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TRANSFER OF MATERIAL IN FORESTED AND CLEARCUT DRAINAGE BASINS, WESTERN OREGON

F.J. Swanson, G.W. Lienkaemper, R.D. Harr

INTRODUCTION


Movement of soil and sediment under natural conditions and in response to disturbances, both natural and management imposed, are commonly studied at the process level or at the scale of export from small drainage basins.  In the past decade, geomorphologists have taken a more systems science view of sediment routing, combining both process and basin scale research in development of sediment budgets (Dietrich and Dunn, 1978; Swanson and others, 1982a; and others).  In order to evaluate the effects of clearcutting we have examined some aspects of the change of the sediment routing system for a 12-year period following logging of a 10-ha basin (Watershed 10 – WS10) and compared it with a 9-ha uncut control basin (Watershed 9 – WS9).  A further point of comparison is the pre-logging sediment budget for the treated basin, summarized in Swanson and others (1982b).

The objective of this paper is to evaluate the effects of a major disturbance of vegetation (clearcutting without burning) on sediment routing at both the process and drainage basin levels.  First we begin with definitions of processes, descriptions of the sediment routing system as envisioned for this landscape, site characteristics, and description of the study sites.  The hydrologic response of the basin to disturbance and the storm history of the study period are also briefly reviewed to provide a context for interpretation of the sediment routing response.
DEFINITION OF TRANSFER PROCESSES


The processes of transfer of dissolved and particulate soil and sedimentary material are considered here and their definitions follow those outlined in the companion paper Swanson and others (1982b).  To summarize:
Hillslope Processes

Solution transfer – movement of material dissolved in surface and subsurface water in the hillslope environment.

Litterfall – fall of particulate organic matter into stream channels directly from vegetation about the channel.

Surface erosion – particle-by-particle transfer of material on the ground surface by overland flow, raindrop and throughfall drop splash, dry ravel, animals (including researchers), ice- and snow-induced particle movement.

Creep – types of downlsope, rheological, or “continuous” (Terzaghi, 1950) soil creep measured by deflection of inclinometer tubes.

Root throw – movement of soil resulting from the uprooting and downslope sliding of root wads.

Debris avalanche – rapid, shallow (failure plane generally 1 to 3 m below surface) soil mass movements.
Slump-earthflow – slow (cm to m/yr), generally seasonal, deep (failure plane 5+ m below surface) rotational (slump) and translational (earthflow) movement of soil, regolith, and vegetation.

Channel Processes

Solution transfer – movement of material dissolved in stream water.
Suspended sediment transport – movement of material in colloidal to sand size carried in suspension.

Bedload transport – movement of coarse-sand sized and larger material in response to tractive forces of flowing water.

Debris flow – (used in place of the term debris torrent, Swanson and others, 1982b, to conform with international terminology) – rapid (m /sec), turbulent, downstream movement of masses of material that may exceed 10,000 m3 of soil, alluvium, and living and dead organic matter.

SEDIMENT ROUTING SYSTEM

Sediment routing systems involve the periodic transfer and temporary storage of soil and sediment through drainage basins.  Here we use the term sediment to refer to material both on slopes and in channels.  Quantification of the sediment routing system, a sediment budget, requires measures of the rates of transfer processes and volumes of material in storage (Dietrich and others, 1982), as well as knowledge of the linkages among the various processes and storage sites.  Dietrich and Dunne (1978) and Dietrich and others (1982) also identify the importance of change in materials properties, including size distribution, as a result of physical and chemical breakdown of material while in transport or storage.


We compiled a sediment budget for a quite simplified version of the sediment routing system, distinguishing sediment storage compartments only at the level of hillslope and channel (Figure 1).  Due to financial and technical constraints and because observations at the sites used in this study were not originally established with the intent of compiling a sediment budget, we cannot compile a complete budget.  As in many studies of sediment yield from small basins, we placed little attention on changes in sediment storage within the basin.
SITE CHARACTERISTICS

WS9 and WS10 are located adjacent to the H.J. Andrews Experimental Forest in the western Cascades of Oregon, about 80 km east of Eugene, Oregon (Figure 2).  The area is underlain by Tertiary clastic volcanic rocks of lahar and epiclastic origin cut by northwest-trending dikes (Pike and others, 1964; Swanson and James, 1975).  The forest cover was predominantly old-growth (400-500 years in age) Douglas fir (Pseudotsuga menziesii) and western Hemlock (Tsuga heterophylla).  Much of the two study basins were partially burned by wildfire in the 19th century, resulting in establishment of an understory with a younger age class of Douglas fir, western Hemlock, and chinkapin (Castanopsis corysophylla).  Detailed description of vegetation characteristics of WS10 before logging are presented by Grier and Logan (1977).

