Decadal-Scale Sediment Yield and Erosion Patterns in Forested Headwater Catchments of the Western Cascades, Oregon: Implications for Landscape Evolution, Watershed Ecology, and Timber Management
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ABSTRACT
1. INTRODUCTION
-broad statement of mountainous watersheds, significance for study

_____________________________
From Taylor ROA Proposal

Mountainous watersheds, less than 100,000 ha, are fundamental landscape elements that form an important setting for local ecological interactions, forest resource management, human occupation, and water supply development (Wohl, in press).  As components of the global hydrosphere, they encompass a set of physical and biological variables that interact via complex systems response and interdependent feedback mechanisms (Schumm, 1977; Swanson and others, 1990).  Upland watersheds also represent the foundational components for mass transfer from continents to ocean basins, directly contributing 50% of the sediment that is exported annually (Milliman and Syvitski, 1992).  Study of the production, transport, and storage of sediment in drainage basins is essential for deciphering their evolution and assessing the relative controls of complex variables (Dietrich and Dunne, 1978; Swanson and others, 1982b).  In addition, geomorphic analysis establishes the fundamental framework for monitoring the response of forest ecosystems to extrinsic variables such as climate, land use, and natural disturbance (Swanson, 1980; Swanson and Franklin, 1988; Stallins, 2006).  As such, the understanding of hydrogeomorphic variables and ecological process interactions is critical for designing sustainable water resource and habitat management plans.  

___________________________________

From Leopold,Wolman,Miller 1964:  Low-order (small) streams comprise as much as 86% of total length of river channels in the U.S.  At HJA, 1-2 order channels account for xxx% of the channel network.  Forested headwater catchments form an important component of mountainous watershed ecosystems.
The experimental watersheds at HJA were originally designed as the reference standards within Douglas-fir forests of the western Cascades of Oregon.  This physiographic province is an important socioeconomic resource for the region as it provides a significant percentage of water resources for state population centers in the Willamette Valley and is one of the most important timber-producing regions in the United States.

The long-term results of watershed studies at HJA are important not only from an ecosystem perspective, but also guide regional land management practices as pertaining to the quality and quantity of water produced from forested drainage basins.

-Refer to study site with location map / general description

__________________________
From Taylor ROA proposal

The purpose of this proposed work  is to extend existing sediment-transport research in small, mountainous watersheds at H.J. Andrews Experimental Forest (HJA), Oregon (Figures 1 and 2; attached at back).  The Andrews is comprised of 6400 ha (15,810 ac) of forestland located in the Tsuga heterophylla zone of the western Cascades (Franklin and Dyrness, 1988).  This region is renowned for its rich forest habitat, productive timberlands and abundant water supply.  These forested drainage basins export sediment by colluvial and alluvial processes in high-gradient channel systems.  HJA was established in 1948 and is managed by the Pacific Northwest Research Station (USDA Forest Service).  Originally established to study timber harvesting techniques and forestry management practices, the Andrews has evolved into a world-class research facility and forms part of the Long-Term Ecological Research (LTER) network supported by the National Science Foundation.  Given the history of science at Andrews, over 50 years of hydrologic and sediment-transport data are available for three sets of experimental watersheds ranging in size from 9 – 101 ha (Table 1, attached at back) (Swanson and Jones, 2002).  These watersheds form part of a series of paired-basin studies that are used to evaluate the long-term hydrogeomorphic effects of vegetative disturbance and recovery in a coniferous forest biome.    

____________________________

This study involves analysis of sediment-yield data collected at two small experimental catchments at H. J. Andrews Experimental Forest, in the western Cascade province of Oregon (Figure 1).  HJA was established as a research forest in 1948 by the U.S.D.A. Forest Service.  The research focus shifted from traditional timber harvesting in the 1950’s to a watershed and ecosystem focus in the 1960’s and 70’s.  HJA is now part of the NSF-funded LTER… cite refs, see original proposal from Taylor and Swanson.

-why this study is critical /significant
________________________________
From Taylor ROA Proposal
While some of the paired-basin sediment data were analyzed in the 1980’s (e.g. Swanson et al., 1982a, 1982b; Grant and Wolff, 1991), this work is superannuated and an up-to-date synthesis is needed.  The specific research objectives of this proposal are to: (1) compile and update existing sediment yield records from gaged experimental watersheds at HJA, (2) analyze the sediment records in the context of historic land use and hydrometerological events, and (3) evaluate the effects of geomorphic and anthropogenic variables on decadal-scale sediment yields in the western Cascades of Oregon.  This robust data set provides an excellent platform from which to posit process-response models for interdependent variables that control sediment transfer in mountainous watersheds.
________________________________

From Taylor ROA Proposal

STATEMENT OF THE PROBLEM

Timber harvesting from coniferous forests represents an anthropogenic disturbance that initiates secondary ecological succession as vegetative recovery occurs over time (Cromack and others, 1979).  This perturbation results in hydrogeomophic response via changes in stream discharge, energy expenditure, and sediment yields.  Other variables that influence the system include road construction, logging practice, and post-harvest management techniques (e.g. tree planting, slash burning, fertilization).  In terms of forest ecosystem function, routing and storage of sediments have significant influence on distribution of nutrients and disturbance zones (Swanson and others, 1982a, 1982b).  Understanding of the post-harvest effects, rate of vegetative recovery, and attendant response in the hydrogeomorphic system through time is essential for design of habitat management and timber harvest plans (Gregory and others, 1989; FEMAT, 1993; Reid and Dunne, 1996).

