shape of stream
channels, and (3) change in the volume
of low flows (National Council For
Air And Stream Improvement 1994).
Increased temperatures in streams and
water bodies can result from vegetation
removal in the riparian zone. Aquatic
organisms have adapted to seasonal
variations in temperature, but tem-
perature increases due to vegetation
removal can be dramatic in small
streams, adversely affecting aquatic
species and habitat (Brown 1972,
Curtis and others 1990, Megahan
1980). Increased water temperatures
can: (1) reduce the amount of dissolved
oxygen that a stream or water body can
absorb, (2) increase aquatic metabolic
rates, (3) increase biochemical oxygen
demand, and (4) accelerate chemical
processes (Curtis and others 1990).
A 10 ºC increase in stream temperature
from 5 to 15 ºC can double the meta-
bolic rate of fish and other aquatic
organisms, and reduce the saturation
concentration for dissolved oxygen
by approximately 20 percent
(National Council for Air and
Stream Improvement 1994).

The National Council for Air and
Stream Improvement (1994) compiled
temperature effects of complete canopy
removal from a variety of studies across
the United States. Increases in summer
temperatures ranged from about 2 to
12 ºC. In a study in central
Pennsylvania (Lynch and others 1985),
removal of riparian vegetation resulted
in an increase in summer water
temperatures of 5 to 11 ºC, while the
retention of riparian vegetation
minimized the increase to 1 to 2 ºC
during the summer months. Beschta
and others (1987) found that retaining
canopy cover generally keeps
temperature increases to less than 2 ºC.
Hewlett and Fortson (1982) found that
clear-cutting in Georgia, while
maintaining a partial buffer strip,
increased average summer temperatures
by 6.7 ºC. Swift and Messer (1971)
found that clearcutting in Appalachian
Mountain cove hardwoods increased
average summer maximum
temperatures by 2.8 to 3.3 ºC, while
maintaining the overstory and simply
cutting understory vegetation increased
temperatures by only 0.3 ºC.

Scoles and others (1996) found
that the average water temperature in
unshaded pools in three small streams

in southeast Oklahoma following
harvest was 3.6 ºF higher at the water
surface; temperatures at lower depths
were unaffected. The streams were dry
during the study except for a series
of shallow pools (1 to 3 feet deep).
Temperatures returned to normal
downstream of the harvested area
where ground-water inflow and
streamside vegetation served to return
temperatures to normal. Swift and
Baker (1973) illustrate the cooling
effects of shade strips contrasted
with the stronger cooling by ground-
water inflow.

Vowell (2001) reports that use of
streamside buffers effectively main-
tained stream temperatures after
clearcutting, intensive site preparation,
and machine planting on four sites
in northern Florida.

Only one study (Hewlett and
Fortson 1982) reported major changes
in stream temperatures after timber
harvesting when riparian buffer strips
were retained.

Dissolved Oxygen
Aquatic organisms need the

oxygen dissolved in streamwater for
metabolic activity. Dissolved oxygen
concentrations can vary by stream
because they depend on temperature
and air pressure (elevation), as well
as instream processes, including plant
and animal respiration, oxygenation
by means of gas exchange with the
atmosphere, instream photosynthesis,
and nutrient inputs. Dissolved oxygen
concentrations vary diurnally due to
instream plant and animal respiration.
Concentrations of 8 mg per L are
considered optimal for aquatic
organism health (Chapman and
McLeod 1987, U.S. Environmental
Protection Agency 1986).

The impacts of forestry activities
on dissolved oxygen levels in
streambed sediments is less clear
(National Council for Air and Stream
Improvement 1994), but it seems
likely that, in the absence of proper
BMP implementation, increased fine
sediment deposition may lead to
decreased permeability of streambeds
and thereby reduced intergravel oxygen
concentrations (Chapman and McLeod
1987, Everest and others 1987).
Reduced oxygen concentrations can
lead to reduced viability of aquatic
insects and fish eggs.
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While there is limited research on
this subject as it relates to forestry
in the South, a few studies in Oregon
(Hall and others 1987) and Quebec
(Plamondon and others 1982) have
documented that large inputs of
fine litter to small, low-turbulence
streams can deplete dissolved
oxygen concentrations.

Vowell (2001) found that the use of
BMPs in northern Florida adequately
protected dissolved oxygen levels after
clearcutting, intensive site preparation,
and machine planting. Measurements
before and after silvicultural treatments
revealed no significant change in
streamwater chemistry. Another study
(Ensign and Mallin 2001) documenting
the effects of forestry activities on
dissolved oxygen is summarized in
the section “Woody Wetlands.”

Nutrients
Nutrient concentrations in streams

flowing from forests vary widely
depending on soil type and texture,
parent material, climate, stand age,
species composition, and atmospheric
deposition. The U.S. Geological Survey
conducted a national study of nutrient
concentrations and yields in primarily
undeveloped basins in an effort to
more fully evaluate the effects of
anthropogenic activities on water
quality (Clark and others 2000).
The majority of these basins were
dominated by extensive forest cover
and located primarily in wilderness
areas, national and State parks, and
national forests. The authors found
that these basins produced the
best water quality in the country.
Concentrations of ammonia, nitrate,
total nitrogen, orthophosphate, and
total phosphorus rarely exceeded
national water-quality standards.

