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Material Transfer in a Western
Oregon Forested Watershed

F J. Swanson, R. L. Fredriksen, and F. M. McCorison

INTROUCTION

Abiutic trunsfer of organic and inorganic materials by a diverse family of
prwesses is an essential part of all natural, large-scale ecosystems. Physical
processes of material transfer are particularly important in the coniferous forest
bonmne, which contains many geologically youthful and geomormphically active
Lanseapes. High-relief, steep hillslope and channel gradients, dense vegeta-
twon. massive trees, and heavy precipitation result in a complex relationship
amwong naferinl transfer processes and vegelation.

In a strict sense, material transfer involves erosion, transport, and deposi-
tion. This is equivalent lo current usage of the term *'sedimentation,'’ which
genlogists and engincers use (o describe transfer of predominantly inorganic
material. In a system with significant depositional sites, material transfer in-
cludes mting of material through a variety of storage compartments. In this
stuly. which deals mainly with a small, steep watershed where siorage oppor-
tunitics are limited, we emphasize annual material transfer rates and roles of
rvegetation but do not attempt to quantify deposition and storage.

Muaterial transfer has several important roles in the functioning of forest-
vrcam ecosystems. Iis an important mechanism for nutrient redistribution and
panticularly nutrient export from ecmyslems.’ Erosion and deposition create
Lindforms that offer contrasting habitat opportunities for temestrial and aquatic
sanistis on a variely of temporal and spatial scales. Erosion may also deter-
mine rates and patterns of succession following or during either erosion distur-
bunces (for example, landslide) or disturhance of vegetation alone {for exam-
e, wildfire or inscct infestation). These effects may be localized fo the scales
ol not-throw mounds and landslide scars (generally <2000 m’) or they may
evlend over broad areas covering many hectares.

There is also a variety of ways in which vegetation regulates rates of
enion processes. These influences of vegetation may result in reduced erosion
by the cffeets of ground cover and rooting strength, or in increased erosion, as

 the case of trees serving as a medium for transfer of wind stress to the soil
mantle.

(L
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The grest temporal and spatial variability of erosion processes operating on
a single landscape and their complex relationships with vegetation have dis
couraged altempis o quantify erosion on a process-by-process basis in tempes
ate forest ecosystems. Most comprehensive erosion research has been restricted
to semiarid lands (Leopold et al. 1966) and alpine and subalpine cavirmnments
(JAckli 1957; Rapp 1960; Benedict 1970; Marchand 1971, 1974, Caine 1976
Temperate forest geomorphology was studied on a broad scale in the comral
Appalachians (Hack and Goodlett 1960), in the Redwood Creck basin, north
ern California (Janda et al. 1975), and in a drainage basin on the Orcgon coavt
{Dietrich and Dunne 1978). Numerous studies have dealt with material tmnyfer
al the scales of individual processes and small watersheds. Recent wark on
material transfer in forest ecosystems has centered on elemental and particulate
matter input/output budgets for small watersheds (Bormann et al. 1969, 1974
Cleaves et al, 1970; Fredriksen 1970, 1971, 1972, 1975; Likens et al. 1977)
In none of these small watershed studies was material fer examincd at the
process level over an entire watershed.

The purpose of this chapter is to describe the nature of material transfcr in 2
coniferous forest stream ecosystem in terms of: (1) chamcteristics of the im
portant transfer processes; (2) relati g them; (3) transfer process/veg
etation relations; (4) the relative importance of individual processes and
process groupings; and (5) the effects of vegetation disturbance on malcrial
transfer in a historical context.

DEFINITION OF PROCESSES

Malerial tansfer processes operating in a watershed are broadly grouped
into those affecting hillslopes and those operating in stream channcls (Figure
8.1). The hillslope processes supply dissolved and particulate organic aml
inorganic material to the channel, where channel processes take over 1o hreak
down the material and transport it downsiream and out of the walcnhed
Significant transfer processes both on hillslopes and in channels include infre
quent, localized, high-magnitude events and continuous, widely distributed,
low-magnitude processes (Table 8.1).

Hillslope Processes

Solution transport results from leaching from vegetation, soil, anq weath
ering bedrock or input from atmospheric sources and occurs in the dissolved
state in subsurface water or, rarely, as overland flow. Litterfall is the iranlet
of organic matter as the final step in the sequence of events: nutrient npu.lt by
roots, translocation to and incorporation in aboveground biomass, ahscissn
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FIGUREB.1  Processes that transfer organic and inorganic ma-
terial in a steep forest watershed ecosystem.

o hreakage, litterfall fo the forest floor or stream. In steep termin, downhill
lean of large trees and canopy closure over small streams result in a net down-
shope displacement of organic malter.

Surface erosion is the particle-by-particle transfer of material over the
ground suiface by overland flow, rmindrop impact, and ice- and snow-induced
particle movement and dry ravel, which occurs during dry periods (Anderson
vtal. 1959). Creep is here considered **continuous'’ creep (Terzaghi 1950);
thatis, slow, downslope deformation of soil and weathered hedmck. This isa
wore restrictive definition than that applied by Leopold et al. (1964) and others
whis include root throw, needle ice, and other processes as part of creep. Root
thranw pccurs as movement of organic and inorganic matter by the uprooting and
thrwuhill sliding of irees. Debris avalanches are rapid, shallow (generally one-
ttwnmeter soil depth) soil mass movements. Slump and earthflow are slow,
deep seated (generally five- to ten-meter depth to failure plane) rotational

tlinp) and translational (earthflow) displacements of soil, rock, and covering
vegetation
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TABLE 8.1 Material transfer process characteristics for witershed 10 1
old-growth forest condition.

Duwnsiope Watershed
mavemen arca
Prcess rte®  Frequency inMuenced T arwlfowr o
Hillslope processes
Seldution ] continoous  holal
Litterfall 1 contimums,  otal
sensonal
Surface erosion 1 continsons  hotal amall termmeies
Creep 1 remvmsl total
Rixd throw 3 ~ Wyr 0.10%" it & vwmined e raphn
Dehris avalanche 4 =0y 1to2% shallow, lincar thoun
shope dhepressins
Slump/earthllow ¥ sessonal’ Sio k% scrape, hembes
Channel processes _
Solution 3 continuous %
Suspension 3 continuous, ~ 1%
slorm
Bedlosd 3l storm ~-1% channel bodfieme
Debria torrent 4 ~Uskryr ~I% inciserd, U shaged
chanmel chne
seclionm

‘I =cmwmiyr, 2 = mmiyr, 1= mis, 4 = 10mls, 3 = mm o colyr
* Arca influenced by one event.
‘Inactive in past century in walershed 10.

Channel Processes

Solution transport is movement of material dissolved in stream water
Suspended sediment transport is of material in colloidal b sand e
carried in suspension in flowing water. Bedload transpori is movement of
material approximately coarse sand size and larger by tractive forces impatted
by streamflow. Debris torrent is the mpid, turhulent movement dmn:n I.\Ir\',ml
channels of masses that may exceed 10,000 m’ of soil, alluvium, and living and
dead organic matter. Whole trees may be included. Streambank erosion il
as lateral cutting by a as it i ial such as older alluvium
colluvium moved 1o the streamside area by creep, surface crosion. o wthet
processes.

Relations Among Processes

The movement of a single particle of material through a waterdicd
accomplished by a series of steps involving numerous malerial transfer pnuess
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ev There ane in-series, of chain-reaction, relations among pricesses and there
aay e superpasition of processes operating simultancously on a particular
e ol maderial. Principal driving variables and sequential relations among
cromion processes are shown in Figure 82

Pasaible types of scquential interactions are varied. Surface crosion mte
s by increased by other processes such as root throw and debris avalanche,
,..;‘ h expose bare mineral soil and/or locally increase slope steepness. Debris
avala hes niary be triggered by oot throw, and debris avalanche probability is
s teased by local slape steepening in response to creep, slimp, and earthflow
sty (Figure 8.2). Probability of mot throw is increased by the tipping of
wees by ereep, slump, and carthflow activity. Creep may be a precursor of
Jetwis avalanche, slump, and earthflow movement (Terzaghi 1950), because
when strain by creep deformation exceeds a threshold value, discrete, macro-
wopic Bailure occurs and translocational or rotational displacement begins.

