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Section 3. Project description

a. Abstract

Growth and abundance of salmon are directly affected by the dynamic interaction of nutrients and the associated food-chain. An integrated analysis tool to model the transport and uptake of the added nutrients, and the resulting effect on juvenile salmonid growth and population response is currently unavailable. Development of this physical-biological based modeling system would provide an important tool for managers to make decisions on whether or not to initiate nutrient supplementation in a particular watershed system. The proposed work would be innovative in that it will link state-of-the-art watershed and river models together with nutrient and food-chain components to form a integrated analysis system. The outputs from the modeling system would be presented in the form of GIS (geographic information system) data layers that can be directly used by management agencies.

b. Technical and/or scientific background

Numerous studies suggest that the spawning of anadromous, semelarous fish (fish that die after spawning) is an important nutrient transport mechanism, especially for the salmon of the Pacific Northwest (e.g. Winter et al. 2000; Bilby et al. 1996; Kline et al. 1990).  These fish carry marine-derived nutrients (MDN), primarily carbon, nitrogen, and phosphorus, to the nutrient-poor freshwater spawning sites in the upper reaches of rivers and streams.  After spawning, the carcasses, excrements, and gametes are consumed and broken down by fish, upland scavengers (Cederholm et al. 1989), invertebrates, bacteria, and fungi.  The released nutrients are also sorbed onto bottom sediments (Bilby et al. 1996) and taken up by primary producers such as phytoplankton and peryphyton (Richey et al. 1975).  This pulse of MDN can enhance productivity and improve the growth and survival of age-0 and juvenile salmon (Bilby et al. 1998;  Bilby et al. 1996; Larkin and Slaney 1997).

Presently, however, this source of MDN is greatly diminished because of declines in salmon spawning over the last century.  Some researchers estimate that MDN deposition by spawning salmon has decreased to 6 - 7 percent of historical levels (Gresh et al. 2000).  The resulting nutrient deficit adversely impacts the ecology of upland and aquatic biota, including the growth and survival of parr and smolts.  Such an effect creates a negative feedback where diminished spawning reduces MDN, which compromises smolt survival, further diminishing return adult spawning numbers.  


In response to these findings, Washington, Oregon, and Canada have all implemented nutrient enrichment programs.  Washington and Oregon both have rapidly growing supplementation programs that involve placing hatchery salmon carcasses in spawning areas. Canada is experimenting with artificial substitutes.  Bio-Oregon, an Oregon company that manufactures fish pellets, is working with the Washington Department of Fish and Wildlife (WDFW) on the development of the “salmon briquette”, which may provide salmon derived MDN in the form of an easily transported, disease-free, dried concentrate.    


There are many considerations associated with nutrient supplementation programs such as disease, water quality, cost/benefit tradeoffs, and the timing, amount, and location of nutrient introductions.  The nutrient budget in a given channel is driven by a number of complex interrelated physical and biological processes including watershed hydrology, geology, channel hydraulics, vegetation, temperature regime, solar radiation influx, and channel food web.  Ideally, a program would involve a systematic, science-based approach for identifying the rivers and streams likely to benefit most from added nutrients, then adding the appropriate nutrients in the appropriate amounts at the appropriate time.  A model that simulates the breakdown, transport, immobilization and uptake of the added nutrients, and the resulting effect on smolt growth would be useful for identifying the best sites and estimating these “appropriate” amounts.  We propose a watershed model that incorporates watershed hydrology, channel hydraulics, fate and transport of dissolved constituents, and in-channel food web dynamics.  Such a model can function as a design tool for these watershed management programs.  It could also help identify and therefore prevent unintended adverse effects, such as water quality deterioration.  

This project will build upon a foundation provided by our existing watershed and river modeling systems. These models, DHSVM (Distributed Hydrology Soil Vegetation Model) and MASS1 (Modular Aquatic Simulation System 1D), will be linked together to form a coupled modeling system. These models have been applied in many watersheds and rivers in the Pacific Northwest. The basic capabilities of each model and representative applications are described below.