Few nutrients are lost from healthy
forest ecosystems directly to stream
channels. These systems are very
efficient at recycling nutrients. Young
forests rapidly soak up nutrients from
the soil as they grow (Borman and
Likens 1994, Scoles and others 1996).
The sudden removal of vegetation
through timber harvesting or insect
infestation, however, can increase
the nutrient transport to streams
by increasing leaching and erosion
(Scoles and others 1996). Most
increases in stream nutrient levels
occur in the first few years after
harvesting. Stream concentrations

rapidly decline back to preharvest
levels as vegetation regrows. In contrast,
Swank and others (1981) and Swank
(1988) reported small but persistent
increases —as long as 20 years—
in nutrient concentrations following
insect defoliation and forest cutting.
The effects of increases in nutrient
inputs are often diluted by increases
in stormflow after harvest (Scoles
and others 1996). However, increases
in streamflow can also lead to increases
in total loading of nutrients to down-
stream areas, particularly lakes and
reservoirs. The impacts of increased
nutrients due to fertilization are
discussed in the section “Effects of
fertilizers, pesticides, and herbicides.”

The primary nutrients affecting
ecological processes in streams
and lakes are nitrogen (primarily
as nitrate) and phosphorus (primarily
as phosphate) (National Council for
Air and Stream Improvement 1994).
Increases in nitrogen and phosphorous
concentrations can increase stream
productivity, increase daily fluctuations
in stream oxygen concentrations, and
increase or decrease species diversity.
Excessive amounts of nutrients may
also stimulate algal blooms. Large
blooms limit light penetration into
the water column, increase turbidity,
and increase biological oxygen
demand, resulting in reduced dissolved
oxygen levels. This process, termed
eutrophication, drastically affects
aquatic organisms.

According to Binkley and Brown
(1993), most forest harvesting studies
in the United States have documented
increased concentrations of nitrate after
harvest. With a few exceptions, these
increases have remained well below the
10-mg-per-L drinking water standard
(U.S. Environmental Protection Agency
1986). This standard is appropriate
for water bodies whose designated
uses include municipal drinking water.
However, aquatic communities respond
to much lower levels of inorganic
nitrogen. EPA is in the process of
developing national nutrient standards
for maintaining water quality that
supports aquatic life and recreation as
a designated use (U.S. Environmental
Protection Agency 2000b).

One ecosytem region in the South
that has been known to exceed the
drinking water standard is high-
elevation spruce-fir forest in the
Southern Appalachian Mountains.

Average nitrogen concentrations
of 5 mg per L, with higher reported
maximum values, occur in some
streams in this area (Silsbee and Larson
1982). Factors possibly contributing
to the elevated nitrogen concentrations
include atmospheric nitrogen depo-
sition and low nitrogen uptake rates
due to the mature nature of these
forests (Silsbee and Larson 1982).
The Southern Appalachians receive
relatively high rates of atmospheric
nitrogen deposition compared
to the rest of the region (Johnson
and Lindberg 1992).

In a summary of several studies that
considered the impacts of harvesting
operations on nutrient inputs, Richter
(2000) reported that streamwater
nitrate nitrogen may increase up
to 1 mg per L after harvest in the
Appalachian Mountains (Swank 1988),
the Atlantic Coastal Plain (Askew
and Williams 1986, Riekirk 1983),
the southern Piedmont (Hewlett
and others 1984), and the Ouachita
Mountains (Miller and others 1988).

In a study of the effectiveness of
BMPs in northern Florida, Vowell
(2001) reported that the State’s BMPs
adequately protected water quality.
Streamwater chemistry, including
total phosphorous, ammonia, nitrate,
and nitrite, showed no significant
differences before or after harvest.

Scoles and others (1996) reported
that nitrogen and phosphorus levels
increased the first year after harvesting
but returned to baseline conditions
within 4 years.

Ammonia generally is not a problem
since it is found in low concentrations
due to its high adsorptivity and ready
conversion to nitrate. Several studies
found little or no change in ammonia
concentrations (Blackburn and
Wood 1990, Martin and others
1984). One study (Van Lear and
others 1985) reported decreases
in ammonia concentrations after tree
harvests. Decreases were attributed
to increased nitrification due to
increased soil temperature and
moisture following harvest.

Mostaghimi and others (1999)
found that harvest and site-preparation
activities without the use of BMPs
significantly increased nutrient loss
during storms in the Virginia Coastal
Plain. Stormflow concentrations and
loadings of nitrogen and phosphorus
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increased significantly. Where BMPs
were not applied, harvesting increased
nitrogen loading by a factor of 3.1,
and site-preparation activities increased
it by a factor of 5.5. Use of BMPs
mitigated these increases. In the
absence of BMPs, total phosphorus in
stormflow increased three- and fourfold
following harvest and site-preparation
activities, respectively, as compared
to preharvest conditions. Stormflow
phosphorus loading decreased
45 percent on the BMP watershed
following harvest and did not change
significantly after site preparation.

