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a. Abstract

We  propose to develop and field test a model for predicting watershed-scale availability of salmonid spawning habitat as a function of channel hydraulics and sediment supply in mountain drainage basins of the Pacific Northwest.  The research will build from previous pilot studies conducted in western Washington and central Idaho.  The primary goal of this work is to incorporate the effects of spatiotemporal variability of  sediment supply into our earlier models and to field test for the first time a complete model that includes both channel hydraulics and sediment supply.  The model will be tested in the Middle Fork Salmon River, but is based on fundamental physical relationships and can be exported (with slight modification) to other Pacific Northwest landscapes.  Moreover, the model can be tailored to specific salmonid species of interest.  Our intent is to produce a physically-based, multipurpose management tool that can be used to remotely inventory current habitat availability, examine natural or anthropogenic disturbance scenarios, identify habitat enhancement opportunities, and prioritize restoration actions.  We believe that successful development and application of tools like this would have strong benefits for fish and would provide a tool for defensible, proactive, ecosystem management at watershed scales.  

b. Technical and/or scientific background

In response to the threatened and endangered status of many salmonid populations in North America [Nehlsen et al., 1991], a significant effort is being made to better manage and restore salmonid habitats [FEMAT, 1993; WFPB, 1993; FPC, 1996; NRC, 1996; NWPPC 2000].  A key component of salmonid habitat is availability of spawning sites.  Channel characteristics such as temperature, depth, velocity, percent fines and intra-gravel flow affect selection of salmonid spawning sites [Bjornn and Reiser, 1991], but perhaps the most important characteristic is the physical size of the gravel in which an adult salmonid can excavate a redd.  As a family, salmonids prefer to spawn in sediments ranging in size from small gravel to cobble [Kondolf and Wolman, 1993].  The availability of preferred sediment sizes depends on two geomorphic factors:  1) channel hydraulics; and 2) sediment supply.  Channel hydraulics control the shear stress and competence of the river (largest size of sediment that the channel can carry) and are modified by channel type and associated hydraulic roughness [Buffington and Montgomery, 1999b].  Sediment supply controls the size and volume of material available to be transported and hydraulically sorted into suitable spawning habitats.

The effects of channel hydraulics on spawning gravel availability can be examined at watershed scales by coupling digital elevation models (DEMs) with equations for channel competence.  Pilot studies conducted in western Washington [Buffington et al., 1997] and central Idaho [Isaak et al., 2001; Buffington et al., in press] have yielded promising results, but further development and validation of these models is needed.  Moreover, little is known about the effects of sediment supply, particularly in terms of the spatiotemporal response of spawning habitat to the input and routing of sediment in dynamic landscapes.  For example, post-fire debris flows may introduce a slug of sediment that is routed through a river network over the span of several decades, potentially changing the amount and quality of spawning habitat as the sediment wave passes through an area.  

We propose to couple field observations and theoretical modeling to examine the spatiotemporal effects of sediment supply on spawning habitat availability in mountain drainage basins.  Results will be combined with further studies of the effects of channel hydraulics on substrate size and will provide a model for quantifying geomorphic controls on salmonid spawning habitat at watershed scales.  The model will be field-tested and validated by comparing predicted versus observed locations of spawning sites.  

Our intent is to produce a physically-based, multipurpose management tool that can be used to remotely inventory current habitat availability, examine natural or anthropogenic disturbance scenarios, identify habitat enhancement opportunities, and prioritize restoration actions [Buffington, 1998].  For example, Figure 1 shows how one might optimize availability of suitable spawning gravels through management of channel type and associated hydraulic roughness.  Model predictions indicate that bar and wood roughness can significantly enhance the availability of spawning sites by decreasing channel shear stress and competent grain size to levels suitable for salmonid spawning (Fig. 1b) in a basin that would otherwise be inhospitable due to steep channel slopes, high shear stresses, and grain sizes too coarse for spawning (Fig. 1a).  Results from this type of analysis could be used to examine opportunities for habitat enhancement and to structure management or restoration activities by determining what channel type and associated hydraulic roughness would be needed in different locations of a watershed.  

Our approach also provides a means for examining geomorphic controls on the spatial distribution of salmonid populations and could further our understanding of metapopulation dynamics [e.g., Rieman and Dunham, 2000].  Because the approach is based on fundamental physical relationships it is generalizable to a wide variety of physiographic settings.  Moreover, it can be tailored to any salmonid species by specifying their preferred range of spawning gravel sizes. 

c. Rationale and significance to Regional Programs

Defensible ecosystem management requires a proactive approach [Montgomery, 1995] which can only be accomplished with a firm understanding of the governing physical processes and their influence on biological systems.  Our proposal seeks to better understand the physical processes affecting spawning habitat availability to provide a tool for defensible, proactive, ecosystem management at watershed scales.  We believe that successful development and application of tools like this would have strong benefits for fish and would support the mission of the Fish and Wildlife Program (FWP).  

