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a. Abstract 
The operations of hydropower projects on the main stem Columbia River may affect the spawning or incubation success of fall chinook salmon (Oncorhynchus tshawytscha) that spawn in the tailraces of these projects.  In addition, the timing of redd construction may be linked to environmental cues (e.g., daylight).  Understanding the relationship between environmental cues and hydropower project operations and spawning activity would provide managers with information that would allow for determining a better balance between protection for spawning salmon and their gametes/progeny and hydropower operations flexibility.  In year 1, we propose to use a newly developed method of detecting the sounds created when female fall chinook salmon move substrate particles along the river bed while constructing a redd.  Spawning activity will be recorded on digital media using hydrophone systems and associated acoustical recording systems.  Hydrophones would be placed in documented fall chinook salmon spawning areas downstream of Priest Rapids Dam in the Vernita Bar area and in the tailrace of Wanapum Dam of the Columbia River. The digital sound files, recorded for 24 h time blocks, will be analyzed using newly developed statistical algorithms that will allow for rapid processing.  Output from the statistical procedures will be individual spawning events (digs) with associated time stamps for the various hydrophone deployment locations.  An index of spawning activity will then be compared with environmental variables such as daylight/darkness and different categorized sets of hydropower operations (e.g., discharge levels and trends). In years 2 and 3, hydrophones will be deployed in areas where existing hydraulic models will be able to predict estimated water velocities which may also be compared with spawning activity.  In addition, years 2 and 3 would be used to further refine the statistical algorithms and produce a computer interface to allow for near real-time access to the spawning activity data in the field as well as testing of the system as a survey/monitoring tool to allow for near real-time data retrieval that would be useful for management of the hydropower system.

b. Technical and/or scientific background

The development of the Columbia River hydropower system has altered the habitat of anadromous fishes, especially those using the main stem of the Columbia River for spawning and rearing (Van Hyning 1973; Dauble and Geist 2000).  By inundating habitat formerly used by anadromous fishes for spawning, habitat variables that are thought to influence spawning habitat selection (e.g., depth, velocity, and groundwater/surface water interaction) have been altered in many areas.  In addition, the operation of hydropower facilities, often involving large fluctuations in discharge, may alter physical habitat characteristics such as depth and velocity during the spawning period of main stem spawning populations of fall chinook salmon (Oncorhynchus tshawytscha).  Finally, if salmon construct their redds in higher elevation portions of the stream channel, their redds may be dewatered during the course of embryo development.  

Two large uncertainties exist with respect to fall chinook salmon spawning in main stem areas below hydropower projects.  First, little is known about the relationship between daylight and spawning activity.  Current agreements to reduce impacts of hydropower operations on salmon spawning (e.g., the Vernita Bar Settlement Agreement) assume that most spawning occurs during hours of daylight.  Second, little is known about the relationship between hydropower project operations (discharge magnitude, direction, and variability) on salmon spawning activity downstream of dams.

Hydropower operations can affect the distribution of salmon redds and redds that are constructed in higher elevation areas may be dewatered at critical developmental stages, resulting in increased mortality of eggs and/or alevins.  Chapman et al. (1986) examined the effects of fluctuating river discharge on the distribution of salmon redds in the Vernita Bar area of the mid- Columbia River.  They documented a positive relationship (R2 = 0.80) between the number of fall chinook salmon redds above a low flow elevation (1,020 m3/s) and mean daily discharge.  Large discharge fluctuations may also impact egg survival during periods of very low discharge that last more than a few hours, especially under low relative humidity conditions (Bauersfield 1978; Becker et al. 1982; Becker et al. 1983; Neitzel and Becker 1985).  Eggs and/or alevins in redds that are constructed at elevations where they may be dewatered for extended periods, and possibly exposed to sub-freezing temperatures, will suffer reduced survival relative to eggs/alevins in redds that remain under water during the course of their development and emergence (Becker et al. 1983).  Pre-emergent fall chinook salmon alevins suffered nearly 100% mortality when dewatered for a 6 h period (Becker et al. 1983).  

