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A COMPARISON OF HARVESTING METHODS AND THEIR

IMPACT ON SOILS AND ENVIRQNMENT
IN THE PACIFIC NORTHWEST

K. Cromack, Jr., F. J. Swanson and C. C. Grierl

.. The productive evergreen coniferous forests of the Pacific Northwest have
accumulated large biomass in individual stands. These evergreen forests are
adapted to a winter-wet, summer-dry environment enabling photosynthesis and
nutrient uptake and storage during the relatively mild winters (Waring &
Franklin 1973). Pacific Northwest forests and their associated streams also
support important fisheries resources. Possible future constraints in energy
supply, coupled with the need to maintain long-term site productivity, neces-
sitate continued improvement in forest management methods (Bengtson 1978;
Bormann & Likens 1979).

To evaluate management activities upon forest ecesystems one must include
terrestrial and aquatic habitats and the materials transferred by nutrient
cycling and erosion processes. Although large living trees are the dominant
element of the mature forest ecosystem, recent studies show other parts of the
ecosystem also play important roles. Other functional components of Pacific
Northwest coniferous forests, such as the substantial leaf biomass and leaf
area of mature cohifer stands (Waring & Franklin 1979); large accumulatiocns of
roots (Santantonic et al. 197%); dominance of mycorrhizae in belowground
organic matter inputs (Fogel & Hunt 1979); and relatively deep and fertile
soils from which N Teaching losses are small {Sollins et al, in press) all
contribute to forest productivity.

. In forested watersheds the aquatic environment is small streams. Such
streams comprise 86% of the total length of river channels in the US (Leopold,
Wolman & Miller 1964). The physical character and energy base of these small

1Respective]y, Assistant Professor, Dept. of Forest Science, Oregon State
University, Corvallis, OR 97331; Research Associate, Dept. of Forest
Engineering, Oregon State University (now at USDA Forestry Sciences Laboratory,
Corvallis, OR 97331); Research Associate Professor, College of Forest Resources,
University of Washington, Seattle, WA 98195.
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streams are dominated by adjacent forests which supply energy, minerals and
shade, thus requtating the rate of stream production (Meehan, Swanson & Sedell
1977}, Much organic and inorganic material is transferrad from the forest to
the streams by bietic and physical processes. The storage or transfer of

these materials also represents nutrient capital., A diagram illustrates the
sources and fates of material coming into and passing through a forest 2cosys-
tem (Fig. 1). By careful budgets of where materials are stored and how rapidly
they are accumulated or Tost, Tong-term responses to various management options
may be evaluated.

As in the case of nutrient cycling regimes, so11/sediment movement through
ecosystems is viewed as a series of storage sites linked by transfer processes
(Fig. 2). So0i7 fs moved down hillslopes into channels and then downstream,
This material transfer, or erosion, is accomplished by a complex set of inter-
acting processes {Dietrich & Dunne 1978; Swanson et al. in press). Soil and
sediment are stored at a variety of sites on hilislopes, in chanrels, and at
the interface betwesn slope and channel. Both the capacity of storage sites
and rates of transfer processes on slopes and in smal] streams are regulated
by live and dead vegetation. Root systems, for example, anchor the s0il mass
and reduce potential for shaTlow, rapid soil mass movements (debris ava-
lanches). Logs in streams temporarily trap sediment and dissipate energy of
stream water, thereby reducing its sediment transport capability. To assess
maragement impacts on soil loss and sedimentation cne must understand this
soil/sediment routing system and identify major processes and storage sites con
Tand and in streams.

Leaching and erosion Tosses affect one another in both terrestrial and
aquatic systems. For example, erosion affects the stability of substrates and
in turn the Teaching of nutrients in both terrestrial and aguatic environments.
Likewise, organic matter in both Tiving and dead forms regulates the erosion
rate. In the western US, where coniferous forests dominate, the harvesting
of these forests has 3 particularty large impact upon the aquatic envirorment.

HARVEST EFFECTS

Current siTvicuttural and harvesting techniques in the Pacific Northwest
attempt to minimize cost in adapting te rugged and unstable terrain. A typical
harvest operation requires: vroads and landing; felling, bucking and hauling of
logs; site Preparation; and planting or reseeding of the site. Until the time
of final harvest the stand may be entered many times to protect it from fire,
insects or disease. To increase growth, fertitization, thinning and brush
control are often practical. Although management practices are quite varied
?e will attempt to generalize the kind and extent of impact upon erosion and

eaching. '

Effects of Harvesting Upon Subsequent Vegetation
Cutting a forest has a variety of impacts on vegetation. Logging in
effect is a perturbation that initiates secondary ecological succession. The

vegetation response to perturbation depends upen the type of logging, envi-
ronmentat conditions, local patterns of plant succession and the success of
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Figure 1. Diagram of a coniferous forest ecosystem show?ng functional
components and nutrient transfers {after Sollins et al.,

in press).
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regenerating efforts. Changes in the vegetation immediately following harvest
are an important factor to be considered in stand regeneration. Release of
brushy species by Togging can result in competition for young conifers.

Methods of shrub treatment will influence brush development. When a site
is left unburned, species already present will dominate. For example, if salal
(Buutiheria shallon) or vine maple (dcer circinatum) were present in the under-
story prior to harvest, they will be following harvest.

Slash burning, on the other hand, favors new species absent from the
original understory. Species that reproduce by windborne seed, and germination
from buried seed appear to be favored by slash burning {Ahigren & Ahlaren 1960).

Three stages insecondary succession should be recognized {Ahlgren &
Ahigren 1%60; Franklin & Dyrness 1973): 1) herbaceous stage, 2) shrub stage;
and 3) young forest stage. Other stages are absent in managed forests.

On sites that are broadcast burned, succession generally proceeds through
all three stages, but on unburned sites, the herbaceous stage is not always
present. In areas where logging exposes mineral soil, patterns of secondary
succession resemble those on burned sites (Dyrness 1973).

The herbaceous stage occupies the site for the first few years and con-
sists mainly of invading herbaceous species such as Serecio sylvaticus and
fireweed (Epilobium angustifolium). Annuals such as Senecio are among the
first to invade a logged site. These are replaced later by perennials such
as fireweed and bracken fern (Pteridium aguilinmum) that dominate the site for
two or three years. Species invading recently disturbed sites tend to be
“generalists” having rather wide ecological tolerances (Franklin & Dyrness
1973). Eventually shrubs become established and replace the herbs.