Our approach and goals are in direct agreement with the Power Planning Council’s stated Scientific Principles for the FWP [NWPPC, 2000, p. 16]

“…The presence of essential habitat features created by these (physical) processes determines the abundance, productivity and diversity of species and communities. Habitat restoration actions are most effective when undertaken with an understanding and appreciation of the underlying habitat-forming processes.”

The potential environmental applications of our approach (discussed above) are numerous and all potentially beneficial for maintaining and restoring salmonid spawning habitat.  Furthermore, our proposed work and its potential environmental applications address the Council’s Primary Habitat Strategy [NWPPC, 2000, p. 26]

“Identify the current condition and biological potential of the habitat, and then protect or restore it to the extent described in the biological objectives.  …(This program) also recognizes that depending on the condition of the habitat and the target species, certain categories of mitigation investments are likely to be more effective than others.  Thus, an important function of this strategy is to direct investments to their most productive applications.”

In providing guidance for research priorities, the National Marine Fisheries Service (NMFS) underscored a habitat-based approach to recovery by suggesting priority be given to proposals that “protect and restore land and water habitat in ways that permanently address underlying ecosystem processes, reconnect isolated habitats or improve connections between habitats” [NMFS, 2000].  An assumption inherent to all habitat-based initiatives is that key areas can be accurately and objectively identified in a timely fashion.  At present, however, systematic frameworks do not exist for the identification of these areas and restoration efforts are typically based on subjective identifications and assessments of habitat potential.  The research we propose would provide a means to objectively identify critical salmonid spawning habitats at watershed scales and could be used to identify types, locations, and associated costs of management actions needed to conserve, restore, or optimize spawning habitat (as discussed above).  Moreover, the ability to quantify model inputs using a geographic information system (GIS) ensures that the approach can be rapidly applied to broad geographic areas.  As a result, spawning areas with high restoration or conservation priority could be identified across large watersheds and targeted for conservation efforts. 

At a local level, our proposed work addresses a research need identified in the recent draft of the Salmon Subbasin Summary, which is to develop and validate habitat models at broader scales than have been traditionally considered [Serhveen et al., 2001, p. 190].  

Finally, by investigating the physical controls on spawning habitat availability, our proposal addresses the Council’s fundamental research goals [NWPPC, 2000, p. 44]

“…the long-term success of this program requires that we have a better understanding of the problems so that we choose the most effective actions.”

d. Relationships to other projects 
Our proposed research is integrated with portions of BPA Project no. 199902000 [Thurow, 2000 and ongoing].  Since 1995, this project has mapped the distribution of chinook salmon redds and the distribution of suitable spawning areas throughout the Middle Fork Salmon River (a critical and relatively pristine habitat for chinook salmon).  We will field test our model in the Middle Fork watershed by comparing predicted locations of potential spawning sites to observed locations mapped by Thurow.  

The proposed research also could be used to help identify and prioritize current BPA efforts to conserve and restore critical spawning habitats.  For example, such efforts are integral parts of the Upper Salmon Subbasin Watershed Project (Project nos. 9202603, 9306200, and 9401700) and Project No. 2000-005-00 (Protect Bear Valley Salmon and Steelhead Spawning Habitat).  

e. Proposal objectives, tasks and methods
Objective 1:  Obtain physical parameters for predicting the spatial distribution of suitable spawning habitat as a function of channel hydraulics
Grain size in gravel- and cobble-bed rivers is strongly controlled by channel hydraulics and skin friction shear stress that is imparted to the bed and responsible for sediment transport [Buffington and Montgomery, 1999b].  In particular, the bankfull flow is the dominant discharge influencing sediment transport, substrate size, and channel morphology in many alluvial rivers [Wolman and Miller, 1960; Carling, 1988].  The median grain size (D50) that can be mobilized by the bankfull flow can be predicted from the Shields [1936] equation as
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(1)

where  is the total bankfull boundary shear stress defined from the depth-slope product (ghS), s and are sediment and fluid densities, g is gravitational acceleration, h is bankfull flow depth, S is channel slope, *c50 is the dimensionless critical shear stress for movement of D50 [see review by Buffington and Montgomery, 1997], A is drainage area, and  and  are site-specific empirical values determined from field studies of hydraulic geometry [Leopold et al., 1964].  The only unknown parameters for predicting grain size in equation (1) are drainage area (A) and channel slope (S) (values readily obtained from DEMs).  Predicted grain sizes can be adjusted for channel type and associated hydraulic roughness using empirical relationships for *c50 as a function of boundary shear stress () and channel type [Buffington and Montgomery, 2001].  Channel type can be predicted as a function of channel slope based on reported characteristic slope ranges for different channel morphologies typical of the Pacific Northwest [Montgomery and Buffington, 1997; 1998].  Finally, watershed-scale spawning habitat availability is determined by comparing predicted grain sizes (eqn. 1) to those preferred by a particular salmonid species of interest [see compilation of Kondolf and Wolman, 1993].  