Hillslope processes supply material to the channel, making it available for
teansport by channel processes. In the case of debris torrents the debris ava-
Lun b, a hillslope process, is a principal triggering mechanisin of the ch 1
prwess. Within the stream environment, chemical and physical processes
baeak down larger particles to smaller ones, and thereby change the relative
inportance of bed, suspended, and dissolved modes of transport.

In adkdition to sequential relations, processes work logether. A typical
wolumn of soil on a steep, forested slope is likely to experience surface ero-
s, creep, solution transport, and nutrient uptake/litterfall processes simul-'
tancously. The same block of soil may also be subject to slump or earthflow
nwn cmienl, it
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HUGURER2  Relations among mass transfer processes and principal driving
vrables. Arrows indicate that one process influences another by supplying
rterial for transfer or creating instability that culminates in the occurrence of
the sevomd Prrovess,
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Influences of Vegetation on Materisl Transfer

Vegetation factors regulate rates of transfer processes in a variety of ways
(Table 8.2). These lactors may cither increase or decrease the rate of conting, s
processes or the probability of episodic events. Knowledge of vegpetation
transfer process relations ranges from the obvious (for example, abovegmmm)
biomass is the source of litterfall) 1o the speculative (for examplc, the effect of
windshaking of trees on creep rate). Relations in Table 8.2 are a sunmmary based
on inference, direct field observation, modeling studies, and experimentation
by many workers.

The mass of living and dead vegetation on hillslopes affects the probabiliny
of or rate of hillslope mass erosion by increasing the downslope component of
mass, thereby increasing the tendency for movement, and increasing the effec-
tive force perpendicular to the slope, which increases friction within the suil
mass and decreases movement potential. Although these forces affect shope
stability in opposite senses, their net effect is generally believed 10 increase

TABLE 8.2 Roles of vegetation in regulating hillslope transfer process

rales.
Process
Vegeiation compunent Litter-  Surface Romt  Debris S
and fraction Solution  fall  emsion Crecp throw avalunche canthibie

Total biomass

Loading of slope L] 1] 0 + L] + -+
Living vegetation

Water uptske - 0 o == 0 0 -"-

Nulrient uplake --- 0 | A L] 0

Regulation of snow- )

tﬁh hydrslogy 0 0 0 -0+ 0 +4+40-- 40,

Abavegrownd biomass

Medium for transfer

of wind stress o 0 o 0.+ +H4+  +4 Il.“*

Source of linerfall 0 +++ o 0 0 0
Roerty . i

Vertical anchoring 0 L] 0 - -

Lateral anchoring 0 L] 0
Living & deod growndeover g 2

Surface ohstruction 1] [] o n 0 b
Newe: Vegetation function: increases (4 ) or decreases (-) transfer pn.-:n:an e :
iig:iﬁu::t of ion function: questionable or stight (+,-). significant (+ 4+ .- -). substan

tial (4 4+ +,---).
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mass movenicnt potential on slopes steeper than 307 (Bishop and Stevens 1964,
Swamton 1970; D. H. Gray, pers. comm.). The magnitude of this effect
dilters as @ function of many variables, the principal one being soil depth.

Living vegetation takes up water and nutrients and regulates snow accumu-
Lawon and mcll. Evapotranspiration by plants decreases annual waler yield
tnvm a witershed (for example, Harr 1976) and shortens the annual period of
tiugh soil moisture conditions (Gray 1970). Reduced water yield may decrease
solution export from a watershed, and decreased quantities of subsurface water
may reduce creep, slump, and earthflow activity. Nutrient uplake by vegelation
widuees export of material in solution (for example, Bormann et al. 1969).
Regulation of snow hydmology by vegetation may result in either increased or
decreased soil moisture peaks during snowmelt events (for example, Anderson
1", Rothacher and Glazebrook 1968; Hamr and McCorison 1979). In the
Pacific Northwest min-on-snow events resull in very high soil moisture condi-
tons tht trigger debris avalanches (Rothacher and Glazebrook 1968; Day and
Mcgahan 1975) and may cause periods of accelerated creep, slump, and earth-
s movement.

Aboveground biomass serves as a medium for transfer of wind stress to the
wil mantle. This effect is most conspicuous in the case of blowdown, where

I d trees may transport both organic and inorganic matter downslope.
Blowdown may contribute to the initiation of debris avalanches (Swanston
1969, and Brown and Sheu (1975) have hypothesized that wind stress on the
il mantle may accelemte creep, slump, and earthflow activity. Living and
dead organic matter on the ground surface may intercept and temporarily store
material moved downslope by surface erosion processes (Mersereau and Dyr-
news 1972).

Roots may play an important role in stabilizing the soil mantle by vertical
and lateral anchoring across | ial failure surfaces (for example, Swanston
1970; Nakano 1971). The effectiveness of roots in stabilizing slopes depends
vn pusition of the root network relative to potential zones of movement. Roots
are most important in stabilizing potential mass failures where fail surfaces
arc within the moting zone.

Large organic debris derived from vegeltation on adjacent hillslopes con-
i channel morphology and routing of sedi and water through the stream
Bormann et al. 1969: Swanson et al. 1976; Keller and Swanson 1979). The
principal cffects of vegetation on channel processes are o physically retard the
twnchanncl transfer of particulate matier, 10 buttress streambanks, to cause
hanncl deflection, which can increase bank cutting, and to serve as a substrate
It biological activity that involves the interchange of dissolved nutrients with
\ream water (see Chapter 9). Although total sediment yield is largely con-
trulled by input of hillslope processes, the timing of export from a stream may
he repulated by large debris in the channel. The presence of debris and tempo-
ratily stored sediment may also reduce the rate of channel downcutting, which
may. in trn, slow the rate of sediment input by hillslope processes.
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Decomposing organic matter and living vegetation may remove certain
nutrients from solution in stream water by plant and decomposer organism
uptake. There may also be a net input of certain other dissolved nutricnis by
leaching and decomposition of particulate organic matter. All of this material s
eventually exported froma watershed, but whether it is delivercd 1o the gaging
site as dissolved or particulate matter may depend on the uptake and dissolition
processes.

MATERIAL TRANSFER IN AN OLD-GROWTH FOREST

In order 10 compare individual and groups of transfer processcs, dita on
transfer rate by each process have been compiled from rescarch results of the
coniferous forest biome program, and the Pacific Northwest Forest and Range
Experiment Station, USDA Forest Service. This collabortive rescarch has
centered on watershed 10 and in the adjacent H. J. Andrews Experimental
Forest (see Figure 1.4). This area is located in deeply dissected Tentiary L
flows, dikes, and volcaniclastic rocks in the central western Cascade Moun
taina (Peck et al. 1964; Swanson and James 1975).

The area of watershed 10 above the sediment basin and gavging Mume i
10.2 ha, of which 767 m' or about one percent is considered to be stream
channel subject to perennial or intermitient surface flow. Gradicats of the
hillslopes and lower channel average 65 percent and 18 percent, respectively
(Figure 8.3). Soils are shallow, only slightly cohesive, and highly permcable.
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andd they exhibit weakly developed profiles (Harr 1977). Before clearcutting in
the sunmer of 1975, vegetation in the watershed was predominantly Pseudo-
fuega menziesii ranging in age from 400 10 500 years, with younger understory
wree canopy composed of Tsuga heterophylla on moist sites and Castanopsis
hrvsophla on dry sites as well as young Pseudotsuga menziesii. The domi-
mant old-growth age class appeared to have developed afler a disturbance,
probably wildfire, about 1475. Portions of the area were again disturbed in
about 1800 hy a fire that had minor impact on the canopy, but did result in
ctemsive regeneration of Pseudotsuga menziesii, Tsuga heterophylla, and
Cavtamapsis chrysophylla in the understory. Charncleristics of vegetation in
the watershed are discussed in detail by Grier and Logan (1977).