Fluctuations in discharge may affect the amount of suitable spawning habitat downstream of dams (Chapman et al. 1986; Dauble et al. 1999; Dauble and Geist 2000; Geist et al. 2000).  As a result of changes in discharge to meet power demands, water velocity may vary greatly in places where depth and substrate (and other key habitat parameters such as hyporheic flow (Geist 2000)) are suitable for spawning by fall chinook salmon.  The combination of fall chinook salmon spawning activity data 24 h/day during the spawning period and use of a hydraulic model and empirical velocity measurements would provide a powerful means of determining how hydropower project operations affect the amount of suitable spawning habitat in downstream areas.  

Spawning activity data will be collected using underwater hydrophones to record the sounds of colliding substrate particles during redd construction (Persat and Zakharia 1992).  The principal investigator has used this methodology to successfully collect sound files of salmonid redd construction.  Further, scientists in the Statistics Group at PNNL have developed statistical tools to quantify the number of spawning events (an event is one digging episode characteristic of a female moving substrate particles in the construction of a redd).  The sound of the collision of substrate particles produces a very audible sound ‘signature’ that may be distinguished from other background sounds using a series of statistical pattern recognition algorithms that use the frequency, amplitude, and duration of the recorded sound to produce mathematical vectors (see Figure 1 for an example of a spectrogram from a spawning event by a chum salmon).  Truth data will be collected on a subset of the sound files to allow for ‘tuning’ of statistical algorithms for each data collection location.  Statistical algorithms will be challenged with a variety of background sounds to verify correct identification of spawning events.  Emphasis will be placed on reduction of false positives in the data. Each spawning event will be output into a database with an associated time stamp.   
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Figure 1. Example of spectrogram of a digging event of a female chum salmon. The digging event is the high frequency pattern shown to the right of the center of the figure.

In 2003 and 2004, emphasis will be placed on determining relationships between hydropower project operations and spawning activity.  A hydraulic model will be used to generate predicted velocities in the areas sampled to allow for statistical comparisons between spawning activity and depths and water velocities in the spawning areas.  Estimates of depth and velocity will be derived from the results of hydraulic modeling based on the River2D model (Ghanem et al. 1996; Waddle et al. 2000).  The PI will have access to the necessary input data for this modeling through ongoing efforts under a contract with the Grant County PUD in the Wanapum Dam tailrace spawning area (these data should be public by late 2003 – see note in “Information Transfer” section of part 1).


The first need listed in the “Fish and Wildlife Needs” section of the Mainstem Columbia River Subbasin Summary (Ward et al. 2001), under the ‘Hydropower System Development and Operations’ section is,

“Assess the effects of hydropower system operations on salmon spawning activity in the Hanford Reach and in the tailrace areas of mainstem dams.  This would include an evaluation of whether fall chinook salmon spawn in the Hanford Reach only during the day, and the relative proportion of hatchery and wild fall chinook salmon that spawn in the Hanford Reach.  This has implications for an extension of the Vernita Bar Agreement which uses “reverse load factoring” to encourage fall chinook to construct their redds at elevations that will not become dewater during periods of low flow”

There were also needs included in Ward et al. (2001) that reflected the need to limit flow fluctuations and/or place acceptable limits on flow fluctuations that are implemented through the use of the Hourly Coordination Agreement which coordinates operations of Priest Rapids, Wanapum, Rock Island, Rocky Reach, Wells, Chief Joseph and Grand Coulee dams.  Information on relationships between environmental variables and hydropower project operations and spawning activity would provide much needed data for the parties involved in establishing operating criteria.  These data should allow managers to better balance between maximum fish protection and maximum hydropower operations flexibility.


In addition, in Section 9.6 – Measures to Avoid Jeopardy of the Reasonable and Prudent Alternative (RPA) of the December 21, 2000, National Marine Fisheries Service Biological Opinion on operation of the Federal Columbia River Power System, Action 193 (Section 9.6.5.3.5.2) states that Action Agencies ‘shall investigate state-of-the-art, novel fish detection and tagging techniques for use, if warranted, in long-term research, monitoring, and evaluation efforts.’

