A. Abstract and Statement of Innovation

Purpose. The purpose of this project is to improve summertime habitat for native inland redband trout (Onchorhynchus mykiss gairdneri) in Twin Lakes, WA by enhancing dissolved oxygen levels in bottom waters. Additional benefits from oxygenation will include water quality enhancement and reduction in cycling of toxic compounds such as mercury.

Project Scope. This on-the-ground demonstration project will include installation of a pilot oxygenation system in North Twin Lake in spring 2008. During summer and fall 2008, North Twin Lake will be oxygenated, while nearby South Twin Lake will act as an anoxic “control”. Both lakes will be monitored monthly for: (1) trout distribution using sonic depth transmitters and hydroacoustic monitoring; (2) zooplankton density and distribution using standard net sampling and hydroacoustic monitoring; (3) water quality profiles of dissolved oxygen (DO), temperature, phosphorus, nitrate, ammonia, iron, manganese, and sulfide; and (4) total mercury and methylmercury levels in lake water and zooplankton. For each parameter of interest a time series of average values will be developed for the treatment lake (North Twin) and the control lake (South Twin), allowing for unequivocally statistically evaluation of the effects of lake oxygenation on trout habitat. Draft and final project reports will be submitted in May and June 2009, respectively. The project will be performed by faculty researchers and students from the Washington State University Civil Engineering Department (PI), the Natural Resource Sciences Department (Co-PI), and consulting engineers with specific expertise in lake oxygenation systems, with additional assistance from staff from the Colville Confederated Tribe Fisheries Department. 

Innovative Aspects of Project. This project is innovative on a number of levels. It will use novel state-of-the-art technology - lake oxygenation. Although oxygenation has been utilized for water quality and some fisheries applications, to date it has not been implemented to improve habitat for native trout fisheries, either in the Columbia Basin or elsewhere. We also propose an especially robust and novel experimental design using paired lake systems with extensive biological assessment tools to track oxygenation impacts on lake ecology, including communities of both trout and their prey. This experimental setup with a full-scale treatment and control lake is unique in its simplicity and statistically power. In addition, the project will include assessment of oxygenation impacts on cycling of mercury, which is a growing problem potentially affecting fisheries in lakes worldwide, including the Columbia Basin. 
Importance of Work. This project will directly address a critical limiting factor identified by the Intermountain Province Subbasin Plan affecting trout in lakes throughout the subbasin – hypoxia in bottom waters during summertime. Many regional lakes have undergone cultural eutrophication as a result of human activities that have degraded cold-water fish habitats. Native cold-water fish production in these eutrophic lakes is severely impacted by summer “habitat squeeze” in which surface waters are too warm and bottom waters are too low in oxygen. This results in excessive stress for trout and other salmonids, negatively impacts their growth and survival, and precludes successful stocking efforts. This project, if successful, will contribute to direct improvements in the survival and productivity of native redband trout in the Columbia basin, and will be a model for subsequent lake oxygenation projects aimed at improving critical lake habitat for resident native trout. 
B. Technical and/or Scientific Background

Problem Statement. Once widely distributed throughout the Columbia Basin east of the Cascades, populations of native inland redband trout (Onchorhynchus mykiss gairdneri) have been substantially reduced from historical levels prior to European settlement. This reduction has multiple and complex causes: the effects of dams, water quality deterioration, altered flow regimens, habitat degradation and loss, and competition with introduced species (Schweibert 1977, Behnke 1992, Behnke 2002). In addition, hatchery stocking programs that have historically used coastal rainbows (O. mykiss irideus), and this has led to displacement and hybridization, so that pure populations of redbands are now rare (Behnke 2002). It is now recognized that redbands have a distinctive phenotype, contrasting from coastal rainbows in coloration, scale count, and number of intestinal appendages. The differences in appearance are substantial enough for early classification of redbands and coastals as separate species. However, modern genetic studies have confirmed that both are indeed O. mykiss, but that the forms east of the Cascade ranges are appropriately grouped as the subspecies (i.e., gairdneri versus irideus) (Thorgaard 1983).
Development in the Columbia Basin has impacted lake-adapted, as well as stream and river-adapted anadromous redbands. Watershed disturbances, altered flow patterns, and even direct pollution have resulted in increased nutrient loading to lakes throughout the Columbia Basin, causing increased primary productivity in the form of enhanced algae and macrophyte growth. Ultimately, the increased plant biomass ends up in lake sediments where bacterial decay reduces available oxygen concentrations. This is critical during the period of summer thermal stratification, when the lower water column, or hypolimnion, is isolated from the atmosphere. In more heavily impacted lakes, summer hypolimnetic DO supply can be completely depleted. For cold-water fish species such as trout, which generally require water temperatures less than 20o C and DO above 4 mg/L (Wydoski and Whitney 2003), the loss of oxygen essentially removes access to the deeper, colder portions of the lake that provide critical summer habitat. Suitable habitat is usually still available at mid-lake depths around the thermocline, within the transitional temperature strata, the metalimnion. However, conditions within the metalimnion are often less than optimal. 