The shrub stage of succession is dominated by species such as salal, vine
maple or snowbrush (Cegnothus velutimus). In contrast to the wider ranging
generalists in the herbaceous stage, the shrub species are.more closely adapted
to s0ils and cTimate of the site. Thus on drier sites grow species such as
salal and hazel (Corylus cornuta var. californiea). On moderately moist sites,
salal may still be found with Rhedodendron macrophyllum, Oregon drape (Berberiz
nervosa), vine maple, and snowbrush. Snowbrush is a common shrub on burned
sites in the Oregon Cascades. Seeds of this species lie dormant in the soil
until a fire triggers germination. Consequently, snowbrush is common on
clearcut areas but usually is absent from established forests. In western
Washington, salal, vine maple and Qregon grape are the primary shrub species
occupying more moist harvested sites. On wetter sites the most common species
are red alder (4lnus rubra), salmonberry (Rubus spectabilis) and swordfern
(Polystichwﬂ it tam) .

The time required for a forest to develop varies. The third stage of
succession, development of a seral forest stand, is dependent on factors such
as the type of disturbance, means of establishment (e.g. planting, natural
seeding, advanced regeneration) and envirommental conditions. Probably the
most common occurrence, especially with the advent of large scale tree planting,
is the development of a pure, even-aged stand of Douglas-fir. These stands ~
eventually become dense enough to eliminate almost all of the competing
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understory and, barring disturbance, remain this way until harvest. In wetter,
cooler areas of the Northwest, such as the Oregon and Washington coasts or the
northern Cascades of Washington, dense, young stands of western hemlock become
established follawing the brush stage {Franklin & Dyrness 1973). This fre-
quently occurs in spite of initial planting with Douglas-fir seediings.

Red alder is among the first trees to re-establish on many of the moist
and wetter sites. Pure stands of red alder are common in the Oregon and
Washington coastal mountains and in many parts of the Puget Sound region.
Formerly a common species only im riparian habitats, red alder has substan-
tially expanded its area of occupancy - mainly as a result of earlier Togging
and fires. During normal succession, alder gradually is replaced by
Douglas-fir or western hemlock. As alder can dominate a site for up to 90
years (Franklin & Dyrness 1973), foresters apply herbicides or harvest the
alder to speed conversion to the more valuable conifers.

Effect of Harvesting on Nutrient Losses

Nutrient and erosion losses from undisturbed forest ecosystems are rela-
tively smali for elements such as N, P, and K (So1l9ns et al. in press}. For
elements such as Ca, Mg and Na, stream export from deep weathering is con-
siderably greater (Fredriksen 1972; Sollins et al. in press). They are,
however, accelerated following major disturbances such as logging, fire or
major storms (Cole & Gessel 1965; Fredriksen 1971}, In the Pacific Northwest,
when watersheds have been gauged and sediment trapped, net losses of
various elements are known (Fredriksen 1971, 1972 & FredriksenE). Although
accelerated nutrient losses of N, P, K, Ca and Mg do occur following logging
{(Cole & Gessel 1965; Fredriksen 1971), more concern exists for Toss of N since
it generally is a 1imiting element in Pacific Northwest forests.

Nutrient cycling studies in a variety of Pacific Northwest forests report
M inputs in precipitation ranging from 1.1-4.1 kg/ha/yr; organic N in dust
may add an additional 0.06-1.3 kg/ha/yr (Fredriksen2). In marked contrast,
N in precipitation is as high as 21 kg/ha/yr in rortheastern forests at
Hubbard Brook (Bormann, Likens & Melille 1977), reflecting urban and indus-
trial poellution N inputs to the atmosphere. At the Coweeta Hydrologic
Laboratory in Nerth Carolina, Swank and Douglas (1977) reported precipitation
contained N totalling 4.5-7.2 kg/ba/yr.

Under relatively undisturbed conditions, N precipitatian and dryfall
inputs generally exceed system losses so that net accumulation of N may be
occurring (Fredriksen?). Such short-term nutrient accumulation must be
balanced, however, against episodic Tosses of soil and litter during major
srosion events (Fredriksen 1970), wildfire, harvesting and slash burning.

2R. L. Fredriksen. 1975. Nitrogen, phosphorus, and particulate matter budgets
of five coniferous forest ecosystems in the western Cascades Range, Oregen.
Ph.D. thesis. Oregon State University, Corvallis, Oregon.
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Soil disturbance and compaction, and fire-induced hydrophebic behavior
of surface soil are two of the most important in situ alterations of forest
soils. Compaction and disturbance occur during roading and harvest activities.
Froehlich (1973a, 1974, 1976,1978) provides excellent summaries of research on
these topics for the Pacific Northwest. The portion of a management unit
compacted or otherwise disturbed varies greatly with the types of road and
harvest systems employed {Table 1). Of course, terrain, equipment capa-
bilities, definitions of ground surface conditions and other factors vary
somewhat from study to study, but several general relations between the degree
of s0il disturbance and logging systems do emerge.

In general, the most complex, expensive yarding systems are designed to
operate in the steepest terrain and to have the least impact in terms of soil
compaction and disturbance. Clearcutting by tractor yarding generally occurs
on slopes less than 50%. In tractor yarded units, values of percent of area
compacted and deeply disturbed ranga from about 20 to 40% (Table 1 and other
studies), Dyrness {1965, 1967a, 1972} reporis 36% of a tractor yarded clearcut
as deeply disturbed or compacted, while skyline and balleon yarded units had
only 8 and 4%, of the total area in these two disturbance classes. Results of
other studies also show less soil disturbance by yarding systems capable of
greater suspension of Jogs.

Proportion of selectively cut areas disturbed and compacted by tractor
and skyline methods are remarkably similar to areas affected by these systems
in clearcuts (Table 1 and other studies}. This results from the need for
access to all areas of a harvest unit regardiess of whether it is being
thinned or clearcut. |

Exposure of bare mineral soil by yarding or site preparation activities
often is desirable to aid establishment of species such as Douglas-fir, but
sofl compaction may significantly reduce site productivity. The persistence
and long-term impact of compaction depends on severity of initial treatment,
the ability of various species to cope with compacted-soils, and rates of
processes tending to decompact the soil. Youngberg (195%) reports a 43%
reduction in seedling height growth on primary skid trails relative to
uncompacted clearcut areas. -The greatest reported impact of compaction on
growth of Douglas-fir is in unpublished Bureau of Land Management data
{Froehlich 1973a) which indicate a 57% reduction in height growth of 8-year-old
trees relative to uncompacted sites in clearcuts. On a 55-year-old railroad
varded clearcut Power {1974) estimates a 40% reduction of yield from compacted
areas.

