A. Abstract and statement of innovation 
The research conducted under this proposal would involve a pilot scale field test to create an area of artificial upwelling of relatively warm water through the hyporheic zone to induce chum salmon (Oncorhynchus keta) spawning in previously unused habitat.  If successful, the technique could be applied to increase the area of usable mainstem chum spawning habitat adjacent to existing spawning locations and thereby benefit chum salmon by increasing production.  Additionally, artificial upwelling could be used to enhance previously developed spawning channels (both natural and artificial) so that they might be used effectively to increase chum salmon production.  

Chum salmon returns to the Columbia River had decreased dramatically by the 1950s as a result of habitat degradation, water diversion, over-harvest, and artificial propagation.   Since that time, recovery efforts proved largely unsuccessful, culminating with the ESA listing of the Columbia River chum salmon evolutionary significant unit in 1999.  Since 1999, water managers have attempted to maintain Columbia River mainstem chum salmon populations by funding research to define spawning and rearing habitat requirements, and then regulating hydrosystem operation to maximize natural chum production.  Managers have also attempted to augment natural populations through the creation of artificial spawning channels, development of natural spawning areas, and through hatchery practices.  Alternatives to the further development of hatchery practices are necessary because of the potential damage they cause to the fitness of wild populations.  It is likely that, given the currently utilized recovery efforts, as demand for water resources in the Columbia River Basin increase over time chum salmon populations will further decline.  It is for this reason that alternatives to current hatchery practices should be considered as a means to augment naturally occurring chum populations.  
Extensive research conducted since 1999 in the Columbia River Basin has shown that chum salmon spawn in locations where riverbed temperatures are elevated as a result of spring water discharge through the hyporheic zone.  This metric has consistently been shown to be more important than other habitat quality indicators of spawning habitat quality.  Chum salmon in the lower Columbia River currently exploit main-stem, shoreline habitats, which is rather atypical for this species, but illustrate their adaptability and affinity for hyporheic cues.  Main-stem spawning areas are generally small and redd superimposition routinely occurs under high fish abundance.   
This proposal is being made in collaboration with the U.S. Geological Survey.  PNNL and the USGS have collaborated on chum salmon habitat research since 1999.  This experiment, if successful, would provide a direct return on BPA’s investment in previous chum salmon research.  There would exist a potential to enhance BPA chum habitat projects in the Grays River and Duncan Creek areas, and to possibly augment the creation of new habitat upstream from Bonneville Dam. 
B. Technical and/or scientific background

The Action Agencies (U.S. Army Corps of Engineers [USACE], Bonneville Power Administration [BPA], and Bureau of Reclamation [BOR]), National Marine Fisheries Service (NOAA-Fisheries), U.S. Fish and Wildlife Service (USFWS), state and Tribal salmon managers, and the Northwest Power and Conservation Council’s Columbia Basin Fish and Wildlife Program have placed a high priority on the protection and enhancement of naturally spawning salmon populations including chum salmon that spawn and rear in the mainstem Columbia River.  Since 1999, chum salmon spawning populations have been identified in the Ives Island, Multnomah Falls, Rivershore, and Woods Landing locations (Hillson 2004).  The Multnomah Falls and I-205 locations were recently discovered and have not been monitored as extensively as the Ives chum spawning area.  It is currently assumed that approximately 1/3 of chum spawning occurs at each of the 3 mainstem areas identified.  Recent escapement estimates for Columbia River chum salmon increased from 1,666 in 1998 to greater than 11,000 in 2004, however decreased to just over 3,300 in 2005 (Keller 2006).  Extensive past research has been conducted as part of BPA project 199900301 to determine the size of these populations, what their  habitat requirements are, and the impact of Federal Columbia River Power System (FCRPS) operations on spawning location and success.  