The area experiences mild wet winters and warm dry summers (Rothacher and others, 1967), with an annual average precipitation of approximately 2500 mm falling mainly between November and April.  The study basins are at the lower limit of the transient snow zone where snow accumulates and melts several times each year (Harr, 1981, 1986).  Events involving rain-induced snow melt have produced most large peak flows and sediment movement (Harr 1981, 1986).

WS10 was studied intensively before clearcut logging in summer 1975 when all trees were felled and moved with cables to a single landing on the ridge.  The area was not burned, although burning is a common forestry practice in the area.  Despite an effort to lift logs off the ground during yarding, the south half of the basin experienced significant disturbance of the soil surface.  Logging lightly disturbed 16% of the soil surface and deeply disturbed 34% of the area (Cromack and others, 1980?).  Since logging, revegetation has been rather rapid, predominantly by sprouting trees and shrubs which survived logging and also from planted seedlings of Douglas fir (Gholz and others, 1984).


WS9 has been studied much less intensively than WS10 and has been used primarily as a control basin for hydrology and erosion studies.


Despite their similarities (Table 1), the two basins differ significantly in several respects.  WS10 has steeper hillslopes and channel than WS9, making it more prone to debris avalanches and debris flows as well as other processes of sediment production.  WS9 has a more southerly aspect which may have resulted in more frequent wildfire in the past.   

[Fred’s note to self:  “hydrologic difference???”]

BASIN HYDROLOGY

To set the stage for interpreting a sediment budget for a treated drainage basin, it is important to consider the hydrologic record of the study period in relation to longer records and to consider the effects of the treatment on peak flows.
[Fred’s note:  Dennis – please give about a paragraph on each.  How about a table with peak flows for WS9 and WS10 and a longer term reference system for pre- and post-treatment (1975)?  Cite your earlier work.  Refer to (don’t cite) summary in memo and HJA guide.  Key questions: did cutting effect fluvial sediment transport capability or only sediment availability?  Was the effect of cutting on hydrology large or small relative to differences in flow history regardless of cutting (WS9 record)?  How much change in total flow – effect on total dissolved load?]

METHODS AND RESULTS

The methods, accuracy, limitations, and results are discussed on a processes-by-process basis, followed by consideration of change in sediment storage and then the overall watershed budget.  Results are compiled at the annual level based on Water Years (WY) (1 October – 30 September) and are also examined for the first 12 years following treatment of WS10.

Hillslope Processes


Solution Transport


Solution transport occurs on hillslopes as precipitation, stemflow, and groundwater leaches organic and inorganic material from vegetation and soil and transports it downslope to the channel system.  This value is estimated as the difference between dissolved load passing through the flume at the base of the basin minus the material entering the basin in precipitation.  This assumes that the dissolved load of water leaving hillslope areas is unchanged as it passes through the stream system.  Comparison of samples from seeps where water enters the channel of WS10 and at the flume indicate that this assumption is reasonable for the mineral elements considered here (Table 2).

Procedures for estimating basin import and export of dissolved material are contained in Fredriksen (1972, 1975) and Swason and others (1982b).  In brief, streamflow is sampled with a pumping proportional sampler (Fredriksen, 1969) and composited for 3-week periods.  Precipitation collected  [where???]  is returned to the laboratory at xxxx intervals.  Chemical analyses are made with standard techniques using  xxxx for xxxx and xxxx.   [Carbon-organic matter???]
Clearcutting had minor impact on export of dissolved material from hillslope areas (Table xxx).

Litterfall


Litterfall was measured before clearcutting (Triska and others, 1984), but has not been sampled systematically since.  An estimate can be made for WS10 based on results of studies of riparian vegetation (Campbell and Franklin, 1979; McKee, unpublished data).  In the forested condition, it was necessary to consider litterfall from trees 60 m tall and rooted ten or more meters from the stream bank.  In the first decade after clearcutting, only vegetation rooted within a few meters of the channel contributed litterfall directly to the channel.