This method was used in a pilot study conducted in the Middle Fork Salmon River, central Idaho [Isaak et al., 2001; Buffington et al., in press].  The Middle Fork watershed was selected as a test site for the model because high-quality data were available on the spatial distribution of chinook salmon redds and other potential chinook spawning sites [Thurow, 2000].  Results from the pilot study are encouraging and show that the model correctly predicts the location of 61% of the observed spawning sites (Fig. 2 and Table 1).  However, these results are tentative because further development and testing of the model is needed.  In particular, the empirical relationships used to predict h and *c50 were based on studies of other watersheds [Emmett, 1975; Buffington and Montgomery, 1999b; 2001] and may not apply to the test site.  Consequently, field studies are required to test the validity of the assumed empirical relationships and to revise them where needed to represent basin-specific characteristics.  

Tasks and Methods 1
Field studies will be conducted to develop basin-specific hydraulic geometry relationships (h versus A).  Bankfull flow depth (h) will be determined from cross-sectional surveys, and drainage area (A) will be determined by using a GPS to locate the surveyed cross sections and transferring that information to constructed DEMs.  Several hydraulic geometry relationships will be developed for different subbasins to examine potential differences due to geologic variations within the study area.  

Field studies also will be conducted to develop relationships between *c50 and channel type in order to correct for differences in hydraulic roughness associated with different reach types.  Channel reaches will be classified using the Montgomery and Buffington [1997] approach.   Bankfull channel dimensions and surface grain size also will be measured to calculate *c50 from the Shields [1936] equation.  These data will also be used to verify the assumed relationships between channel slope and channel type (discussed above), as well as to verify DEM predictions of channel slope.  

Objective 2:  Quantify the effects of sediment supply on grain size and spawning habitat availability
To date, the pilot studies have only examined the effects of channel hydraulics on spawning habitat availability, and have not included the effects of sediment supply.  We propose to couple field observations and theoretical modeling to examine the spatiotemporal effects of sediment supply on spawning habitat availability.  Two approaches, outlined below, will be used to accomplish this objective.
Tasks and Methods 2.1:  Identify sources and magnitudes of sediment supply

Field studies will be conducted to quantify the effects on grain size and spawning habitat availability due to tributary sediment inputs, post-fire debris flows, and spatial variations in geology (differences in both rock type and geomorphic history of landscape units).  

Surface and subsurface sediment samples will be obtained from select drainages within the test basin.  Sediments will be sampled following standard procedures [Wolman, 1954; Church et al., 1987], with samples taken at systematic locations along the downstream length of the river, and with special attention paid to differences above and below tributary junctions [e.g., Rice et al., 2001] and across lithologic or structural boundaries.  Comparison of surface and subsurface samples will allow assessment of relative sediment supply at each sample location [Dietrich et al., 1989; Buffington and Montgomery, 1999c].  

Spatial and temporal variability of the size and frequency of debris flows will be inventoried via air photo analysis, and field measurements will be made of the grain-size distribution of select debris-flow inputs.

Standard statistical methods will be used to determine potential relationships between observed grain sizes and variations in sediment supply due to the above factors.  To accomplish this, we will first model substrate size as a function of boundary shear stress only (Objective 1), and then seek to explain differences between predicted and observed grain size as a function of the size and proximity of tributary streams, debris flows, and geologic units.  Time since debris-flow occurrence or tributary flooding will also be considered.  Regression models will be developed using data from 80% of the field sites.  Remaining data will be used as test datasets to determine the accuracy of model predictions.  If systematic errors are detected, correction factors may be applied to model predictions.

Tasks and Methods 2.2: Model the long-term spatiotemporal effects on spawning habitat availability due to sediment input and routing through the channel network

Recent stochastic models for sediment input and routing in Pacific Northwest watersheds [Benda and Dunne, 1997a,b; Benda et al., 1998; Lancaster et al., 2001] will be applied to the test site and modified where necessary to account for local geomorphic processes not included in the original models.  Local and regional discharge records will be used to develop flood frequency curves and channel topography (width, depth, slope) will be determined from DEMs and channel surveys conducted as part of Task 1.  Additional field work will be conducted where channel geometry and discharge data are lacking.  Channel type and associated hydraulic roughness will be incorporated into bed load transport equations using information from Task 1.   