Recently, success in hatchery rearing of redbands has kindled interest in replacing coastal rainbow stocking programs with these native fish, ideally with the goal of reestablishing self-sustaining breeding populations. Lacustrine-adapted redbands, especially fish from populations within the Columbia Basin lakes of eastern Oregon, Washington, and British Columbia, may be better adapted for higher temperatures than the most prevalent hatchery rainbows, primarily derived from coastal rainbow trout stocks (Behnke 2002). However, limited suitable habitat for native trout restricts these potential native restocking efforts within the Columbia Basin.
Limiting Factor Addressed by Project. The scenario described above, low DO in bottom waters of lakes during the summer, has been identified as a critical limiting factor impacting lake trout in the Upper Columbia Subbasin Plan (Section 30.9.1.6, p. 30-48). In the case of Curlew Lake, summertime anoxia precluded successful trout stocking efforts (Section 30.10.3, p. 30-53). Our recent work over the past 3 years on Twin Lakes, within the reservation of the Colville Confederate Tribes, has provided a clearer picture of cumulative stresses that reduce native trout habitat and jeopardize re-establishment programs. We have studied food web dynamics for trout and other species, as well as redband habitat selection during summer stratification in Twin Lakes (Christensen and Moore 2007a, Christensen et al. 2007). Tagged redband trout released in early summer into North Twin Lake, were located almost exclusively within the metalimnion (Christensen et al. 2007). Because summer metalimnetic temperatures are relatively high, trout metabolic requirements are elevated. In Twin Lakes, we have found large crustacean zooplankton (Daphnia pulex) and chaoborids or phantom midges (Chaoboridae) form the majority of trout prey items (Christensen and Moore 2007a). However, distributions of these prey species within the metalimnion may be insufficient, forcing the fish to range widely horizontally, yet confined within a narrow vertical band, in their quest for adequate forage. Both the daphnids and chaoborids can tolerate lower oxygen than the trout, and both display diurnal migrations to the upper waters at night to feed, seeking shelter in the hypolimnion during the day. With the trout excluded by low DO, the summer hypolimnion becomes a refuge from predation but a less than perfect one, as the prey themselves are also stressed by very low DO levels.
Lake Oxygenation – A Brief Overview. Twin Lakes provide an excellent model for implementing and testing an innovative technology to address a key and central stressor to native redband trout, the loss of oxygen in the bottom waters of lakes during summer thermal stratification. This innovative technology is lake oxygenation. 
Lake oxygenation is a relatively new technique used to prevent anoxia in the bottom of lakes and reservoirs while preserving thermal stratification and important cold water habitat in bottom waters. (Beutel and Horne 1999, Beutel 2005). In contrast to lake aeration which uses compressed air as an oxygen source, lake oxygenation use liquid oxygen as a source of pure oxygen gas, which contains five times as much oxygen as air. Liquid oxygen is easy to store and very inexpensive to purchase in bulk (~$75 per 1,000 kg). Lake oxygenation systems generally consist of a liquid oxygen storage facility on shore. Evaporators also on shore transform the liquid oxygen to gas, and the gas is dissolved into lake water through an on-shore contact chamber, a system of diffusers located under water, or a contact chamber submerged in the lake. As a result of higher oxygen content and higher transfer efficiencies using pure oxygen, the size and cost of the mechanical devices and energy needed to deliver an equivalent amount of oxygen using pure oxygen compared to air are greatly reduced. Lake Oxygenation has been used to economically oxygenate a number of water bodies ranging from moderately sized lakes (Newman Lake, WA, 23,000 acre-feet) to large reservoirs (Camanche Reservoir, CA, 420,000 acre-feet; Russell Reservoir, GA, 1 million acre-feet) (Beutel and Horne 1999). Oxygenation has also been used to oxygenate large rivers including the Tombigbee River, AL (Speece, 1996). Water quality improvements include decreases in internal loading of orthophosphate and ammonia, decreases in toxicity from ammonia and hydrogen sulfide, and lower water treatment costs mainly associated with lower levels of dissolved metals including iron and manganese. Only a handful of studies have evaluated the effects of lake oxygenation on lake biota. In Amisk Lake, Canada, lake oxygenation resulted in an increase in the abundance of deep-water Daphnia, whole-lake fish biomass, and the horizontal depth distribution of cold water fish (Prepas et al. 1997). 
Another potential major benefit of lake oxygenation that requires further investigation is the role of oxygen in preventing methylmercury formation in the bottom of lakes. Mercury contamination of lake biota is a looming environmental problem that can ultimately impact people who consume high levels of fish, even in fish from lakes remote from mercury sources (NRC 2000). Mercury has already been detected in elevated levels in fish and sediments from lakes throughout Washington, including the Columbia Basin (Fischnaller et al. 2003). Elemental mercury discharged predominantly from fossil fuel combustion is transported worldwide in the atmosphere, and deposition of atmospheric mercury is a major pathway for entry into the aquatic environment (Lindquist and Rodhe 1985, Harris et al. 2007). In water and sediments, mercury may be transformed to the highly toxic methylmercury form predominately under anaerobic conditions by sulfate reducing bacteria (Benoit et al. 2003). Methylmercury is then available to bioaccumulate up the aquatic food web. A number of studies have correlated anaerobic conditions in lakes with methylmercury accumulation in bottom water, and subsequent lake mixing with bioaccumulation of mercury in lake biota (Eckley and Hintelmann 2006, Herrin et al. 1998, Slotton et al. 1995). Therefore, we believe that oxygenation can reduce methylmercury formation by preventing or reversing the anoxic conditions that permit conversion of mercury into the highly toxic and bioavailable organic form (Beutel and Moore 2006).  
C. Rationale and Significance to the Council’s Fish and Wildlife Program

This project has direct linkages to identified priorities and objectives of both the 2000 Columbia River Basin Fish and Wildlife Program (Program) and the 2004 Intermountain Province Subbasin Plan (Subbasin Plan), as discussed in detail below. Most importantly, the main thrust of this proposal is directly related to the overarching mission of the Program: “the heart of the program is a set of immediate actions to improve conditions for fish and wildlife” (Section D9, p. 32). We are very confident that our innovative project gets to the heart of Council’s efforts to actively, practically, and economically maintain and restore habitat for native fish in the Columbia River Basin. 
Relevance to 2000 Fish and Wildlife Program

(1) Project Compatible with Program Vision: By experimentally evaluating how a simple engineered system, lake oxygenation, improves habitat for redband trout in Twin Lakes, this project fits directly with the vision outlined in the Program (Section A2, p. 13) in a number of ways: (i) the project is “habitat based” and aims to develop an economical strategy to improve and protect fish habitat; (ii) the project is a good example of a practical “non-natural intervention” aimed at restoring fishery habitat and protecting native trout from adverse water quality impacts; and (iii) the project is framed as an experimental evaluation of a management strategy and directly integrates research with monitoring.

(2) Project Addresses Program Objectives: This project will help to meet a number of biological objectives identified in the Program (Section C1-2, p. 16-17). The project will provide a model for additional oxygenation projects aimed at economically improving summertime habitat for resident native trout and water quality in degraded lakes throughout the Columbia Basin. Program objectives addressed by the project include: (i) helping to restore native resident species to historic abundance and distribution, (ii) enhancing harvest opportunities of resident native fish for tribal and non-tribal fishers; (iii) providing mitigation opportunity for adverse effects to fish caused by hydropower development; and (iv) restoring healthy ecosystem function as a means to increase abundance of resident native fish. 

(3) Project Addresses Monitoring and Evaluation Criteria: This project is designed to meet the monitoring and evaluation standards detailed in the Program (Section D9, p. 33) including: (i) use of measurable biological objectives – the improvement of bottom water quality and the expansion of trout habitat; (ii) collection of data that measures the identified biological outcome – spatial and temporal patterns of water quality and trout and prey item distribution; and (iii) dissemination of all project data to interested stakeholders in a transparent and timely fashion.
Relevance to Intermountain Province Subbasin Plan

(1) Project Addresses Key Limiting Factor: This project will directly address a critical limiting factor identified by the Subbasin Plan affecting trout in lakes throughout the subbasin – hypoxia in bottom waters during summertime (Section 30.9.1.6, p. 30-48). Many regional lakes are eutrophic resulting in a summertime habitat squeeze for cold water fish between surface waters that are too warm and bottom waters that are too low in oxygen. This results in very poor habitat for trout and salmonids and in some cases interferes with stocking efforts (e.g., Curlew Lake) (Section 30.10.3, p. 30-53). Many of these lakes have undergone cultural eutrophication as a result of human activities and likely provided suitable habitat for resident cold water fish prior to European settlement. 