Rate of recovery of compacted areas in the Pacific Northwest has received
very little study, but is known to vary greatly with soil type and effective-
ness of decompacting processes such as freeze-thaw action (Froehlich 1973a).
In much of the Douglas-fir region processes of soil decompaction operate
slowly or infrequently, so in many areas compacted conditions may persist for
years.

Development of hydrophobic soil conditions in the Pacific Nerthwest has
been observed following wildfire {Dyrness 1976) and slash burning (J. Maxwell,
personal cammunication). Dyrness (1976} observed overland flow and erosion
due to decreased infiltration rates from volcanic ash soils after a wildfire
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Scott? has shown that snowbrush can increase growth of Douglas-fir
seedlings relative to seedlings growing without shade during the first seven
to nine years. Red alder is more competitive with Douglas-fir on moist sites.
Increasing environmental concern with herbicides is catalyzing research on
alternative methods of utilizing the N fixing capacity of red alder and ather
species by underplanting in already established stands of Douglas-fir. Berg
and Doerksen (1975) estimate naturally invading red alder to add from
220 to 848 kg/ha of N to a heavily thinned Douglas-fir stand during a 17 year
period. Basal area of the 80-year-old Douglas-fir dominated stand has
increased 55% post thinning, not including biomass added by the red alder. In
the thinning regime evaluated by Berg & Doerksen (1975), gradual closure of
the Douglas-fir canopy is eliminating the alder following the positive bene-
fits of its N accretion.

Longer-term input of N inte forests by N fixation also is being studied
in older coniferous forests. Nitrogen fixation in decaying coniferous logs
occurs at low levels with highest rates in wood with advanced decay (Larsen
et al. 1978). Assuming approximately 215 mT/ha of down logs in old-growth
Douglas-fir forests as reported by Grier and Logan (1977) and assuming rates
reported by Larsen et al. (1978) we estimate 5 kg/ha/yr of N fixation in logs
in the western Cascades of Oregon. Trees reoting into rotting logs may
utilize this N source. An additional 5 kg/ha/yr of N may be fixed by old-

. growth canopy-inhabiting lichens {W. C. Denison, pers. commun.). Nitrogen
inputs by these Tong-term processes thus may be several times precipitation
and dryfall N inputs and may be important in maintaining productivity of older
coniferous forests. :

Effects of Fertilization

Fertilization of watersheds has resulted in small but significant
increases of inorganic N in streams from both direct fertilizer appTication
into streams and as a resuylt of percolation through the soil mantle {Fredriksen
et al. 1975). Cole and Gessel (1965) observed a slight increase in organic N
at nearly 1 m depth in the soil mantle following application of 220 kg/ha of
urea on one plot and 220 kg/ha of ammonium sulfate on another plot. The maxi-
mum loss reported was with ammonium sylfate fertilization, which doubled the
total N solution Toss. A favorable benefit:cost ratio makes it 1ikely that
N fertilization wiTl be widely used in the Pacific Northwest for at least the
next decade (Miller & Fight 1979; Bengtson 1979).

Effects on Soil Integrity and Erosion

The sequence of harvest activities affects the physical integrity of soil
in two general ways: 1) by in situ alteration of soil physical properties
and 2) by acceleration of seil erosion. Each step in the harvest sequence
may have distinctive effects on soil physical properties that differ in type,
maanitude and duration of impact.

4w. Scott. 1970. Effect of snowbrush on the establishment and growth of
Douglas~-fir seedlings. M$ thesis. Oregon State University, Corvallis, Oregan.
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Losses of N capital from harvesting alone or from harvesting and slash
burning removed from 20-132 times as much N as did annual stream runoff in
a western hemlock forest in British Columbia (Kimmins & Feller 1976). Grierd
reported a Toss .of greater than 95% of N capital in slash by volatilization
in fire; on the Entiat Experimental Forest in Washington, 855 kg/ha of N was
Tost by volatilization from litter and soil. Kimmins and Feller (1975)
reported 581 kg/ha of N Tost in slash burning and from 92-124 kg/ha of N
removed by-legging.

Clearcutting alone and clearcutting followed by burning generally result
in modest increases in sotution losses of N draining below rooting zones or
from first-order streams draining small watersheds (Cole & Gessel 1965,
Fredriksen 16713 Kimmins & Feller 1976}. In one instance, McColl (1978)
actually observed a significant decrease in NO3 following clearcutting.
Partial cutting or shelterwood cutting resulted in only a modest increase in
N Toss in stream runoff {Fredriksen et al. 1975).

In summary, solution losses of N from Pacific Northwest forests which
have been harvested generally are small relative to the very large N losses,
particularly NO3™ nitrogen, reported in the eastern US (Bormann et al. 1977).
Timber harvesting can accelerate N losses as a result of increased soil
removal (Fredriksen 1971). Catastrophic losses of soil from forests can
occur both as a result of major storms {Fredriksen 1970) and as a consequence
of harvesting or harvesting-related activities such as road building. Soil
loss results in a decline of both nutrients and soil productivity until new
soil is formed. Consequently, improvements in harvesting technigues which
minimize soil loss are desirable.

Nutrient Restitution Following Harvesting

Nitrogen removed from Pacific Northwest forests by harvesting or slash
burning can be replaced by N fixation and precipitation or by fertilization.
Although fertilizers are widely used in the Northwest and produce a positive
growth response, their rapidly rising costs have led to increased consideration
of b;o1ogica1 N fixation to restore N capital of harvested sites (Bengtson -
1979).

Estimates of the quantity of N fixed by trees such as red alder and by
shrubs such as snowbrush in Northwestern forests range from 32-325 kg/ha/yr
(McNabb, Geist and Youngberg 1977; Newton et al. 1968). The low value reported
by McNabb, Geist & Youngberg (1977} is from a snowbrush stand in eastern
Oregon where severe moisture stress 1imits N fixation. Even in that case,

N fixation over a 10 year period could result in a stand accretion of
320 kg/ha of N. On a more favorable site in eastern Oregon, Youngberg & Wollum
(1976? reported N accretion of 715 kg/ha in a decade.