DHSVM (Wigmosta et al., 1994; Storck et al. 1998; Wigmosta and Lettenmaier 1999; Wigmosta and Perkins, 2001) is a physically based distributed parameter model that provides an integrated representation of watershed processes at the spatial scale described by digital elevation model (DEM) data.  DHSVM has been utilized in a number of research activities involving hydrologic analysis and modeling (Wigmosta et al., 1994; Haddeland and Lettenmaier, 1995; Kenward and Lettenmaier, 1997; Wigmosta and Lettenmaier, 1999; Westrick et al., 2000).  The model has also been used to study the interactions between climate and hydrology (Wigmosta et al., 1995; Arola and Lettenmaier, 1996; Nijssen et al., 1997) and the potential impacts of climate change on water resources (Leung et al., 1996; Leung and Wigmosta, 1999; Wigmosta and Leung, 2000).  There has been significant use of the model for basic and applied research concerning forest management activities on watershed processes (Storck et al., 1995, Lamarche and Lettenmaier, 1998; Storck et al., 1998; Storck et al., 1999; Bowling et al., 2000; Storck, 2000; Bowling and Lettenmaier, 2001; Wigmosta and Perkins, 2001).

DHSVM includes a multi-layer canopy model for evapotranspiration, energy balance models for canopy snow interception and ground snowpack processes, a multi-layer rooting zone model, and subsurface, surface, and channel flow modules.  The modeled landscape is divided into computational grid cells centered on DEM elevation nodes.  Digital elevation data are used to model topographic controls on absorbed shortwave radiation, precipitation, air temperature, and down-slope water movement.  At each time step, the model provides a simultaneous solution to the energy and water balance equations for every grid cell in the watershed.  Each cell exchanges water with its adjacent neighbors, resulting in a three-dimensional redistribution of surface and subsurface water across the landscape.

MASS1 is a one-dimensional, unsteady hydrodynamic and water quality model for river and reservoir systems. It is a physically-based model that numerically solves the partial-differential equations representing the conservation of water mass, momentum, thermal-energy, and constituent mass in a channel. MASS1 has been used for a variety of river modeling studies in the Pacific Northwest. The hydrodynamic component of MASS1 was used to simulate unsteady water elevations in the Hanford Reach in a fish stranding study (Evaluation of Juvenile Fall Chinook Stranding on the Hanford Reach, BPA Project Number 199701400). The effect of Lower Snake River Dams on water temperatures was studied by simulating s 35-year period for impounded (post-dam) and unimpounded (pre-dam) river conditions (Perkins and Richmond, 1999). MASS1 was used to simulate the transport and fate of dissolved gas produced by spillway discharges from Lower Snake and Columbia River dams and water temperature (Richmond et al., 2000) to evaluate different gas abatement alternatives.

MASS1 simulates cross-sectional averaged processes (one-dimensional) in branched channel systems at discrete cross-sections. Cross-sections can be located at variable distances along the channel and be defined using survey data or estimated from DEM data. The model accepts time varying inflows at points or as lateral inflow/outflow along a channel reach. Channel resistance is modeled using a Manning or Chezy roughness coefficient. Hydraulic structures such as dams, weirs, and culverts can be included in a channel network. Heat exchange processes at the water surface are modeled using standard parameterizations; meteorological conditions can be assigned on a zonal basis using multiple weather stations or adjusted for canopy shading from DHSVM output. The model includes a general mass transport equation solver that allows any number of constituents (up to computer memory limits) to be simulated by specifying individual source/sink processes.

c. Rationale and significance to Regional Programs

Nutrient enrichment can provide a relatively low-cost means to restore the ecosystem function that salmon carcasses once served, improve smolt growth and survival, and increase natural spawning to a level that eliminates the need for nutrient enrichment over the long-term.  These potential results are in accordance with the first two goals of the Draft Basin-Wide Salmon Recovery Strategy (formerly the All-H report):  1) to foster long-term survival and 2) to conserve the ecosystems upon which salmon and steelhead depend.  They are also consistent with the biological objectives calling for increasing naturally-sustained fish populations and natural patterns of genetic exchange.   For these reasons, nutrient enrichment programs are becoming more common in the Pacific Northwest.