I he climate of the area is characterized by mild, wet winlers and warm,
dry swmmers (Rothacher et al. 1967). Annual precipitation averages between
2 uhamd 250 em, depending on elevation. At the base of watershed 10 at 440 m
clevation more than 90 percent of the annual precipitation falls as rain; snow
whim persists for more than several weeks. Rain-induced snowmelt has re-
suhed in many of the major runoff and hillslope erosion events in the history of
the arca (Fredriksen 1965).

Many transfer processes are appropriately studied on the spatial scale of
watershed 10, These include frequent or continuous processes such as litterfall
aml surface erosion, as well as less frequent, episodic processes that leave a
woond of nmerous, datable events such as root throw, Processes such as debris
avalanches and torrents, which are scattered in time and space, can be viewed
Weiter fom a wider geographic perspective.

With these constraints in‘mincl, we ize below available data on
wanler of organic and inorganic material by processes operating in a 10-ha,
obl prowth Pseudotsuga menziesii forest. Organic matter is here considered to
sl all particulate matter made up of carbon (C) compounds plus dissolved
wrpanic nitmgen (N) and C. Organic particulale matter includes approximately
1w 2 percent cations, predominately calcium (Ca), potassium (K), and
magnesivm (Mg), derived from bedrock and atmospheric inputs. Inorganic
oatter ingclindes all other material derived from bedrock, volcanic ash fall, and
smnpheric sources,

Hilllope Processes

Salution transport of material from hillslopes occurs as waler carries dis-
wilved constituents leached from vegelation, soil, and weathering bedrock.
There are also atmospheric sources of dissolved mineral material that must be
comtted Fomn the wtal solution export to determine the amount derived from a
watershed. Movement of dissolved materials is a pervasive process, operating
".‘" the entire watershed and through all strata of the vegetation and soil.
Solution trnsport operates continuously as long as water movement occurs,
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but variations exist in response to seasonal and storm event Nuctuations in
moisture availability, fow-through rate, biological activity, and availability of
exchangeable cations and anions. Long-term trends in solution export are
controlled by the efficiency of nutrient cycling within an ecosystem amd hy
weathering rate, which is determined by bedrock chamcteristics, climate, and
binlogical pmcesses.

Input and output of dissolved material have been measured for watcr.
shed 10 during water year (WY) 1969 (1 October 1968-30 September 1909)
through WY 1973 (Table B.3). Methods of sample collection and analysis an:
described by Fredriksen (1972, 1975). Samples were collected at a stream
gauging station at the base of the walershed. Since we are attempling to calcu-
tate only solution export from hillslopes, it is necessary to assume that the total
quantity of dissolved material does not change while water flows from the hase
of the hillslope through the stream o the Mlume. Comparison of analyscs of

TABLE 8.3 Input and owput of water and dissolved inorganic material
(kg/ha) for watershed 10, water years 1969-1973.

H.O

Yeur (cm) Ortho-P  Na K Ca Mg 5i0, Total
Ion9

In 1330 0N 1.4 023 LR 07 -

Ow 1690 042 NN 1.3 3162 1267 -

Net S04l -1230 -0 4485 -1 199917 -2Wdd
9

In M3y o002 162 OI6 1% 19 0128

Owm 146 044 2585 126 5060 12351 1.9

HNet 042 -1323) -2.10 -4B24 -1098 -21129 -2MMIn
1971

In 2721 028 664 032. 31 178 143

Ot 1713 0N 64 093 6091 1796 m 4

Net 043 -3.00 -066 -57.70 -1518 1999 WM
w2

In m6.3 om 198 oM a9 0.2 47

On 12051 083 4348 3215 1010 1676 W) 73

Net 0.8 -3950 -292 6528 -1594 -191AR LR
97

In 1678 008 2%9 0% oN 1.07 6.12

Ot RIE 031 13M 146 234 6.64 8001

Net 02 -11.3% 08 -1 A8 e -Hsm
Average net

enport 046 2746 153 4184 1192 196Ny MM

“Not measured. Values sssigned from 1971 observations; renofl for 1969 and 1971 were appm!
mately equal.
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water samples collected at seeps and at the Mume indicates that the concentra-
s of mineral clements do not change significantly between seep and Mume
wample sites. Similar analyses for N, however, suggest that there may be 10 10
20 percent uptake because of primary production and decomposition processes
wnthe stream (S. V. Gregory, pers. comm. ). Other components of the dissolved
wrganic load do not appear fo be significantly altered in the stream environ-
ment. Pecanse this is a relatively small change based on preliminary data, we
will assume that dissolved organic export measured at the gauging stalion
cquals the input to the stream from hillslope areas.

Lstimation ol dissolved inorganic export is based on analyses for
Na (swhinm), K, Ca, Mg, and orthophosphate (ortho-P) over the entire five-
syear perind. Analyses for silica (Si0,) were conducted in WY 1970 through
WY 1973 only. Based on these data, annual net transfer is 2.9 t/yr of dissolved
worganic material from hillslope areas.

Dissolved organic matter export was estimated using the following al-
gvithm: hased on ten measurements of dissolved organic carbon in water
samples collected at the gauging station (S. V. Gregory, pers. comm. ), a con-
vemration of 2.0 mg C/liter was applied to total discharge during the initial
twenty-four-hour period of fall storms (1 October through 31 December) when
flow exceeded | cfs (28.] liters/s). For the remainder of the year a concentra-
tn of 0.9 mg Clliter was used. This method was applied to WY 1969 through
WY 1973 and the | estimates were multiplied by two 1o convert from
dissolved carhon to dissolved organic matter. The average of these annual
cutimates of dissnlved organic matter export is 0.3 t/yr, which we assume
cquals the input to the stream.

Litterfall is the final transfer in a chain of processes involving nutrient
uptake by roots, translocation to biomass in the aboveground portion of vegeta-
fwon. and the fall of litter to the forest floor. Even in predominantly evergreen
vimiferous forests, litterfall is | |, coming mainly in the autumn

By .

andl carly winter months with storm winds, needle and leaf abscission, and
wow breakage.

Fall of fine litter into the channel area was directly measured at 0.18 t/yr
hased un thiee years of collections in standard I-m' traps along the water-
shed 10 steeam (F. 1. Triska, pers. comi.). An estimated 0.15 Vyr of log
material is input 10 the st : ing that the standing crop (Froehlich et al.
1972) represcnts 150 years of input. Total organic matter input to the stream by
tterfall is 0.33 w/yr,

Surfuce erosion of organic and inorganic particulate matter occurs
thrwighout the year in response to wind; diel, storm event, and seasonal varia-
Tons i‘n maisture and temperature; snow creep, needle ice, and other snow- and
ne driven processes: impact of large pieces of falling litter; and movement of
wicntists and animals, principally deer, elk, and rodents. Much erosion from
\teep. hare, mineral soil surfaces results from particle-by-particle movement
tring dry periods (dry ravel) and by needle ice and the impact of rain and
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throughfall drops during wet periods. Mersereau and Dyrness (1972) report
that the highest surface crosion rate at a study site in the Orcgon Cascades
occurred during periods of dry ravel. Areas covered with forest litter ofien
experience movement of surface particles when drying takes place in the spring
and early summer. Al this time leaves and other litter dry, curl up, and become
more susceptible to downslope movement. Overland Mlow is observed only
rarcly and very locally in the study area. No evidence of rill formation exists in
most forested watersheds in western Oregon except on some debris avalanche
scars, road cuts, and other disturbed sites,

Organic and inorganic material moved by surface processes was collected
in sixty-four fifty-cm-long erosion boxes along the perimeter of the water-
shed 10 stream. The rate of surface movement into the total length of boxes
may be extrapolated to the entire perimeter of the stream to estimate total annual
surface movement transfer from hillslopes to the stream. Based on two years of
observations, 0.30 t of organic material and 0.53 t of inorganic matter were
transferred annually into the stream channel.

Soil crecp is the slow deformation within and between individual soil
particles in resy to gravitational stress but without the development of
discrete failure planes. Creep grades into more rapid mass movement processes
that do have well-developed failure planes, however, and distinction among
these processes is somewhat arbitrary (Terzaghi 1950).

Soil creep is difficult to monitor, because it alfects virtually all sloping suil
masses and movement is slow, generally less than | cm/yr. Although precise
measurements are required, it is difficult to estahlish stable reference points.
Creep measurement in watershed 10 and at nearby sites have been made with a
set of inclinometer installations (D. H, Oray, pers. comm.).