The scarcity of suitable spawning habitat for chum salmon may be limiting productivity for the Columbia River population (Uusitalo 2003).  One reason may be the lack of hyporheic cues in habitats that appear suitable based on their depth, velocity, and substrate.  Recent research has documented the correlation between redd location and hyporheic temperature within areas where chum salmon currently spawn (Geist et al. 2002, Geist et al. 2007; Arntzen et al. 2007; Figures 1-2).  
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Figure 1.  Chum redds (triangles) and hyporheic temperature (Celsius) in the Ives Island spawning area (Geist et al. 2002).  
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Figure 2.  Chum redds (black X’s) and hyporheic temperature (Celsius) in the Multnomah Falls, Rivershore, and Wood’s Landing spawning areas (Arntzen et al. 2007).

This finding is consistent with research in other chum spawning locations that found chum salmon prefer upwelling areas and require that the upwelling water be relatively warm as compared to the overlying surface water (Bakkala 1970; Vincent-Lang 1984; Vining et al. 1985; Leman 1993; O’Brien 2006).   In fact, in the Grays River, hyporheic temperature was found to be the single most important factor in chum salmon spawning habitat selection (McGrath et al. 2007; Figure 3).  
The requirement of warm upwelling water for spawning limits where chum salmon can spawn.  Spawning habitat is often restricted to areas of tributary input and groundwater discharge where other physical habitat variables (e.g., depth, velocity, and substrate) are also suitable.  Competition for space in these “pockets” of habitat can ultimately reduce production if redd superimposition occurs, which reduces the survival of eggs and fry of early spawners (Hayes 1987; van den Berghe and Gross 1989; Fukushima et al. 1998).   However, many of the spawning areas used by chum salmon have adjacent areas of seemingly suitable habitat with the exception of hyporheic upwelling.  This project tests the concept of making this additional habitat available by adding hyporheic upwelling artificially.
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Figure 3.  Chum spawning areas and hyporheic temperature in the Grays River area (McGrath et al. 2007).

We speculate that chum salmon are attracted to main-stem areas near tributary inputs where source water at higher elevations discharges into the hyporheic zone, and then upwells at lower main-stem elevations.  This phenomenon has been observed at the Multnomah Falls chum spawning location where water chemistry in the hyporheic zone differed from the overlying Columbia River but closely resembled that of Multnomah Creek (Arntzen et al. 2007).  This concept forms the basis of our artificial upwelling test by collecting water at a higher elevation, and redistributing it through perforated pipes to habitats without natural upwelling.  Setting up a gravity-fed stilling box and distribution pipes may prove to be a low-cost and low-maintenance strategy for increasing chum salmon spawning habitat.  The concept we seek to prove would allow fish to select mates and spawn naturally in the wild to increase production rather than depending on hatchery practices and associated problems (e.g., domestication, increasing incidence of disease, and hatchery-wild fish interactions).   
We propose to test the concept of artificial upwelling in the mainstem Columbia River to determine whether it is a technique that could be developed and used to create additional chum spawning habitat in areas adjacent to where chum salmon currently spawn, to enhance existing artificial facilities and make them more productive, especially at recruiting natural spawners, or to contribute toward the enhancement of spawning areas that may be created in the future.  Artificial upwelling has been successfully used in the past in lentic spawning habitats for brook trout (Webster 1962) and brown trout (Brabrand et al. 2006).  This project will adapt lentic techniques to a lotic application.  The overall objective of this study is to test the concept of creating artificial upwelling at a pilot scale to evaluate its efficacy in attracting chum salmon to spawn in a previously unused area.  If we are successful, this information could be used to increase chum salmon production in other lower Columbia River habitat restoration and enhancement projects.  
C. Rationale and significance to the Council’s Fish and Wildlife Program

Mainstem Amendments to the Columbia River Basin Fish and Wildlife Program

This project addresses the mainstem habitat objectives stated in the Mainstem Amendments to the Columbia River Basin Fish and Wildlife Program on pages 11-12.  Specifically, the information this project will produce will aid fishery managers in increasing the productive capacity of chum salmon spawning populations by providing a tool that will create new habitat, thus reducing redd superimposition and increasing production.  In addition, the Research section of the Program calls for conducting “Research aimed at optimizing fish and wildlife benefits and energy production.” (page 29).  Increased production by the creation of additional spawning habitat or the enhancement of existing artificial spawning facilities provides a direct benefit to chum salmon by mitigating for lost habitat as a consequence of hydrosystem operation.  
Northwest Power Conservation Council’s Fish and Wildlife Program