Based on biomass sampling in the riparian zone of WS10 in 19xx, 19xx, and 19xx (Campbell and Franklin, 1979; McKee, unpublished data), we estimate a gradual increase in litterfall to that channel (Table xx).  The rate of development of riparian vegetation along WS10 channel may have been suppressed as a result of hand-piling of limbs during channel cleaning after clearcutting.  These piles of woody debris formed a poor rooting medium for streamside vegetation and may have suppressed recovery of residual plants.  The debris flow of February 1986 (discussed later) changed riparian vegetation substantially, causing a temporary reset of the annual rate of litterfall to the stream.


Clearcutting has clearly reduced the rate of litterfall to the stream system and recovery to pre-disturbance rates is only about xxx percent complete as of 12 years after disturbance.  The principal effect of clearcutting was to remove the source of litterfall by removing the forest canopy.

[Fred Note:  ?? can we compare tree vs. shrub/herb litterfall recovery ???]


Surface Erosion


Surface erosion was sampled in WS9 from January 1974 through WY1985 and in WS10 from March 1973 through WY1986.  Sampling during the early part of these periods was done by the Oregon State University stream ecosystem group (Triska and others, 1984) using 34 erosion boxes per basin, and an erosion research group used an additional 30 boxes in WS10.  The 0.5 m wide boxes were located at regular intervals along the stream perimeter with the intent of sampling material moving down the slope and into the area subject to transport by stream processes.  Boxes were emptied at monthly to quarterly intervals and the samples dried, weighed and in some cases split into organic and inorganic fractions.  [????]  Here we summarize data from the boxes maintained by the erosion research group.
Note: Based on 9/11/07 Taylor analysis of lab data from GEO12.FIN – in the <6 mm (<1/4 in) size class pulled from erosion boxes; inorganics averaged 49% of the material, and organics 51%

NOTE: we also have %organic/%inorganic data from McCorison erosion study 1974-1978; pull data

Estimates on rates of sediment production by surface processes are based on multiplying the average annual rate of sediment collected in the boxes per meter of stream perimeter (per meter of hillslope contour length).  The accuracy of these estimates of surface erosion is limited by several considerations.  Boxes directly sample only 1.3% of the channel perimeter (15 m of 1150 m) and variability is high among collectors.  For example, for 30 of the 47 sample periods over five years of monitoring at WS9, 40% or more of the total amount collected was found in a single box.  [*** need a measure of variance for collectors ***]  Therefore we estimate the accuracy of surface erosion estimates to be no better than -50% to +100%.


Sediment production by surface erosion processes increases dramatically after clearcutting, peaking in the second year after cutting and then declining to a steady rate by five years after cutting (Figure 3).  The peak in WY1977 may reflect, in part, the prolonged dry conditions of that year, probably maximizing dry ravel which is believed to be the dominant surface process on slopes exceeding 65% gradient in this area (Mersereau and Dyrness, 1972; Swanson and others, 1982b).  Another possibility is that fine organic residues from the clearcutting operation held some material on slope during the first year after cutting, but then decomposed to the point of losing strength, thus releasing material for downslope transport in the second year.  The decline of surface erosion by the fifth year reflects stabilization of the soil surface by both development of a lag of stable particles as fine material is removed as well as the development of a layer of litter produced by the developing vegetation cover.  [any data on surface cover from vegetation plots???]  In 1987, there were still some significant areas of bare soil and localized areas of accelerated erosion   [ ??? redo McCorison survey???]

In the first four years after clearcutting, the surface erosion rate in WS10 exceeded the pre-treatment rate (Swanson and others, 1982b) by 4.2 times and the WY1977-WY1985 period for WS9 by 13 times.  For the period WY1980-WY1985, the surface erosion rate at WS10 exceeds that of WS9 by 4.3 times and exceeds the pre-clearcutting rate for WS10 by about two times.  The apparently higher surface erosion rate in WS10 before clearcutting than in WS9 for WY1977-WY1985 may result from steeper slopes in WS10 and from acceleration of surface processes by researcher traffic in WS10 before cutting.  WS10 appears to have continued increased levels of surface erosion more than a decade after clearcutting.

In terms of the sediment budget for the WS10 basin, a key missing element is the net amount of material delivered to the channel by the logging operation itself.  Despite efforts to use directional, across-slope felling, the massive size of the old-growth trees and steep side slopes resulted in a large quantity of organic and inorganic matter delivered to the channel during logging.  Even after yarding and hand cleaning of the channel, the narrow valley floor of the stream was blanketed with 10 to 30 cm of predominantly organic matter, mainly foliage, twigs, and small limbs.