(2) Project Addresses Plan Objectives: By enhancing habitat for redband trout via lake oxygenation, this project will help achieve a number of objectives identified in the Subbasin Plan (Section 34.3, p. 34-5 to 34-16) including: (i) implement habitat strategies for addressing identified limiting factors for focal species and native fish (Objective 1B2); (ii) maintain, restore, and enhance wild populations of native fish to provide for harvestable surplus (Objective 2A2); (iii) evaluate metals contamination as a limiting factor on important species (Objective 1B4); and (iv) if expanded slightly to include lentic environments in addition to riparian areas, enhance, conserve, and protect trout habitats (Objective 1B6). On a broader scale, the project addresses a key Province-level objective – mitigate for wildlife losses that have occurred through secondary effects of hydropower development (Objective 2A and 2B, Section ES.4.1, p. 34). Hydropower development has caused a number of critical secondary impacts that have directly impacted lake trout habitat. Secondary effects include a shift from a fishery-based economy to an agrarian/resource extraction-based economy (Section ES.2.1, p. 10). As a result regional lakes have undergone cultural eutrophication which exacerbates low oxygen conditions in bottom waters and impairs critical cold water summertime refuge for trout. 

(3) Twin Lakes are Important Recreational Resource: The site of the proposed study, Twin Lakes, “are considered to provide most important recreational fishery . . . for Tribal and non-Tribal members” (Section 30.1.4.2, p. 30-5). Twin Lakes have two resorts that attract anglers from across Washington, and many visiting anglers fish exclusively for trout (personal communications, Ed Shallenberger, CCT). Fishing and other recreation at the lakes provides the local community and the CCT with critical recreational-based income (Christensen and Moore 2007a).

(4) Redbands are Focal Species: The target species of the project, redband trout, are a focal species for the Upper Columbian Subbasin (Section 30.4, p.30-8). The species meets a number of selective criteria including: (i) recreational importance as a sport fish –redbands are sometimes sought after by anglers as a “native” alternative to stocked rainbows; (ii) subsistence value to regional Tribes – historically the redbands, which, unlike rainbow trout, are native to the Upper Columbia Subbasin, were a plentiful and important staple for indigenous tribes prior to European settlement; and (iii) ecological significance within the watershed – in particular protecting and enhancing current native stocks of redbands is critical since they may ultimately serve as stocks for anadromous reintroduction.

(5) Project Partly Resolves Funding Disparity: By funding this innovative project enhancing habitat for redband trout the Council has an opportunity to resolve the historical underfunding of fish and wildlife habitat mitigation projects in the Intermountain Province as detailed in the Subbasin Plan (Section ES.2, p. 7). The lack of funding is the result of the dramatic loss of anadromous fish in the province due to hydropower development. While the Intermountain Province accounts for an estimated 40 percent of wildlife and fishery losses, it nets only 5-8 percent of available funding. As noted in the Subbasin Plan, “This level of funding is not proportionate to the magnitude of the impacts experienced by the Intermountain Province.”
(6) Project Addresses Action Gap: By focusing on redband trout and improving their lake habitat, this project directly addresses an important gap identified in the Subbasin Plan. As noted in the Subbasin Plan’s identification of gaps between actions taken and actions needed (Section 31.4.2, p. 31-19), “few projects within the Upper Columbia Subbasin address restoring native fish and their habitats. . . ” and “the number of current projects addressing native fish and habitats . . . is lacking.” Instead, most projects in the basin are focused on compensating for the loss of anadromous salmon by supplementing the fishery in Lake Roosevelt with kokanee and rainbow trout. 
D. Relationships to Other Projects
For the past three years, personnel from the Department of Natural Resource Sciences at Washington State University (NATRS) have cooperated with the CCT Fisheries Department in assessing water quality and fishery-related issues at Twin Lakes. Overall, this research is related to Dr. Moore’s research on lake restoration ecology, which has been ongoing at NATRS since 1992. Our work at Twin Lakes supports the larger efforts by the CCT to maintain and improve fish and water quality in lake resources throughout the reservation. Our research efforts have targeted limiting factors affecting CCT fisheries and have successfully identified a number of problems and alternative solutions. Summaries of the work can be found in Section B of this proposal and in Biggs (2007), Christensen and Moore (2007a and 2007b), and Christensen et al. (2007). Ed Shallenberger, CCT Fisheries Manager, directs the overall tribal fish enhancement and management efforts, and has noted the CCT’s desire to move their fisheries emphasis into more native species. Fisheries are a critical cultural and economic resource for the tribes, and we believe that the proposed project can make significant contributions to the welfare of tribal members. It should also be noted that WSU has had a long history of cooperative research with the CCT, including studies of water quality problems at Twin Lakes in the 1980s, directed by Dr. William Funk, and with work on zooplankton in reservation lakes by the late Dr. Ed Brock.
Dr. Beutel has been working on lake oxygenation technology for over ten years, and coauthored the most significant review of this technology (Beutel and Horne 1999) as well as a recent update focusing on lake oxygenation and ammonia release from profundal lake sediments (Beutel 2007). Most recently his research efforts have been directed at identifying mechanisms that control mercury release from lake sediments and on oxygenation impacts on mercury recycling and mobility in aquatic systems (Beutel and Moore 2006). Dr. Beutel has an on-going research project evaluating the dynamics of mercury release from profundal sediments in Deer Lake, WA, a deep oligo-mesotrophic lake that exhibits mild fall hypoxia in bottom waters and elevated levels of mercury in lake fish.
E. Proposal Objectives, Work Elements, Methods, and Monitoring and Evaluation

Objective

Objective:  To improve summertime habitat for native redband trout in Twin Lakes by enhancing dissolved oxygen levels in bottom waters during the summer and fall of 2008. 

As detailed in Section C of this proposal, this objective dovetails with multiple objectives identified in the 2000 Columbia River Basin Fish and Wildlife Program and the 2004 Intermountain Province Subbasin Plan. For the sake of brevity, we have not relisted these objectives here as requested in the RFP.
Work Element and Methods

Work Element:  Design, install, and operate pilot oxygenation system that will deliver oxygen to the bottom waters of North Twin Lake. 

Project Scope. The project team will install a pilot oxygenation system in North Twin Lake for operation over the summer and fall of 2008. Biota and water quality will then be monitored over time in both Twin Lake basins. The 18 month project schedule is tabulated below. The first few months of the project will entail design and installation of the system. The system will then be operated from around June through November 2008. A draft and final report will be submitted at the end of the project. Overall, monitoring efforts of this project will be compatible with previous and ongoing collaborative research efforts by WSU and CCT personnel, some of which is outlined in Section D. 