Needs Assessment

The long-term streamflow and sediment records at HJA represent an important data set from which to draw inferences about the relative effects of geomorphic and anthropogenic disturbance on watershed behavior.  While various aspects of this work were completed in previous studies (Table 1), the analyses are based on records primarily from the 1970s and 1980s.  There is significant need to update the sediment yield records and conduct a comprehensive synthesis that includes the full 35-year record, particularly for the WS 9-10 basin set.  This time frame is important as it includes the February 1996 storm event, and thus represents an opportunity to further decipher the relative roles of anthropogenic and meteorologic disturbance on mass transport rates at HJA.  Updated sediment yield records are necessary to more accurately reflect present-day sedimentation patterns and to map out time-averaged response trajectories during post-harvest vegetative recovery (Figure 5).

___________________________________


Examines 30-40 years of sediment yield and water quality data at an LTER facility.  The longevity of the facility is rare, provides an important database from which to evaluate ecological implications of forest management practice in the western U.S.

Refer back to historical significance of previous Swanson and others work, pick up where ideas left off in early-mid 1980’s

(the paired WS9-10 basin study) Clearcut logging in WS10 represents an wholesale ecosystem disturbance to forest structure.  This study examines the decadal-scale effects of this disturbance with respect to magnitude and timing of geomorphic response at the headwater catchment scale (~10 Ha).  This study provides and opportunity to reflect on long-term impacts of land management activities on sediment yield.  Such a long-term perspective is essential for evaluating management impacts on forest ecosystems and essential watershed functions of sediment and water export.

______________________
From Swanson 1987 manuscript:

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).

____________________________
From Taylor ROA Proposal – is this introductory or more of a conclusion?
Scientific Merit

Sediment budget techniques were originally defined and applied to mountainous watersheds in the Oregon Coast Range and western Cascades during the 1970s, including those at HJA (Dietrich and Dunne, 1978; Swanson and others, 1982b; Reid and Dunne, 1996).  The long-term sedimentologic and hydrologic record at HJA provides an important source of data that spans the careers of multiple generations of forest scientists.  Quantifying and analyzing sediment yield records over such long time frames allows evaluation of episodic meteorologic events, seasons, climate change, and vegetative change.  The WS9-10 basin set has been a centerpiece for work on hydrology, biogeochemical cycling, and soil/sediment routing in native and managed forests.  While several studies have examined the post-logging sediment yield histories at HJA, an updated synthesis is lacking.  There is significant need to extend the records, map out the sediment-yield trajectories, and establish an updated framework for long-term forest management decisions in the western Cascades.  The ongoing work on sediment storage and transport addresses soil erosion, nutrient capital, and disturbance themes that are important parts of the LTER program.  This project will make a valuable contribution to the research mission at Andrews Experimental Forest.

Study of small mountainous watersheds at HJA provides a unique opportunity to examine causal relationships between landscape and land-use variables.  Scaling is such that variability of independent geologic, climatic and tectonic variables is minimized, thus allowing detailed examination of local disturbance regimes.  The results of this study will be used to advance conceptual and quantitative models of sediment-transport dynamics in headwater systems.  
___________________________________
-objectives of paper
______________________________
From taylor ROA Proposal – combine and blend with “significance” section above
: (1) compile and update existing sediment yield records from gaged experimental watersheds at HJA, (2) analyze the sediment records in the context of historic land use and hydrometerological events, and (3) evaluate the effects of geomorphic and anthropogenic variables on decadal-scale sediment yields in the western Cascades of Oregon.  This robust data set provides an excellent platform from which to posit process-response models for interdependent variables that control sediment transfer in mountainous watersheds.
_______________________________________________

From Taylor ROA Proposal
Research Questions

Given the above discussion, the critical questions considered in this investigation are summarized as follows:

(1) What is the relationship between forest management, geomorphic disturbance, vegetative recovery and sediment flux over time?

(2) What are the effects of timber harvesting on hydrogeomorphic variables in paired basins at HJA?

(3) What are the long term, decadal-scale, effects of timber harvesting on sediment-yield trajectories in paired basins at HJA?  What are the effects of post-harvest revegetation on sediment-yield trajectories (Figure 5)?

(4) What are the long term effects of storm-driven geomorphic processes on sediment- yield trajectories in paired watersheds? How does the occurrence of episodic debris flow events impact the sediment yield trajectories (Figure 5)?

(5) What portions of the sediment-yield trajectories are controlled by basin-scale changes in sediment supply versus variation in discharge and stream power?

PROJECT GOALS AND OBJECTIVES

We propose to conduct an updated compilation and analysis of sediment yield data in the WS 9-10 basin set.  The purpose of this project is to extend the interpretation and findings from studies of sediment routing in these basins since the last publications 25 years ago (e.g. Cromack and others, 1979, Swanson and others,1982a).  This early work posed hypotheses about changing rates of sediment flux in the post-logging landscape, described sediment storage and transfer under forested conditions, and provided frameworks for assessing the effects of forest disturbance on sediment transport (Figures 4 and 5).  Given that we now have a long (>30 yrs) decadal-scale record of post-logging sediment yield, we will use the updated compilations to test hypotheses of biotic controls on sediment transfer and also document rates of soil loss in watershed environments.  The results of this study will be used to predict the effects of future forest management practices on sediment transport systems in mountainous watersheds of the Pacific Northwest.

Specifically, we propose to compile, analyze, and publish records of surface erosion (through 1987), dissolved constituents of precipitation and streamflow (cations, silica, and a few others) (to present), suspended and bedload sediment (to present), and debris flows (1986, 1996 events).  Retrospective analyses will give annual measures of temporal variation in sediment discharge over nearly 40 years from a forested control watershed (WS-9) and for 30+ years from a clearcut basin (WS-10).  The results will be used to constrain sediment yield trajectories through time, following timber harvest and subsequent vegetative recovery.  We will also examine the influences of climate variability, including 50-year flood events, and change in vegetative cover on organic and inorganic mass transfer.  The findings will then be compared to other studies of biogeochemical cycling at HJA and similar research sites throughout the United States.  Project results will contribute to the derivation of empirical, process-response models that may be used to mitigate effects of forest management practices on surface erosion and sedimentation.