This project will contribute to the Northwest Power and Conservation Council’s Fish and Wildlife Program (NWPPC 2000) by addressing several Fish and Wildlife Program objectives for biological performance related to anadromous fish losses: (1) Halt declining trends in salmon and steelhead populations above Bonneville Dam by 2005. (2) Restore the widest possible set of healthy naturally reproducing populations of salmon and steelhead in each relevant province by 2012. Healthy populations are defined as having an 80 percent probability of maintaining themselves for 200 years at a level that can support harvest rates of at least 30 percent. (3) Increase total adult salmon and steelhead runs above Bonneville Dam by 2025 to an average of 5 million annually in a manner that supports tribal and non-tribal harvest. Within 100 years achieve population characteristics that, while fluctuating due to natural variability, represent on average full mitigation for losses of anadromous fish. (4) Take action to reintroduce anadromous fish into blocked areas, where feasible. 

In the 2003 Amendments to the Columbia Basin Fish and Wildlife Program, Appendix B, the council adopted several recommendations pertaining to mainstem spawning anadromous salmonids consistent with objectives of this project, including:  
1) Maximize adult anadromous fish health, survival and spawning capacity

2) Restore, rebuild and reclaim such conditions and habitat where they have been altered or destroyed” (page 23). 

NOAA Fisheries Biological Opinion

NOAA Fisheries Biological Opinion (NOAA 2004) specifically addresses Columbia River Gorge chum salmon in Appendix E, section 11.3, by listing constraints including: (1) evaluation of the extent of usage and limiting factors at the river mouths of Oregon tributaries may lead to the potential for increasing spawning capacity; and for the upper Gorge, and (2) improved passage over Bonneville Dam and restoration of historical spawning habitat currently inundated by Bonneville pool.

Action Agencies Five-year implementation Plan

This project addresses two needs that the Action Agencies have prioritized as needed or desired for immediate implementation to meet the requirements of the FCRPS BiOps  (Action Agencies 2002 and 2005).  
1) Continue to survey the mainstem Columbia River downstream from Bonneville Dam to identify other potential chum spawning habitat including spring seeps and areas with groundwater – surface water interactions for possible acquisition or restoration.

2) Fund restoration of chum spawning habitat near Ives Island.

Lower Columbia River Subbasin Plan (LCFRB 2004)
This project will address relevant strategies and research needs found in subbasin plans for the Lower Columbia River, including Objective 1 for chum salmon, “Achieve a productivity of >1 recruit per spawner, and adult spawner populations of 1,250 at I-205, and 6,400 at Ives Island” (Table 32, page A-221).  This proposal addresses subbasin strategies to achieve the objectives including (EH.S3) Protect functioning habitats while also restoring impaired habitats to proper functions.    (EH.S5) Improve understanding of how salmonids utilize estuary and lower mainstem. 

Columbia River Gorge Subbasin Plan (ODFW 2004)
The proposed project contributes to the objectives in the Columbia River Gorge Subbasin Plan, including objective 1 “Reestablish chum salmon spawning upstream from Bonneville Dam” and objective 2 “Ensure continued progress toward Tribal goals”.  The goals of these objectives are to “reestablish at least one chum salmon spawning population upstream from Bonneville Dam”, and to “within 7 years halt the declining trends in salmon, sturgeon, and lamprey populations upstream of Bonneville Dam”.  
Strategies identified to help meet these objectives included “Provide suitable spawning habitat within Bonneville Reservoir”.  The following research needs were identified in support of the subbasin objectives and strategies:

1) Identify areas within the reservoir that support or can support chum salmon spawning.  
2) Experimentally use hatch boxes or other artificial instream incubators to hatch chum salmon in Bonneville Reservoir tributaries.
3) Identify opportunities to enhance or develop new spawning habitat for chum salmon within the reservoir. 