Annual measurement with an inclinometer revealed downslope deflection
occurring at soil depths (measured vertically) of upto 4 m. The net downshope
deflection was used to calculate an average creep rate for each inclinomeier
tube (Table B.4). Displacement ranged from 0.25 to 0.46 mm for four of the
tubes, but the other two tubes, which were locaied on a bench, expericnced mo
significant movement. Because this landform is of limited arcal extent ( Figure
8.3), creep mtes observed for tubes on steeper sites are considercd mare typical
of the watershed. The variability and maximum values of creep mtes obscrved
in watershed 10 are comparable to creep rtes measured in similar topographic
and geologic settings (D. H. Gray, pers. comm.: D. N. Swanston, per.
comm.).

There are certain limitations on the usefulness of the data in Table #.4.
Using a cumulative five-year record of creep observations to calculate annual
movement minimizes the analytical problem that at certain depths and in cer-
tain tubes annual movement is less than the resolution of the instrument. ap
proximately 0.6 mm (D. N. Swanston, pers. comm.). An additional consider-
ation in evaluating these data is that the bases of the inclinomcter tubes may
be fixed to stable bedrock. Therefore additional movement may be taking plxe
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TABLE B.4  Creep measurements with inelinometer installavion.”

e Average
i displacen
Hillslope anrface n\:'r rm:em
Tithe nngle Depth dixplacement depih of ihe Period of
mumher (egrees) {m) (mm/yry (mmlyr) murd‘
; :i ; :k: 60 01 1969 1974
- n o n9 046 199 . 1974
] = i LN} <0 1969 1974
. _n .‘I.M 1.57 0.2 1969 - 1974
¢ 5 .‘% nw nm 19691973
B 07 .41 1969 1974

‘T Gy, personal communication,

"“.“ _is not recorded by these installations. Despite these limitations, we make a
minimum estimate of creep transfer of material 10 the channel by assuming that
a block of soil 2.65 m thick, the average thickness for the walershed (R. D
Harr, pers. comm.), crosses the 1150 m of channel perimeter af a rate oIF
0.35 mm/yr. the depth-integrated average creep ralc of ubes 1, 2, 4, and 6
'?:sscd. on these assumptions and an average bulk density of 1.0 l!m: (R. l,l
Fredriksen, pers. comm.), crecp supplies 1.1 t/yr of inorganic material Inlhc.
channel.

Organic matter transfer by creep may he estimated by creep rate
llll 35 mm/yr) X channcl periteter (1150 m) X cosine of slope angle (137) X
hlum:!ss per m' of watershed (0.125 ¢m'; Grier and Logan 1977). Esllsl;mled
reanic matier transfer (o the channel by creep is 0.04 yr.

Root throw by living and recently dead trees downed by strong winds
pencrally II!WE‘ﬂl'gallil'.‘ and inorganic material downslope. When root syslrm-s
mdergo c{:rcnsltre.dccay before a tree falls, hinding between soil and mots 1'-'
:::':"m‘:l::lldkc mfl is rl:lnved. Pit and mound microrelicl due to root throw has
e scribed in the gentle I’np(rgmphy of the eastern United States,

: ;" ot throw is an important soil disturbance factor (for example, Denny
:l: ‘nmdlc.ll 1936: Stone 1975). In stands of large, old-growth forests on steep
% ‘:':.':n T‘m'snm;‘hy ot throw is accentuated by massive mot wads and their
‘I"":“ l:fm t!hs ide downslope. Such events are episadic, occurring in wind-
v Ilh aw': areturn period of several years to decades. Deep-seated carth
e <|'li:l‘ y slump, elrlhﬂnw: and creep processes can lead to tipping and

. ll:g of ‘lrcea_ therchy lnf:rusing their susceptibility 10 blowdown.
M m(::w is :uch a smm.du: ph:cnnmenon that a long-term historical
- “u;"m" : sm;y n validiy cst.umlc its occurrence. Fortunately, oot wads,
o |||I . o prfs from which mots and soil were removed are clearly
% :- : II-l Fc and their features are datable for more than a century following

¢nl. Events are dated by counting rings of trees growing on the pit, soil
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mound, or the downed tree. The persi e of pits and ds attests lo slow
rates of surface erosion and creep.
In hed 10, 112 mapped root-throw sites have abundant root and bole

material still present. Dendrochronologic observations and the stage of decay
of residual organic matter (P. Sollins, pers. comm. ) suggest that the inventoried
root-throw occurred to large, old-growth trees in the past 150 years. Root-
throw sites are distributed rather uniformly over most of the watershed with
some concentration along the lower slopes, particularly along the north side of
the stream. Direction of fall was predominanily downslope.

The annual quantity of sediment supplied to the stream is difficult to
determine, because most root wads in the stream slid > 10 m down fo the
channel, loosening soil along the way. Eight of the inventoried oot wads
reached the stream. 1T we assume that these events occurred over the past 150
years, that each one transported or pushed 2 m" of soil to the stream, and that
s0il bulk density was 1.0 t/m’", annual transfer to the channel would be 0. I tof
inorganic material. The organic matler in roots of <5 cm diameter in the root
wad of a 120-cm-dbh old-growth Douglas-fir is estimated to be about 21
(Santantonio et al, 1977; D. Santantonio pers. com:t.), v:hich would result in

nnual nic matter transfer to the channel.

- .g:b?-:.sanmlan:;g:is used here as a general term for rapid, shallow soil
mass movements, including events that have been classed by other workers as
debris Mows, slides, and mpid earthflows (Varnes 1958). These mass move-
ments commonly occur as a result of periods of intense rain or rain plus
snowmelt while the soil is already very moist (Fredriksen 1965; Dyrness
1967). Occurrence of debris avalanches are scattered in both time and space. In
the H. 1. Andrews Experimental Forest, for example, it has taken storms of
about 2 seven-year return period 1o trigger debris avalanches in forested arcas
(F. J. Swanson, pers. comm.).

Debris avalanches are commonly believed to be a dominant erosion
process in landscapes such as watershed 10 and similar terraing in the H. J.
Andrews Experimental Forest (Fredriksen et_al. 1975; Swan‘:um and D)trness
1975); however no debris avalanches of farger than 75 m mc\frrcd in the
watershed during at least the past century. Their carlier occurrence is suggesicd
by landforms interpretable as avalanche scars (Figure 8.3). The oldest trecs
growing on these features range in age from 200 to more than 4.00 years.

Because a 10-ha watershed offers a limited record of its debris au;\lsnchc
history, examination of a larger arca of similar terrain that would contain morc
recent, datable events for study is useful. A record of all debris aula!wlk‘s
greater than 75 m' has been compiled for the period from 1950 10 1975 in the
H. J. Andrews Experimental Forest (Dyrness 1967: Swanson and Dyrnc::

1975). In this twenty-six-year period fourteen debris a\rllnnche.s occurred int .
20-km’ portion of the forest that is similar to watershed lq in terms of soi 4
topography, and forest cover. The annual frequency of debris ‘“hmfh::l ":;
0.27 event-km'- yr', or 0.0027 event/yr in 10 ha, the area of waters !