_______________________________________________

* to provide updated synthesis of sediment-yield data for small experimental watersheds at HJA (nearly 20 years since last publication (Grant and Wolff), and 40 years since data collection began at the facility)
*to test viability of Swanson et al time-trajectory predictions on mass transfer rates
(note: check the “unknown, 1984” Intro to HJA Document for figures on . 13, there are three figures of time-trajectory / predictions shown:  hillslope to channel, channel export, and channel storage.  We have some data on hillslope to channel for select years early on, most data for channel export, but NO data for channel storage.  Does Fred have this 3-part figure published elsewhere?)
We need to evaluate the hypotheses of “time since disturbance” that fred posited in the early 1980’s; how did the concept hold up with 25 years worth of additional data?


*to examine the implications of HJA sediment-yield data in context of regional landscape evolution, watershed ecology, and timber management practice

_________________________________
From swanson 1987 manuscript: 

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.

______________________________________
2. SITE CHARACTERISTICS
2.1. Topography and climate
______________________________

From Taylor ROA proposal
Taylor and Hannan (1999) summarized historic climate data for western Oregon.  Andrews Experimental Forest straddles Oregon Climate Zones 2 (Willamette Valley) and 4 (Northern Cascades), with moist, westerly Pacific air driven landward by cyclonic and frontal storm systems.  Precipitation patterns are strongly seasonal with 80% of annual total occurring between October and March.  Average annual precipitation varies from 230 cm (90 in) to 355 cm (140 in) across the Lookout Creek basin, as governed by foreceful lifting over elevated topography of the Cascade Range.  Persistent winter snow cover occurs at altitudes above 1100 m (Harr, 1981). 

___________________________________

Maritime climate with wet winters and dry summers.  Annual precipitation at the HJA site ranges from xxx to xxx mm, with winter snow packs common above 1000 m.
Forest stands: 45% old growth (400+ years); 55% younger age-class forests (need a reference citation here? Check)

Three forest communities are recognized at HJA (in the central western Cascades (Dyrness et al., 1974, fig. 5) (taken from p. 4 of unknown, 1984, Introduction to HJ Andrews… find original references)
lower elevation Tsuga heterophylla zone (Douglas-fir, western Helmlock, and western red cedar); 
transition zone (western Hemlock is replaced by Pacific silver fir with decline in abundance of Douglas-fir and western red cedar); 
upper elevation Abies amabilis zone (mixtures of true firs and mountain hemlock)

2.2. Geology and geomorphology 
(INCLUDE A SOILS SUMMARY WITH GEOMORPH/SURFICIAL GEOLOGY)
…divide into hillslope and valley-bottom regimes

Provide a brief summary and table/figure summarizing the sediment routing/mass transfer aspects of Fred’s original manuscript

_________________________________

From Taylor ROA Proposal – NEED TO DRASTICALLY CONDENSE AND REDUCE

Regional Tectonic Setting

HJA is situated in the Cascadia volcanic arc province with the Juan de Fuca Plate subducting eastward beneath North America (Figure 1).  This subduction zone has a long history of oblique convergence, tectonic accretion, arc volcanism, dextral shear, and clockwise rotation (Wells and others, 1984).  Long-term rates of plate convergence average 3.5 to 4.0 cm/yr (Adams 1984).  Lookout Creek, Blue River and the McKenzie River form headwaters to the Willamette Valley which represents a forearc basin situated between the accretionary Coast Range and Cascade volcanic arc (Figure 1).  The Cascades are characterized by intermediate to mafic volcanism dating from late Eocene (40-35 Ma) to present.  Arc volcanism is narrowing and migrating eastward over time, with geometry of High Cascade volcanoes controlled by the present-day subduction-zone configuration (Priest, 1990).

Structurally, HJA is located 5 km west of the Horse Creek fault system (Figure 1).  This system of north-trending, en echelon normal faults offsets down-dropped blocks to the east, thus marking the western boundary of the High Cascades graben (Priest, 1990).  This intra-arc graben is 30 km wide and 50 km long, formed in association with regional east-west extension, parallel to tectonic strike of the Cascadia subduction zone.  As a result, the High Cascades in central Oregon forms a distinct structural, physiographic, and hydrogeologic province associated with arc-related Quaternary volcanism (Priest, 1990; Sherrod and Smith, 2000).  Lookout Creek is geologically positioned at the eastern edge of the western Cascades province (Figure 1).  The region was uplifted between 5 and 3.5 Ma, approximately concomitant with intra-arc graben development to the east (Priest, 1990; Smith and others, 1987).  Hence, the mountainous drainage basins of the western Cascades were largely established during the Pliocene and subsequently sculpted by a spectrum of surface processes over the past 3 million years.

Bedrock Geology

Swanson and James (1975), Priest and others (1988), and Sherrod and Smith (2000) provided comprehensive summaries of the bedrock geology in the Blue River-Lookout Creek region.  Lookout Creek is underlain by an Oligocene to Pliocene sequence of basaltic (<57% SiO2) to andesitic (57-62% SiO2), volcaniclastics and lava flows (Figure 3).  Strata are gently tilted with dips less than 10 degrees to the east-southeast, hence geologic contacts are sub-parallel to topographic contour.  Bedrock can be divided into three lithostratigraphic intervals: (1) a lower volcaniclastic sequence that forms part of the Oligocene-Miocene Little Butte Formation (early western Cascades volcanism), (2) a middle lava flow sequence comprising a portion of the Miocene Sardine Formation (late western Cascades volcanism), and (3) an upper lava flow sequence erupted during the Pliocene (early High Cascades volcanism) (Figure 3).  The lower volcaniclastic sequence is hydrothermally altered and outcrops on lower-elevation (< 850 m) hillslopes and valley bottoms in the western portion of Lookout Creek.  The middle and upper sequences are dominated by erosionally resistant lava flows that support higher-elevation hillslopes and ridges (> 850 m) to the east-southeast.  The southwestern corner of HJA is intruded by a dike swarm that cross-cuts older volcaniclastics, and likely served as a feeder system for overlying lava flows (Figure 3).