Soil Creep

Soil creep has not been measured in the post-clearcut period at WS10.  Some observations by Gray (1977) in similar soils and slope conditions at nearby sites suggest that clearcutting can result in accelerated creep movement, but the sample sites are few and interpretation equivocal, so we make no interpretation of effects of clearcutting in WS10 on the rate of soil transfer by soil creep.


Root Throw


Root throw has been an insignificant process of soil movement in WS10 since clearcutting, because the removal of trees has eliminated the incidence of blow-down within the basin.  However several trees at the edge of the surrounding stand have blown down, but this did not result in sediment delivery to the channel.


Movement of two [?? Or one ??, check with Moreau---] root wads did result in soil movement to the channel.  In these cases trees that had blown down before clearcutting had their boles removed in the logging operation.  Several years after clearcutting, these tipped up stumps rolled down the hillslope and into the channel, delivering approximately xxx m3 of soil.  The amount of soil moved per root wad was less than in the case of blow-down of a live tree, because the old, tipped up root wads had lost much of the soil clutched in their root systems as a result of erosion and wood decay.


Debris Avalanches


Debris avalanches of two types occurred in WS10 in the post-clearcutting period through 1987.  In 197?, a tipped up root wad of the type described above, slide several meters down slope, moving approximately 25 m3 of soil and woody debris.  This material did not enter the channel.


The major storm of February 21-22, 1986 triggered a debris avalanche from the head of the south fork channel (Figure 4).  Approximately 300 m3 of soil and organic material mobilized and moved rapidly downstream as a debris flow that ran the length of the channel.  The scar left by the debris avalanche was a smooth, concave bedrock surface up to xxx m wide and xxx m long.  This could be considered a bedrock hollow (Dietrich and others, 1986) or zero-order basin (Tsukamoto and Minematsu, 1987) but it has a complex structure.  The broad xxx ha basin above the scar contains a sharply defined debris avalanche scar at least several hundred years in age and some older scars plus slump benches (Figure 4).  The area that failed in 1986 had soil of only 20 to 40 cm thickness on the sideslopes and a concentration of woody debris in the axis which accumulated as a result of yarding.  The thin unstable soils and accumulation of woody debris suppressed revegetation of the area.  The resulting lack of root strength may have contributed to occurrence of the slide 12 years after clearcutting.


It is useful to consider debris avalanche erosion in a broader temporary and spatial perspective, because the actual record for WS10 consists of a single, small event.  This can be done using results of inventories of 363 debris avalanches larger than 75 m3 in 13,600 ha in three study areas on the Willamette National Forest (Morrison, 1975; Swanson and Dyrness, 1975; Marion, 1981; Swanson and Grant, 1982).  In the inventoried area, 39 debris avalanches with an average volume of 1580 m3 occurred in 725 ha of clearcut areas with the unstable soil/landform conditions found in WS10.  Average age of clearcut areas at the time of the inventory was about 12 years.  These values yield an estimate of debris avalanche erosion for 10 ha WS10 of 850 m3 (39 events / 725 ha of extensive inventory x 1580 m3 per event x 10 ha in WS10).  Based on these values, the probability of a debris avalanche occurring in WS10 in the period of immediate recovery after clearcutting would be 0.54 (39 events / 725 ha of extensive inventory x 10 ha in WS10).


The observed and estimated values of debris avalanche erosion for WS10 differ for several reasons.  The major reason is small sample size.  Another factor is that the extensive inventories are dominated by debris avalanches occurring in the December 1964 and January 1965 storms that produced numerous and large debris avalanches.  Since those events had a return period of approximately 100 years, it is over represented in the extensive inventories and use of those values may give over estimates of debris avalanche erosion when applied to shorter periods of time and periods that do not include WY1964 events.  Consequently, we will use the observed rate of debris avalanche erosion in the following discussions.


Based on these considerations, our best estimate of debris avalanche erosion for WS10 is in the range of -50 to +100% of the observed value.  The observed rate of debris avalanche erosion for WS10 amounts to 25 m3yr-1 for the 12-year WY1975-WY1986 period.  This is 3.9 times higher than the estimate rate for the forested condition (Swanson and others, 1982b), which is similar to estimates of the effects of clearcutting on debris avalanche erosion, based on inventory studies throughout the Pacific Northwest (Ice, 1985).