Material Transfer in a Western Oregon Forested Watershed 247

The return period for a single event, the inverse of event frequency, is 370
years in a 10-ha area, assuming equal probability of occurrence ovcl: lf‘lc in-
ventoried area,

The fourtcen debris avalanches in the termin similar to watershed 10 trans-
ported a total of 30,870 m' of soil, an average of 2205 m' per event { [nr.a
description of field methods see Swanson and Dyrness 1973). The dimensions
of mapped debris avalanche scars in watershed 10 indicate that this is a m‘nnn:
sble estimate of the volume of recent, significant (greater than 75 m') débn\
avalanches in the waltershed. I

Twelve inventoried events entered streams and 99 percent of the volume of
material transported was readily available to perennial or intermittent streams
The straight, steep slopes of watershed 10 present no impediments to dehrlisl
avalanches on their way to the stream. Assuming that all of the debris nvu:
::r;c;c;m?:; so]jl l’:!m hillslopes to stream channels, and that soil bulk density
s L.OUVm (R. L. Fredriksen, i i i i i
Al L fr;? comm. ), transfer of inorganic particulate

Debris avalanches also transport organic matter 1o the stream. The average
plan view area of the fourteen inv ied debris avalanches is about 1200 m’

calculated from average volume, assuming average soil depth of 1.5 m and nl
slope of 36". Assuming 0.125 ¢/m’ of terrestrial biomass (Grier and Logan
1977), su‘cl;’a debris avalanche would transport 150 t of biomass. If Emc
avemge-sized event occurred i i
o fit ps g o in the watershed in 370 years annual biomass
Stump and earthflow landforms are developed where masses of earth
undergo rotational or translational movement along discrete failure planes or
zoncs of failure (Varnes 1958). In the western Cascades these features nmg.c in
size from less than 1 ha to hundreds of hectares (Swanson and James 1975)
Increased talcs of slump and earthflow may occur in response to perioda-ni
heavy precipitation (R. D. Harr, pers. comm.; F. ). Swanson pers. mmm_i. In
other instances, slump and earthflow features appear to have been inactive for
hundreds or thousands of years. Where slumps and earthflows encroach on
streams, the channel cross-section is progressively constricted and banks are
twersieepened (Swanson and Swanston 1977). ]
Rotational and translational slump and earthflow movement has produced
landforms covering approximately 6 percent of the area of watershed 10 (Fig-
ure B.3). Field observations suggest that the slumps have been dormant for.
l't't‘:.ll."cs of perhaps centuries. Trees growing on the slump benches and deposits
cxhibit no figas of having experienced splitting, tilting, or periods of ccmmﬁ;:
5':‘:‘Wll|;;yp¢cll of vegetation growing on moving ground (Swanson and Swan-
mwcmc:: .i In areas of the Andrews Experimental Forest where differential
——— b nccurring al rales greater than | cm/yr, open tension and shedr
s -"‘ % ':::'zj S|:;u:: none oll these fealur.:s has been observed in the slump
ment in watershed l(l.ba: ;::: un'::lii::llv:l.m“g s s s
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Stream Channel Processes

Solution transport is a persistent process, operating under all sircamfow
conditions. Dissolved material in stream water is derived from the dissolved
load of groundwater, dircct atmospheric inputs, throughfall. and leaching of
particulole matter weathering or decompaosing in the channel. Values of dis-
solved inorganic and organic material determined for watershed 10, were
2.9 and 0.3 t/hr, respectively.

Suspended sediment is made available to the stream by all hillslope pro-
cesses that transport particulate matter and by lateral and vertical culting of the
streambanks and bed. Small amounts of suspended sediment are carried by
streams throughout the year, but most of the total annual load is transporied
during a few large storms. During stormfow fine particulate matter is scoured
from streambed and hank deposits of alluvium and colluvivm it is produced by
the hreakdown of larger particles, and releascd from temporary storage in
coarse alluvium when bedload movement commences.

The input and output of fine particulate maticr at watershed 10 have been
measured over a five-year period by Fredriksen (1975). Inputs come primarily
as atmospheric fallout of particles greater than 0.05 mm in size. Particulate
matter was filtered from precipitation collected in birdproof precipitation col-
lectors. The relative contributions of natural and man-influenced and distant
and lncal sources of atmospheric particulate matter are not known (Fredriksen
1975). Aeolian entrainment of organic particulates has not been quantified in
ecosystem studics, although several mechani for entrainment have been
suggested (Fish 1972).

Suspended sediment export was sampled at the flume with a pumping
proportional water sampler (Fredriksen 1969, 1975). Both the suspended sedi-
ment and atmospheric input samples for WY 1972 and WY 1973 were ana-
lyzed for carbon (Fredriksen 1975) and the total organic component was calcu-
lated assuming that it is twice the amount of carbon.

Because of the ambiguous status of fine.particulate inputs to the watershed.
we reporl exporl of suspended sediment both with and without subimacting

pr pheric inputs. Suspended organic matter export from the water-
shed was 0.12 t/yr, or00.07 t/yr when apparent atmospheric input is subtracted.
Suspended inorganic matter export amounted to a gross value of 0.78 t/yr, and
0.56 t/yr when atmospheric dust input is subtracted.

For purposes of comparison, we have also examined data for gross organic
plus inorganic suspended sediment export from four nearhy experimental
watersheds with soil, forest cover, and geomorphic conditions similar to
watershed 10. The average annual fine particulate export for these watersheds
(98 kg-ha'-yr') is in close agreement with the five-year average for water:
shed 10 (90 kg-ha'-yr').

Bedload transport commonly occurs during only a few major runoff events
each year. Material available for bedload transport is temporarily stored in the
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posed of inorganic material. Therefore the estimated inorganic matter export
from watershed 10 Is 0.60 t/yr, and coarse particulale organic matter ex-

port is 0.33 tyr.
Debris torrents are commonly triggered by debris avalanches entering the

channel from adjacent hillslopes (Swanson et al. 1976). A debris avalanche
may maintain its momentum, becoming a debris torrent as it moves directly
down the channel, scouring the streambanks and bed. Debris lorrents are also
initiated by mobilization of debris that had previously entered the channel by a
variety of processes such as debris avalanches, windthrow, and bank culting.
Debris torrents are infrequent events, occurring in response to major storms.
Most torrents in small streams are in part regulated by the debris avalanche
potential of hillslopes in the basin. Most small basins experience a torrent less
frequently than once in a century. .

Az in the case of debris avalanches, debris torrent history is not adequately
represenied in a small area the size of watershed 10. This analysis is based on
debris torrent activity in the H. J. Andrews Experimental Forest from 1950
through 1975. Nine debris torrents occurred in 20 km' of terrain with geomor-
phic and forest conditions similar to those of watershed 10. It follows that there
were 0.017 debris torrents-km '~ yr ', which is an annual probability of 0.0017
that an event will occur in an area the size of watershed 10, or an estimated
average return period of one event in 580 years.

Eight of the nine inventoried events were triggered by debris avalanches.
Debris avalanches also appear to be the dominant triggering mechanism of
debris torrents in watershed 10 where steep, smooth slopes lead directly from
debris avalanche-prone areas to the stream channel (Figure 8.3). The average
length of inventoried events was 370 m. In watershed 10 the two most promi-
nent debris avalanche sites would initiate torrents at points about 260 m up-
stream from the flume.

If the entire mass of an average debris avalanche (2205 1 inorganic matter
and 150 1 organic) were to move through the channel and past the flume as a
debris torrent, it would involve 5.3 t/yrexport of inorganic matter and 0.26 1/yr
export of organic material, based on the occurrence of a single event during the
estimated 580-year return period. This hypothetical debris torrent would alse
entrain alluvium, organic debris, and soil from the channel and adjacent banks.
Of course the volume of material in a channel varies greatly with recent history
of storms, vegetation, and geomorphic processes. The prelogging concentm-
tions of organic and inorganic material in the channel of watershed 10 repre-

sented a moderate level of channel loading relative to observations made in
other streams (Froehlich et al. 1972; Froehlich 1973). Before logging, approxi-
mately 40 t of organic matter was in a four-meter-wide strip along the 260 m of
the channel between the most likely point of introduction and the flume
(Froehlich et al. 1972). Inorganic matter in this strip along the channcl is
estimated to be 470 t, assuming a 0.3 m average depth of alluvium and soil
with bulk density of 1.0 t/m' and a six-meter-wide torrent track. If all of this
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material were entrained by a debris torrent, total debris torrent export from the
watershed (entrained material plus debris avalanche material) would be 4 6 1/ yr
of inorganic matier and 0.33 t/yr organic matter.