Surficial Geology

The geomorphology and surficial geology at HJA was described by Swanson and James (1975), Swanson and others (1982b), and Grant and Swanson (1995).  The present-day landscape is the product of Pliocene-Quaternary incision associated with glacial, fluvial, and mass wasting processes.  Remnant glacial features include erosional cirques at higher elevations along ridge lines to the east and south, and isolated patches of late Wisconsinan till (Figure 2).  Evidence for older glacial deposits occurs at lower elevations in the Lookout Creek drainage, extending down the valley to 760 m (2500 ft).  Site soils are weakly developed and formed on bedrock terrain mantled with veneers of colluvial and residual diamicton (“gravelly loams”, < 3 m thick).  Subgroups include Typic Dystrochrepts, Typic Hamplumbrepts, Ultic Hapludalfs, and Andic Dystrochrepts in decreasing order of abundance (Dyrness and Hawk, 1972).  Given the high rates of erosion in this mountainous landscape, the sediment record only extends back to middle Pleistocene.

Lookout Creek can be divided into hillslope and valley-bottom geomorphic regimes.  Style of surficial process and landform associations are controlled by topographic position, underlying bedrock geology, and resistance to erosion.  The western portion of the watershed is characterized by steep side-slopes (60-70%) and low-order mountain valleys.  Colluvium is transported in hillslope environments via a combination of diffusive mass wasting processes (e.g. creep, tree throw, bioturbation) and larger-scale slope failure (Figures 3 and 4).  Other mass wasting features include earthflow deposits, rotational slumps, slide scars, and landforms indicative of debris flow processes (e.g. bedrock-scoured channel bottoms, slide scars, and gravel levees).  The sediment mass is delivered to higher-order tributaries by a spectrum of hydraulic processes that range from streamflow to hyperconcentrated flow to debris flow.  Once in the primary fluvial system, turbulent channel flow exports sediment out of sub-basins as dissolved, suspended, and traction load (Figure 4).  Each of these processes routes sediment into and out of storage, depending on energy level of the system (Swanson and others, 1982a).  Storm-driven slope failure and debris flow events occur episodically throughout the western Cascades. (Swanson and Dyrness, 1975; Swanson and Swanston, 1977).  Debris flows dramatically alter valley-floor morphology (Benda, 1990) and have a significant influence on aquatic ecosystems in the Pacific Northwest (Gregory and others, 1989).  During the past 55 years of study at HJA, 75% of geomorphically significant debris-flow events occurred during the two winter storms of record in 1964-1965 and 1996 (Snyder, 2000).  Another event of note includes a storm in February, 1986 which spawned localized debris flow in select sub-basins.

Grant and Swanson (1995) concluded that bedrock geology exerts a dominant influence on mass wasting processes and valley morphology at HJA.  The stratigraphic occurrence of hydrothermally altered volcaniclastics overlain by erosionally-resistant flow rocks results in over-steepened slopes and an unstable colluvial environment subject to earth flow, rotational slump, and debris slide (Figures 3 and 4).

_______________________________________

2.3.  Vegetation and Landuse
NOTE: Gholz and others, 1985, Fig. 1, nice veg. map of WS-10, post clear-cut.  Is there an updated map?  Is there a similary map for WS-9? Also udated for WS-9?

Plants surveyed on WS-10 by Gholz and others, 1979 (surveyed in 1976, 1977, 1978 = post clear-cutting)

Plant community types for WS-10 are described in detail by Grier and Logan (1977).
____________________________
From Taylor ROA proposal:

The western Cascades Range lies in the Tsuga heterophylla Zone of Franklin and Dyrness (1988).  Dominant forest species include Pseudotsuga menziesii (Douglas-fir), Tsuga heterophylla (western hemlock), and Thuja plicata (western red cedar), with lesser occurrence of Abies amabilis (silver fir) at higher elevations (Vanderbilt and others, 2002).  Understory vegetation includes rhododendron, salal, various fern varieties, and Oregeon grape (Cromack and others, 1979).  This vegetative assemblage forms part of the classic old-growth timber stands (400 – 500 yrs old) that were logged extensively in the Pacific Northwest during the early and mid-1900's.  Federal forest lands comprise over 50% of the western Cascades, 25% of which is subject to logging and road construction (Jones and Grant, 1996).  Approximately 30% of HJA land was cut and revegetated with plantation forests of varying composition and age.  Prior to anthropogenic activities, the natural disturbance regime was driven primarily by climatically-controlled wildfire, flooding, and mass wasting (Swanson and others, 1990).  Field evidence suggests that HJA experienced notable fire disturbance in the 1800’s, prior to implementation of forest management practices.

_________________________________________

2.4. Experimental Watersheds 9 and 10
NOTE: COLLAPSE AND FOLD “FOREST MANAGEMENT HISTORY” INTO THIS SECTION, CONDENSE INTO ONE SECTION
WS9 Summary from Martin and Harr (1988)


Elevation Range: 425-700 m


Aspect: SE


Slope Range: 60% - 100% = 31 deg – 45 deg


Mean Jan and July Temp = 1 C and 18 C respectively


Streamflow: measured by trapezoidal flume since 1969


Nearest Meteorological Station: Admin HJA, 426 m elev, 1.3 km NW of WS9


Avg Annual Precip (1972-1984) = 230 cm (almost 100% rain)


Soils: mesic Lithic Dystrochrepts and Lithic Haplumbrepts, loamy skeletal


Bedrock: Little Butte Fm: block breccias derived from mudflows and pumice-deficient pyroclastic flows (after Swanson and James, 1975).