We should use caution, however, in implementing such watershed intervention programs.  A quote from Section 7 of the North West Power Planning Council-Fish and Wildlife Plan articulates why: “Our history is replete with well-intentioned, but ill-informed actions compounding the problems they were intended to solve.”  We propose this watershed-scale model as a means to ensure that well intentioned, watershed scale intervention measures, such as nutrient enrichment, are implemented using a systematic and scientifically defensible approach.  The model would allow simulation of multiple management options at the subbasin scale, as recommended in the Mainstem and Tributary Habitat section of the National Marine Fisheries Service Draft Biological Opinion.  For example, the model could simulate the effects of nutrient enrichment, grazing, logging, fire, and flow alteration, either singly or in various combinations.   The simulation results will then help federal, state or local watershed managers identify the options likely to be most cost effective and beneficial to smolt survival, spawning escapement, ecosystem productivity and function, water quality and the salmonid population as a whole.

d. Relationships to other projects 

This project will provide a valuable analysis tool that can be used to assess the interactions between the watershed-river nutrient cycle and salmon production. The analysis tool will be applicable to perform a baseline assessment of the nutrient cycle in a watershed and then to design a nutrient supplementation scheme. The modeling system can be used to complement any existing or proposed nutrient assessment or enhancement project. The proposed analysis system links physically-based watershed and river system models; thus it can be used to provide information (runoff volumes, channel velocities, water depths, etc.) to habitat restoration/enhancement projects (for example, BPA Project Numbers 199705600 and 21017). The stream temperature and nutrient-cycle components of the system would provide a key analysis capability to other existing or proposed projects that focus on water quality issues. 

e. Proposal objectives, tasks and methods

The overall objective of this work is to develop a state-of-the-art, integrated modeling system that can describe the complex interactions between the physical and nutrient-cycle processes in watersheds and rivers and their ultimate impact on salmon production.

1. Model Development

The existing watershed and river system models, DHSVM and MASS1, will be enhanced to include nutrient cycling and sediment transport.  A food-chain component will be added to the MASS1 model.


a. Watershed

DHSVM will be enhanced to simulate the two hydraulic processes generally responsible for surface soil erosion: soil detachment by rainfall, and hydraulic entrainment of sediment.  The rate of soil detachment by rainfall is a function of surface cover, soil properties, and rainfall intensity.  The amount of soil removed through hydraulic entrainment is dictated by soil characteristics and local surface water hydraulics.  There are several physically-based approaches for modeling these erosional processes.  The U.S. Forest Service, the Agricultural Research Service, the National Resource Conservation Service, and the Bureau of Land Management are developing new methods for predicting soil erosion under the Water Erosion Prediction Project - WEPP (Flanagan and Nearing, 1995).  The WEPP approach for rainfall detachment and hydraulic entrainment will be incorporated in the modeling system.  Information on vegetation and soil properties will be supplied for each hillslope grid cell and road reach using ARC/INFO.

We will adapt a simple nutrient budget module that will initially consider only nitrogen and phosphorous (Bouraoui and Dillaha, 2000).  These are the two most important nutrients in forest ecosystems.  The processes of nitrification, plant uptake, denitrification, bacterial degradation of organic matter, and export will be represented in the model.  Plant uptake of nutrients will consider uptake both through the roots and leaves.  Nitrification involves the transformation of ammonium into nitrate and will require accounting for nitrogen in distinct albeit linked forms.  Denitrification is the process whereby certain organisms under anaerobic conditions can transform nitrate into nitrogen gas.  Denitrification will only be considered in watershed grid cells representing wetland areas.  Bacterial degradation occurring in the litter layer transforms nitrate bound up in organic matter back into ammonium.  Soluble forms of nitrogen and phosphorous will be allowed to migrate among the vertical compartments (canopy, litter layer, and each of the soil layers) and horizontally between grid cells in saturated subsurface flow.  Both nutrients attached to sediments and soluble nutrients will be allowed to migrate with surface flows.  Nutrient budgets will be estimated for the various soil horizons, the litter layer, stream, lake, wetlands, and the forest canopy.  This component of the modeling system will allow assessment of the cumulative impacts of land management practices on nutrient contaminant transport.


b. River

MASS1 will receive water, sediment, and nutrient influxes from DHSVM. DHSVM will also provide incoming water temperature and meteorological data (corrected for canopy effects) to calculate heat fluxes at the water surface based on air temperature, wind speed, canopy and cloud cover, and relative humidity. 