D. Relationships to other projects

This project would utilize past information obtained from BPA project 199900301 that characterized chum habitat requirements and enumerated populations.  By using the information gained on that project to develop a technique that could increase chum production, a direct return on that investment could be obtained with significant benefits to chum salmon.  This project would provide a tool to enhance the success of other currently funded BPA projects.  Information and expertise gained would be shared with other researchers involved in increasing chum productivity (e.g., project 200105300 Reintroduction to Duncan Creek).  Recruiting natural spawners into enhanced tributaries of the mainstem Columbia River is problematic, and in the past has required adults to be captured from nearby natural spawning locations such as the Ives Island area and transported to the Duncan Creek spawning channel (Hillson 2004).  Artificial upwelling could enhance such projects and in other areas (e.g., Hamilton Springs) through increased recruitment of naturally returning adult spawners.  This project would also provide information and possible additional benefits to restoration efforts aimed at increasing the quantity of chum spawning habitat (e.g., 200301300 Grays River Restoration).  
E. Proposal objectives, work elements, methods, and monitoring and evaluation

Objective:  Create additional chum salmon spawning habitat in a previously unused area by using artificial hyporheic upwelling.

In this study, we will attempt is to induce chum salmon to spawn in a previously unused area by demonstrating a tool that can be used to increase the amount of available spawning habitat.  If we are successful, this information could be used to fund additional projects that will directly benefit chum salmon by increasing production in the lower Columbia River.  The project would be a pilot scale study to determine if returning chum salmon could be induced to spawn in a previously unused area adjacent to a mainstem spawning location.  Fundamental to our approach is the assumption that, in addition to appropriate physical habitat requirements (e.g., velocity, depth, and substrate), chum salmon require habitat for spawning where there is ample upwelling of relatively warm hyporheic water.  This assumption is well supported by results from previous research (Bakkala 1970; Vincent-Lang 1984; Vining et al. 1985; Leman 1993; O’Brien 2006).   The assumption is also supported by the results from PNNL research in known chum salmon spawning areas in the lower Columbia River Gorge (Geist et al. 2002; Arntzen et al. 2007; Geist et al. 2007) and the Grays river area (McGrath et al. 2007) which has shown the presence of relatively warm hyporheic water present in the Ives Island, Multnomah Falls, Rivershore, Woods Landing, and Grays River chum salmon spawning areas (Figure 4).
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Figure 4.  Ives Island, Multnomah Falls, Rivershore, and Woods Landing Chum Salmon Spawning Areas

Adjacent to several of these areas, there are areas where the habitat is otherwise suitable (i.e., appropriate physical habitat metrics such as velocity, depth, and substrate are satisfied), however a lack of upwelling hyporheic water appears to limit spawning habitat suitability.  Preliminary data suggest that the Multnomah Falls, Rivershore, and Woods Landing chum salmon spawning areas are examples of such locations (Arntzen et al. 2007; USGS unpublished data).  At these locations, there are often sources of spring water visible at the surface adjacent to chum spawning locations but at elevations higher up the river bank.  At each potential study location we would conduct a hydrologic investigation to determine if there was potential to divert water from a location above a known spawning area into an adjacent area where spawning is limited by a lack of upwelling hyporheic water.  At one pilot scale study location, we would divert spring water from farther up the river bank, through buried pipes, and allow the water to discharge below the targeted spawning gravels, thus producing “Artificial Upwelling” there.  Our goal is to use a gravity driven system that would rely on the head difference between spring sources and the riverbed to produce the energy required to induce hyporheic upwelling. 

We will select a study site adjacent to a mainstem chum salmon spawning area where 
1) Velocity, depth, and substrate are similar to the adjacent spawning location. 