	Date
	Task 
	Deliverable

	Jan 1, 2008
	Assumed start date
	

	Jan-Feb 2008
	Design of pilot oxygenation system; permitting
	

	Feb-April 2008
	Installation of pilot oxygenation system
	Operational pilot oxygenation system on site at North Twin Lake

	May 2008
	Preliminary testing of oxygenation system; outreach
	Installation of lake oxygenation informational poster/kiosk on site

	June-Nov 2008
	Operation of lake oxygenation and monitoring of lake biota and water quality
	

	Nov 2008
	Decommission/return on-shore leased components of oxygenation system 
	Return of shore area to pre-project conditions

	Dec – Jan 2009
	Complete outstanding analytical work on preserved samples
	

	Jan – April 2009
	Data evaluation and report development
	

	April 2009
	Decommission in-lake components of oxygenation system
	

	May 2009
	Develop draft report
	Draft Report

	June 2009
	Develop final report
	Final Report

	July 1, 2009
	Assumed end date
	


The oxygenation system will consist of either an oxygenation cone or a line diffuser system. For the cone option, an oxygenation cone, a liquid oxygen storage tank, and a small evaporator (converts liquid oxygen to gas) would be leased and stored on shore (see photo below). A temporary PVC pipe/pump system will suck water out of the lake bottom and into the top of the cone. Oxygen gas fed from the storage tank will also be injected into the top of the cone. Inside the cone the oxygen will completely dissolve into the water, and the highly oxygenated water will be piped back to the bottom of the lake. More likely we will use a line diffuser system since there are no pumping requirements. The line diffuser will be floated into position on the surface of the lake (see photo below). Once in position, a yellow buoyancy line is flooded with water and the line diffuser sinks to the bottom of the lake. Oxygen gas is delivered from an oxygen storage tank and evaporator on shore via the black pipe and small oxygen bubbles weep out of the black garden “soaker” hose into bottom water. Upon the end of the project, all leased items (e.g., on-shore cone and oxygen storage unit) will be returned and in-lake piping and/or line diffusers will either be decommissioned or left in place for future use.
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Oxygenation System Alternatives. Left : Oxygenation cone and liquid oxygen storage tank to enhance oxygen levels in sewer for the Fort Wright Sanitation District, Kentucky (Eco Oxygen Technologies). Right: Oxygen diffuser line being launched in Norris Reservoir, Tennessee (Mobley Engineering).

Innovative Aspects of Project. This project is extremely innovative from both a technology/management perspective (use of oxygenation) and an ecosystem effects/monitoring perspective (monitoring of fish distribution and mercury; dual basin experimental setup). The project will evaluate the feasibility of lake oxygenation, a novel state-of-the-art technology, to address summertime anoxia in bottom waters, a common limiting factor effecting lake trout in the Columbia basin. Historically, aeration systems that use air as an oxygen source have been employed to improve DO levels in lakes (McQueen and Lean 1986). However, these systems have commonly proven to be ineffective and inefficient. Lake oxygenation which uses cheap liquid oxygen as an oxygen source is a novel technology that overcomes a number of the limitations of aeration (Beutel and Horne 1999). To date, lake oxygenation has mainly been used to improve DO levels in hydropower discharges (Mobley and Brook 1995), however there is growing interest in using oxygenation to improve raw water quality in drinking water reservoirs (Beutel et al. 2007a). Only a handful of oxygenation projects have targeted coldwater fish as a primary management objective, and none have targeted native trout fisheries of the Columbia Basin, making this project regionally unique. 
Another innovative aspect of this project is the biological end points that will be monitored. To the best of our knowledge no study has directly assessed the effects of lake oxygenation on: (1) trout distribution using electronic tracking, or (2) the cycling of mercury, a potent toxin that bioaccumulates in aquatic food webs. Finally, the experimental setup of the project is innovative in its simplicity and statistically power. Two basins will be monitored side by side with one treated with oxygen and the other allowed to go anoxic. A similar time series of data for a wide range of biological and water quality parameters will be generated for both basins that can be unequivocally compared statistically. This differs from typical lake management studies which tend to lack pre-treatment data and/or have difficulty teasing out treatment effects due to environmental variability (e.g., weather, hydrology, nutrient loading) between treatment and non-treatment years.
Critical Assumptions and Limitations. One of the primary critical assumptions of this project is the summertime oxygen demand in the hypolimnion of North Twin Lake. This dictates the size and cost of the pilot oxygenation system. A related potential limitation of the project is not fully meeting the oxygen demand of the hypolimnion and not optimally improving bottom water quality. However, we are confident that our interdisciplinary project team made up of engineers, limnologists and fisheries experts is capable of implementing a project that will fully oxygenate the hypolimnion of North Twin Lake. 
A preliminary evaluation shows that the design hypolimnetic oxygenation demand (HOD) is on the order of 2 metric tons per day. Based on monthly DO and temperature profiles from 2006 from Biggs (2007), the bottom waters starts to exhibit hypoxia (DO < 2 mg/L) around June and by September the entire hypolimnion (the water column below ~7 m) is completely anoxic. The hypolimnion remains anoxic until fall overturn around early November. Interestingly, between July and August 2006 DO levels in the upper hypolimnion increased slightly, possible as a result of phytoplankton activity in the metalimnion or due to intermittent wind-induced mixing between surface and metalimnetic waters. The DO uptake rate in hypolimnetic waters in July and September 2006 was ~0.08 mg/L·d. This is a typical uptake rate for a meso-eutrophic lake or reservoir (Beutel 2003). Multiplying this by an estimated hypolimnetic volume of 14 million m3 (40% of the total lake volume), and an inducement factor of 2 to account for an increase in HOD after startup of the oxygenation system (Beutel et al. 2006), yields a preliminary design HOD of 2.2 metric tons per day (2,200 kg/day). Based on this demand, daily oxygen costs would be on the order of $170 per day.
Wildlife Risks and Permitting. Oxygenation poses no threat to aquatic biota, and in fact results in a broad range of benefits that greatly enhance the quality of habitat for aquatic biota. A very early study of lake oxygenation showed that even elevated levels of DO (> 20 mg/L or about twice saturation) have no negative effect on lake trout (Fast et al. 1977). More recent studies at hatcheries show that oxygenation has no detrimental impacts on trout health (Edsall and Smith 1990, Clark and Helfrich 2006). In fact, an advantage of oxygenation over aeration is the avoidance of nitrogen supersaturation and potential fish health impacts that may occur when using air, which contains 80% nitrogen, as an oxygen source. The on-shore storage of liquid oxygen also poses minimal threat to wildlife or the public. Oxygen storage is very common at a range of industrial sites including water and wastewater treatment plants. Oxygen storage will use common sense precautions including limited access via gating and placement away from fuel sources such as gas or propone tanks. Regarding permitting, we anticipate that with the CCT’s assistance and firm support for this project, as well as the wide range of positive environmental benefits that the project will provide, that permitting efforts will be reasonable.