Forest: predominantly old growth Douglas-fir (450 yr old) with understory of western hemlock (Tsuga heterophylla)

WS10 summary from Cromack and others, 1979:


Elevation range: 430-670 m


Avg slope of stream channel = 24 deg = 0.45 = 45%


Sideslopes/hillslopes range: 25-50 deg = .47 – 1.2 = 47 = 120%


Width of stream channel: 0.25 m at upper reaches, 1.0-1.5 m at mouth (From Triska et al, 1984)


Channel – step-pool morphology, controlled by woody debris (prior to logging)


Mean annual precipitation = 230 cm = 2300 mm (75% between Oct. and March)


Mean annual Temp = 8.5 C


Mean Jan and July Temp = 0.5 C and 18 C respectively

Soils: typic distrochrepts; gravelly clay loams (gravel >2 mm = 15-50% of vol.), soils <80 cm thick
From Grier and Logan (1977): WS-10 soil bulk density average 0.9 g/cu. cm in B horizon, and ranges from 0.7 to 1.0 g/cu. cm in A.

Depth to bedrock in WS10 = 11-16 ft (from Gray, 1977)

WS10 data from Gholz and others, 1985


Pre-logging, old growth forest composed of Douglas-fir with a well-developed understory of western hemlock

_________________________
From Swanson 1987 manuscript:

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, 1978).  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 2), 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.   

___________________________________
Forest Management History of WS9 and 10
Watershed 10 summary from Cromack and others, 1979:
Pre-logging forest composition: old-growth Douglas-fir forest (450 yr age stand); with understory vegetation consisting of rhododendron, salal, beargrass, and/or Oregon grape, dependent upon soil-moisture levels

Clearcut in summer of 1975 as part of paired basin study with WS-9 serving as the control
No roads constructed in WS-10 proper, but two landings and truck access areas built on drainage divide

Upslope tree felling with ridge-top yarding by skyline cable

Cull logs, boles of cut trees, and down timber were removed and sorted

Non-merchantable logs were piled and burned

Slash and small-diameter woody debris was left in-situ, the watershed was not burned; all large woody debris was removed
Spring 1976, WS-10 was replanted with two-year-old bare-root Douglas-fir seedlings on a 2.4 x 2.4 m spacing.

_________________________________

From Swanson 1987 manuscript – fred had this in results section, but is more a description of the logging operation in WS10

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.

3. PREVIOUS RESEARCH
NOTE: This needs to be dramatically reduced and condensed!!!!

___________________________________

From Taylor ROA Proposal

PREVIOUS RESEARCH

Study of long-term watershed behavior has been a central feature of the Andrew Experimental Forest research program for more than 50 years, most notably in the International Biological Program of the 1970s and Long-Term Ecological Research (LTER) program since 1980.  Hydrologic and geomorphic research at HJA spans a breadth of topics including runoff-response analysis, hyporheic zone studies, hillslope hydrology, sediment budget analysis, mass transfer mechanisms, woody debris distribution, landform analysis, and geomorphic effects of extreme meteorological events.  Swanson and Jones (2002) provided a synthesis of recent and past hydrogeomorphic work at the HJA study site.

Small experimental watersheds (9-101 ha) at Lookout Creek form the basis for paired-basin studies that focus on various aspects of geomorphic, hydrologic, and ecological monitoring (Table 1).  This long-term research has spanned the careers of three generations of scientists and generated a rich body of literature covering a wide variety of topics related to mountain ecosystems.  The results of this work represent an invaluable foundation upon which to frame regional forest management plans.

Long-term hydrologic and sediment-transport data are available for three sets of paired basins, including watersheds 1-2-3 (WS 1-2-3), watersheds 6-7-8 (WS 6-7-8), and watersheds 9-10 (WS9-10) (Figure 2, Table 1).  Of the three sets, WS 1-2-3 and WS 9-10 have received the most attention in terms of sediment budget analyses and studies relating sediment yield to timber harvest techniques (e.g. Frederiksen and Harr, 1979; Swanson and others, 1982a, 1982b; Grant and Wolff, 1991; Grant and Hayes, 2000; Swanson and Jones, 2002).

Experimental Watersheds 1-2-3

Fredericksen (1970), Frederiksen and Harr (1979), and Grant and Wolff (1991) conducted sediment yield analyses on WS 1-2-3.  This work was more recently updated by Grant and Hayes (2000), with a status report summarized in Swanson and Jones (2002).  These cited works cover variable time periods of the sediment discharge record, ranging from 1958 to 1999 (Table 1).  Studies at WS 1-2-3 document significant sediment-yield increases in the years immediately following timber harvest, with an exponential decline as forest regeneration progresses.  In addition, catastrophic debris flow events have a considerable effect on sediment yield trajectories recorded at the HJA experimental watersheds.  As such, Grant and Wolff (1991) concluded that evaluation of harvest effects on long-term sediment yield must be considered in the context of timing in relation to storm-induced transport events.