2) Hyporheic temperatures in the non spawning area are similar to the river (not elevated).
3) Nearby spring water could be diverted through the hyporheic zone to enhance upwelling within the restoration area.
Project success will be determined by comparing the redd densities in artificially enhanced areas, the adjacent spawning grounds, and the adjacent non-spawning grounds.
We expect that this project will demonstrate a capability to induce chum salmon spawning in otherwise non-utilized habitat.  During our pilot scale study, we will not attempt to determine whether any induced chum spawning represents a true increase in escapement or whether it is just a shift in distribution of the same total number of spawning chum salmon.  If this technique is successful at recruiting spawning chum salmon into previously unused areas, future evaluations will be required to determine how to implement it on a scale that would significantly increase chum salmon productivity.  One obvious potential benefit to increasing the quantity of usable habitat would be reducing the loss of production caused by superimposition in existing spawning areas.  If successful, our technique could also be used to improve recruitment of natural chum spawners into artificial spawning channels and enhanced natural channels.  By increasing the recruitment of natural spawners into these facilities, artificial upwelling has the potential to increase production and reduce the extent to which managers must rely on standard (and outdated) hatchery practices. 
We will implement the following tasks (work elements) and associated methodology to accomplish our objective.

Task 1.  Quantify physical habitat variables in mainstem chum spawning locations and adjacent non-spawning locations. 
This task is necessary to verify our assumption that velocity, depth, and substrate in mainstem chum spawning locations are similar to adjacent, unused habitat.  Preliminary physical habitat data collected in the Ives Island, Multnomah Falls, Rivershore, and Woods Landing chum spawning areas suggest that the water velocity, depth, and substrate are similar in spawning and adjacent non spawning areas (USGS, unpublished data).  Additional physical habitat data will be collected jointly by PNNL and the USGS during the fall 2007 spawning season to continue to validate this assumption.  We will characterize equal areas of spawning and adjacent non-spawning habitat in order to confirm preliminary results and construct an appropriate logistic regression model defining habitat suitability.  Logistic regression can be used to predict the probability (range 0 to 1) of an event occurring (in this case spawning) based on measures of physical habitat.  Typically, a probability greater than some cut point (e.g., 0.5) is selected to define suitable habitat where fish are likely to spawn.  Velocity and depth will be measured using a Marsh McBirney 2000 flow mate velocity meter using guidelines outlined in Platts (1983).   If river depth (d) is less than 0.3 ft., velocity will be measured at 0.5 d.  If d is greater than 0.3 but less than 2.5 ft., velocity will be measured at 0.4 d (measured from the stream bottom).  If river depth is equal to or greater than 2.5 ft., velocity will be measured as the average between velocity at 0.2 d and 0.8 d.  Substrate grain size distribution will be evaluated using the Wolman pebble method (Wolman 1954).  The method dictates sampling 100 grains randomly selected from specific geomorphic features (Wolman 1954; Church et al. 1987; Kondolf 2000).  We will collect at least 100 samples from within each spawning and non-spawning area we evaluate, respectively.  All pebble count sampling will be performed by the same observer to eliminate multiple-observer sampling error (Wohl et al. 1996).   All grain size measure​ments will be made with an aluminum template containing square openings in 1/2-phi size classes from 128 mm (-7 phi) to 2 mm (- 1 phi) (Hey and Thorne 1983).

Task 2. Measure hyporheic temperatures in mainstem chum spawning areas and adjacent unused habitat.
This task is necessary to verify our assumption that mainstem chum spawning areas have warmer hyporheic temperatures than adjacent, unused spawning areas (Figures 1-3).  Hyporheic temperatures were previously measured in used and unused spawning habitat in the Multnomah Falls, Rivershore, and Woods Landing areas and found to differ significantly in chum salmon spawning areas as compared to adjacent non-spawning areas (Arntzen et al. 2007).  Hyporheic temperature results from the Ives, Multnomah Falls, Rivershore, and Woods Landing areas will then be incorporated into the existing logistic regression model, allowing us to predict habitat suitability as a function of hyporheic temperature.  This task will be repeated at the test site after artificial upwelling is implemented so that spawning location results can be compared to changes in the distribution of hyporheic temperatures (as described in Task 5).  We will collect hyporheic temperature data using methodology similar to past efforts.  Samples will be collected at points spaced approximately 10 m apart along transects that are spaced approximately every 10 m to 20 m.  A post-pounder will be used to drive a customized temp​erature probe 10 cm into the riverbed.  Each probe consists of a length (125 or 155 cm) of GeoProbe drive rod (2.5 cm outside diameter, 1.8 cm inside diameter) with a threaded drive point attached to the bottom and a slotted drive cap attached to the top.  The bottom 20 cm of the rod is perforated with approximately 30 holes (3 mm diameter), allowing water to enter the rod and contact a thermistor (Omega).  The thermistor will be soldered to copper extension wire encased within polyethylene tubing (0.5 cm inside diameter).  The slotted drive cap allows the extension wire to exit the rod and attach to the temperature indicator (Omega Model 866).  Both the thermistor and temperature indicator have a stated accuracy of 0.1(C.  A real-time corrected Trimble ProXR GPS will be used to acquire the Universal Transverse Mercator (UTM) coordinates of each measurement point.