No debris avalanches have occurred in WS9 in a least the past 20 years of observations.  This is not surprising because the expected probability of such an event occurring in this period for forested conditions is only approximately 0.047, based on the extensive inventory studies (18 events in unstable forest area / 2320 ha inventoried / 30 year period of inventory x 9 ha in WS9 x 20 year period of interest).

Slumps and Earthflows


Slumps and earthflows have produced distinctive landforms covering about 6 percent of WS10 (Swanson and others, 1982) and xxx percent of WS9.  None of these slump and earthflow landforms has been monitored directly.  However, the absence of deformed trees and meso-scale landforms (e.g. open cracks in ground and small scarps) indicate that there has been no significant movement (< 1 cm /yr) in the past few decades in either the clearcut or forested areas of these two small catchments.  Elsewhere in the Andrews Forest active slumps and earthflows do exhibit these indicators of movement (Swanson and Swanston, 1977).

Tree Felling and Yarding


Tree felling and yarding involved in the timber harvest operation resulted in delivery of large quantities of organic and inorganic material to the channel of WS10, despite use of directional felling with hydraulic tree jacks and other techniques intended to inhibit movement of fallen trees into the channel.  The old-growth trees were so massive that immediately upon falling several slid down the steep slopes into the channel, pushing soil into the channel.  The crowns of these trees shattered and scattered when they hit the ground after falling from a height of 40 to 70 m.  After yarding of merchantable and non-merchantable logs to the landing and movement of limbs from the channel to piles along the stream banks, the channel bed was blanketed with 10 to 40 cm of material deposited during the logging operation.


Based on surveys at xx channel cross sections at xxx m spacings along the channel, we observed an average of xxx cm of this material which we estimate to be 90 percent organic matter, predominantly needles and twigs.  For the channel area of xxx m2, this results in estimates of net amounts of xxx t of organic and xxx t of inorganic matter delivered to the channel as a result of the timber harvest operations.

Channel Processes

Solution Transport


Solution transport in stream water is measured using assumptions and techniques summarized in the “Hillslope Processes-Solution Transport” section.  The annual rates of net export of dissolved material under forested conditions were somewhat greater from WS10 for most of the cations examined (Table xxx).  This general pattern may result from the interrelated factors of flashier hydrograph, thinner soils, and lower precipitation at WS9 which results in less water flowing through the WS9 ecosystem.  The shorter residence time of water in WS9 also permits less time for reaction with soil and organic matter.
Differences in the relative amounts of individual cations between basins result from differences in bedrock composition, hydrothermal alteration, ????
Clearcutting had a minor effect on export of dissolved material.  Only K, the most biologically active cation studied, increased significantly….???

Suspended Sediment Transport

Suspended sediment export from the basins was determined from the same samples used for analysis of the dissolved load.  These samples were collected with a pumping proportional sampler, composited for three week periods, and analyzed using techniques described in Fredriksen (1972, 1975).  
Organic vs. inorganic ???

Annual suspended sediment yield was somewhat higher in WS10 than in WS9 for all years of observation (Table xxx).  Greater departures occurred in years of greater peak streamflow.  An apparent pattern of increasing relative yield from WS10 in WY1972-WY1975 is explained by increased research activity in WS10 and more major flows in this period relative to the WY1969-WY1971 period.


Clearcutting substantially increased production of suspended sediment (Figure xxx).  In the pre-disturbance period WS9:WS10 ratio of annual suspended sediment values averaged 0.44, but decreased to 0.14 for WY1976-WY1980.  In other words, suspended sediment yield increased by a factor of approximately 3.1.  For WY1981-WY1984, this ratio stabilized at 0.37, indicating near recovery of suspended sediment yields, at least until the debris flow of February 1986 created some fresh sediment sources.

Bedload Transport


Bedload transport has been measured as material collected in sediment basins with capacities of xx m3 at WS9 and xxx m3 at WS10.  The concrete-lined basins were installed in 1974 and have been emptied at least annually and more often if needed.  Only during the February 1986 debris flow event has a basin filled completely.  The basins are 100 percent efficient in trapping particles of coarse sand size and greater.  Some suspended sediment is trapped in the basins and is reported as part of the “bedload” value, but we consider this to have a trivial effect on bedload estimates, because the basins are inefficient in trapping silt and clay.  Material trapped in the basins is predominantly organic matter (leaves, needles, wood fragments) in years with no major flows.  During large flows, cobbles to 20 cm diameter and wood fragments several times larger are transported to the basins.