Aquatic Habitat and Biota
Fish and invertebrates depend on a

variety of stream physical characteristics
including temperature, dissolved
oxygen, turbidity, light, nutrients,
sediment particle size distribution,
and refuge opportunities. Chapter 23
contains a complete discussion on the
range of aquatic habitats and species
in the South. Most studies on the
impacts of silvicultural activities on
aquatic biota and habitat have been
conducted in the Pacific Northwest
and northwestern California, areas
dominated by steep slopes, frequent
landslides, erodible soils, and high
precipitation levels. Under these
conditions, forest practices can
have a substantial impact on stream
channel conditions if BMPs are not
fully implemented and maintained
over time.

Sullivan and others (1987) docu-
ment several case studies in northern
California that took place between
1950 and 1970 when several extreme
storms after extensive logging resulted
in substantial alterations to stream
channel morphology. Streambeds
were raised by as much as 4 m, stream
widths were doubled, stream channels
were shifted, average particle size was
increased, pools were filled in, riffles
became less pronounced, summer flows
were reduced, riparian vegetation
was degraded, and stream banks were
eroded. It was difficult to separate
the contribution of harvesting impacts
from the general storm effects, but fish
populations declined over this period.
In the 1982 National Fisheries Survey
(Judy and others 1984), forestry
activities were estimated to produce
adverse effects on fish in about 7.5
percent of assessed river and stream
miles, compared to 29.5 percent for

agricultural land and 6.7 percent
for urban areas.

Tebo (1955) studied the effects
of early logging practices in steep
mountainous watersheds on siltation
and the impacts on bottom organisms
in western North Carolina. There
were no limitations on logging method,
and the logging operations were not
supervised by the USDA Forest Service.
Tebo (1955) compared the number and
volume of bottom-dwelling organisms
upstream of the harvested area to a site
located below the mouth of the stream
draining the logged watershed that
received an accumulation of silt. The
author found a statistically significantly
larger population and higher volume
of bottom-dwelling organisms at
the control site upstream. After the
removal of accumulated sediments and
reduction in numbers of organisms
due to flooding, the section of stream
impacted by sedimentation still
produced a slightly but statistically
insignificant lower number of
organisms than the control section.

Vowell (2001) examined the effects of
intensive forest management activities
on aquatic habitat in northern Florida
using a stream condition index (SCI)
based on benthic macroinvertebrate
sampling measures. Biological indica-
tors such as this are believed to be more
accurate measures of water quality than
chemical indicators since the presence,
or absence, and abundance of aquatic
organisms, benthic macroinvertebrates
in particular, better reflect the overall
ecological health of water bodies
because they integrate pollutant
stressors over time. Vowell also
evaluated aquatic habitat using an
average habitat assessment value based
on a composite of physical stream
attributes including substrate type
and availability, water velocity, artificial
channelization, habitat smothering,
stream bank stability, riparian buffer
width, and riparian buffer quality.

Vowell (2001) found no significant
differences between pre- and post-
treatment SCI values at any of the
four sites, indicating no effect due to
silvicultural activities. Average habitat
assessment values were also within
the optimal range both before and after
treatments. The only notable differences
found after treatment were changes in
the score for water velocity and riparian
zone width. The measured increase in
water velocity was attributed to minor

temporal variability rather than the
treatment. Riparian zone widths after
harvesting, while considered marginal
from a scoring point of view, were still
within the required width for primary
streams. No change was recorded for
habitat smothering or stream bank
stability, two components of the habitat
assessment considered especially
sensitive to impacts from silvicultural
activities and critical to maintaining
macroinvertebrate population integrity.

Interestingly, some studies have
actually documented increases in fish
populations and fish size after logging
(see Hall and Lantz 1969, Hawkins
and others 1983, Murphy and Hall
1981, Murphy and others 1981). These
increases are generally attributed to
alterations in the food web (National
Council for Air and Stream Improve-
ment 1994). For example, increased
light penetration or nutrient concen-
trations may lead to increases in
primary productivity that may increase
herbivore populations. Slight increases
in stream temperature can actually
favor fish growth and increase survival
of young fish, particularly in northern
latitudes or high-elevation streams
(Holtby 1988)

Woody Wetlands
Forested wetlands are important

for their ability to transform inorganic
nutrients into organic form, as well
as filter out sediment and particulate
matter (Lockaby and others 1997).
Forested wetlands were considered
unproductive up to the 1950s, when
many large pine plantations were
established on drained forested wetland
sites in the lower Coastal Plain of the
South (Xu and others 1999). Forested
wetlands are characterized by high
seasonal water tables and soil surface
waterlogging due to flat topography
and poor soil drainage. A brief
discussion of the impacts of silvicultural
activities on forested wetlands is
included below; however, a complete
discussion of forested wetland
characteristics and potential impacts
from various land use activities,
including silviculture, is included
in chapter 20.

The primary silvicultural activities
potentially affecting important wetland
functions are site drainage and the
operation of heavy equipment on
wetland soils, usually during site
preparation. Site drainage improves
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access, provides for soil aeration,
and increases seedling survival
and growth (Segal and others 1987).
Site-preparation practices such as mole-
plowing and bedding are among the
most prominent silvicultural practices
in the South (Xu and others 1999).
Mole-plowing uses a deep plow to
create a channel in poorly drained soils
to improve site drainage. Bedding is a
common practice that elevates planted
trees on beds above the surface of the
water table. Minor drainage is often
needed to remove excess surface
water to permit heavy equipment
to be operated without causing
extensive soil compaction and
rutting (Shepard 1994).