Experimental Watersheds 9-10

The original focus of the WS 9-10 paired basin project was on variation in nutrient cycles as related to anthropogenic disturbance (harvest practice), peak flow discharge, vegetative regrowth, erosion, and aquatic biology (Cromack and others, 1979; Harr and McCorison, 1979).  Cromack and others (1979) used WS-10 to quantify the change in sediment yields resulting from timber harvest and vegetative regrowth in the western Cascades.  Their study examined changes in WS-10 within the first 3 years following harvest (1975-1978); quantifying storage volumes and transport rates of organic matter, nitrogen content, and channel bedload.  They concluded that logging increased organic debris loading in streams and net sediment yield over the period of study.


Work on WS-10 was extended further by Swanson and others (1982a) who compiled a sediment budget emphasizing exchanges between hillslope and channel storage compartments.  They examined pre-harvest organic and inorganic material transfer covering the period from 1969 to 1974.  In addition, a short-duration analysis of post-logging effects in WS-10 was provided by Swanson and Fredriksen (1982) and Swanson and Jones (2002). These studies documented increased rates of post-harvest sediment yield, peaking in the second year after cutting, with subsequent exponential declines after revegetation.  As with the WS 1-2-3 paired basin set, the sediment record at WS-10 is overprinted with the effects of debris flow activity spawned during storm events in February 1986 and 1996.  In contrast, WS-9 shows no evidence of debris flow occurrence for the past several centuries.  The presence or absence of debris flow is likely controlled by inter-site variation in geomorphic variables.  Regardless of causal mechanisms, episodic debris-flow events have demonstrable impacts on long-term trajectories of post-harvest sediment yield in the western Cascades (Figure 5) (Grant and Wolff, 1991; Swanson and Jones, 2002).

In sum, the previous sedimentation studies in paired-basin experiments at HJA demonstrate that complex response mechanisms operate in forested watersheds, with dynamic interplay between harvest treatments, frequency of meteorological events, and intrinsic geologic variables.

______________________________________________________

4. BASIN HYDROLOGY
_____________________________
From Taylor ROA proposal
HJA maintains 10 gaging stations in the Lookout Creek watershed, with an outlet station located 600 m upstream of the confluence with the Blue River (Figure 2).  Analysis of streamflow records reveals that flooding and high discharges directly correspond to seasonal precipitation patterns.  Mean annual discharge on Lookout Creek is 3.5 m3/sec (123 ft3/sec) with average winter and summer season flows on the order of 5.6 m3/sec (197 ft3/sec) and 1.5 m3/sec (52 ft3/sec), respectively.  In descending order, the three peak discharges of record (1950-2005) occurred in February 1996, 227 m3/sec (8000 ft3/sec); December 1964, 189 m3/sec (6660 ft3/sec); and January 1972, 118 m3/sec (4180 ft3/sec).  Rain-on-snow conditions in winter months are the common cause of catastrophic flooding and slope failure in the western Cascades (Harr, 1981; Swanson and others, 1998).

__________________________________

NOTE: on water year protocol: water years run from Oct 1 to Sept 30; the water year is identified by the latter 75% of the time period.  For example, WY2007 = Oct 1, 2006 to Sept. 30, 2007.

Include storm history and streamflow summaries here…
Seasonal streamflow patterns follows that of precipitation with winter maximum flows three orders of magnitude greater than summer minimum (check data on this statement).

TAYLOR NOTE: CHECK FOR UPDATED HYDROLOGIC ANALYSIS BY HARR, JONES, GRANT, ETC.
____________________

From Swanson 1987 manuscript:

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?]

____________________________

5. SEDIMENT-YIELD METHODOLOGY
From internal notes: Fredriksen and Moore, Internal Report 134: bedload samplers/sed basins installed in WS9 and 10 in 1972; so have 3 years of pre-treatment data. Nutrient data were collected prior to 1972, check data base for listing.  So there is pre-treatment and post-treatment data for WS 9 and 10.
Watershed 9-10 = paired basin design with over xxx years of hydrologic and sedimentologic data.

__________________________

From Taylor ROA Proposal

Methodology
The proposed research will employ standard techniques for sediment-budget analyses, following the protocol outlined by Reid and Dunne (1996).  Watershed sediment budgets are constructed by quantifying the principal processes responsible for production and transport of surficial material.  The task involves monitoring hillslope and valley-bottom transport processes, with recognition of the linkages between transfer and storage elements (Dietrich and Dunne, 1978; Trimble, 1983).  Essential components of sediment budgets include quantification of transport processes, storage elements, and time-averaged sediment yields (Dietrich and others, 1982).  The study proposed herein will focus on a retrospective analysis of sediment yield and time-averaged transfer rates in WS9 and WS10.  Changes in storage volumes and delineation of specific routing mechanisms are of secondary consideration.


Sediment yield, erosion and streamflow data for WS 9-10 are stored both in-house at HJA and on Web-based information systems such as ClimDB/HydroDB, comprising part of the USDA Forest Service information network (http://www.fsl.orst.edu/ climhy/).  The daily suspended sediment yield will be derived as a product of streamflow discharge and suspended sediment concentration.  Spot readings of suspended sediment concentrations will used to extrapolate average annual yield according to regression models developed by Grant and Wolff (1991).  Data will be analyzed in the context of average annual yields, peak-flow discharge, precipitation patterns, seasonal variability and debris flow occurrence.

____________________________

____________________________
From Swanson 1987 manuscript:  the sed. Routing model is really a method of thinking about the data…

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.

__________________________________________________

6.1. Suspended Sediment and Bedload in Channels

____________________________

From Swanson 1987 manuscript: 
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 ???
____________________________

From Swanson 1987 manuscript: 
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.

6.2. Solution Load or “Solute Erosion”
Include precipitation and stream chemistry here…

Methodology: proportional stream water sampler was used to collect suspended sediment and nutrient chemistry data.  Proportional sampling techniques follow that described by Fredriksen (1969)

NOTE: read over Fredriksen (1972) for a discussion of WS-10, a preliminary status report of 2 years worth of stream chem. / nutrient data; check methods and data reporting format.