3C.C. Grier. 1972. Effecté of fire on the movement and distribution of
elements within a forest ecosystem. Ph.D. thesis. University of Washington,
Seattle, Washington.
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through a predominantly Pinus contorta forest. Conditions of increased water
repellency of soil at depths up to 23 cm lasted for five years. Effects of
slash fires on soil wettability and related accelerated erosion have not been
rescarched in the western caniferous forest. Many forest soils in the region
are coarse-textured and occur on steep slopes, conditions which form s0ils
with high infiltration rates even after fire, and prone to surface erosion

by dry ravel rather than by sheet and rill erosion. Increases in peak flows
from clearcut and burned watersheds in western Oregon have been interpreted
in terms of road density and soil compaction rather than hydrophobic soils
(Harr 1976). Therefore, development of hydrophobic soils by slash fires has
not been considered a significant preblem in the Pacific Morthwest.

Effects of forest management activities on soil erosion have been reviewed
by Rice et al. (1971}, Megahan (1972), Stone {1973), Fredriksen et al. (1975},
Swanston and Swanson (1976) and others. Most studies of soil erosion from
forest land have been based on sediment yield from small watersheds, although
some plot studies (Hauge 1977) and process-level investigations (Dyrness 1967b,
Swanson & Dyrness 1975, and others) assess management effects. The magnitude
of increases in soil erosion due to management activities is highly variable
and depends Targely on relationships between the type of harvest segquence
used and the susceptibility of the Tandscape to erosion. A particular activity
may have very different impacts under differing seil and slope conditions.
Careful practices in difficult, erosion-prone terrain may have soil erosion
impacts comparable to poor practices carried out on naturally stable ground.

Several examples from among the experimental watershed studies in western
Oregon demonstrate the broad range of watershed responses to harvest activ-
ities. In a -case of minimal impact of harvest activities, the Fox Creek
watersheds in the Bull Run drainage, western Cascade Mts., experienced no
detectable increases in suspended sediment export following 25% clearcutting
of a small, gently sloping watershed with soils of Tow erosion potential
on a 71 ha drainage (Fredriksen et.al. 1975, and Fredriksen and
Harr 1979). In very steep, erosion-prone terrain some increase in sediment
yield to streams by conventional harvest systems is essentially unavoidable.
Studies on watersheds 1, 2 and 3 at the H. J. Andrews Experimental Forest,
western Cascade Range, Oregon, exemplify impacts of practices used in the
mid-1960's on such terrain. Skyline logging and broadcast burning of the
96 ha Watershed 1 resulted in an approximately 9-fold increase in suspended
sediment export in the first 13 years following burning compared with control
watershed 2 (Fredriksen & Harr 1979). After 6% of 100 ha Watershed 3 was
roaded and 25% clearcut and broadcast burned in three units, suspended
sediment export over an 18 year post-treatment period was about 24 times the
yield of the control (Fredriksen & Harr 1979). Of the total 12 year posi-
treatment yield of coarse material from Watershed 3, 59% was exported by two
major storms in WY 1965 which triggered numerous debris avalanches (shallow,
rapid soil mass movements on hillslopes) and channel scour events.

The overwhelming importance of the -two WY 1965 storms in the long records
from the H. J. Andrews watershed studies underscores some of the difficulties
of interpreting results from the paired watershed study design. Small
watersheds are unigue in time and space. They have particular physical char-
acteristics and histories of natural and management-related processes.
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Therefore, in assessing management impact there are certain advantages to
process-level studies in which key erosion processes are inventoried on
broad time and space scales.

In steep terrain, inventories of debris avalanches over areas of 10 km?
or more and time periods of a decade or more provide a basis for measuring
the impact of roads and clearcuts relative to forested areas on soil erosion
by debris avalanches. In six studies in steep land of the Pacific Northwest
debris avalanche erosion rate in clearcuts was found to be 0 to 10 times the
rate in forested areas and the average increase was 2.4 times {Swanston &
Swanson 1976, Ketcheson & Froehlich 1978, F. J. Swanson, unpub. data}. Five
of these studies include estimates of debris avalanche erosion from forest
road right-of-way and rates vary from 25 to 340 and average 125 times the
forest area rate (Swanston & Swanson 1676, F. J. Swanson, unpub. data). OF
course, these surveys primarily assess effects of some earlier logging and
roading methods which have been modified or abandoned, so these figures may
not reflect the impact of modern practices. Only continued inventories will
measure the benefits of new methods in terms of reduced debris avalanche
erosion and associated impacts on streams,

These measures of read and clearcut impacts on debris avalanche erosion
reinforce the common belief that roads are the predominant source of erosion
accelerated by forest practices. However, although roads have a high impact
they affect only a small proportion of the landscape, generally less than
6 or 7% (Froehlich 1978). The smaller, but significant impact of clearcutting
infiuences the remaining 93 or 94% of the Tandscape. Based on these and
several other assumptions, Swanson and Dyrness {1975) estimate that accel-
erated debris avalanthe erosion due to clearcutting alone may roughly equal
that of roads, :

No studies have contrasted the impactof harvest practices other than
clearcutting on erosion by debris avalanches or other single erosion processes.
The longer-term soil erosion impacts of timber harvest activities in the Pacific
Northwest are unknown, because the natural history of erpsion in the region
has included periods of accelerated erosion following wildfire. As pari of
the assessment of long-term impacts, the frequency and erosional consequences
of premanagement wildfire should be compared with the frequency and erosional
consequences of management activities (Swanson et al., in press). Information
necessary to make this comparison is Tacking.