Material deposited in the basins was subsampled.  These samples were dried and weighed.  Selected samples were split into 2 mm and > 2mm size classes.  For WY1974-WY1978 ???? organic matter in the >2 mm size class was separated by flotation techniques and total carbon was measured in the <2 mm size class with the xxxx method.


The record of bedload spans WY1974-WY198X, therefore omitting any significant record for the precutting period and leaving a comparison with the treated and control basins.  For the WY1974-WY1985, WS9 produced a total of 0.015 t/ha/yr of which approximately xxx percent was inorganic material (Table xxx).  The post-clearcutting bedload yield from WS10 has been much higher, particularly in the first four years when annual export averaged 0.33 t/ha/yr, despite inclusion of the record dry year of WY1977.  In the subsequent 7 years, WS10 has produced an average of 0.029 t/ha/yr.


Organic material was a major component of bedload caught in the sediment basins.  Material in the >2mm fraction exported from WS9 in WY1974-WY1978 was xx percent organic.  The percentage of bedload that was organic material (>2 mm size class) decreased over the major export events from WS10 after clearcutting (Table xx).  The felling and yarding of trees during logging resulted in delivery of large quantities of fine organic matter to the channel system.  Consequently, readily available organic material comprised 67 and 31 percent of export in the first two significant streamflow events.  As this organic-matter-rich source was depleted by export from the basin, the proportion of organic matter in bedload exported in major events declined 15 to 22 percent.

Based on these records, we estimate bedload export rates of xxx and xxx t/ha/yr of organic matter and xxx and xx t/ha/yr of inorganic matter for WS9 and WS10, respectively.  Swanson and others (1982) compiled data from small, forested basins in the Andrews Forest to arrive at estimates of 0.060 t/ha/yr of inorganic bedload and 0.033 t/ha/yr of organic bedload.  These values may be higher than values for WS9 and WS10 for the nine years prior to clearcutting in WS10, because the 31-watershed-year record used by Swanson and others (1982b) contained one year of WY1965 with two floods of approximately 100-yr return period.  Consequently, these major events may be overrepresented in the compiled record and their presence in the compiled record leads to substantially higher values than observed for period since then.


Debris Flow Events


Debris flow events are commonly triggered by mass movement of soil from bedrock hollows, as occurred in WS10 on February 22, 1986.  The initial failure involved 300 m3 of soil, but this rapidly moving mass entrained additional alluvium, colluvium, and large woody debris.  The debris flow moved at velocity in excess of 10 m/sec (based on superelevation of the flow surface at bends in the channel), leaving deposits as high as 4 m above the channel bed.  It flowed xxx m down the channel to the mouth of the drainage basin where it destroyed the gauging station, filled the sediment basin, and spilled into the forest at the head of an alluvial fan.  The volume of these deposits was estimated to be 700 m3, of which approximately half the volume was organic matter.  This amounts to export rates of xxx and xxx t/ha/yr of inorganic and organic material, respectively, for the 12-year post-logging period.


For a broader temporal and geographic perspective, these values can be compared with frequency and rate of material movement by debris flows occurring between 1950 and 1975, inventoried in xxx km2 of neighboring, geomorphically similar clearcut terrain.

[need details here]


No debris flows have occurred in WS9 in the study period.  Indeed, based on ages of trees growing along the WS9 channel, we believe that no debris flow has passed down that channel in at least 200 years.


Clearcutting possibly affected the debris flow in WS10 in two ways.  First, initiation of the failure from the hollow that triggered the debris flow may have been influenced by decreased rooting strength as a result of clearcutting.  Second, although logging increased the abundance of organic matter <10 cm diameter in the channel, much of this material was exported from the basin and trapped in the sediment basin.  During logging about half  ??? insert date??? of the very large, stable pieces of wood were removed, thereby reducing the amount of large organic matter available for incorporation in the debris flow of 1986.

Changes in Soil / Sediment Storage


Changes in storage of soil and sediment are integral parts of analysis of a sediment routing system, especially in cases of disturbed systems where the assumptions of steady state conditions are particularly ill-suited.  Although we have few direct measurements of storage dynamics in WS9 or WS10, we can infer something about the timing and magnitude of changes in storage for three types of sites: the bedrock hollow where the debris flow began, the channel system, and the soil mantle as a whole.