NOTE: read over Martin and Harr (1988) for a discussion of precip. Chemistry methods and stream sample methods
This study examines only cations and anions that are relevant to processes of rock weathering and landscape denudation.  Analysis of biotic components of stream chemistry (nitrate, phosphate) at HJA are summarized elsewhere (Triska et al., 1984, Fredriksen, etc.).
Significance of chemical constituents (from Rothacher et al., 1967 and Hem (1959; USGS guide to chemical analysis of natural waters).  Also check Clayton (1979) and Drever – Geochemistry of Natural Waters

Nitrogen: primary sources biotic and atmospheric dust, pollen, smoke

Phosphorous: biotic sources; atmospheric dust, pollen, smoke


Sodium: sources = precip. And weathering of minerals (small amounts in plant residue)

Potassium – conserved and constant in soil-veg system


Ca and Mg = source mineral decomposition or from soil-veg system


Si – source from rock weathering, primary mineral weathering, secondary mineral solution, release from decomposition of organic detritus

Bicarbonate = no carbonate rocks in region, source from atmosphere and veg.


Cl = primarily from atmospheric inputs / precip.


Fe and Mg = rock weathering

______________________________
From Swanson 1987 manuscript:

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???]
6.3. Hillslope Erosion and Mass Transfer 
Surface erosion as here defined includes the grain-by-grain downslope transport of sediment under the influence of rainsplash, dry ravel, bioturbation, and freeze-thaw activity.

NOTE: refer to Swanson and Grant 1982 Internal Report for erosion box methodology, p. 3-4.

______________________________
From Swanson 1987 manuscrpt:

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.


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%.
______________________________

6.4. Organic Debris

____________________

From Swanson 1987 manuscript:

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.

6. RESULTS
NOTE: need to convert the measured decadal-scale chemical and physical sediment rates to some form of long-term “Landscape” denudation rate… then use for “Geomorph. Implication Discussion”.  How to do?  Check Clayton (1979; 1983) for summary of techniques, ideas to model, and discussion.

NOTE: read over Cromack and others, 1979 . 466-469 for preliminary 3-year report on post-logging sediment patterns in WS-10 (only 3 years of data to examine at time, need to incorporate discussion here, and expand for the next 25 years)

Read Swanson 1979 NSF proposal / report summary for WS9 and WS10 work.  Fred provides a status report at that time on the results from WS9-10 work, expand and update, fold into this discussion.

____________________________________

From Swanson 1987 manuscript:
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.

6.1. Bedload transport
____________________________

From Swanson 1987 manuscript: 

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/har/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 (1982) 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.
6.2. Suspended sediment yield

____________________

From Swanson 1987 manuscript:


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.

_______________________
6.3. Solution transport or “Solute Erosion”
NOTE: read over Fredriksen (1972) for a discussion of WS-10, a preliminary status report of 2 years worth of stream chem. / nutrient data; check methods and data reporting format.
Note: see results section of Martin and Harr (1988) for model of reporting precip. and stream chem.. for WS-9.  NO FOR SURE: use Martin and Harr (1988) for model on how to report stream and precip. Chemistry data!!!! (see their tables I, II, III).
NOTE: see results section of Martin and Harr (1989) for model of reporting stream chem. Data!!! (this work is WS6-7-8, but nice format for WS9-10 work)

____________________

From Swanson 1987 manuscript:

Clearcutting had minor impact on export of dissolved material from hillslope areas (Table xxx).

_________________________
From Swanson 1987 manuscript:

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….???

_______________________________________

6.4. Hillslope erosion and mass transfer
Gray (1977) – measured creep rates at HJA using inclinometers between 1970 and 1977


WS1 (clearcut condition) avg. creep = 0.59 mm/yr


WS2-3 (forested condition) avg. creep = 0.24 mm/yr (50% that of clearcut WS1)


WS10 (forested / pre-cut condition) avg. creep = 0.90 mm/yr

Swanston and Swanson 1976 – measured creep rates (why so much higher than Gray’s?; fred on active earth flows, while gray on colluvial hillslopes???)


Lookout Creek – 7.9 mm/yr at depth of 5.6 m


WS10 = 9.0 mm/yr at depth of 0.5 m

Note: refer to Swanson and Grant (1982) internal report for results and summary of erosion box experiments and discussion of landslide inventory.

______________________________
From Swanson 1987 manuscript:

Surface Erosion
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.
____________________________
From Swanson 1987 manuscript:

Soil Creep


Soil creep has not been measured in the post-clearcut period at WS10.  Some observations by Gray (19xx?) 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 

(TAYLOR NOTE: Fred had repeated 2 stories on debris flows, this is from the “Methods and Results Hillslope Processes” section, another follow-up discussion was also provided in the “Methods and Results – Channel Processes” section (see below for “debris flow discussion); both are really worked up as “results”; Fred used the term “Debris Avalanche” on the hillslope, and “Debris Flow” for in the channel.

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, 1983, 1987) or zero-order basin (Tsukamoto and others, 1983) 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).

____________________________

From Swanson 1987 manuscript 
(TAYLOR NOTE: Fred repeated a debris flow discussion in his orginal manuscript, here’s the second story from the “Methods and Results- Channel Processes Section”)
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.
____________________________

From Swanson 1987 manuscript:


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).