Monitoring and Evaluation 

Introduction. Twin Lakes provide an ideal setting to scientifically evaluate the effect of lake oxygenation, an innovative lake management technology, on redband trout habitat. The lake has two basins that are very similar in volume, shape and depth (North basin: 36 million m3, 9.7 m mean depth; South basin: 42 million m3, 10.4 m mean depth). As a result one basin can act as a “treatment” lake while the other can act as a “control”. This elegant experimental setup avoids a number of pitfalls associated with pilot-scale evaluation of lake management strategies tested at a single site including: (1) a lack of comprehensive pre-treatment water quality data to statistically compare with post-treatment data, and (2) the confounding effects of interannual variability (e.g., meteorology, inflow timing and magnitude) between treatment and non-treatment years. In addition, a number of fishery studies have already been performed at the site through collaboration between researchers at WSU and the CCT (Christensen and Moore 2007a, Biggs 2007). Current knowledge of the site and CCT fishery management staff will facilitate implementation of this project. 
Data Evaluation. As detailed below the project has four Monitoring and Evaluation (M&E) objectives that include the monitoring of: (1) trout distribution; (2) zooplankton density and distribution; (3) water quality of “conventional” parameters; and (4) mercury in lake water and zooplankton. For each parameter of interest a time series of average values will be developed for both the oxygenated lake (North Twin) and the control lake (South Twin). These two data sets will then be statistically evaluated using a paired t-test (Zar 1984); the simple experimental design leads to a simple and meaningful statistical evaluation that will conclusively evaluate the effects of oxygenation on trout habitat. 

Data Distribution and Outreach. Regarding distribution of results to a wide audience, in addition to submitting a comprehensive final report to BPA and the Council with appendices containing all raw and meta-data, we anticipate publishing a number of academic manuscript in applied resource management journals as well as presenting our results at appropriate regional conferences. As research/teaching faculty as WSU we see sharing our results of this innovative project to enhance redband trout lake habitat with the greater scientific community as a serious responsibility. In addition, while outreach is not a major part of this research project, we do plan a few outreach efforts including an educational poster/kiosk posted near the on-shore oxygenation facilities at North Twin Lake to simply explain the innovative project and its efforts to improve redband trout habitat, as well as a handful of public informational meetings with local stakeholders. Obviously, all outreach efforts would be cleared with the Council and BPA as needed.

M&E Objective 1:  Evaluate effects of oxygenation on vertical distribution of redband trout. 

Methods. Methods to measure the vertical distribution of trout will be based on those recently developed by Biggs (2007) and used in North Twin Lake during summer 2006. Up to 20 adult female redband trout from the CCT hatchery in Bridgeport, Washington, will be surgically implanted with pressure sensitive transmitters (Sonotronics, Inc., Tucson, Arizona). Transmitters weigh 10 g (in water) and are 72 mm long by 16 mm in diameter. Trout will be selected so that transmitters do not exceed 2% of trout weight. Transmitters will be inserted into trout anesthetized with tricaine methanesulfonate through a 2-3 cm incision made anterior to the pelvic girdle and 1-2 cm off the ventral midline. Incisions will be closed with monofilament nylon sutures using a simple interrupted suture pattern. Up to 10 trout each will then be released into North Twin Lake (treatment) and South Twin Lake (control). Trout will be tracked in both lakes for three days each month from May to November of 2008. Tracking will be conducted during day and night hours from an aluminum boat. A Sonotronics USR-96 narrow band receiver and DH-4 directional hydrophone will be used to receive impulses from transmitters during tracking. Trout location will be determined using the directionality of the hydrophone and signal strength. A hand-held digital sonar unit, Global Positioning System (GPS), laser rangefinder, and a bathymetric map will be used to document trout location. Trout will be manually tracked for 1-hour periods with the vertical location of the trout recorded every minute. Hydroacoustic data will be taken contemporaneously with the fish tracking. This will allow community assessments of other fish populations in the lake. Overall, we will attempt to characterize the lake fish community in terms of numbers and distributions at 4 to 8 hour internals over the tracking period.
Statistical Evaluation. Based on the data set of vertical distributions for each sampling time, a mean trout depth will be calculated and the time series of these values will be statistically compared between lakes. Note that 2008 distribution results from North and South Twin Lakes will also be compared to results from 2006 (Biggs 2007) by pairing months for both data sets. 

Expected Outcome. Based on intensive monitoring in North Twin Lakes in summer 2006, redband trout are confined to a slab of metalimnetic waters around 3-4 m thick where temperatures are below 20 oC and oxygen levels greater than 5 mg/L (Biggs 2007). This “habitat squeeze” is thought to negatively impact the overall health of the fish. Oxygenation is expected to dramatically expand the vertical habitat of redband trout and improve trout health.

M&E Objective 2:  Evaluate effects of oxygenation on density and distribution of zooplankton.

Methods. Monthly zooplankton monitoring will be performed from May through November 2008 at a deep water station in both North and South Twin Lakes. On at least two dates we will measure patterns of diel migration of pelagic zooplankton by complementing noon-time sampling with sampling around midnight. At noon zooplankton are expected to be at their maximum depth to avoid predation in the photic zone, while at midnight they are at their minimum depth to filter feed in algae-rich surface waters. Monitoring and data evaluation will be based on methods presented in Christensen and Moore (2007a, 2007b). Zooplankton samples will be collected with a zooplankton net fitted with a 64-mm mesh plankton bucket. Zooplankton samples will be collected at various intervals to characterize hypolimnetic, metalimnetic, and epilimnetic distributions. Samples will be preserved immediately after capture in a formalin solution. Zooplankton samples will be diluted as needed to facilitate identification and enumerated to the species level using various taxonomic keys (e.g., Pennak 1989). Biomass determinations will be made using measurements taken with the microscope and micrometer, using published length/volume regressions. Hydroacoustic methods will be employed to track the diurnal movements of larger zooplankters, such as daphnids and chaoborids. Coupled with the biomass and species data, we anticipate a thorough characterization of the diurnal distribution of prey species relative to the habitat requirements of the redbands.
Statistical Evaluation. Two key values will be estimated for each sampling date for statistical comparison between basins: areal mean abundance and median vertical distribution. Areal mean abundance (#/m2) will be estimated based on the counts from the zooplankton tows (#/m3), multiplied by the volume (m3) and divided by the surface area (m2) of the corresponding volumes of lake water for the hypolimnetic, metalimnetic, and epilimnetic samples. Vertical distribution will be quantified via the median depth of zooplankton (i.e., which slab of water contained the median zooplankton individual). 