In contrast to upland forests, surface
water flow rates are low in wetlands,
which typically have little topographic
relief and therefore have less energy
available to export sediment. In a
review of literature on water quality
in forested wetlands, Shepard (1994)
found that silvicultural activities
generally resulted in water-quality
impacts, but the impacts were typically
small and short-lived. Impacts were
greater in upland wetlands where relief
is greater and soils are shallower than in
lowland wetland forests. Impacts on all
common wetland types have not been
investigated. In particular, there is very
little published information available
on the impacts from bottomland hard-
wood silviculture on water quality.
Shepard (1994) concludes that silvi-
cultural activities “do not constitute
a permanent threat to the ability of
wetlands to maintain or improve
water quality.”

Xu and others (1999) examined the
effects of clearcutting in the wet and dry
seasons and site-preparation activities
(bedding and mole-plowing plus
bedding) on ground-water levels. The
authors found that water tables rose in
response to forest removal, with the
greatest increases occurring after wet-
weather logging. The larger increase
associated with wet-weather harvesting
was likely due to deeper rutting and
greater soil disturbance. No significant
differences in ground-water levels
were found during the dormant
season, indicating that the removal of
transpiring vegetation was primarily
responsible for the increase in water
table levels (Xu and others 1999).

The same study found that site-
preparation techniques ameliorated

harvest-related elevated water tables
by improving site drainage. Bedding
reduced ground-water level by up to
22 cm compared to nonbedded sites.
Mole-plowing plus bedding had a
similar effect on ground-water levels
as bedding alone. The recovery of
site hydrology was fastest on sites
that had been the least disturbed—
harvested during dry weather and
bedded only. Site hydrology recovered
within 2 years of stand establishment
(Xu and others 1999).

Miwa and others (1999) also
found that wet-weather harvesting
had a significantly larger impact
on site hydrology than did dry-
weather treatment.

Riekerk (1985) conducted a
comparative watershed study in
the poorly drained pine flatwoods
of northern Florida. One watershed
was clearcut with minimum distur-
bance and site preparation (manual
shortwood harvesting, slash chopping,
soil bedding, and machine planting).
The second watershed was clearcut
with maximum disturbance and site
preparation (machine tree-length
harvesting, slash burning, windrowing,
soil bedding, and machine planting).
The third watershed was an undis-
turbed control. Runoff increased
2.5-fold on the minimum-treatment
watershed and increased 4.2-fold on
the maximum-treatment watershed.
There was a statistically significant
increase in the level of suspended
sediment (14 ppm on average)
proportional to disturbance, but the
absolute levels were low. Significant
increases over the control remained
for 4 years after both treatments
(Riekerk 1985).

Ensign and Mallin (2001) studied
the water-quality impacts of clear-
cutting 130 acres of riparian and
seasonally flooded forest in the Coastal
Plain of North Carolina. The authors
found short-term increases in stream
turbidity reaching 111 nephalometric
turbidity units (NTU), well above
the North Carolina State standard of
50 NTU, but the average increase was
not statistically significant. However,
compared with an unlogged control
stream, suspended sediment
concentrations were significantly
increased for several months after
the clearcut. In addition, statistically
significant postlogging increases were
reported for both total nitrogen and

total phosphorus compared to
a nearby control stream.

In aquatic habitats, Ensign and Mallin
(2001) found significant decreases
in dissolved oxygen that approached
anoxia on several occasions after timber
harvest. The decreases were attributed
to stream algal blooms that formed
periodically for two summers after
clearcutting. The blooms occurred from
a combination of increased nutrient
inputs and possibly increased direct
solar radiation on surface water. The
formation of algal blooms, followed by
death and decomposition, created high
biochemical oxygen demands leading
to decreased dissolved oxygen levels.

Another biotic parameter of interest
in streams with human recreation as a
designated use is microbial pathogens.
Ensign and Mallin (2001) found greatly
increased fecal coliform bacterial
concentrations in streams following
clearcutting. This increase may have
occurred due to runoff of pathogens
from nearby large-scale swine
production facilities, or from the
land disturbance itself (Ensign and
Mallin 2001).

Lebo and Herrman (1998) examined
outflow characteristics in a low-level
pocosin with artificial drainage in a
1,161-acre watershed and found that
sediment export from the watershed
increased nearly 350 percent (4.1
to 14.3 pounds per acre) during a
3-year period that included harvest
and site-preparation activities. Minor
increases in nitrogen concentrations in
streamwater were detected after harvest.
These concentrations were typically
less than the average value for the
control stand. Increases in phosphorus
concentrations were more prolonged
than for nitrogen, but they decreased
to preharvest levels after 3 years.