c. Rationale and significance to Regional Programs
The development of the hydropower system in the Columbia River Basin has impacted populations of anadromous fishes (Dauble and Geist 2000; NPPC 2000).   Much of the habitat that exists in several tail race areas in the Columbia River main stem, such as downstream of Wanapum and Priest Rapids dams, would be characterized as ‘intact’ or ‘restorable’ based on the definitions included in the Northwest Power Planning Council’s 2000 Fish & Wildlife Program  (NPPC 2000).   Efforts have been taken (e.g., Vernita Bar Settlement Agreement) to minimize the impacts of these discharge fluctuations on the spawning success of fall chinook salmon in the Columbia River main stem below Priest Rapids Dam.  A primary assumption in this agreement is that most fall chinook salmon spawning activity (e.g., redd construction and egg deposition) occurs during daylight hours.  This assumption has not been thoroughly evaluated.  If most of the spawning below Priest Rapids Dam occurs during hours of daylight, then the current operations employed by the Grant County Public Utilities District during the spawning period (reverse load factoring – low discharge during the day to discourage salmon from spawning above the 70 kcfs elevation) may be adequate for minimizing impacts of hydropower operations on spawning success.  

The discharge downstream of most hydropower facilities fluctuates widely, and often rapidly, to meet power peaking demands – thereby rapidly changing the water depths and velocities in tailrace spawning areas.  These fluctuations in physical habitat parameters may affect spawning activity.  Spawning salmonids typically select sites within a relatively narrow range of depths, velocities, and substrate sizes for redd construction.  The variability in these important habitat variables in tailrace areas may affect the spatial distribution of salmon spawning, effectively delineating the available habitat.  In essence, an area has to have acceptable depth, velocity, and hyporheic characteristics (as well as other characteristics that are not as likely to be affected by changes in daily hydropower operations, such as substrate) for a large enough portion of the active spawning period to be selected by spawning salmon.  Identification of the proportion of time that an area must meet water velocity criteria (e.g., water velocity >0.4 m/s for 50% of daylight hours between October 15 and November 15) would be very valuable for guiding hydropower operations to maximize the area of spawning habitat downstream of dams.   Determining the relationship between habitat parameter variability and spawning activity, coupled with output from existing hydraulic models, would provide a tool for providing managers with information that would be useful in balancing between  hydropower operations that maximize the area of suitable spawning habitat and maintaining the flexibility for hydropower operators to meet power demands. 

As much as hydropower operations affect salmon spawning in dam tailraces, spawning in dam tailraces may affect hydropower operations.  The cases of the Vernita Bar Settlement Agreement as well as the Ives Island chum salmon spawning below Bonneville Dam illustrate the importance of developing the best information possible to provide managers and stakeholders to enable adoption of sound management solutions.

The mainstem Columbia River Subbasin summary (Ward et al. 2001) identifies limiting factors, goals and objectives, strategies, and anadromous fish research needs directly related to determining the effects of hydropower system operations on the spawning activity of salmon that utilize these main stem habitats.   The protection, enhancement, and restoration of anadromous fish populations in the mainstem Columbia is a goal shared by local, state, federal, and tribal groups, agencies, and tribes.  The National Marine Fisheries Service (NMFS) identified the following objective in their All-H paper (NMFS 2000) as well as in the Mainstem Columbia River Subbasin Summary (Ward et al. 2001),

“Between 2001 and 2012, restore habitat, acquire riparian corridors, modify flow regimes, reduce non-point pollution, develop improvement plans for all reaches.  Beginning in 2001, identify sampling reaches, survey conditions, describe cause-and-effect relationships, identify research needs.”

Related to the Hanford reach Flow Management Agreements (Vernita Bar Settlement Agreement and Hanford reach Juvenile Fall Chinook Salmon Protection Plan), the following objective was listed in the Mainstem Columbia River Subbasin Summary (Ward et al. 2001),

“Objectives: Prevent the dewatering of fall chinook salmon redds. Reduce the mortality of fall chinook salmon fry in the Hanford Reach.

Strategies: Limit spawning to lower elevations on Vernita Bar. Seek an extension of the terms and conditions of the Vernita Bar Agreement beyond its expiration that is concurrent with that of the Priest Rapids Project license.”

The data collected through this project would enable managers to make informed decisions in the delicate balance between fisheries preservation/enhancement and hydropower project operations flexibility.  The NPPC’s 2000 Fish & Wildlife Program identified strategies for anadromous fishes with respect to ‘Hydrosystem Passage and Operations’.  In that section, the NPPC identified a specific strategy to “Provide conditions in the hydrosystem for adult and juvenile fish that most closely approximate natural physical and biological conditions.”, section ‘f’ reads,

“Protect and expand mainstem spawning and rearing habitat: The operation of the hydrosystem should protect, and where possible, expand, mainstem spawning and rearing areas.  In instances where this strategy conflicts with flows for juvenile migration or temperature control, the system operators should identify the potential conflict and seek recommendations from state and federal agencies and tribes on how to best meet the two needs.”