Expected Outcome. By providing a well-oxygenated bottom refuge for zooplankton, oxygenation is expected to increase both the quantity and distribution of zooplankton. Over the long term higher zooplankton densities could have two significant and advantageous ecological/lake restoration side effects: (1) greater food resources for trout, and (2) more intensive predation pressure on phytoplankton resulting in greater water clarity. 

M&E Objective 3:  Evaluate effects of oxygenation on water quality in water column.

Methods. Monthly water quality monitoring of conventional redox-sensitive parameters will be performed from May through November 2008 at a deep water station in both North and South Twin Lakes. Monitoring and analyses will be performed in a similar fashion to Beutel and Moore (2007) and Beutel et al. (2007b) using standard methods (APHA 1998). Water quality parameters include: DO, pH, temperature, soluble reactive phosphorus, ammonia, nitrate, iron, manganese and sulfide. DO, pH and temperature profiles will be measured every 1 m with a Hydrolab Data Sonde-Surveyor 4a. Water samples will be collected with a Van Dorn water sampler every 1 m. Nutrient samples will be preserved by filtering through 0.45 µm filters and freezing. Samples for iron and manganese analyses will be preserved with nitric acid. If sulfide odor is detected, sulfide samples will be collected and preserved with zinc acetate. Sulfide samples will be analyzed on a Lachat QuikChem 8500 auto-analyzer in Dr. Beutel’s Limnology Lab using standard colorimetric methods (APHA 1998), while nutrient (nitrogen and phosphorus) samples will be analyzed on an OI RFA system at NATRS, using standard colorimetric methods (APHA 1998). Iron and manganese will be measured via inductively coupled plasma (ICP) mass spectrometry on apparatus housed at the WSU Chemistry Department. Standard quality control procedures will be followed including real-time evaluation of the recovery of duplicates, spikes, external standards, bottle blanks, and calibration standards. 

Statistical Evaluation. For all water quality parameter (DO, pH, temperature, soluble reactive phosphorus, ammonia, nitrate, iron, manganese and sulfide) a mean hypolimnetic concentration will be estimated for each monitoring date. The hypolimnion will be split into meter slabs, and the volume of each slab will be multiplied by the concentration at the corresponding depth. The mass in each slab will then be summed and divided by the total volume of the hypolimnion, yielding a hypolimnetic mean concentration. The hypolimnion will be defined as waters below the thermocline (the point of maximum change in temperature with depth) and/or the oxygen chemocline (the point of maximum change in oxygen with depth). The time series of mean concentrations will then be statistically compared between the two lakes for all parameters of interest.

Expected Outcome. By maintaining a well oxygenated sediment-water interface, we expect that oxygenation will result in the repression of hypolimnetic accumulation of various redox sensitive compounds including ammonia, manganese, iron, phosphate and sulfide. Some of these compounds can exacerbate eutrophication (e.g., ammonia, phosphate, iron) and cause toxicity to aquatic organisms (e.g., ammonia, sulfide). So, inhibiting their release from anaerobic sediments will dramatically improve bottom water habitat and water quality. 

M&E Objective 4:  Evaluate effects of oxygenation on mercury levels in water column and zooplankton.

Methods. Monthly monitoring of mercury-related parameters will be performed from May through November 2008 at a deep water station in each lake. Parameters include total mercury, methylmercury, dissolved organic carbon and sulfate in the water column, and total mercury in zooplankton. Water samples (every 1-m) and zooplankton samples (full water column tow) will be collected as noted in M&E Objectives 2 and 3 with minor modifications to limit potential for mercury contamination. For example, water samples will be collected with a specialized non-metallic Teflon water sampler, intensive pre-cleaning of apparatus will be performed prior to fieldwork, and “dirty hands/clean hands” techniques will be employed during fieldwork (USEPA 1996). Total and methylmercury water samples and total mercury zooplankton samples will be collected in acid washed fluoropolymer bottles. Total mercury water samples will be preserved with bromine monochloride, methylmercury water samples with hydrochloric acid, and zooplankton samples via freezing. Total mercury analyses in water and zooplankton will be performed in a similar fashion to Beutel and Moore (2007) using cold-vapor atomic fluorescence spectrometry (USEPA 2002) on a Tekran 2600 Hg autoanalyzer in Dr. Beutel’s mercury lab at WSU. Our median analytical detection limit for total mercury (three times the standard deviation of the blank) is around 0.5 ng L-1. Note that zooplankton will first be digested via a hot acid digestion to liberate all biologically bound mercury along the lines of Slotton et al. (1995). Methylmercury analyses will be performed in collaboration with Dr. Gary Gill at the Battelle Marine Sciences Laboratory in Sequim, Washington, using EPA method 1630 - distillation, aqueous ethylation, purge and trap, and cold-vapor atomic fluorescence spectrometry (USEPA 2001). DOC and sulfate will be measured using conventional standard methods including high temperature catalytic oxidation for DOC and ion chromatography for sulfate (APHA 1998). As with the conventional monitoring, standard quality control procedures will be followed including real-time evaluation of the recovery of duplicates, spikes, external standards, bottle blanks, and calibration standards.
Statistical Evaluation. As with the other water quality parameter, a mean hypolimnetic concentration will be estimated for total mercury and methylmercury in the water column and total mercury in zooplankton for each monitoring date. The time series of mean concentrations will then be statistically compared between the two lakes.

Expected Outcome. Though yet to be conclusively documented at the field scale, we expect oxygenation will inhibit hypolimnetic accumulation of total and methylmercury by inhibiting the activity of sulfate reducing bacteria that transform ionic mercury to methylmercury under anaerobic conditions. Over the long-term this should limit the amount of mercury available to bioaccumulate in the aquatic food web resulting in lower mercury levels in biota, particularly those at the top of the food web like trout. Suppression of mercury release from sediments and subsequent uptake into aquatic biota by lake oxygenation would be an extremely relevant and notable finding and could have wide-ranging implication for the management of mercury-impacted aquatic ecosystems throughout the nation.
F. Facilities and Equipment 