Bed load transport will be modeled by size fraction [e.g., Booth et al., 1991], with characteristics of sediment inputs determined from Task 2.1 above.  Sediment inputs will be routed through the channel network and a mass balance of size-selective transport and deposition will be used to model changes in bed surface texture (grain-size distribution) and consequent suitability for spawning habitat.  Spatiotemporal changes in surface texture and spawning habitat quality will be examined over time scales ranging from 100 to 104 years. 
Objective 3:  Validate the model
Tasks and Methods 3 

Results from Objectives 1 and 2 will be combined to create a model for predicting watershed-scale availability of spawning habitat as a function of hydraulic roughness and sediment supply as discussed above.  Spawning habitat surveys conducted by Thurow [2000 and ongoing] will be used to test model predictions of the spatial distribution of substrate sizes suitable for chinook spawning.  Results will be evaluated in a format similar to that of Figure 2 and Table 1.  

As currently designed, this research provides relative predictions of spawning habitat (i.e., presence or absence) at reach scales.  Consequently, the model produces a large-scale first-order prediction of habitat availability.  However, more specific predictions could be made by ranking the suitability of different substrate conditions and by including and ranking additional factors, such as flow velocities, water depths, and subreach variation of textural patches (grain-size facies [Buffington and Montgomery, 1999a]).  Scores from these values could then be combined into an index of habitat quality that would be analogous to weighted usable area in instream flow studies.

Objective 4:  Knowledge transfer
This is a collaborative project between the University of Idaho and the USDA Rocky Mountain Research Station.  Information derived from this study will be disseminated via contract reports, peer-reviewed publications, presentations at professional meetings, technical conferences, and workshops, in response to information requests, and at informal meetings with state and federal agencies, tribes, and university scientists involved in the management of Columbia Basin salmon.  Costs associated with knowledge transfer are for publishing peer-review articles and for traveling to and attending professional conferences to present research findings.  
f. Facilities and equipment
The Rocky Mountain Research Station (RMRS) and University of Idaho (UI) maintain permanent office space and associated administrative assistance and services (i.e., copying, mailing) in Boise, Idaho.  The RMRS and UI will provide most of the necessary computer hardware (pc, laser printer, modem) and software for word processing, database management, internet access, electronic mail, data analysis, file management, GPS file correction, and GIS plotting.  The UI will provide surveying and field equipment, including an RTK GPS, total station, and camping/backpacking gear.  The UI will also provide equipment for obtaining and processing sediment samples.  UI or leased vehicles will be used for transportation and access during ground-based surveys.  
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Table 1. Comparison between reach-scale substrate classification and observed distribution of chinook salmon redds in the Middle Fork Salmon River, 2001 (see Fig. 2). 

	
Substrate size category (mm)
	% of stream network
	% of redds

	0 – 21.9
	7.8%
	28.3%

	22 – 50
	52.1%
	61.1%

	50.1 – 135
	40.1%
	10.6%
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Figure 1. Predicted spatial distribution of channel segments with or without reach-average grain sizes suitable for salmonid spawning (D50=10-50 mm), Finney Creek watershed (western Washington) [Buffington, 1998].  Channels with slopes >4% (pink segments) are excluded from the analysis as they typically have a step-pool or cascade morphology that offers limited amounts of spawning gravels and reach-average values of D50 much larger than preferred by spawning salmonids.  

In 1A, the remaining channel segments are modeled as plane-bed morphologies (high shear stress, low roughness).  The plane-bed channels are divided into those predicted to have suitable spawning gravels (yellow segments) and those with sizes too coarse to be preferred (red segments).  Note that no suitable spawning habitat is predicted when channel segments are modeled as plane-bed (low roughness) channels (no yellow segments).  

1B shows the optimal spawning habitat availability predicted as a function of channel type and associated hydraulic roughness.  Suitable spawning sites can be produced in the lower mainstem with the presence of a pool-riffle morphology and bar form drag that reduces shear stress and competent grain size to usable levels (green segments).  In the steeper, upper reaches the addition of wood roughness is required to reduce boundary shear stress and surface grain size to suitable levels for spawning (blue segments).  Note that bar and wood roughness can significantly increase the availability of spawning sites compared to channel segments modeled as low-roughness, plane-bed morphologies (1A).   

NOTE:  This is a color figure.  Please view electronically or print from a color printer.  
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Figure 2. Predicted spatial distribution of reach-average median grain sizes (D50) in the Middle Fork Salmon River watershed, central Idaho [Isaak et al., 2001].  Grain sizes are adjusted for channel type and associated hydraulic roughness (see text).  Values of D50 in the range of 22-50 mm were identified as suitable chinook salmon spawning habitat according to central tendencies (25-75% percentiles) of grain-size data presented by Kondolf and Wolman [1993].  

NOTE:  This is a color figure.  Please view electronically or print from a color printer.
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