Accuracy snd Limitations of Estimates

The usefulness of erosion process rate estimates summarized in Table 8.6
is dircctly related to their accumcy. Unfortunately, in most cases it is unpm
sible to calculate an estimate of accuracy objectively owing to lack of data ;n
quantify some of the key assumptions used to make the erosion rale estimate.
Accuracy of estimates is a particular problem in the cases of debris avalanches
torrents, and bedload transport, which occur mainly during infrequent, larg;
storms. A few storms can dominate even a record of more than 25 years such as
that available for mass movement processes. This period of record contained
only three of the top ten annual peak flows recorded in the fift y-nine-year record
for the McKenzie River at McKenzie Bridge, the nearest long-term gauging
site (Dalrymple 1965). The highest peak flow of the entire fifty-nine-year
record, however, occurred in December 1964, and on Lookout Creek in the
H. 1. Andrews Forest it was 27 percent higher than the estimated fifty-year
mfumnce interval event (Waananen et al. 197 1. Because the return period of
this event was much greater than the length of record, these rates of debris
avalanches, t . and bedload transport may be overestimated. The avail-
able record s too briel to chamcterize these episodic processes accurately
Furthermore, transfer mtes for the mass-movement processes are based 011
small sample sizes. Therefore we estimate that the measures of debris ava-
lanche and debris torrent rates have an accuracy of no better than +60 percent
to — 100 percent, As a result of more frequent occurrence of bedload transport
and sampling inefTiciencies, we estimate accuracy of bedload transfer rate to
be +60 percent.

The more frequent or continuous processes are better chamcterized by the
available data. Rates of solution transport and to some extent creep and sus-
rended sediment are related to total annual water yield. Analysis of Ionplcr;'n
streamflow records suggests that the transfer estimates for solution § ot
creep, and suspended sediment are good representations of the past lwenly.:live‘
years, h}ul may overestimate rates for the past sixty-five years, which includes
some drier periods earlier this century. Estimated accuracy of transfer rates for
these processes is about + 30 percent. For all other process rales, we estimate
Ah accuracy of approximately +50 percent,

It is important 10 note that these estimates of transfer rates apply to old-
f'::;l:t ::;Irst conditions; some process rates vary significantly for different
r“""wi'n tions on llte. same landscape. This is particularly true immediately

B ccosystem disturbances such as wildfire or clearcutting. These fac-
1ors are considered further in a later section
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EROSION UNDER FORESTED CONDITIONS

Material transfer dala may be examined in terms of total watershed-
ecosystem export, contrast of total hillslope and channel transfer, and compari-
sons among processes. In cach case we compare the mles of episidic and the
mare frequent or continuous processes, the relntive importance of vrganic
versus inorganic transfer, and dissolved versus particulate material export,

Watershed-Ecosystem Export

Total watershed-ecosystem export by channel processes is 0.99 t-ha'-yr'
{Table 8.6). This figure includes debris torrents, which account for an esti-
mated 50 percent of the total, even though it is assumed that only one event
occurs in 580 years. Total export by the commonly measured processes of
dissolved, suspended, and bedload sediment transport is 0.5 t-ha'-yr". Par-

TADLE 8.6 Transfer of organic and inorganic material to the channel by
hillslope processes (i/yr) and export from the channel by
channel processes (t/yr) for watershed 10.

Inowrganic Organic
Pmcess matier maties
Hillslope processes
Saltion transfer 3 03
Litterfall 0 03
Surince erosion 03 03
Creep ] 0.0
Rexert throw LR LN
Debris avalanche 6 n4
Slhumplearthilow .- L] o
Trwal m? 14
Trtal particulate
Including debris avalanche 17 I
Excluding debris avalanche 17 n?
Channel procestes
Solution trenxfer 3o nl
Cinms suspended sedimem o8 ol
MNet suspended sediment 06 ol
Bedioad 06 0l
Debris torremt 46 0l
Total ne o
Total particulate
Including debris torrent 59 w
Exchuding debris tomrem 1.3 LE]
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ticulate matter composes 3 percent of this total. Organic matter makes vp 24
percent of the particulate miatter export (excluding debris torrents) and 9 per-
cent of total dissolved export.

Values for arganic aml inorganic, particulate and dissolved matcrials are
sunvmarized in Table 8.7 along with similar data from Hubbard Brook, New
Hampshire, the only site for which complete comparable data exist. Character-
istics of these two watershed ecosystems (Table 8.8), are the basis for comrast-
ing the two systems.

In the cases of all four constituents, export values for waiershed 10 (even
excluding debris torrents) exceed those for watershed 6, Hubbard Brook, by a
factor of at least 2. Some of the apparent contrasts may arise from differences
in methods and efficiencies of sample collection and analysis, from possible
diffcrences in the relative magnitude of major storms (in terms of return perind)
that occurred within the respective sampling periods, and possibly from differ-
ences in magnitudes of storms of comparable return period. Contrasts in esti-
mated export from the two watersheds is so great for each of the variety of
forms of export, however, that much of the difference may be due to real
dilfercnces in system behavior.

Systems may differ in terms of the availability of material 1o be transported
and the energy available to transport material. Export of dissolved constituents

TABLE B.7  Export of dissolved and particulate organic and inorganic
material (kg-ha'-yr') from watershed 10, H. J. Andrews
Experimental Forest, Oregon, and watershed 6, Hubbard
Brook, New Hampshire.”

Watershed 10 Watershed 6
H. I. Amndrews Experimental Forest Hubhard Break
Exchuling debrix Inchrding debwis
Torrenis orrenis

Msvrtved

Organic » 0 1"

bronganic 3on ;oo 58

Tertad 0 mwm (Al
Porsie sty

hpanic 40 n 10

Imorganic 130 590 15

Tnal 170 (] 1%
Fual

Drpanic m m 13

Inwrpanic 40 890 n

fotal 500 990 o

Pormann ot ol 1974,
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tends 10 be direcily related to total annual discharge, while particulate matter
export is controlled by high discharge events (Bormann el al. 1974). Availabil-
ity of particulate material for transport froma channel depends on the inpul rte
of material from adjacent hillslopes and stream power, a function of discharge
and channel grmdient. Availability of material for transport in solution is deter-
mined in part by the ability of the biota to immobilize nutrients in living
vegetation and detritus. In the case of inorganic malerial, rates of weathering
and decomposition also determine availability of dissolved material.

Dissolved organic matter export from watershed 10 is twice that of water-
shed 6, which may largely reflect the higher annual runofl from the Oregon site
(Table 8.8). The five times greater standing crop of organic matter in water-
shed 10 also results in more material available for leaching from the ecosystem.
The contrast is especially striking considering that dead biomass in water-
shed 10 equals tofal biomass reported for the Hubbard Brook site.

The condition of greater hiomass available for export from watershed 10
doubtless contributes to its fourfold higher particulate organic matter export.
Availability of material for export from watershed 10 is also affected by the
much steeper hillslopes, which result in greater rate of particulate matter trans-
fer to the channel. The much higher litterfall rate in watershed 10 also contrib-
utes to greater particulate organic matter export. These factors must more than
compensate for slightly higher gradient in the lower 100 m of channel and

TADLE 8.8 Characteristics of watershed 10, H. J. Andrews
Experimental Forest, Oregon, and watershed 6,
Hubbard Brook, N.H.
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higher average annual peak dis H
H.Ehb,,d . "g:k oy peak discharge for the five-year perods of record at the

Particulate organic matter export from small watersheds may also be regu-
lated by retentiveness or roughness of the ch | system. Boulders and living
and dead vegetation in and adjacent to the channel slow downstream routing of
particulate matler, providing more opportunity for biological processing and
export from the system by respiration and leaching. In streams at Hubbard
Brook boulders are the dominant elements of bed mughness, whereas large
woody debris is the major controller of particulate matter routing through a
small Oregon stream. Bath systems appear to have high roughness and there-
.fou: a lendency to retain organic detritus until it is processed by aquatic mg.an—
isms (Bormann et al. 1969; Sedell and Triska 1977).

The export of dissolved inorganic matier from watershed 10 exceeds that
of watershed 6 by about sixfold (Table B.7). Part of this difference is accounted
for by higher total ranoff from watershed 10, but a more important factor is the
grealer weathering rate of soils and bedrock at the Oregon site. The higher
v_ucathcring rate at the Oregon site is due to higher temperatures and precipita-
tion and the mineralogy of altered volcanic mcks. Hydrothermal alteration of
Ih{:sc volcanic breccias resulted in formation of readily weathered secondary
mincrals and amorphous materials even before the rocks were subjected 1o the
mudern weathering environment. Weathering of bedrock and the compact till
that blankets the Hubbard Brook watershed proceeds at a slower pace in re-
sponsc to mineralogic properties and the weathering environment of the soil.