Management Intensity
This section describes the gradient

of potential water-quality impacts
across a variety of silvicultural
management techniques. The activities
discussed include: (1) the harvesting
method (single-tree selection, group
selection, and clearcutting); (2) the
degree of mechanization used in
felling and collecting logs (hand felling,
feller-bunchers, and cable yarders);
and (3) the site-preparation method
(windrowing, shearing, disking,
prescribed burning, and use of
fertilizers and herbicides). Other
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aspects of timber management
associated with management intensity
but not related to site disturbance and
sedimentation, such as the conversion
of hardwood and natural pine stands
to pine plantations, are covered in the
final section of this chapter. A more
thorough discussion of forest operation
technologies, including various site-
preparation techniques and their
impacts on the environment, is
included in chapter 15.

In general, as management intensity
increases, so does the level of site
disturbance. Similarly, the greater
the site disturbance, the greater the
nonpoint-source impacts, particularly
increased erosion and potential
for sediment delivery into streams
(Riekerk 1985). For example, in the
poorly drained pine flatwoods of
northern Florida, Riekerk (1985) found
increases in total runoff, pH, suspended
sediment, and potassium and calcium
concentrations proportional to site
disturbance in the year after harvest.

Effects of harvest method—It is
widely acknowledged that the majority
of effects from silvicultural activities
can be attributed to operation of heavy
machinery on roads and skid trails near
water bodies. Rice and Wallis (1962)
found no detectable change in stream
channel conditions following harvest
other than impacts directly resulting
from logging equipment and logging
debris. Physical alterations included
stream channel scouring or filling
by bulldozers, slash and debris
in channel crossings, and diversion
of water down logging roads at
stream crossings and road cuts. The
diversions caused severe gullying.

McMinn (1984) compared a skidder
logging system and a cable yarder
for their relative effects on soil
disturbance. With the cable yarder,
99 percent of the soil remained
undisturbed (the original litter still
covered the mineral soil), while the
amount of soil remaining undisturbed
after logging by skidder was only 63
percent. Currently, cable yarding is
primarily limited to the steepest slopes
in the Appalachian Mountains and is
otherwise rarely used in the South.

Other studies have demonstrated
that the intensity of harvest, depending
on the silvicultural prescription, may
increase concentrations and loadings of
sediment during storms. In watershed
research studies in Arkansas and

Oklahoma, Scoles and others (1996)
found that soil loss increased with
harvest intensity (clearcutting versus
selection harvesting). Site-preparation
activities consisted of crushing and
burning residual vegetation. No special
erosion control measures were applied.
In both studies, statistically significant
increases in annual soil loss were
found in the first year after clearcutting
compared to selectively harvested
and control sites. Annual soil losses
averaged 211 and 251 pounds per
acre on clearcut watersheds in
Arkansas and Oklahoma, respectively.

Research conducted by Beasley and
Granillo (1985) demonstrated that
selective cutting generated lower water
yields and sediment yields than did
clearcutting. Selective cutting resulted
in sediment yields 2.5 to 20 times less
and water yields 1.3 to 2.6 times less
than those resulting from clearcutting.

Eschner and Larmoyeux (1963)
completed a study that compared
the water-quality impacts from four
harvesting methods: (1) commercial
clearcut, (2) intensive selection
[trees over 5 inches diameter breast
height (d.b.h.) were cut], (3) extensive
selection (trees over 11 inches d.b.h.
were cut), and (4) diameter limit
(trees over 17 inches d.b.h. were
cut). However, each of these harvest
methods was combined with varying
road designs, to determine their overall
effectiveness in protecting water quality.
It was concluded that the amount of
trees removed, or harvesting method,
was not the primary factor affecting
water quality, as measured by turbidity.
Water-quality impacts were shown to
be related to the care taken in logging
and planning skid roads. The extensive
selection method, combined with
some nonpoint-source controls (20-
percent road grade limits, no skidding
in streams, water bars on skid roads),
produced higher maximum levels
of turbidity than did intensive
selection (210 and 25 turbidity units,
respectively) with additional control
practices (10-percent road grade limits,
skid trails located away from streams).
Harvesting by diameter limit without
any restrictions on road grades or
stream restrictions increased maximum
turbidity by 200 times over intensive
selection (5,200 and 25 turbidity units,
respectively). Commercial clearcutting
with no controls increased maximum
turbidity by over three orders of

magnitude compared to harvesting
by diameter limit (56,000 and 25
turbidity units, respectively).

Effects of site preparation—
Shearing, disking, drum-chopping,
or root-raking a site with large tractors
may heavily disturb the soil over
large areas and has a high potential
to deteriorate water quality (Beasley
1979). Site-preparation techniques
that remove vegetation and litter cover,
compact the soil, expose or disturb
the mineral soil, and increase storm-
flows due to decreased infiltration
and percolation all can contribute to
increases in sediment loads (Golden
and others 1984). However, erosion
rates typically decrease as vegetative
cover grows back. Prescribed burning
and application of herbicides and
fertilizers also have potential negative
effects on water quality. These activities
are discussed separately in sections
that follow.

Shearing, which exposes large
amounts of bare soil while removing
logging debris, and windrowing
resulted in higher levels of soil loss
in the Texas Coastal Plain and Athens
Plateau (Scoles and others 1996).
Shearing also reduced the soil’s ability
to absorb water in the Texas study.
Douglass (1977) found that total soil
loss from sites that had been cleared
was approximately 580 pounds of soil
per inch of runoff. However, runoff
from sites that were both cleared and
disked was twice that from sites that
had been cleared only.