The bedrock hollow where the debris slide occurred had collected soil for an unknown period of time, but probably for at least a century, based on absence of a deposit and associated vegetation of that age range in the channel or at the head of the alluvial fan.  The hollow has begun to refill as soil sloughed from the perimeter of the slide scar and flakes of rock spalled from the bedrock surface begin to accumulate at the base of the scar.  This storage site emptied abruptly and will refill over a period of perhaps many centuries.


Change in the volume of sediment stored in the channel system of WS10 was extremely varied in direction and magnitude from the pre-logging condition through the first 12 years after logging [figure ??? of volume in storage through time --- precut (Froehlich), logging, S by difference, debris flow].  These records, compiled from direct observation (Froehlich and others, 19xx) and interpretation of input/output records, indicate that …. insert story here….

The rate of turnover of the soil mantle in WS10 and effects of clearcutting can be estimated by dividing the volume of the soil mantle (105 t, assuming soil thickness of 1 m, bulk density of 1 t/m3) by the long-term average rate of basin export (12.1 t/yr, using the rate for forested conditions at WS10 estimated by Swanson and others, 1982b).  Based on these assumptions, the soil mantle of WS10 turns over on a time scale of 8300 years.  As Swanson (1981) argues, periodic wildfire probably accelerated soil erosion, possibly resulting in a 25 percent increase in the long-term average relative to the rate for forested conditions.  Using these assumptions, soil turnover period would be xxxx  years.  [note: consider where soil comes from – hollow, but just conduit.  Logging impact, percent of landscape feeding through hollows?  Map ??]
Sediment Budgets for WS9 and WS10


Sediment budgets can be compiled at any spatial and temporal dimensions, the objectives of choice depend on the available information and the objectives of the study.  Here we compile budgets for WS9 and WS10 at an annual time resolution and lumped for the 12-year post-clearcutting period at WS10.  The annual budgets can be examined for magnitudes and causes of year-to-year variation in transfer rates at the process level.  An overall assessment of the effects of the clearcutting disturbance is evaluated more clearly over the 12-year record.  In all cases the spatial scale of resolution involves only the hillslope, bedrock hollow, and channel landscape units, because these are readily distinguished landform elements and the available data provide no further resolution of spatial variability of transfer and storage.

Year-to-year variation in the values of soil and sediment movement by the various transfer processes is controlled by climatic factors regulating the driving forces for material movement, availability of material, and the influence of vegetation on material movement (Table xx).  We begin examination of these effects for the stable vegetation conditions of WS9.  Under these forested conditions the rates of persistent processes, such as surface erosion and transport of dissolved material, vary little from year to year (Table xx).  Solution transfer correlates strongly with annual stream discharge, but the rates of surface processes do not (Table xx).  Annual rates of suspended and bedload sediment export are strongly related to the magnitude of peak flows (Table xx) which exhibit greater year-to-year variability than does total annual flows for the study period (Table xx).  Debris slides and flows are unusual cases that occur only in extreme events.

[thresholds ???]


Effects of clearcutting on the rates of individual processes can be inferred from the temporal pattern of accelerated erosion, the rates of recovery of vegetative controls on processes, and the timing and magnitude of changes in basin hydrology caused by the disturbance.  In the case of WS10, effects of disturbance on hydrology have been a minor consequence in the acceleration of hillslope erosion processes for which we have data.

Surface erosion occurs by many processes each with a distinctive response to climatic drivers.  Since overland flow has been of minor consequence as a cause of surface erosion in this area, we observe no significant relation between surface erosion rate and peak flows or total flows for the annual data.  Consequently, hydrologic effects of cutting appear to have minimal impact on surface erosion rates.  Increased surface erosion rate is due mainly to loss of the litter layer and exposure of mineral soil as a result of the disturbance.  The surface erosion rate was about 350 kg/ha/yr for four years after disturbance and then declined to an average of 96 kg/ha/yr, which is 3.6 times greater than the rate in WS9 and xxx higher than the rate in WS10 before disturbance (Swanson and others, 1982b).


The decrease in accelerated surface erosion rate four to five years after disturbance resulted from both physical and biological stabilization of the area.  Physical stabilization takes place as fine material is removed, leaving a lag of coarser particles or more cohesive soil layers.  Biological stabilization results from redevelopment of the litter layer.  The role of organic matter in soil stabilization is complicated by decomposition which decreases the effectiveness of residual organic material at the same time that recovering vegetation is increasing production of fresh litter.  The period of minimum litter layer development may therefore, occur several years after disturbance [Reference??? Hubbard Brook? Covington??].  Relative timing of these processes varies from site to site within WS10.  [what created pattern ??? was it shut down of only one or two boxes???]