Slope Av Av
Total  Channel anrusl annual

Water- woter- lower Ay Pesk  peak  Av air

shed Ares  shed  100m (Misec ' (Msec 'l (linec'! snnusl temp  Dominant tree

no. (k) (%) (%) k') b ha') fem) (O species

10102 60 8 03 19 12 156 9.5  Prewdouga
menzicvil,
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s 131 1% n 0y 5 15 B0 4Y  Acer sarcarwm,
Fagus gromh
folia, Betla
alleghamicntiv’

i
“Waring ct sl. 1978
*Grier and Logan 1977,
‘P Sollins, personal communication.
“Bormann et ol 1970
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Ape (kg/m') incl. wems
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Differences in ability of the binta to immohilize cations and thereby regulate
dissolved inorganic matter export from the two walcrsheds are probably minor,
because 70 to B0 percent of this export component is made up of 5i0, and Na,
which are not significantly accumulated in the plant or microbial biomass of
these ecosystems.

Estimated particulate inorganic maticr export from watershed 10, exclud-
ing debris torrents, is about nine times greater than that of walel:slwd 6 (Table
R.7). As described in the case of particulate organic matter, in their 1(:!\.Il'cl'
reaches the two channcl systems appear to have simil port ?npnhnlluy,
except in the case of debris torrents. Therefore, marked differences in pa.tlu:u-
Iate inorganic matter export probably arise from a more mpid rate of sediment
input to the channcl from stecper hillslopes of watershed 10.

Comparison of Hillslope and Channel Materisl Transfer

Estimated total particulate organic and inorganic inputs to the \?fﬂct-
shed 10 channel are greater than comparable output values. Muc.h of lllt.lnp}llf
output difference for particulate organic matter is due lo binlfrglcal ulihutm_n
(see Tables 10.3 and 10.4), whereas the difference for particulate inorganic
matter is within the error of input and output estimations. If input gencrally
exceeds output, the streambed should experience net aggradation. Actu.nﬂ;!I the
watershed 10 stream is at the bottom of a steep-sided, V-notch valley, indicat-
ing & long history of downcutting. Short-term watershed budgel studies ’lrfd
examination of sediment routing function and history of large woady debris in
streams (Swanson el al. 1976) suggest, however, that channel systems may be
sites of net increase in storage for long periods of time interrupted by infrc:
quent, major Mushing events. Consequently, such forested ‘simfms may be
aggrading on the time scale of years and decades, while experiencing degruda-
tion on a broader time scale.

Comparison of Processes

The material transfer data may also be evaluated in terms n:l relative mles
of various processes. Rates of processes accounting for ?mwgamc maller lr.:im-
fer vary over a broad mnge (Table B.6). The maosi mfrcqm:-nlly accur “f.
procedses, debris avalanches and torrents, appear lo be domlumnt. althoug
only one event accurs every few centuries on the average. Solution m?mﬁfn lm:
of the most continuous processes, is the second most important nw:l:rl::lc :

ic matter transport. Processes of secondary importance inc .
ism: ':n':s':u:. andq:':vl throw on hillslopes and suspended 1cdim¢:n1 l::
bedload transport in the channel. Litterfall, slump, and en.rlhl'lnw PROCESSES
presently insignificant in terms of tmnsporting inorganic malter.

i
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In the casc of organic matter transport there is much less variation in the
relative importance of most processes (Table 8.7). Among hillslope processes
dehris avalanche, surface emsion, litterfall, solution, and mot throw each
supplics material to the channel at rates of about 0.1 to 0.4 Vyr. Particulate
organic matter transfer by creep is about an order of magnitude lower, and
slump and earthflow processes are presently negligible. Estimated organic
matter export rate for each channel process is in the range of 0.1 to 0.3 t/hr.
Episodic processes are relatively less important than more continuous ones in
transporting organic maller.

EFFECTS OF ECOSYSTEM DISTURBANCE

As a result of numerous interactions between vegetation and material
transfer processes in [ . severe disturbances of vegetation alfect transfer
processes throughout forested watershed ecosystems. This fact has been amply
demonsirated in terms of sediment yield from paired forested and manipulaled
walersheds in areas of diverse climate, vegetation, and geomorphic setting (for
cxample, Fredriksen 1970; Brown and Krygier 1971; Bormann el al. 1974;
Fredriksen et al. 1975). Results of watershed manipulation experiments in the
Pacific Northwest have been highly varied, depending on treatment, termain,
and history of past disturbances. Elfects of timber harvest on sediment yield
range from negligible in the case of two watersheds of low slope (7 to 12 per-
cent) that were 25 percent clearcut (Fredriksen et al. 1975) 1o a iwenty-three-
fold increase in suspended sediment export aver a fourteen-year period from
wiershed 3in the H. J. Andrews Experimemtal Forest, which was 25 percent
clearcut and 6 percent roaded (Fredriksen 1970; pers. comm. ). Watershed 10
wis clearcut and cable yarded in summer 1975 and early stages of postlogging
ersion are being examined.

Initial observations in watershed 10 and other experimental watersheds
suppest that postclearcut watershed export comes from three sources, each
avuwinted with a specific time frame: (1) material input 1o the channel during
talling and yarding operations, consisting of mainly fine, preen organic matter
amd some mineral soil; (2) material that had entered the channel by natural
provesses and was in temporary storage behind debris obstructions before
logping, bt is released from storage when large pieces of organic debris are
remved from the channel during logging; and (3) material input to the channel
by hillslope erosion processes following logging. A gencral phasing of water-
shed export of materials from these three sonrces may occur with material from
vrce | mainly leaving the watershed in the first one to three years following
tuting, source 2 gaining importance in the latter part of this period, and the
Pntlogging hillslope emsion (source 3) hecoming a dominant source several
vears afier cutting. This phasing or routing of material through a watershed is an
ihportant clement of ecosystem response to disturbance and it is relevant to

&
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interpretation of sediment yield data. Sediment yield from manipulated wacr-
sheds is commonly interpreted interms nfi hill::vpc :nlnslcr processes, where in
it may result from changes in channel storage.
muiml:ly, p{mculling studies in walcnabet'! 10 will test hypotheses con-
cerning the role of revegetation in returning individual process rales to ll:.'vcls
characteristic of forested conditions. Each process has a du'frc_n:nt matgn||m1c
and timing of response to deforestation due to d|II‘c.rtnccnl|n interactions be-
tween transfer processes and vegelation. Ilypolhc.lica‘! trajectories ul: gvun.;
hillslope process rates following cutting are shown in Figure B .4: T‘hc ilmmglnl
change in debris avalanche potential is pnlt!y ] rcsponn‘c If: t.he timing of decay
of root systems from the precutting veg and lhc. p of root fysm:m
inthe postcutting stand. The net effectof Ihis‘m.d possibly other factors in arcas
of the H. J. Andrews Exy ntal Forest lar to watershed 10 has hﬂ'!! "
2.8 times increase in debris avalanche erosion over about a lweive:y:a.r period
following clearcuiting (Swanson and Dyrness 1975). Su.rfnce erosion involves
a pulse of material transfer during and soon after the logging operation Iull::cd
by a period of recovery. Timing of recovery is conlmllv':d by the rate of rc-
establishment of ground cover or development of a residual srmor layer of
coarse soil particles. Soil solution transport is regulated by nulr-ncnl and ':;m
uptake by vegetation. With recovery of leal area and rates of primary p “::c-
tion, & proportion of available nutrients is incor!;-otalcd into birm:;s a a
smaller amount is flushed from the system. Additionally, recovery of vegela
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FIGURE 8.4 Hypothetical trajectories of potential rates :ﬁ; selected
hillslope transfer processes after clearcurting of watershed 10.
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tion reduces annual water yield to predeforestation levels over a period of a
decade or more. Root throw within the deforested watershed is eliminated as a
significant process for several decades until regeneration trees are large enough
1o he subject to blowdown. Rates of other hillslope and channel processes and
channcl storage conditions may all vary somewhat out of phase with one
another, although there is some degree of interdependence since hillslope proc-
esses supply material for transport by channel processes.