Blackburn and Wood (1990)
reported that harvesting and shearing
a watershed in east Texas increased
phosphate and total phosphorus
concentrations in the year after harvest,
while harvesting and chopping had
no effect on phosphate and total
phosphorus concentrations.

As described previously, Xu and
others (1999) determined that site-
preparation activities (bedding and
mole-plowing plus bedding) reduced
water table levels significantly in
forested wetlands.

Effects of prescribed fire—
Prescribed fire can impact water
quality by heating the soil and killing
soil organisms, thereby altering nutrient
transformation rates and bioavailability.
These impacts depend on the severity
and intensity of the fire. Prescribed
burning of slash can increase erosion
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and sediment delivery to streams
by eliminating protective cover and
altering soil properties (Megahan
1980). The degree of erosion after
a prescribed burn depends on soil
erodibility; slope; precipitation timing,
volume, and intensity; fire severity;
cover remaining on the soil; and
speed of revegetation. Swift and others
(1993) found erosion after burning
to be spotty and did not leave the
treated site or reach stream channels.
The prescription for this burn, however,
was to maintain a low-fire intensity
and avoid consuming the compacted
litter or organic layers. Burning may
also increase stormflow in areas where
all vegetation is killed. Such increases
are partially attributable to decreased
evapotranspiration rates and reduced
canopy interception of precipitation.
Erosion resulting from prescribed
burning is generally less than that
resulting from roads and skid trails
and from site preparation that causes
intense soil disturbance (Golden
and others 1984).

Knoepp and Swank (1993) found
that clearcutting and burning increased
streamwater nitrate concentrations from
less than 0.01 mg per L to a maximum
of 0.075 mg per L. This small increase
was associated with a slight increase
in nitrogen transformations and little
movement of inorganic nitrogen off
the site (Knoepp and Swank 1993).
Concentrations returned to pre-
treatment levels within 9 months
after burning.

In a paired watershed study, Van
Lear and others (1985) examined soil
and nutrient export in ephemeral
streamflow after three low-intensity
prescribed fires prior to harvest on the
Clemson Experimental Forest in the
upper Piedmont of South Carolina.
Minor increases in stormflow and
nutrient and sediment concentrations
in the water were identified after
low-intensity prescribed fires. It
was suggested that erosion and
sedimentation from plowed fire lines
accounted for the majority of sediment
from all watersheds. Following the
prescribed fires, the overstory in the
burned watersheds was harvested, and
runoff, sediment, and nutrient export
were monitored for 3 years after
harvest. Sediment levels were elevated
after harvest, but the magnitude
and duration of these effects were
considerably less than from other

studies (Douglass and Goodwin
1980, Fox and others 1983, Hewlett
1979) that utilized mechanical site-
preparation techniques instead
of prescribed burning (Van Lear
and others 1985).

Landsberg and Tiedemann (2000)
thoroughly reviewed the effects of
wildfires and fire management on
water quality. The following specific
management measures were identified
as ways to reduce the magnitude of the
effects of fire on water quality: (1) limit
fire severity, (2) avoid burning on steep
slopes, and (3) limit burning on sandy
or water-repellent soils.

Effects of fertilizers, pesticides, and
herbicides—Although fertilizer
application is uncommon in hardwood
forests in the East, forest fertilization
is routine—and possibly increasing
(Dubois and others 1999)—on many
intensively managed pine plantations
in the South (Shepard 1994). A brief
discussion of the use of fertilizers and
pesticides (herbicides and insecticides)
in forest operations is included in
chapter 15. In a periodic survey of
the cost of forest practices, Dubois and
others (1999) report that the number of
fertilized acres increased between 1996
and 1998. Few studies have looked at
the impacts of this practice on water
quality (Shepard 1994). Studies
typically show that forest fertilization
is not a problem; most studies have
shown that nutrient increases are too
small to degrade water quality (Binkley
and Brown 1993, Fisher and Binkley
2000). Many forest streams are nutrient
limited, so the application of fertilizers
has a greater potential for impacts in
nutrient-poor aquatic ecosystems.

Fertilizers, pesticides, and herbicides
reach streams either directly through
aerial or hand application, or indirectly
by surface runoff and subsurface flow.
BMPs typically restrict application
to nonriparian zones. However, in
practice, riparian zones are difficult
to avoid in aerial applications. The
effects of fertilizer application on
aquatic ecosystems are the same as
described for nutrients in the section
“Aquatic Habitat and Biota.”

Pesticides can have both direct and
indirect effects on ecological processes.
Aquatic organisms can be affected
through direct exposure to pesticides
in the streamwater or through
ingestion. There have been too few
studies on the impacts of insecticides

to make generalizations about the
impacts on fish populations. Some
1- to 2-year studies (Reed 1966) have
concluded that short-term reductions
in insect populations—an important
food source for fish—may occur. Insect
communities should recover within a
few years due to their short life cycles
(National Council for Air and Stream
Improvement 1994).