Effects on Streams

Small streams draining steep forest land are intimately Tinked with
forest and soil erosion conditions on adjacent sTopes. Even in streams as
large as third-order the forest canopy may be closed over the stream and
erosion from steep hillslopes may be deposited directly into streams. Stream
side vegetation affects the stream environment in a variety of ways: it
shades streams, thereby regulating water temperature and sunlight available
for primary production; supplies nutrients in the form of Titter for aquatic
invertebrates and micreorganisms; stabilizes streambank and bed with root
systems; supplies large organic debris to the stream which shapes the physical
structure of aquatic habitats and regulates sediment storage in the channel
system; retards downslope and downstream movement of soil, sediment,
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particulate organic matter and nutrients disselved in stream and soil water;
and forms a distinctive wildiife habitat {Meehan et al. 1977). Upslope vege-
tation influences streams by regulating runoff characteristics (Harr 1976)
and the rate of sediment supply to streams. Consequently, forest practices
that affect riparian vegetation and hillsTope vegetation and erosion rates
have a broad range of impacts on the aguatic environment,

Here we focus only on the effects of timber harvest activities on organic
debris Toading in streams because this is a dominant management impact on
physical characteristics of the stream environment (Swanson et al. 1876;
Swanson and Lienkaemper 1978). Effects of forest practices on stream debris
vary greatly with timber type, topography and timber felling and yarding
systems (Table 2}, In studies of ten cable-yarded units in old-growth
Douglas-fir in western Oregon Froehlich (1973b) noted negligible changes in
coarse {diam.>10 cm) and fine debris 1oading for units with free-falling
buffer strips, but free-felled units without buffer strips experienced about
a two-fold increase in coarse debris loading and a five-fold increase in fine
organic debris. Cable assist, directionally-felled units without buffer
strips had no increase in coarse material but about a three-fold increase
in fines.

In spruce-hemlock forests on Prince of Wales Istand, southeast Alaska,
Swanson & Lienkaemper {unpub. data) observed coarse and fine debris Toadings
in three high-lead yarded clearcuts that were about 3 and 7 times the Tevels
measured in three uncut streams.

The visual effects of altered organic debris loading in streams are
conspicuous, but efforts to determine effects of these alterations on aquatic
organisms, sediment routing and develapment of riparian vegetation are just
beginning. In general guidelines for managément of stream debris are based
on the quantities and size and spatial distributions of debris abserved in
natural forested streams.

CASE STUDY - H. J. ANDREWS WATERSHED 10
Site Description and Methods

The discussion to this point has been focused primarily on the general
effects of harvest and stand regeneration on Northwestern conifercus forest
sites, But, generalizations are useful only in that they describe the types
of responses one might expect following a harvest disturbance. Differences
among sites in topography, soils, climate and vegetation virtually guarantee
the land manager a wide range of responses to a given treatment.

In order to give more specific examples of ecosystem response to clear-
cutting we describe observations from a small watershed in the central western
Cascade Range of Oregon which was intensively studied before and after timber
harvest. This study exemplified responses to current harvest and regeneration
practices.

Watershed 10 is a small {10.2 ha) watershed adjacent to the H. A. Andrews
Experimental Forest near Blue River, Oregon. The forest, stream and erosion
processes of this watershed were intensively studied before harvest by scien-
tists associated with the Coniferous Forest Biome, US International Biological
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TABLE 2. ORGANIC DEBRIS LOADING DATA FOR FOREST AND CLEARCUT STREAM REACHES
(STREAM WIDTH 1 TQ 8.5 m) IN WESTERN OREGON AND SOUTHEAST ALASKA.
BULK DENSITY OF WOOD IN THE OREGON STREAMS WAS ASSUMED TO BE 0.58
AND FOR ALASKA 0.50 g/ecm®

ST SL -

Before Togging After Togging
Sample Coarse®  Fine Coarse® Fine ‘5
Location size kg/m? “]
Western Qregont {
0ld-growth forest 10 39.1 3.0 ;
Clearcut 2
Free-falling 3 24.9 2.6 56.6 1.5 *3
Cable-assist ’
directional falling 4 50.1 3.8 46.0 12.0 S
Free-falling, _;
buffer strip 3 38.5 2.5 35.8 3.2 J
Prince of Wales J
Island, Alaskal
01d-growth forest 3 5.3 1.0 i
Clearcut, free-falling 3 : 15.6 7.1 'I
* Diameter of coarse debris > 10 cm.
+ From Froehlich (1973b). ‘j
A From Swanson & Lienkaemper (unpub. data).
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Program. Research on the forest was focused on its growth, nutrition and
water use; stream research was concentrated on sources and utilization of
energy and nutrients by stream biota. OF particular concern to both terres-
trial and aquatic researchers was the interaction between forest and stream.

Watershed 10 was clearcut in 1975. After clearcutting, both terrestrial
and aquatic research continued {first by the CFB and subsequently through a
series of granis also funded by the National Science Foundation). The primary

objective of post-clearcut research has been to examine the processes involved
in re-establishing nutrient cycles with emphasis on vegetation regrowth; soil
ergsion: and stream biology and chemistry.

Watershed 10 is typical of the steep, deeply incised drainages in this
part of the Oregon Cascades. Elevations range from 430 m at the outiet to
about 670 m on-the upper ridgelines. Average slope of the stream channel is
24°, side slopes range between 25° and 50°. :

The climate is typical for the western Cascades. Annual precipitation
averages 230 cm of which about 75% falls between October and March, mostly
as rain. Mean apnnual temperature is 8.5°C; mean January and July temperatures
are about 0.5°C and 18°C respectively.

S0ils generally are deep and well drained. They are classed as typic
distrochrepts {Soil Survey Staff 1960} and have an A, horizon about 20 cm
deep over 50-80 cm of a B1-B2-B3 sequence. Soils ar% primarily gravelly clay
loams with gravel content (>2 mnm) ranging from 15-50% of seil volume. The
soiis are moderately acid; pH averages abouf 6.0.

Forest floors were classed as duff-mulls (Hoover & Lunt 1952). The-
average ferest floor consisted of an L and F layer about 4-5 cm thick. No H
Tayer was present. Numerous fallen logs were present on the soil surface.

Before logging the watershed was dominated by a 450-year-old site class
II-1IT (Dilworth 1974) Douglas-~fir forest. Forest enviromments within the
watershed ranged from relatively hot and dry to cool and moist (Grier & Logan
1977). These environmental differences were reflected mainly in the compo-
sition of understory vegetaticn. In drier habitats the understory was
dominated by rhododendron, salal and beargrass (Xerophyllum tenax), In the
more mesic habitats, the understory was dominated by rhodedendron, salal and/
or Oregon grape. Understory vegetation in cool-moist environments was mainly
swordfern and @ variety of herbs such as twinflower (Linnaea borealis). A
well developed understory tree stratum was present in all environments.