Additional strategies within the ‘Hydrosystem Passage and Operations’ section also would be supported by this proposed project.  These strategies are:

· Manage the hydrosystem so that patterns of flow more closely approximate the natural hydrographic patterns, and assure any changes in water management are premised upon, and proportionate to, fish and wildlife benefits.

· Assure that flow and spill operations are optimized to produce the greatest benefits with the least adverse effects on resident fish while assuring an adequate, efficient, economical, and reliable power supply.

· Establish and maintain a plan to assure coordination of mainstem operations and improvements.

· Assure that hydroelectric relicensing and future development provides protection for fish and wildlife.

This project would also meet the guidelines put forth in the section 9 of the Fish & Wildlife Plan that focuses on Research, Monitoring, and Evaluation.  The data collected through this project will help address critical uncertainties that will enable managers to better protect and enhance main stem spawning populations of anadromous salmonids.

The methods used and refined in this project would be useful for sampling for spawning salmonids in areas that are difficult or unsafe to survey by other means.  The development of menu-driven software applications that can be used to quickly analyze sound files for salmonid spawning activity would be an asset for evaluating salmon spawning below hydropower facilities in locations that may be too deep to sample by traditional aerial means. This method could also be adapted to be deployed remotely and set up to telemeter data to a computer when it detected spawning activity.  Another application for this method may be in areas where water is too turbid to conduct other means of spawning surveys. Some examples of this might be the lower Yakima River where fall chinook salmon spawn in turbid irrigation return waters or the Duckabush River where fall chinook salmon spawn in glacially turbid waters.

d. Relationships to other projects 

This project would be coordinated with ongoing work on fall chinook salmon in the Hanford Reach (e.g.s, Development of a Conceptual Spawning Habitat Model for Fall Chinook Salmon, 199406900 and Evaluation of Juvenile Fall Chinook Salmon Stranding on the Hanford Reach 199701400).  Data and methods support could also be made available to Salmon Spawning below Lower Columbia Mainstem Dams (199900301).  The proposed project would compliment these existing efforts well and would help fill in uncertainties left behind by previous efforts such as Vernita Bar Redd Surveys (199301500).  


Project 199406900 is developing a conceptual spawning habitat model that would benefit from the spawning activity data collected through the proposed project.  Relationships between differing water velocities, resulting from changing discharges from upstream dams, as well as the modeled velocities from the hydraulic modeling would be useful to Project 199406900.


Current efforts under Project 199701400 focus on quantifying the effects of fluctuating river levels on rearing subyearling fall chinook salmon.  The proposed project would assess the effects of varying discharges on spawning activity of adults.  The combination of results from these two studies would provide managers with a comprehensive view of the effects of hydropower project operations throughout the freshwater life history stages of the fall chinook salmon.


The Principal Investigator for the proposed project is personally familiar with the leads on both Project 199406900 and Project 199701400.  If the proposed project is funded, a coordination meeting will be set up between PI’s of these projects to discuss specific methods, data desires and physical locations that would benefit all projects. 


Finally, the PI of the proposed project would work in coordination with Grant County PUD to obtain experimental discharges to allow for a statistically sound study design.  The PI is currently working on a fall chinook salmon survey project for Grant County PUD.  The majority of the data collected under the Grant County-funded project is protected by contractual nondisclosure.  These data will be made publicly available when the Grant County PUD files its relicensing application with the Federal Energy Regulatory Commission, probably in 2003.  However, the PI’s good working relationship with Grant County and familiarity with the study area and local State, Federal, and Tribal personnel would benefit the project.

e. Project history (for ongoing projects) 

This is a new project.

f. Proposal objectives, tasks and methods
The primary objective of the proposed project is to assess the effects of hydropower project operations on the spawning of fall chinook salmon.  There are two components to this objective and they would be phased in over a three-year period.  First, the project would resolve the uncertainty about the relationship between daylight and fall chinook salmon spawning activity.  In the project’s second year and third years, work would begin on assessing the relationship between hydropower project operations on spawning activity. Statistical algorithms will be refined and computer programming will be performed to allow for near real-time processing of sound files to produce time-stamped indices of spawning activity.  Environmental variables (e.g., incident light) and hydropower project operations (at Wanapum and Priest Rapids dams) will be collected and entered into a database to allow for statistical comparisons between these variables and spawning activity.