Herbicides can impact aquatic
communities directly through increased
organic matter inputs and indirectly
through other effects on riparian
vegetation. These secondary impacts
can include changes in physical
properties of streams, such as increases
in water temperature and sedimenta-
tion, due to loss of riparian vegetation.
Other secondary impacts to stream
properties can result from changes in
riparian vegetation, including increased
nitrate inputs, decreased slope stability,
and altered food-web structure in
streams. No critical indirect effects have
been documented for normal forest use
of herbicides (National Council for Air
and Stream Improvement 1994).

In a literature review on forest
fertilization with nitrogen and
phosphorus and water quality, Binkley
and others (1999) found that without
the use of BMPs, short-lived elevated
nitrate and phosphorus concentrations
were often found in receiving waters,
but that national drinking water-
quality standards (for nitrogen) and/or
suggested criteria (for phosphorus)
were rarely exceeded. No studies
were identified that reported adverse
affects on aquatic biota.

The effects of fertilizer application
on water quality were studied in three
North Carolina plantations (Campbell
1989). Fertilization temporarily
elevated levels of ammonium, total
nitrogen, total phosphate, ortho-
phosphate, and urea in streams
draining plantations. Concentrations
returned to pretreatment levels
within 3 weeks. Net exports were
small compared to the total amount
of fertilizer applied: net export of total
Kjeldahl nitrogen was 0.3 percent of
total nitrogen applied, net export of
ammonium was 0.02 percent of total
nitrogen applied, and net export of
urea was 0.03 percent of total applied
urea. Several other studies reported
similar results (Fromm 1992,
Herrmann and White 1983).
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Segal and others (1987) studied the
effects on water quality of applying
fertilizer and herbicide in a pine
flatwood in eastern South Carolina.
They identified a strong pulse of
nutrient concentrations in July and
attributed this to higher mineralization
rates of forest floor litter and higher
soil temperatures after clearcutting.
Nutrient concentrations in ground
water did not appear to be outside
the range of natural seasonal nutrient
dynamics. Furthermore, ground-water
quality did not appear to be negatively
affected. All nutrient levels returned
to pretreatment levels within 200
days after fertilizer application.

Hardwood Conversion
to Planted Pine

Swank and Vose (1994) summarized
over 40 years of research on changes
in water yield and timing of streamflow
and over 20 years of stream chemistry
data after conversion from hardwood
forests to eastern white pine planta-
tions. Significant decreases in water
yield (up to 25 percent) were attributed
to greater leaf area index throughout
the year and, consequently, greater
interception loss in the dormant season,
plus greater transpiration loss in the
early spring and late fall and on warm
winter days. The magnitudes of high
and low flows were reduced by 33 to
60 percent. Streamwater solute con-
centrations remained similar on the
pine and hardwood watersheds. Net
accumulations of calcium, magnesium,
potassium, and sodium increased by
1.1 to 3.9 pounds per acre on the pine
watershed. Decreases in water yield
resulting from extensive hardwood
conversion to planted pine could
potentially impact the availability
of future water yields for municipal
water supplies.

In a series of papers on timber
harvesting in a Carolina bay, Askew
and Williams (Askew and Williams
1984, 1986; Williams and Askew
1988) concluded that pine plantations
could be established without harming
water quality. Askew and Williams
(1984) quantified suspended sediment
in drainage waters from active logging
sites, site-prepared areas, 3- to 15-
year-old plantations, and main ditches
in a 2,388-ha Carolina bay in South
Carolina. Suspended sediment in new
secondary ditches was significantly
greater than in native streams draining

an undisturbed hardwood stand.
Water in the main ditch near the
discharge point averaged 16.4 mg
per L, compared to 2.5 mg per L
in the undisturbed hardwood forest.
Ditch contributions to suspended
sediment concentrations were
transient, culminating within 2
years of installation.

Discussion and
Conclusions

The effect of silvicultural activities
on water quality is often contentiously
debated. Forestry operations have
been identified as nonpoint sources
of pollution to water bodies draining
forest land. Silvicultural activities have
the potential to increase sedimentation
and alter stream channel conditions
(National Council for Air and Stream
Improvement 1994). Impacts from
these activities are site-specific, varying
across the South. Effects depend on
elevation, slope, and the rate at which
vegetation recovers following harvest.
However, in general, if BMPs are
properly designed and implemented,
the adverse effects of forestry activities
on hydrologic response, sediment
delivery, stream temperature, dissolved
oxygen, and concentrations of nutrients
and pesticides can be minimized.

One of the objectives of sustainable
forest management is to ensure that
silvicultural activities are conducted
without significant nonpoint-source
pollution of streams and coastal areas.
This chapter identified the primary
and secondary impacts of silvicultural
operations. The following specific
management measures should be
considered by all forest managers
as they develop comprehensive forest
management plans. The effectiveness of
these management measures to mitigate
water-quality impacts is discussed
exclusively in chapter 22.