Table 3 shows the distribution of organic matter and N in various
components of vegetation on Watershed 10 prior to and one year after harvest.
Accumulations of Tiving biomass and N contained in this biomass were large,
especially in comparison with younger Douglas-fir stands (Cole et al. 1967,
Turnerd). Accumulations of organic matter and nutrients in detritus on the

5&. Turner. 19756. Nutrient cycling in a Douglas-fir ecosystem with respect
to age and nutrient status. Ph.D. thesis. University of Washington, Seattie,
Washingtan. o
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TABLE 3. DISTRIBUTION GF ORGANIC MATTER AND NITROGEN IN VARIOUS COMPONENTS
OF A A450-YEAR-OLD DOUGLAS-FIR FOREST ON WS 10, H. J. ANDREWS EX-
PERIMENTAL FOREST BEFORE AND ONE YEAR AFTER CLEARCUTTING

450-year-old Forest One Year Clearcut
Organic Organic
Component Matter* N** Matter B
kg/ha

Trees

Foliage 12,400 128 0 0

Hoody 699,000 39 Y ]
Understory

Foliage 1,470 15 359% a4t

Woody 5,310 3 850" 1
Roots 152,000+ 198+t 146,000%* 205+
Total Vegetation 870,180 735" 147,209 210
Detritus

Forest Floor 51,200 256 30,87044 17144

st 215,000 215 103,000%2 5148
SoiT 133,000° 3,728% 156,07748 3,90286
System Total 1,269,380 4,930 437,156 4,334

* From Grier & Logan {1977)
%% (. C. Grier, unpub. data; methods outlined by Grier (1977}
+ From Gholz, Hawk & Campbell (1977)
++ From Santantonio, Hermann & Overton {1977); with no decamposition of
large roots during the first year and 25% annual decomposition for fine
roots (Soliins, Cromack, Fogel & Li, in press).

A From Sollins et al. (in press)

AA K. Cromack, Jr., unpub. data
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soil surface were also large compared with younger forests {Harris et ai. 1973;
Cole et al. 1967). Forest floor material and standing and fallen dead trees
amounted to 21% of the total soil organic matter accumulation, and 9.5% of N
accumulation.

5011 organic matter constituted only 10.5% of the total organic accu-
mulations in the ecosystem prior to clearcutting. In contrast, the major
N reserve was the soil, which contained 75.5% of the total system N.

Leaf biomass and leaf area {a11 sides of al} leaves) on the watershed
ware comparable with values reported for other mature Douglas-fir stands
(Grier & Running 1977; Gholz et al. 1976). In contrast with many younger
forests, 12% of leaf biomass and about 15% of total leaf areaz were in the
understory of this old-growth forest.

Aboveground net primary production on the watershed averaged 7970 kg/ha/yr
while belowground net production was about 2900 kg/ha/yr. Net production was
entirely detritus; 1iving biomass declined at the rate of about 8400 kg/ha/yr
during the study. This is in distinct contrast with younger stands in which
70;8?% of net production accumutates annually as woody biomass {Grier & Logan
1977} .

In spite of low production, decreasing biomass and the large amounts of
decomposing detritus, the ecosystem was basically conservative of nutrients.
Inputs of N in precipitation and dust averaged 2.0 kg/ha/yr; N-fixation by
canopy-inhabiting lichens added an additional 2.7 ka/ha/yr (Sollins et al.
in press}. :

Overall, the old-growth forest of Watershed 10 had several unique attrib-
utes and several characteristics similar to those of younger forests. Unique
aspects were the large accumulations of biomass and detritus and a production
economy dominated by detritus. The old-growth forest was similar to younger
ones in conserving essential nutrients.

Harvest and Site Preparation

During the summer of 1975, Watershed 10 was clearcut. No roads were
constructed on the watershed itself but two landings were built on the
ridgeline. Trees were felled upslope and then yarded using a skyline cable
system. Cull logs and a large proportion of the fallen logs from earlier
mortality alsc were yarded to the landing and sorted. Unusable material was
piled nEar the landings for later burning; merchantable material was placed
on trucks.

Slash remaining after "clean yarding" the watershed was not burned. The
following spring the cutover area was planted with 2-0 bareroot Douglas-fir
seedlings on a 2.4 x 2.4 m spacing.

Harvest - Removal of Vegetation, Debris and Nutrients

Yarding of material from the watershed resulted in the removal of
815 mT/ha of organic matter, or 64.2% of the total organic matter in the
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system (Table 3). However, only 574 kg/ha of N were removed by harvesting, or
about 12% of the total M in the system. Residual aboveground live biomass on
the watershed one year after logging totaled only 0.16% of prelogging vege-
tation biomass. Roots constituted the largest single organic matter pool
following lagging. Soil organic matter was assumed to increase by approxi-
mately 23,077 kg/ha or 17% due to stirring of soil and mixing in of forest
floor by logging.

During the first year after Togging, uptake of N by residual vegetation
is estimated to have been approximately 4 kg/ha, assuming essentially complete
new foliage. Immobitization or even temporary uptake of N may have occurred
in woody residues, both abave and belowground. Sollins, Cromack, Fegel and i (in
press), fTound decomposing fine roots of Douglas-fir to increase 19% in total
M mass during first-year decomposition, indicating that rapid fine root decay
may be a temporary "sink” for soil N. Coarse roots take much Tonger to
decompose, hence, would be a long-term input to soil organic matter (5. Cline,
personal commun. }.

Loss of N dissolved in stream runoff totaled 0.8 kg/ha the first year
post-clearcutting (P. Sollins, personal commun.). Export of particulate organic
N totalﬁd 2.0 kg/ha during the first year post-clearcutting (Swanson, personal
commun. }.

Erosion activity in Watershed 10 has been monitored since cutting in
order to assess the effect of deforestation and ecosystem recovery on each
erosion process and total sediment yield. With only three years of post-
cutting data available, it is premature to assess management impacts in detail.
However, preliminary evaluation of bedload export for WY 1976 through WY 1978
does yield interesting insights and hypotheses.

Four storms during WY 1976 washed 17 T of particulate into the sediment
basin at the base of the watershed. The first two storms produced peak flows
that typically cccur several times a year, yet they exported 6.1 T of bedload
which is nearly 7 times annual export for old-growth forest conditions (Swanson
et al. in press). About two-thirds of this material was organic matter,
mestly needtes and twigs input to the stream during togging operations. The
third storm was larger and it exported 7.0 T of bedload of which 31% was
organic matter. The fourth storm produced a still Targer peak flow but this
event exported only 3.5 T of bedload material including only 17% organic
matter. Apparently by this time, much of the readily transporied organic
material had been flushed downstream to the sediment basin or it was deposited
in more stable debris accumulations within the channel. Total bedload export
during the first year following clearcutting was 19 times greater than the
gstimate? average annual value for the forested condition (Swanson et al.,
in press).