________________________
7.5. Organic Debris
Grier and Logan (1977) Litterfall data from WS-10, referenced by Swanson in prep:


1973-1975 (pre clearcut): average total litterfall = 4260 kg/ha throughout watershed (includes all debris: conifer needles, hardwood leaves, twigs, green litter, reproductive parts, epiphytes and other) (see Grier and Logan (1977) p. 392, Table 9)
From Triska and others (1984)  Litterfall sources (pre-logging): deciduous leaf (big leaf and vine maples) ; conifer needles; cones-twigs-bark-wood; misc inputs (mosses, lichens, etc.); coarse woody debris.
____________________________

From Swanson 1987 manuscript

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 ???]
____________________________

From Swanson 1987 manuscript

 (Input from) Tree Felling and Yarding in WS10

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.

_________________________________
7. DISCUSSION
7.1. Geomorphic significance

____________________________

From Swanson 1987 manuscript:
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, 1982).  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 ??]

_________________________________
____________________________

From Swanson 1987 manuscript:
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 ???]

_______________________
7.2. Ecosystem linkages

Landscape disturbance and ecological response is an important component of the western Cascade region (e.g. ref. citations from Fred).  Clearcut logging in WS10 represents a wholesale disturbance with attendant responses in terms of nutrient cycling, sedimentation, erosion, and hydrologic processes.  WS10 has progressively recovered since timber harvesting in 1975, with changes in plant community composition, vigor, and structure.  This recovery process in turn has influenced export of sediment and water from the landscape.
7.3. Forest management implications

Read over Cromack and others, 1979; for statement of significance in this regard

See discussion of results by Gholz and others, 1985 for interpretation on vegetation dynamics / recovery for 3 years / WS-10 following timber harvest.
____________________________

From Swanson 1987 manuscript:
Extracted from Fred’s Section: Sediment Budgets for WS9 and WS10


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, 1982).


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, 19xx; O’Loughlin and others, 198?).  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, 1978; 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 others, in preparation).


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.

______________________________________

8. CONCLUSIONS
____________________________

From Taylor ROA Proposal – is this introductory or more of a conclusion?

Scientific Merit

Sediment budget techniques were originally defined and applied to mountainous watersheds in the Oregon Coast Range and western Cascades during the 1970s, including those at HJA (Dietrich and Dunne, 1978; Swanson and others, 1982b; Reid and Dunne, 1996).  The long-term sedimentologic and hydrologic record at HJA provides an important source of data that spans the careers of multiple generations of forest scientists.  Quantifying and analyzing sediment yield records over such long time frames allows evaluation of episodic meteorologic events, seasons, climate change, and vegetative change.  The WS9-10 basin set has been a centerpiece for work on hydrology, biogeochemical cycling, and soil/sediment routing in native and managed forests.  While several studies have examined the post-logging sediment yield histories at HJA, an updated synthesis is lacking.  There is significant need to extend the records, map out the sediment-yield trajectories, and establish an updated framework for long-term forest management decisions in the western Cascades.  The ongoing work on sediment storage and transport addresses soil erosion, nutrient capital, and disturbance themes that are important parts of the LTER program.  This project will make a valuable contribution to the research mission at Andrews Experimental Forest.

Study of small mountainous watersheds at HJA provides a unique opportunity to examine causal relationships between landscape and land-use variables.  Scaling is such that variability of independent geologic, climatic and tectonic variables is minimized, thus allowing detailed examination of local disturbance regimes.  The results of this study will be used to advance conceptual and quantitative models of sediment-transport dynamics in headwater systems.  
___________________________________
____________________________

From Swanson 1987 manuscript:
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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Table 1 Materials – from Swanson 1987 manuscript:
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.
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Decadal-scale sediment yield in forested headwater catchments of the western Cascades, Oregon

Historic erosion patterns and sediment yield in forested headwater catchments of the western Cascades, Oregon

Long-term erosion patterns and sediment yield in forested headwater catchments of the western Cascades, Oregon

Historic sediment-yield trajectories in forested headwater catchments of the western Cascades, Oregon

Decadal-scale erosion patterns and sediment yield in forested headwater catchments of the western Cascades, Oregon

Erosion patterns and watershed-response trajectories in a coniferous forest biome of the Western Cascades, Oregon
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Long-term erosion patterns and watershed-response trajectories in a coniferous forest biome of the Western Cascades, Oregon

Decadal-scale erosion patterns in response to forest management practices in a conifierous forest biome of the Western Cascades, Oregon

Hydrogeomorphic-response trajectories in forested headwater catchments of the western Cascades, Oregon

Hydrogemorphic response in relation to forest management practices in headwater catchments of the western Cascades, Oregon
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Plant Names
Trees

Abies amabillis

Pacific silver fir??? (check)
Acer circinatum 

Vine maple




Acer macrophyllum 

Big leaf maple 
Pseudotsuga menziesii 
Douglas-fir


Taxus brevifolia

Pacific yew

Thuja plicata


Western redcedar

Tsuga heterophylla 

Western hemlock


Shrubs

Berberis nervosa 


Oregon grape 
Castanopsis chrysophylla 

Golden chinkapin



Corylus californica


California hazael

Cornus nuttallii


Pacific dogwood

Gaultheria shallon 


Salal
Holodiscus discolor


Ocean spray

Rhododendron macrophyllum 
Pacific rhododendron
Symphocarpos mollis


Creeping snowberry

Vaccinium spp.


Huckleberry
Herbaceous / Other Understory Vegetation at HJA

Adiantum pedatum

Amelanchier alnifolia

Aralia californica

Athyrium filix-femina

Blechnum spicant

Castanopsis chrysophylla

Dryopteris austriaca

Epilobium angustifolium

Epilobium paniculatum

Epilobium watsonii

Oxalis oregano


Oregon oxalis
Petasites frigidus

Polystichum munitum 


Western sword-fern
Pteridium aquilinum pubescens
Western brake-fern

Rhamnus purshiana

Ribes spp.

Rubus spp.

Salix spp.

Senecio sylvaticus

Stachys cooleyae

Xerophyllum tenax


Bear-grass
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