Extensive equipment, instrumentation, and facilities are available at the Departments of Civil and Environmental Engineering and Natural Resource Sciences at Washington State University. For example, relevant instrumentation includes Lachat QuickChem 8500 and OI Analytical (Alpkem) Rapid-flow injection (RFA) semi-automated spectrophotometric systems with multiple parameter modules for nutrient analyses, Tekran 2600 Mercury Analyzer and associated clean room facilities, and a Turner Instruments Chlorophyll-a spectrophotometer. These instruments, along with sample storage and processing and multiple computers for data analysis and storage are available at WSU laboratories in Sloan and Johnson Buildings at the WSU Pullman campus. A complete suite of equipment for field and laboratory water quality measurements, such as multiple-probe sondes with temperature, conductivity, DO, pH, as well as for other physical and chemical parameters are available from WSU. Multiple dissecting and compound microscopes with various imaging and analysis tools are available as well. Sampling boats are available from the CCT and from NATRS. NATRS has Sonitronics sonic fish trackers and depth data loggers, and the CCT have indicated that their Biosonics DTX Hydroacoustic field instrumentation can be utilized for fish and zooplankton community assessments. The proposed work will require no major purchases of monitoring equipment or instrumentation; personnel are well trained and experienced in analytical procedures and quality assurance, and the laboratory QA plans are well established and routinely implemented.
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H. Key Personnel

This project includes key personnel who have a range of expertise critical to the success of the project including lake and reservoir management, lake oxygenation systems, fisheries management, surface water quality, and mercury biogeochemistry. Their expertise and project responsibilities are tabulated on the following page. Resumes for the five identified members of the team follow.

Table of Key Personnel

	Name & Affiliation
	Expertise
	Duty on Project
	FTE for project

	Dr. Marc Beutel, P.E.

Assistant Professor

WSU Civil & Environmental Engineering Dept.
	Marc has ~14 years of experience evaluating water quality in lakes and reservoirs as a researcher and a consulting engineer. He has been involved with a number of lake oxygenation projects throughout California and Washington.
	Dr. Beutel will be the Principle Investigator (PI) for the project. He will coordinate the installation of the oxygenation system, the field monitoring campaign from May through November 2008, and the drafting and dissemination of project reports.
	25%

	Dr. Barry Moore

Associate Professor WSU Natural Resource Sciences Dept.
	Barry has ~27 years experience in research on lake restoration and aquatic ecology. He has implemented an oxygenation system in Newman Lake, WA and has worked on fishery issues at Twin Lakes, WA, the site of this project.
	Dr. Moore will be co-PI, and will direct the fisheries and field water quality monitoring, working with Dr. Beutel and the CCT on scheduling, coordination, data analysis, authoring and public presentations.
	25%

	Dr. Dave Christensen

Post-Doctoral Researcher

WSU Natural Resource Sciences Dept.
	Dave has worked on fishery and water quality research for ~6 years. He is especially adept at fisheries research methodologies, many of which he applied at Twin Lakes, WA, the site of this project.
	Dr. Christensen will direct field fish operations, and will coordinate and participate in field and laboratory data gathering.
	50%

	Ed Shallenberger

Fishery Manager
Colville 

Confederated 

Tribes
	Ed was worked with fisheries since the 1970s. He is now responsible for the lakes and streams on the Colville Reservation as well as the Tribal Hatchery and stocking program.
	Dr. Shallenberger will coordinate all project activities with the CCT, and will schedule and conduct hydroacoustic surveys.
	10%

	Mark Mobley, P.E.

Senior Engineer Mobley Engineering Inc.
	Mark is founder of Mobley Engineering which designs and installs DO enhancement system. He has developed alternatives for water quality enhancements at over forty water reservoirs throughout the US and Europe.
	Mr. Mobley will act as advisor on the design and implementation of the oxygenation system in North Twin Lake. He may also supply team and material to install a diffuser in the lake.


	5%

	Masters Level
 Graduate Student WSU Civil & Environmental Engineering Dept.
	Yet to be identified
	Under the supervision of Dr. Beutel, the graduate student will be responsible for the bulk of water quality sampling and analysis. The student will write up the results as part of a MS thesis.
	50%


Marc W. Beutel, Ph.D., P.E.

Assistant Professor
Department of Civil and Environmental Engineering

Washington State University
PO Box 642910, Pullman, WA 99164-2910, 509.335.3721

EDUCATION

Ph.D.
University of California, Berkeley, Civil and Environmental Engineering, 2000 

M.S.
University of California, Berkeley, Civil and Environmental Engineering, 1994

B.S.
University of California, Los Angeles, Cum Laude, Civil Engineering, 1990  
EMPLOYMENT

2004 to Present
Assistant Professor, Department of Civil and Environmental Engineering, Washington State University

2001 to 2004
Principal Engineer, Water Resources, Brown and Caldwell, Walnut Creek, CA

2000 to 2001
Post-Doctoral Researcher, Kastanienbaum Limnological Institute, Lucerne, Switzerland

1993 to 2000
Graduate Student/Researcher/Teaching Assistant, Department of Civil and Environmental Engineering, University of California, Berkeley

1990 to 1993
Junior/Assistant Engineer, East Bay Municipal Utility District, Oakland, CA

RESEARCH PROGRAM

Washington State Water Research Center/USGS Section 104 FY2007 Grant, $69,000 (2:1 match). March 2007 to Feb 2008. “Quantifying and Enhancing Nitrogen Removal in Constructed Wetlands.” M. Beutel (PI), R. Watts and T. Peters.

Metropolitan Water District of Southern California, $25,000. May 2006 to May 2007. “Lake Perris Sediment-Water Interface Study.” M. Beutel (PI).

Washington State Water Research Center/USGS Section 104 FY2006 Grant, $69,000 (2:1 match). March 2006 to Feb 2007, “Effects of Sediment Oxygenation on Methylmercury Bioaccumulation in Benthic Biota.” M. Beutel (PI)
WSU 2005 Faculty Seed Grant, $20,000. May 2005 to August 2007. “Effects of Plant Type on Removal of Chlorpyrifos and Diazinon in Natural Treatment Systems.” M. Beutel (PI)

Washington State Water Research Center/USGS Section 104 FY2005 Grant, $82,500 (2:1 match). March 2005 to Feb 2006. “Oxygenation for the Management of Sediment Mercury Release from Aquatic Sediments.” M. Beutel (PI) and B. Moore.
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Department of Natural Resource Sciences
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Washington State University
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Education:

Ph.D., Engineering Science, Washington State University (Aug., 1985)

M.S., Environmental Science, Washington State University (June, 1981)

B.S., Environmental Science, Birmingham-Southern College (June, 1975)
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Associate Professor, Department of Natural Resource Sciences, Washington State University (Aug., 1997 to present)

Assistant Professor, Department of Natural Resource Sciences, Washington State University (Aug., 1991 to Aug., 1997)

Postdoctoral Research Associate, Environmental Engineering Department and State of Washington Water Research Center, Washington State University  (Aug. 1985 to Aug., 1991)

Research Assistant, Environmental Engineering Department, Washington State University (Sept., 1980 to Aug., 1985)

Director, Scuba Program, College of Education, Washington State University (Sept., 1982 to present)

Pollution Control Specialist II,  Alabama Air Pollution Control Commission, (Sept., 1975 to Aug., 1978)
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Christensen, D.R. and B.C. Moore. 2007. Differential prey selectivity of largemouth bass functional feeding groups in Twin Lakes, Washington. Lake and Reservoir Management 23:39-48.