Planning of the timber harvest to
ensure water-quality protection will
minimize nonpoint-source pollution
and increase operational efficiency
(Golden and others 1984). Streamside
management areas of sufficient width
and extent are crucial because they
can greatly reduce pollutant delivery.
Identification and avoidance of high-
hazard areas can greatly reduce the risk
of landslides and mass erosion. Careful
planning of roads and skid trails will

reduce the amount of land disturbed
by them, thereby reducing erosion
and sedimentation (Rothwell 1978).
Proper design of drainage systems
and stream crossings can prevent
system destruction by storms,
thereby preventing severe erosion,
sedimentation, and channel scouring
(Swift 1984b).

Road system planning is a critical
part of preharvest planning. Good road
location and design can greatly reduce
the sources and transport of sediment.
Road systems should generally be
designed to minimize the number
of road miles per acre, the size and
number of landings, the number
of skid trail miles, and the number
of watercourse crossings, especially in
sensitive watersheds. Timing operations
to take advantage of favorable seasons
or conditions and avoiding wet seasons
prone to severe erosion or spawning
periods for fish reduce impacts to water
quality and aquatic organisms (Hynson
and others 1982). Drainage problems
can be minimized when locating roads
by avoiding clay beds, seeps, springs,
concave slopes, ravines, draws, and
stream bottoms (Rothwell 1978).
Stringer and Thompson (2000)
attribute the limited use of topographic
maps by loggers and silvicultural
operators for many impacts to
water quality.

Potential water quality and habitat
impacts should also be considered
when selecting the silvicultural harvest
and yarding systems. It may appear
to be beneficial to water quality to
use uneven-aged silvicultural systems
because they disturb less ground
and remove less of the canopy than
clearcuts. These factors, however,
should be weighed against the possible
adverse effects of harvesting more
acres selectively to yield equivalent
timber volumes. Such harvesting may
require more miles of roads and more
frequent re-entry into timber stands,
which can increase sediment genera-
tion. Whichever silvicultural system
is selected, preharvest planning should
address how harvested areas will be
regenerated to prevent erosion and
potential impact to water bodies.

Cumulative effects to water quality
from forest practices are not well
documented (Neary and others 1989,
Reid 1993, Vowell 2001). They are
related to several processes: onsite
mass erosion, onsite surface erosion,
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pollutant transport and routing, and
receiving water effects (Sidle 1989).
Cumulative effects are influenced
by forest management activities,
natural ecosystem processes, and
the distribution of other land uses.
Timber harvesting, road construction,
and chemical use may directly affect
onsite delivery of nonpoint-source
pollutants as well as contribute to
existing cumulative impairments of
water quality. The most effective road
system results from planning to serve
an entire basin, rather than arbitrarily
constructing individual roads to serve
short-term needs (Swift 1985).

On watersheds where cumulative
effects are known to be a problem, the
potential for additional water-quality
impairments should be taken into
account during preharvest planning.
Information from previously conducted
watershed assessments should be
considered. These types of assessments,
generally conducted by State or Federal
agencies, may indicate water-quality
impairments in watersheds of concern
caused by types of pollutants unrelated
to forestry activities. However, if
existing assessments attribute a
water-quality problem to the types
of pollutants potentially generated by
the planned forestry activity, then the
problem should be considered during
the planning process. If additional
contributions to this impairment
are likely to occur, planned activities
may have to be adjusted or additional
mitigation measures may have to be
implemented. Alterations may include
selection of harvest units with low
sedimentation risk, such as flat ridges
or broad valleys; postponement of
harvesting until existing erosion sources
are stabilized; and selection of limited
harvest areas using existing roads.

Needs for
Additional Research

The nonpoint-source literature
is heavily weighted to hydrologic
response, sedimentation, and nutrients,
the primary silvicultural impacts. Rela-
tively little research has been completed
for southern aquatic ecosystems related
to channel morphology, dissolved
oxygen, pH, woody debris loading,
aquatic habitat and biota, hardwood
conversion, municipal water supplies,
nutrient impacts to lakes, and
prescribed fire. Specifically, there

is further need to investigate com-
prehensive biotic impacts from
silviculture, including phytoplankton
and macroalgal blooms, food-chain
impacts, and potential increased
microbial pathogen runoff. With
predicted increases in intensively
managed pine plantations (see chapter
13), additional study is needed of the
water-quality effects, e.g., nutrient
loading, of increased spraying of
fertilizers and pesticides, particularly
through aerial applications, in
streams and watersheds.

While the available research indicates
that individual forestry operations do
not contribute significantly to water-
quality impairment when BMPs are
effectively implemented and monitored,
additional research is necessary to
assess the long-term cumulative non-
point-source impacts of silvicultural
activities on water quality and overall
watershed health. Given the nature
of land ownership patterns in the
South, this additional research should
be conducted by public-private
partnerships, with cooperation from
forest industry, government agencies,
academia, and other interested groups.

The National Council for Air and
Stream Improvement (1994) identified
the following research needs: (1)
development of and testing of more
stringent BMPs for some locations;
(2) improvement of the capability
to effectively evaluate risk; and (3)
focus of future research on erosion,
sedimentation, and effects on stream
channels and fish habitat. Three major
areas warrant additional attention: (1)
high-nitrate systems; (2) operational-
scale assessments of BMP effectiveness
(California State Water Resources
Control Board 1987, Harvey and others
1988, Knopp and others 1987); and
the cumulative effects of management
practices within basins.
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