Water Year 1977 was the driest in the 86 year history of precipitation
records in central western Oregon, and there was no significant bedioad
discharge from the watershed. During WY 1978 several major events caused
depositicn of 8.9 T of material in the basin.
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These resuTts follow two general patterns: 1) a decline in total export
through the sequence of major storms and 2} a decrease during a season in the
proportion of organic matter in major export pulses. Water Year 1976 experi-
enced about twice the total export as Wy 1973, although the later period
included the two highest flows since clearcutting occurred.

The impact of Togging practices on particulate matter export can be
considered in terms of two factors: 1) availability of material to be moved
and 2) occurrence and magnitude of storm flow events necessary to move it.
Timber harvest activities may affect both sediment availability and watershed
hydrology. In several of the experimental watershed studies in western
Oregon, forest practices, in particular construction of an extensive road
System, have resulted in increased peak flows for some types of events (Harr
1976). However, for Watershed 10 following clearcutting Harr & McCorison
(1979) have noted decreased peak flows for events involving snowmelt and no
detectable changes in peak flow for rainfall only ‘events. Therefore, changes
in sediment export following clearcutting primarily reflect changes in stor-
age and availability of materal for export rather than altered watershed
hydrology.

Based on study of .organic debris storage in the channel and channel
geometry, export from Watershed 10 apparently will come from three sources,
each associated with a Specific time frame: 1) material input to the channel
during the logging operation itself which was mainly fine, green organic
matter (material larger than about 5 cm diameter, 50 cm Tength was hand
cleaned from the channel) and some mineral soil; 2) material which had

storage. These interpretations must be based on a whole-system level under-
standing of soil and sediment routing as depicted in Fig. 2.

Harvest Disturbance and Compaction of Soil

Following yarding of Watershed 10, so0il1 disturbance and compaction
were inventoried using a continuous line transect sampling method (Harr &
McCorison 1979). 1In Watershed 10 following logging 70% of the area was
uncompacted, I0% sTightly compacted, and 20% deeply compacted, based on eyi-
dence of more than 3 passes of equipment or logs, Undisturbed areas covered
50% of the watershed, 16% was Vightly disturbed, and 34% deeply disturbed.
These figures indicate a much greater degree of soil cempaction and
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disturbance than that reported from previous studies of skyline yarding for
clearcuts and thinning operations (Table 1}. Bath heavily compacted and
deeply disturbed spils on Watershed 10 were about 7 times more extensive than
in the skyline clearcut studied by Dyrness (1967a). The definition of terms
in these two studies was assentially the same, SO these marked differences
must derive from real contrasts in conditions or differences in field
interpretation.

The topography and landing location in watershad 10 did not permit full
suspension of Yogs over all areas of the watershed. Topography and janding
Tocation resulted in many logs being dragged across the southeast slope.
exposing mineral soil and in some instances uprooting stumps. Logs on the
northwest side were yarded away from the slope, so ground disturbance was
minimal.

Effects on Streams

We determined changes in organic debris loading in and adjacent to the
stream on Watershed 10. Before logging coarse {diameter > 10 cm) debris in
2 3 m wide band along the stream was 8.8 m3/100 m of channel Tength in the
main branch and 18.5 m3/100 m in tributary channels (Froehlich et al. 1972).

After logging the main branch contained 17.2 m3/100 m and the tributaries had
05.3 m3/100 m (H. A. Froehlich, personal commun. ).

coarse debris loading in the stream corridor increased by about 30 to
95%, in spite of efforis to keep debris from entering the channel by direc-
tional felling with hydraulic jacks. Side siopes of up to 70% and the heavy
down hill lean of numerous, massive old-growth trees contributed to increased
debris loading in the stream ared. In contrast, the terrestrial standing
crop of down 1ogs was reduced to 22% of the pre-logging level (Table 3}.

Most of the recorded increase in debris loading is material on the
stream bank rather than in the active channel. The annually active stream-
bed experienced a reduction of coarse debris loading. About half of the _
large debris pieces which trapped sediment in the main channel before logging
were removed for utilization or fire hazard reduction. Hand cleaning of the
channel involved placing <lash in piles along the stream bank. These prac-
tices resulted in heavy slash concentrations (> 30 cm deep) bordering 50%
of the stream perimeter. The deeper slash accumulations along the channel
margins are trappind cediment transported downslope by surface erosion pro-
cesses. These slash deposits, composed primarily of piles of Vimbs, also
affect development of riparian vegetation by forming sites unsuitable for
establishment of many jmportant riparian species, such as red alder, which
commonly establish on bare mineral sail or deposits of sediment. The long-
term effects of these conditions on sediment routing, riparian vegetation
development and aquatic organisms are being followed as part of the study on
response of the Watershed 10 ecosystem to clearcutting.

summary of Harvest Effects on Watershed 10

The major removal of N from the watershed was the export of 1ogs.

Watershed output of N by stream transport of soluble and particulate transport
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has been very modest, totalling 2.8 kg/ha during the first year. A1l losses
of N from harvesting, sclution and erosion were 577 kg/ha, which represented
11.6% of the total system N capital.

Sediment losses -increased 19 times over the pre-cutting annual average
for the forested condition (Swanson et al. in press). Increased erosion
resulted from both removal of pre-logging debris dams and increased sediment
deposition within the channel.

Harvest effects on soils in Watershed 10 resulted in 20% severe com-
paction, tess than half that of typical tractor-skidder Togging. Heavy soil
compaction was about four times more extensive on Watershed 10 than in the
skyline clearcut studied by Dyrness (1967a); the topography and landing loca-
tion in Watershed 10 did not permit full suspension of logs over all areas of
the watershed.

Debris Toading along the sireambanks increased 130 to 195% over pre-
logging conditions, while coarse debris loading of the stream decreased. The
deeper slash deposits bordering 50% of the stream margin are trapping sediment
transported downslope by surface erosion processes, while inhibiting estab-
lishment of riparian vegetation such as red alder.