Year 1- 2002:

Objective 1. Determine the relationship between daylight and fall chinook salmon spawning activity.

Task a. Purchase, assemble, and test the hydrophone system.  Two systems will be assembles, one for the Wanapum Dam tailrace and one for the Vernita Bar area downstream of Priest Rapids Dam.  Underwater hydrophone and associated amplifiers capable of recording analog or digital sound files in the frequency range between 20 and 20,000 Hz will be purchased and linked by cables to ruggedized field laptop PCs with large (>20 GB) hard drives.  The PC will be used to record the sound files and will be powered by 12 V deep-cycle batteries and solar panels.  The PC, amplifier, and batteries will be placed inside an enclosed aluminum buoy. The solar panels and a lighted reflector (to avoid boating mishaps in the dark) will be placed on the outside of the buoy.  The buoys will be anchored with braided aircraft cable and the hydrophones will be attached to the anchor cable at approximately mid-water (of mean flow) column position. 

Task b. Place hydrophone systems (using anchored-enclosed buoys containing power supplies, sound recording equipment (field laptop PCs), and the hydrophones and associated amplifiers) at Vernita Bar downstream of Priest Rapids Dam and the Barge Dock Bar downstream of Wanapum Dam.  This task will require the use of a large boat capable of placing (and retrieving) a large (100 kg) anchor.  The buoys will be anchored near two areas of known spawning near the beginning of the spawning period (October 25) and will be retrieved after the peak of spawning has past (November 20).

Task c. Operate hydrophone systems.  This task consists of data downloading every 24-48 h as well as battery checks/maintenance.  Two personnel will use a jet boat to pull up to (and tie off to) the sampling buoys.  The enclosed area will be opened and the sound files on the hard drive of the sound recording laptop will be downloaded onto another laptop for transfer to the lab for permanent storage.  The power supplies will be evaluated and replaced with fresh batteries if necessary.  A sound check will also be performed using headphones plugged into the sound recording laptop.  The clock on the laptop will be checked to confirm that it is correct.  Data will be transferred back to desktop PCs at PNNL in Richland. Copies of data will be made on CDs as backup.

Task d. Further refine existing statistical algorithms to analyze sound files to produce time-stamped spawning events for each sampling location.  Truth data will be produced by recording files while an observer makes timed visual observations of spawning activity.  Background sound data files will also be recorded and analyzed by the algorithms to verify that only spawning activity is being labeled a ‘spawning event’.  A multidimensional array of observations will be used to train a multivariate classification algorithm.  The audio data collected and the truth data collected will be analyzed and the appropriate multivariate probability density (normal/Gaussian, Gamma, Beta, etc.) will be used to fit the data and produce optimum results.  The classification technique will allow inclusion of additional information beyond just the audio sound to minimize false alarms and maximize detection of the events of interest.  Additionally, histograms, two and three dimensional plots and other visualizations will be created to enable additional insight into the data and effectiveness of the statistical tools.  
Task e. Data analyses and reporting.  The influence of time of day on the spawning activity index will be evaluated by analysis of covariance (ANCOVA).  Time of day will be stratified into categories such as dawn, daylight, dusk, and night on the basis of incident light measurements at a single light monitoring station.  To control for possible effects of the progression of the spawning season (i.e., beginning, peak, end), the ANCOVA will include Julian Day as a covariate.  Results will be incorporated into a progress report to BPA as well as a manuscript to be submitted to a peer-reviewed journal.

Year 2 and 3- 2003 and 2004:

Objective 2: Determine the effects of hydropower project operations on fall chinook salmon spawning activity.