In streams with steep gradients, the channel routing will be done by solving the full St. Venant equations (continuity and momentum) equations using the method proposed by Meselhe, et. al. (1997) which allows for the simulation of  mixed subcritical and supercritical flow regimes. In this method we allow for the channel friction factor to be a fixed value or a function of sediment discharge.

The sediment transport model will be formulated to allow simulation of nonuniform sediment mixtures and channel aggradation/degradation (Rahuel et al., 1989). Both bedload and suspended load transport will be included in the model using the methods proposed by Holly and Rahuel (1990). Changes in channel bed elevation are computed using the sediment-continuity equation together with a sediment-discharge predictor equation. Many sediment-discharge predictor equations are available in the literature and have been used with varying degrees of success. The modular model development approach will allow the results of ongoing research on sediment-transport in high-gradient streams to be incorporated into the modeling system. For example, the model will be formulated to allow the user to select from several common choices such as the Meyer-Peter Mueller equation. The mobile-bed simulations can be done using a fixed friction factor or a sediment-discharge dependent friction factor, such as proposed by Karim and Kennedy (1981). Empirical relations to simulate the effect of channel armoring will also be included the model.

The nutrient cycle component will be formulated using the relationships in the EPA QUAL2E model (Brown and Barnwell, 1987). This includes nitrogen, phosphorus, dissolved oxygen, and algal interactions. The mathematical relationships for these processes will be included in the MASS1 model.


c. Food Chain

A dynamic food-chain model component will be added to the MASS1 model. The food-chain model will be formulated along the lines presented by Yang and Sykes (1998) as a coupled system of rate equations describing the linkages between the trophic levels. This formulation will be extended to include direct consumption of salmon carcasses and eggs by juvenile salmon based on observational data by Bilby et al. (1998). The mass-balance component for salmon carcasses would include direct transport by the stream, decomposition, consumption by juveniles and other aquatic species, and consumption by non-aquatic species (mammals and birds). 


d. Data Transfer

To be successful, the project must present the modeling system output in ways that can be readily used by management agencies. A geo-spatial data manager will be developed to provide a mechanism for data transfer to external users.  A customized ArcView project will be developed as a tool to archive, display, query, and output information from the models.  Data sets, field-measured and simulated, will be assembled, reformatted, and integrated in an easy-to-use interface.  Examples include data for instream habitat, stream geomorphology, substrate information, stream cross-sections, historical photography, digital airborne videography, endangered fish collection and tracking data, water quality data, temperature data, sediment data, and nutrient data.  The customized software will also feature the ability to choose the desired geographic area of interest such as a predefined stream reach, desired river mile range, or near predefined landmarks, and the ability to quickly generate and print map layouts. The software will be designed in such a way that data integrated into the project could be selected for output to formats used by other applications for further processing and analysis.


2. Model Application

Testing of the linked modeling system will be done by applying it to the field experiments documented by Bilby et al. (1996). These experiments were conducted on tributary streams of the Snoqualmie River, WA. Measurements of stable isotopes of nitrogen and carbon were used to trace MDN input from spawning salmon through the food chain of the stream. Dissolved Nitrogen and Phosphorous in stream water was also monitored to examine the effect of spawning fish on the concentrations of these two elements. Sampling was done on four streams; two streams had spawning coho salmon and two did not. 