Wold, L,  B. C. Moore, and N. Dasgupta.. 2005. “Life history responses of the zooplankter, Daphnia pulex with exposure to aluminum sulfate.” J. Lake Reserv. Mgt. 21(4):383-390.
Moore, B. C., P. H. Chen, W. H. Funk, and D. Yonge. 1996. A model for predicting lake sediment oxygen demand following hypolimnetic aeration. Water Resources Bulletin 32(4):723-731.
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David Ralph Christensen  
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       Pullman, WA 99163

(509)-335-8606

Education

PhD. in Natural Resources, (anticipated completion 6/2007), Department of Natural Resources, Washington State University, GPA 3.93

Dissertation: Food web and habitat influences affecting the survival of salmonids in Twin Lakes, Washington

M.S. in Environmental Science (12/2005), Department of Environmental Sciences and Regional Planning, Washington State University, GPA 3.91


Thesis: Prey selectivity and population dynamics of a lentic fish community, Twin Lakes, Washington

B.S. in Fisheries Resources, (5/2002), Department of Fish and Wildlife, University of Idaho, GPA 3.66
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Christensen, D.R., Moore, B.C., Biggs, M, and E. Shallenberger. 2007. in review. Summer habitat use and prey selection of hatchery rainbow trout in a meso-eutrophic lake. submitted 5/07 to: Transactions of the American Fisheries Society. 

Christensen, D.R. and B.C. Moore. In submission. Dietary overlap analysis of a non-indigenous fish community using gut content and stable isotopes. submitted 5/07 to: Ecology of Freshwater Fish.

Biggs, M, Christensen, D.R., Moore, B.C., and E. Shallenberger. In preparation. Seasonal habitat use and movement by Columbia River redband trout in Twin Lakes, WA. For North American Journal of Fisheries Management.
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Graduate Research Assistant, Advised by Dr. Barry C. Moore, Washington State University, (2005-present).

Graduate Teaching Assistant, Advised by Dr. Richard Gill, Washington State University, (2003-2005).

Senior Fisheries Technician, Department of Fish and Wildlife, Colville Confederated Tribes (2002-2003).

Laboratory Assistant, Aquaculture Laboratory, University of Idaho, (1999-2002).
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EDWARD W. SHALLENBERGER

458A N. Omak Lake Road

Omak, Washington 98841
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Willamette University, Salem Oregon




B.A.—Biology, 1964




Stanford University, Stanford, California




M.A. – Vertebrate Zoology, 1966




University of California, Los Angeles, California




Ph.D. – Animal Behavior, 1970
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May 2006 to
            Colville Confederated Tribes, Nespelem, WA 99155.  Hatchery  

Present 
            Biologist.  Responsible for the lakes and streams on the Colville 

                                    Reservation as well as the Tribal Hatchery and stocking program.

May 1994 to 

Columbia River Fish Farms, LLC.,  Omak, Washington 98841

April 2006
General Manager: Responsible for the design, permitting and construction and operation of a 4,000,000 pound/year commercial fish farm.

July 1992 to
Stolt Sea Farms, Port Angeles, Washington 98362. 

November 1993
Manager, Columbia River Site:  In charge of pilot project fish farm on the Columbia River.   

March 1992 to
Mariculture Inc., Augusta, Maine.

July 1992
General Manager:   Hired by Key Bank of Maine to manage Mariculture Inc. which Key Bank was in the process of repossessing.  

March 1988 to
Tailfin, Inc., 820 D Ave., Anacortes, Washington 98221

December 1991
General Manager: Responsible for construction, installation and operation of a 32-pen salmon farm. 

April 1980 to
Pacific Basin Maritime, Inc., P.O. Box 516, Kailua, Hawaii 96734

January 1990
President:  Owner/operator of 60-foot R/V FERESA.    

August 1970 to
Sea Life, Inc., Makapuu Point, Waimanalo, Hawaii 96795.

August 1980
Vice President and Director of Park Operations

Mark H. Mobley, P.E.
Mobley Engineering, Inc.

P. O. Box 600 Norris, Tennessee 37828 (865) 494-0600
Summary of Experience and Qualifications

Mark Mobley has been involved in the evaluation of alternatives for water quality enhancements at over forty water reservoirs and responsible for the design and installation of eighteen enhancement systems. Innovative solutions are offered to meet site-specific objectives at each project.

Education and Licenses

• B.S., Mechanical Engineering, Georgia Institute of Technology, Atlanta, Georgia, 1983

• Licensed Professional Engineer, Mechanical Engineering, State of Tennessee, 1998

• California State Contractor’s License Number 779173 

• Author of over 30 papers or reports on aeration/oxygenation technology. A listing of

  selected publications is available on request.

Employment

Mobley Engineering Inc., 1999 to Present. Founded Mobley Engineering Inc. (MEI) in 1999 to offer dissolved oxygen enhancement feasibility studies, aeration system designs and installation of the line diffuser reservoir oxygenation system. MEI provides detailed diffuser designs, installation crews and expertise for application of the line diffuser to diverse projects from large-scale hydropower projects to smaller water supply reservoirs. Recent clients include: the U. S. Army Corps of Engineers, Idaho Power Company, Contra Costa Water District, East Bay Municipal Utility District and Duke Power.
Tennessee Valley Authority Engineering Laboratory, 1983 to 1999. Over 12 years of experience in designing, installing and operating systems to improve water quality conditions of hydropower releases as an Engineer and Project Manager. Responsible for developing line diffuser technology, and directing design and installation of enhancement systems representing an investment of over $12 million by TVA and other utilities from 1992 to 1998.
Recent Projects

Brownlee Dam, Idaho Power Co., 1999, 2000, 2004. Study of DO enhancement alternatives, turbine venting tests, conceptual diffuser system designs and support for response to FERC Additional Information Requests.
Lake Wallenpaupack, Pennsylvania Power and Light, 2004. Installation of 3,500 foot reservoir diffuser aeration system to reduce hydrogen sulfide odors in release.
Upper San Leandro Reservoir, East Bay Municipal Utility District, 2002. Installation of 4,800 foot reservoir diffuser oxygenation system to reduce anoxic products in the hypolimnion, and chemical treatments required to treat taste and odor problems.
Los Vaqueros Reservoir, Contra Costa County Water District, 2000-2001. Installation of 8,000 foot reservoir diffuser oxygenation system to reduce chemical treatments and taste and odor problems.
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