Tasks b, c, d, and e will be performed in addition to the following task:

Task 2.f. Hydropower operations data (e.g., total project discharge and tailwater/forebay elevations) will be obtained for 15 minute intervals for the sample periods.  Similar to the proposed analyses for Task 1.e., the influence of the dam operations on the spawning activity index will be evaluated by ANCOVA.  Dam operations will be stratified into categories such as low, medium, and high discharge (based on exceedance curves).  Modeled water velocities and depths each will also be stratified into categories representing suboptimal, optimal, and excessive based on literature values and existing data from other projects in the mainstem Columbia River.  To control for possible effects of the progression of the spawning season (i.e., beginning, peak, end), the ANCOVA will include Julian Day as a covariate.  Results will be incorporated into a progress report to BPA as well as a manuscript to be submitted to a peer-reviewed journal.

The time table below provides an idea of when the various tasks would be scheduled to take place.
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g. Facilities and equipment
Laboratory space for assembling sampling equipment and office space for managing data and other project activities is available within the PNNL’s Ecology Group offices and computer laboratory on the Columbia River in Richland, Washington.  Existing large capacity desktop PCs would be used for data storage and analyses in the Ecology Group and with the Statistics Group at PNNL.  Boats are available for this field work and consist of a 6.2 m aluminum jet boat with an inboard 285 hp engine and jet pump as well as a 6.9 m aluminum boat powered by a 175 hp outboard.  PNNL also maintains 4 wheel-drive GSA vehicles that would be available for use on this project.

Hydrophones and amplifiers would be purchased to record the sounds of spawning activity. Ruggedized field laptop computers and associated software would be purchased for the purpose of collecting and storing the sound files in the field.  Power supplies (12 V deep cycle batteries, small solar panels, and inverters) as well as cabling and anchors would also be purchased to deploy the sound recording devices.  Buoys to house the sampling gear may be available at PNNL, but will require some fabrication to suit the needs of this project.
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Section 10 of 10. Key personnel

Geoffrey A. McMichael, Senior Research Scientist in the Ecology Group at the Pacific Northwest National Laboratory, will be the principle investigator and will manage the project. This project would provide about 0.10 FTE for Mr. McMichael in 2002, 0.14 FTE in 2003 and 2004.

Thomas A. Ferryman, Staff Scientist in the Statistics Group at the Pacific Northwest National Laboratory, will be the lead statistician responsible for development and refinement of statistical pattern recognition algorithms.  This project would provide about 0.18 FTE for Dr. Ferryman in 2002, 2003, and 2004.

Craig A. McKinstry, Research Scientist in the Ecology and Statistics Groups at the Pacific Northwest National Laboratory, will be a supporting statistician who will use mathematical arrays and algorithms to process sound files.  This project would provide about 0.19 FTE for Mr. McKinstry in 2002 and 2003, and 0.16 FTE in 2004.

GEOFFREY A. MCMICHAEL, Senior Research Scientist, Battelle, Pacific Northwest National Laboratory

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.

Current Employer

Battelle, Pacific Northwest National Laboratories

Current Responsibilities

Mr. McMichael led the year 2000 effort to collect current velocity data using ADCP technology at Grand Coulee Dam. Other projects that are currently being managed by Mr. McMichael include; Passage Evaluations in the Yakima Basin (BPA), Effects of the Priest Rapids Project on fall chinook salmon (Grant Co. PUD), Chandler Canal smolt loss investigation (U.S. Bureau of Reclamation).  Mr. McMichael has also 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 on the stranding of fall chinook salmon in the Hanford Reach, an evaluation of the spawning habitat selection by fall chinook and endangered chum salmon in the Ives Island area below Bonneville Dam, and the quality of spawning habitat for fall chinook salmon in the upper Snake River. 

Previous Employment

From December 1989 through September 1999, Mr. McMichael was the Species Interactions/Ecological Risk Assessment Biologist, Ecological Interactions Team, Washington Department of Fish & Wildlife, Ellensburg, Washington.  Work included the design and implement of experimental species interactions research.  Research areas include hatchery-wild interactions, electrofishing injury and methods development, trapping of anadromous and resident fishes in fishways at dams and with mobile traps, and predator-prey relationships. 
Expertise

Mr. McMichael is considered a regional expert in salmonid behavior, with emphasis on hatchery-wild interactions and competition experiments that have been widely published. Electrofishing injury is another area of expertise for Mr. McMichael. He has participated in the regional forums to evaluate/establish electrofishing criteria for sensitive/listed fishes. The wide range of projects Mr. McMichael has managed or been involved in has given him a good understanding of the complex linkages between biotic and abiotic factors and their interactions as well as a unique ability to identify management options to address aquatic problems.
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