a.
Data Gathering

In this task we will gather the data necessary to apply the integrated model to the test case. No field work is planned in this task since DHSVM has already been applied to the Snoqualmie River basin at a 100-m resolution (Stork et al., 1995; Stork et al., 1998).  Meteorological data were taken from the NOAA surface airways data base for Stampede Pass. These data will be supplemented by local Snotel and cooperative weather station data.  GIS overlays of soil and vegetation classifications are available based on data from the U.S. Forest Service and the Washington State Department of Natural Resources.  


b. Application to a Test Case


The integrated model will be applied at a 100-m spatial resolution to the Bilby et al. study location.  The model will be run using meteorological data from 1985 through 1993 to assure proper antecedent conditions have been establish prior to the time periods of sample collection during 1991, 1992, and 1993.  Model simulated water quality characteristics and food chain properties during the sample collection periods will be compared with measurements.  Of particular interest is the proportion of nitrogen contributed by spawning salmon to juvenile coho salmon and the seasonal changes in weight of age-0 coho salmon.   

3. Reporting

The methods and results from the project will be documented and made available in several forms. A final report will be prepared and made available in a PDF file format that can be downloaded from the web. In addition to the report, individual GIS data layers (ArcView shape files) and text files of model input conditions and simulation results will also be made available for download over the web. A digital summary of the project will be provided in the form of an customized ArcView project. The project results will also be documented in the form of one or more papers submitted for publication in a peer-reviewed archival journal. We also plan to present our work at a regional and national conference.

f. Facilities and equipment

The work on this project will be conducted at the offices of Battelle’s Pacific Northwest Division in Richland, Washington. A broad range of computing hardware and software are available for use in conducting the project work. Hardware includes single and multiple-processor computer workstations (Windows, Linux, Silicon Graphics), tape and DVD-RAM backup systems, and color printers. Software includes compilers (FORTRAN90 and C/C++), GIS software (Arc/Info, ArcView), and model/data visualization software (TecPlot, FieldView).  The existing computing environment is adequate to meets the needs of the proposed project. 
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Dr. Richmond’s areas of expertise are in the development and application of computational models of hydrodynamics, sediment transport, and contaminant transport in environmental systems, computational fluid dynamics (CFD), physical modeling of hydraulic structures, and fisheries engineering. Dr. Richmond is the developer of the MASS1 (Modular Aquatic Simulation System) one-dimensional and MASS2 two-dimensional hydrodynamics and water quality computer models. He is also leading the development of an individual model for fish called FINS (Fish Individual-based Numerical Simulator).  
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Hydrologist and Program Manager Snohomish Co.  Basin Planning Program

1984 - 1985
Hydrologist and Program Manager Snohomish Co.  River Improvement Program

1983 - 1984
Senior Hydrogeologist - Ecology and Environment, Inc. 
1980 - 1982
Research Assistant, University of Washington 
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Gregory R. Guensch

1999-Present
Engineer, Pacific Northwest National Laboratory, Richland, WA

Duties: Running 1, 2, and 3-dimensional hydraulic and water quality models, quantifying the experimental shear and turbulence exposure to yearling fish, modeling downstream migration of steelhead and chinook smolts

1999
Hydrologic Technician, Forest Service, Uinta National Forest, Provo, UT

Duties: Water quality and nutrient sampling, surveying river geomorphic and habitat features, measuring sediment transport, benthic macroinvertebrate sampling

1997-1999
Research Project Leader, Institute of Natural Systems Engineering, Utah State University, Logan, UT

Duties: Modeling of salmonid position choice, consumption and growth; sampling, sorting and identifying drifting invertebrates; snorkeling and remotely observing fish; electroshocking and stomach pumping fish, and analyzing the gut contents; modeling fish growth with Wisconsin Bioenergetics Model, computing bioenergetic-based habitat suitability metric

1996-1997
Research Technician , Geography Dept., Utah State University, Logan, UT

Duties: Determining hydrograph characteristics likely to enhance geomorphic features serving as nursery habitat for endangered fish, identifying effects of flow regulation in the Green River, Utah 

EXPERTISE:
Mr. Guensch’s areas of expertise include: simulation of foraging, energy intake and growth of drift-feeding fish; fish habitat modeling; open-channel hydraulics.