ALTERNATIVES TO CURRENT PRACTICES
Future Management Considerations for Nitrogen Cycling

Typical harvest and slash burn practices in Pacific Northwest forests
remove less than 20% of the total system N capital. Provided soil compaction
and erosion are minimized by use of logging methods appropriate to the terrain,
maintenance of sustained productivity of forested lands depends upon restitu-
tion of essential nutrients in sufficient quantities. Nitrogen capital can
be restored either by fertilizer or by N fixation; however, increased energy
costs and priority use of fertilizers for food production (Bengtson 1978,
1979), may encourage renewed silvicultural interest in N fixation. Future
questions which need research include how to manage the various kinds of N
fixers available in the Pacific Northwest, inctuding red alder, snowbrush
and both native and introduced legumes, to best realize the potential benefits
of such species. If the goal of forest management is maintenance of sustained
site productivity, then different time allowances for managing secondary
succession, including N fixation, may be necessary for different site quali-
ties. Integrated studies of conifer seedling survival in the context of both
nutrient availability and potential competition are needed if proper evaluation
of the benefits: cost of N fixation are to be adequately assessed. Modern
methods for studying plant-water relations and C allocaticn should be utilized
in assessing the reality of competition by N fixing species with conifers.
Furthermore, animal damage studies should consider the possible protective
benefits of brush species such as snowbrush, which usually are considered
strictly as competing species. The potential silvicultural benefits of brush
in protecting sites from excess erosion while desirable conifer stands are
being re-established should also be considered {Youngberg 1966).
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Management of Soils

Management strategies designed to minimize soil losses benefit both
forest and aguatic resources by maintaining water quality and productivity of
tree-growing sites and reducing disturbance of the stream environment. Forest
1and managers in the Pacific Northwest are currently experimenting with methods
to decrease erosion accelerated by roads and timber narvest activities.
Improved road placement, design, construction methods, and maintenance have
been a big part of this effort. Common techniques invelve keeping roads high
on ridges, minimizing construction of fills by nepd-hauling" and "fully
benching", and maintaining road drainage systems, particularly during large
storms.

Improvements in yarding system capabilities, such as longspan skyline,
reduce road mileage and the amount of soil damage due to the logging system
itsel¥. 1In the very steep, debris avalanche-prone lands in portions of the
Oregon Coast Range, foresl Jand managers are experimenting with felling,
yarding and slash disposal systems designed to reduce the occurrence of sofl
mass movements from the heads of srall streams. Where wind throw potential
of residual trees is judged to be low, <mal] stands of trees are left in these
critical headwall areas. Other headwalls are cut with directional felling
technigues, but they are not broadcast burned in order to maintain the soil
binding root systems of residual brushy vegetation.

In spite of expanded use of these methods, clear assessment of their
penefits has not been conducted. Inventory of ergsion under forested condi-
tions and following various roading and logging practices should be carried
out to determine which erosion processes are dominant and what are the ero-
sional and economic benefits of innovative harvest and roading systems employed
to minimize erosion. Such inventory systems are being developed by several
National Forests in the Pacific Northwest and Rocky Mountains. In these areas
of steep terrain, inventories of debris avalanches, based on studies of aerial
photographs and updated by field surveys following major, debris avalanche-
triggering storms, provide a basis for estimating erosion from different types
of roads and harvest systems.

On a broader scale, forest Jand managers should plan s0ils management on
the scale of large drainage basins, since management activities affect soil and
sediment routing on this scale. At present, these effects are randomly dis-
tributed and efforts to minimize these impacts are based on localized, site
specific decisions. Perhaps in the future we will have the capability and
inclination to manage soil and sediment routing on a broader scale. In this
yiew, watersheds could he considered a mosaic of roaded, forested and regen-
erating sites each with a characteristic susceptibility to erosion determined
by natural and man-induced factors. Management of such a landscape would have
the objective of distributing zones of high erosion potential geographically
and over time, in order to minimize concentration of land in highly erodable
conditions near sensitive stream reaches.
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Future Management Considerations for Streams

Over the past decade federal and state legislation have ancouraged the
protection of small streams which make up such a large proportion of the total
Tength of river systems. In steep forest land small streams are particularly
sensitive to changes in vegetation and soil conditions on adjacent hillslepes.
Therefore, management of streams involves not only consideration of in-stream
tactors, but also variation in Tong-term vegetation and soil erosion condi-
tions on hillslopes.

A key element of small streams in the forest environment is woody organic
debris. Management activities may greatly increase or decrease total organic
debris loading and alter the size distribution of in-stream organic debris.
Currently suggested guidelines for stream debris management in the Pacific
Northwest are to leave the natural pieces of debris which had entered the
channel before logging, to introduce no new organic material during logging
operations, and to plan for future farge debris inputs to streams (Swanson
& Lienkaamper 1978). 1In very steep terrain, however, these goals are diffi-
cult to accomplish, as the Watershed 10 example demonstrates.

Stream protection may be provided by buffer strips of vegetation along
streams. Although buffer strips usually are justified on the basis of mini-
mizing stream water temperature increases, streamside vegetation has a great
variety of effects 'on the aquatic ecosystem (Meehan et ai. 1977). Shading by
streamside vegetation reduces sunlight available to drive in-stream primary
productivity. Riparian vegetation provides coarse and fine 1itter for the
stream that serves as a primary source of nutrients for aquatic invertebrates
and shapes the physical structure of the stream ecosystem. This vegetation
also stabilizes banks and retards downstream and downstope movement of soil
and sediment. Consequently, in Judging the value of buffer strips their full
range of functions for the stream ecosystem should be considered. Some of
these functions may continue to be carried out even if a buffer strip experi-
ences blow down.

Recognition of the role of streamside vegetation as the source of large
organic debris for streams raises some questions concerning long-term impti-
cations of forest practices {Swanson & Lienkaemper 1978). Good silvicultural
practices are designed to minimize production of unutilized woody debris by
frequent thinning and harvesting. Unless streamside vegetation is specifi-
cally managed with ane goal befng production of large woody debris for the
stream, levels of debris loading in streams will gradually decline as natural
debris and slash from the first logging entry is decomposed and transported
downstream. Reduced debris lToading will result in altered aquatic habitat,
reduced in-stream sediment storage associated with large organic debris, and
increased rate of sediment movement through stream systems. The biolegical
and physical consequences of these broad scale changes in stream systems are
unknown.
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