Clearcutting is believed to affect the probability of debris slide occurrence by causing a period of reduced strength of tree roots in slide-prone sites (Ziemer, 1981; O’Loughlin and Pearce, 1984; Schmidt et al., 2001; Roering et al., 2003).  Maximum vulnerability to sliding may occur several years after cutting when there has been significant decay of roots of killed vegetation and before full recovery of the root network by establishing vegetation.  The distribution of clearcut ages at the time of sliding for a sample of xxx slides in the Andrews Forest indicates that by year 10 after cutting, approximately xxx percent of slides have occurred.  The 11 year age of WS10 clearcut at the date of the February 1986 event fits within this distribution of clearcut ages at the time of sliding.  Furthermore, the rate of vegetation recovery at the failure site was suppressed by thin soils on the side slopes and accumulation of woody debris (limbs, wood chunks) in the axis of the hollow resulting from logging.
Clearcutting may have had hydrologic effects on slide occurrence by altering timing of snow accumulation and melt   [Fred’s note: does Dennis have something here???]


The hydrologic effect of clearcutting has done xxxx to dissolved transfers.  The rates of export of dissolved cations were not increased substantially and recovery of those rates has been rapid, because vegetation recovery has been rapid (Cromack and others, 1980?; Gholz and others, 1984).  If the basin had been broadcast burned, as is commonly done in this area, a much greater release of dissolved material would be expected, as observed at the nearby WS6 which was burned (Martin and Harr, 1988; 1989).

Clearcutting contributed to increased transport of particulate material as suspended sediment and bedload primarily by increasing availability of material for transport.  This occurred in three ways: (1) direct delivery of material, principally organic litter, during the logging operation itself, (2) release of material which had entered the channel before logging and had been stored behind large organic debris structures which were removed during logging, and (3) accelerated delivery of sediment to the channel by accelerated rates of erosion processes operating on hillslopes.  We lack data necessary to quantitatively evaluate the relative importance of these factors, but qualitative analysis can be made from the relative timing of sediment production and export events.  Direct delivery of material (factor 1) appears to be responsible for the large pulse of organic-rich material in WY1976.  Release of stored sediment (factor 2) was probably also very significant, since the export of particulate material in the first four years following disturbance exceeded the measured rate of sediment delivery from hillslope to channel by xxxx times.  Accelerated hillslope erosion had the greatest effect in later years, especially in the eleventh year after disturbance when debris slide and flow took place.  However, this effect may be short lived because vegetation recovery in the streamside area is rapid and the debris flow removed about 400 m3 of previously stored sediment from the channel system.

The decline in particulate matter export from WS10 for WY1980-WY1985 probably resulted from reduction of readily available material for transport.  The 1986 debris flow temporarily increased the availability of material by eroding stream banks and the toe of the hillslope, making them susceptible to surface erosion and slumping of soil blocks on a scale of several cubic meters.
[The hydrologic effect of disturbance had xxx effect on rates of transport by suspended and bedload sediment.   Include timing….]

Overall Effect of Disturbance on Sediment Yield

A sediment budget for the twelve-year post-disturbance period reveals a xxx-fold increase in particulate matter export, xx percent of it in inorganic matter and xxx percent in organic matter.  The export of dissolved material appears to have increased only xxx percent as a result of disturbance by clearcutting.
SUMMARY

CONSIDERATION FOR FUTURE STUDIES


Most studies of drainage basin scale effects of disturbance on sedimentation have treated the basins as black boxes.  The recent increase in interest in internal workings of basins has taken the form of analyses of the sediment routing systems under both stable forest and disturbed conditions (e.g. Reid, 198?; Megahan and others, 198?).  An important shortcoming of our studies in WS9 and WS10, and indeed in most other studies of this type, has been the lack of careful observations in sediment storage in major sites, particularly the channel system.  Most attention has focused on the transfer processes.  Unfortunately, manipulative experiments in small drainage basins that were so common in the 1960’s and 1970’s are not being initiated in the United States now.  However, opportunities to apply these sediment routing perspectives and analysis of storage dynamics are still available elsewhere in the world where drainage basin studies are getting underway.
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