EDUCATION:
M.S.     Watershed Science, Fish and Wildlife Department, Utah State University, 1999
B.S.       Environmental Engineering, University of Florida, 1996

PUBLICATIONS, PRESENTATIONS, REPORTS:

Guensch, G.R., T.B. Hardy, R.C. Addley.  2000.  Examining Feeding Strategies and Position Choice of Drift-feeding Salmonids Using an Individual-based Mechanistic Foraging Model.  Canadian Journal of Fisheries and Aquatic Sciences, In Press.
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Experience

2000


Senior Research Scientist I, Battelle Pacific Northwest National Laboratory, 






Environmental Technology Division, Richland, WA.

1995-2000
Graduate Research and Teaching Assistant, Oregon State University, Forest Science Laboratory, Corvallis, OR.

1991-1995

Hydrologist, CH2M HILL, Portland, OR.    

1989-1991

Graduate Research Assistant, Desert Research Institute, Reno, NV. 

Education

Ph.D.


Bioresource Engineering, Oregon State University, 2000.  Statistics Minor. 

M.S.


Hydrology/Hydrogeology, University of Nevada, Reno, 1991. 

B.S.
Geology

Stanford University, 1984. 

Expertise

Areas of expertise include cycling of carbon and nitrogen between soil, plants, and atmosphere, and hydrological and biogeochemical modeling.  Coupled the Distributed Hydrology-Soil-Vegetation Model (DHSVM) and Biome-BioGeochemical Cycles model (Biome-BGC) to address impacts of climate and other environmental change on vegetation and water balance.  

Other

Registered Geologist (R.G.), State of Oregon, #G1703.  Member of American Geophysical Union, American Water Resources Association, and American Institute of Hydrology.  Volunteer for The Nature Conservancy on restoration projects at various sites, including Sycan Marsh, Camassia Preserve, and Kingston Prairie, Oregon.  
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GEOFFREY A. MCMICHAEL

EDUCATION
Master of Science, Fish and Wildlife Management, Montana State University, Bozeman.  June 1989.

Bachelor of Science, Biological Sciences, Fish and Wildlife Management option, Montana State University, Bozeman.  June 1987.

EXPERIENCE

1999-present 
Research Scientist, Pacific Northwest National Laboratory

1989 – 1999 
Species Interactions/Ecological Risk Assessment Biologist, Ecological Interactions Team, Washington Department of Fish & Wildlife, Ellensburg, Washington.  
1989  


Fishery Biologist, Nature Conservancy, Montana Natural Heritage Program, Helena, Montana. 

1987 - 1989 

Graduate Research Assistant, Montana State University, Bozeman, Montana. 
EXPERTISE 

Mr. McMichael has been working on laboratory studies of the effects of certain routes of dam passage on juvenile fish. He has been involved in the evaluation of shear stress, turbulence, pressure, and gas supersaturation on juvenile anadromous salmonids. He has also been working on a project to evaluate the spawning habitat selection by endangered chum salmon in the Ives Island area below Bonneville Dam. Geoff's past research emphasis has been in the areas of ecological interactions between hatchery and wild salmonids, behavioral observations, fish population monitoring, predator-prey interactions, and electrofishing injury.
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McMichael, G. A., and T. N. Pearsons.  1998.  Effects of wild juvenile spring chinook salmon on growth and abundance of wild rainbow trout.  Transactions of the American Fisheries Society 127:261-274.

McMichael, G. A., T. N. Pearsons, and S. A. Leider.  1999.  Minimizing ecological impacts of hatchery-reared juvenile steelhead on wild salmonids in a Yakima basin watershed. Pages 365-380 in E. E. Knudsen, and four co-editors, Sustainable fisheries management: Pacific salmon.  CRC Press, Boca Raton, Florida.

McMichael, G. A., T. N. Pearsons, and S. A. Leider.  In Press.  Behavioral interactions among hatchery-reared steelhead smolts and wild Oncorhynchus mykiss in natural streams.  North American Journal of Fisheries Management (Nov. 1999).
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