T fully assess effects of ecosystem disturhance on material transfer, a
hroad historical perspective is needed. Typically in the assessment of manage-
ment impacts, manipulated systems are compared with forested reference or
benchunark watersheds; however, most natural, unmanaged watersheds are
subject to periodic severe disturbance. C quently material transfer history
wider both managed and natural conditions is composed of periods with trans-
ler rates characteristic of established forest conditions interspersed with periods
ol aceelerated transfer spanning up to several decades following severe distur-
hance of the ecosystem.

In many Pacific Northwest Pseudotsuga menziesii forests, natural pre-

pement disturhances during the past 1000 years have been predominantly
wajor crown fires with a return period of several centuries. Erosional conse-
guences of this type of disturbance are doubtless great, but unknown in steep
Lindscapes. Timber harvest in this area is expected 1o recur at 80 to 100-year
micrvals. and its consequence interms of material transfer is understood in only
a preliminary fashion. Based on these assumptions and data, we construct a
hypothetical variation in sediment yield from watershed 10 relative to a 500-
sear history of wildfire and a projected pattern of future management activitics
andd eelated accelerated material transfer (Figure 8.5). Clear understanding of
tunber management impact in such & long-term perspective will require knowl-
vdge of frequency and consequences of both management and natural pre-
mamapement disturbances of the ecosystem,
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SUMMARY

Physical fer of organic and inorganic matter is an important part ol
ccosystermn behavior. At the system level, physical processes of material trans
feraccount for principal nutrient cycling fluxes. From the standpoint of vepeta
tion distribution, ersion and deposition create ¢ ing habitat opporuni
ties for aquatic and terrestrial organisms. Emsion also reduces the nutriem
capital of a site and alfects the course of succession.

Material transfer in stecp. forested watersheds of the coniferwms furew
biome is accomplished by processes that interact with one another and with
various components of vegetation. The principal hillslope processes are soly
tion transfer, litterfall, surface erosion, debris avalanche, crecp, nwd thrw
slump, and earthflow. These processes supply organic and inorganic neaterial
t0 the channel where downstream transport then occurs as dissolved and wus
pended material, bedloads, and debris torrents.

These processes operate on a variety of scales in time and space. At one
extreme, debris avalanches and torrents may occur in a small watershed oy
once every few centuries under forested conditions and an event affects only a
small percentage of the landscape. On the other hand, creep, literfull, and
solwtion transfer operate continually over the entire watershed.

These processes are highly interactive. Some events may dirccily trigper
other processes, as in the case of mot throw, which may instantancously initiate
a debris avalanche. One process may also set the stage for the occurrence vr
acceleration of another process, such as the baring of mineral soil by root throw
and debris avalanche, which leads 10 a period of increased surface eroxion
Processes also supply material for transport by other processes, so that translr
of m particular particle of soil through a watershed occurs as a series of steps ina
variety of modes of transport.

Vegelation increases the rates of some transfer processes while decreaing
others. Rooting strength, the mass of vegetation on a hillslope, and hydmlogic
effects of vegetation regulate rates of debris avalanche, crecp, slump, aml
earthflow activity. Root throw occurs because standing trees scrve as a medivm
for transfer of wind stress to the soil mantle. Nutrient uptake by plants amdl other
processes regulate export of dissolved material. Litterfall results in a net down
slope transfer of particudate organic matter as a result of nutrient uptake, imcor
poration into biomass, and subsequent abscission or pruning by wind or wther
means. Large woody debris forms retention structures in streams and repulates
particulate transport by st processes.

Studies in a small (10-ha) western Oregon watershed and adjacent arcin
have quantified transfer process rates in an example of an old-growth Pseude
tsuga menziesii/Tsuga heterophylla ecosystem. Excluding debris torrents. total
export is estimated to be 500 kg-ha' yr', of which 6 percent is dissolved
organic matter, 60 percent dissolved inorganic matter, 8 percent particulate
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wrganic matter, and 26 pereent particulate inorganic matter. Total exporl in-
Jding debris torrents is 990 kg-ha'-yr'.

Lven excluding fromn consideration debris torrents, the values for cach of
these forms of export exceed similar estimates for watershed 6 in the fifty-five-
sear old hardwood forest at Hubbard Brook, New Hampshire. Higher export
vales from the Oregon watershed are mainly a result of its higher annual
mll, more readily weathered bedrock and soil, warmer environments for
weathering and decompaosition, steeper hillslopes, higher literfall mtes. and
preater standing crop of living and dead biomass.

Transler of inorganic matter appears to be dominated by episodic pro-
wosses, dlebris avalanches, and torrents. Solution transfer of inorganic matter is
secrnd inimportance, followed by suspended sediment and bedload transport
m the channel and creep, surface crosion, and mot throw from hillslopes.

The relative importance of processes in organic matter transport is less
vaticd The magnitude of importance of episodic processes suggests that nutri-
enteycling studics hased on short-term records may lead to mislcading conclu-
s coneerning long-term ecosystem behavior.

The rate of each process varies in response to ecosystem perturbations as a
result ol numerous interactions between vegetation and transfer processes. The
magninide and dumtion of rate increases or decreases vary widely from process
ke puowess, depending on the type of ecosystem disturhance. For example,
«learcutting climinates ot throw while increasing debris avalanche occur-
temee by several times over a period of one to two decades. Timing of recovery
ol vatious process rates (o levels typical of forested conditions is dependent on
vates of recovery of key components of vegetation.

Short-term comparisons of transfer rates under clearcut conditions with

torested conditions may not yield realistic estimates of gement impacts on
leng term soil Joss. In forests of the Pacific Northwest, long-term ernsion
hstory under both natuml and h influenced conditions involves long

perienls with only minor year-to-year fluctuations interrupted by perinds of
wiere ecosystem disturbance and resulting pulses of accelerated material trans-
ler Clearcutting and mad construction have replaced wildfire as major distur-
hanves of these forests and landscapes. Therefore asse nt of g
impicis requires knowledge of the frequency and consequences of both man-
apement and gement disturbances.

ment
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Land-Water Interactions: The
Riparian Zone

F.J. Swanson, S. V. Gregory, J. R. Sedell, and A. G. Campbell

INTRODUCTION

The interface between aquatic and terrestrial environments in coniferous
forests forms a parrow riparian zone. Until recently, structure, composition,
and function of the riparian zone had received little consideration in ecosystem
level research, because this zone forms the interface between scientific disci-
plines as well as ecosystem components. In some climate-vegetation zones
particular aspects of riparian zones have received much study. The conspicuous
riparian plant cc in arid lands have been studied extensively, primar-
ily in terms of wildlife habitat (Johnson and Jones 1977; Thomas et al. 1979).
Research on riparian vegetation along major rivers has dealt mainly with forest
composition and dynamics (for example, Lindsey et al. 1961; Sigafoos 1964
Bell 1974; Johnson et al. 1976). Riparian vegetation research has been largely
neglected in forested mountain land, where it tends to have smaller areal extent
and economic value than upslope vegetation. From an ecosystem perspective,
however, the riparian zone is an integral part of the forest/stream ecosysiem
complex.

This chapter synthesizes general concepts about the riparian zone in north-
west coniferous forests and the results of coniferous forest biome research on:
(D structure and composition of riparian vegetation and its variation in time and
space; and (2) functional aspects of the riparian zone in terms of physical,
hinlogical, and ch ic interactions. We emphasize condi-
tions observed in mountain streams and small rivers.

The riparian zone may be defined in a variety of ways, based on factors
sich as vegetation type, groundwater and surface water hydmlogy, topogra-
phy. and ecosystem function. These factors have so many compler interactions
that defining the riparian zone in one sensc integrates elements of the other
lactors. We prefer to define the riparian zone functionally as that zone of direct
micraction between terrestrial and aquatic environments. Vegetation, hydrol-
oy, and topogmphy all determine the type, magnitude, and direction of func-
fmnal relationships. The direction of riparian interactions refers to the notion
that the terrestrial system may affect the aquatic or vice versa. In arid land

i 1ali
al terrestrial/aq
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