In order to determine whether hyporheic temperatures in chum salmon spawning areas differ from non-spawning areas,  we will calculate the distances between chum salmon redds and will then choose spawn​ing and non-spawning locations from the ordinary kriging of hyporheic temperatures.  The temperature distributions for the spawning and non-spawning locations will be compared using two-sample t‑tests on the mean of the temperature of spawning compared to non-spawning locations. 

Task 3. Determine the hydrological and thermal input from springs at potential artificial upwelling pilot scale test locations.  
This task is necessary to determine whether water sources are sufficient (in terms of thermal regime and discharge) to conduct a pilot scale test.  For the pilot scale test, we will divert a small amount of water from a location where spring water expresses itself at the surface.  We will evaluate the volume of water we divert compared to the estimated total discharge of hyporheic water into existing spawning areas.  If our technique is successful, future efforts will require the identification of water sources that are similar to hyporheic water chum seek but that don’t extract water that is currently used by chum salmon.  Examples of potential sources are nearby hot springs or shallow wells from which relatively warm groundwater or hyporheic water could be extracted. 

Our pilot scale study piezometer clusters will be installed near spring sources adjacent to chum salmon spawning areas so that the potentiometric surface can be monitored and the head difference between spring sources and potential riverbed locations evaluated.  Locations will be monitored at the riverbed and where potential spring input would be obtained from further up the river bank.  Piezometer screens will be constructed of slotted stainless steel Johnson Screen (0.038 cm slot size) with a 31.0 cm screened interval and a 3.2 cm inside diameter.  The screen is welded on one end to a 12 cm drive point and on the other end to a variable length section of galvanized steel pipe (3.2 cm inner diameter) threaded on top.  Piezometers will be installed by inserting a solid steel drive-rod into the piezometer and pounding the rod with a post pounder or pneumatic hammer until the desired depth below the riverbed surface was achieved (Geist et al. 1998).  Once piezometers are in place, the internal drive-rod is removed and the piezometer developed by removing fine sediment (<0.38 mm) with a hand pump.  Following piezometer installation, pressure transducers will be inserted to a depth 30cm below the riverbed.  Water level will be recorded inside piezometers using Solinst Model 3001 LT leveloggers (Solinst Canada Ltd., Georgetown, Ontario, Canada; water level accuracy ±0.7 cm).  Pressure transducers will be used to monitor spring inputs via hourly data collection from November 2007 through May 2008.  
Hydraulic tests (slug tests) and the hydraulic gradient between springs and potential riverbed sites will be used to determine the potential total discharge from the spring through hyporheic gravels.  The hydraulic conductivity of the riverbed at each site will be determined by conducting slug tests in piezometer clusters at each of the locations (Butler, 1998).  To perform the test, an airtight pressure-regulating wellhead assembly will be threaded to the top of each piezometer.  The assembly consists of a 5.0-cm ball valve coupled to a 20.0-cm section of schedule-40 PVC pipe containing a small valve stem for pressurizing.  A pressure transducer (Instrumentation NW Model 9800) is lowered into the piezometer to measure changes in hydraulic head during the test.  A modified rubber stopper is used to seal the transducer cable entry into the well assembly.  The system will be pressurized with a portable battery-powered air compressor (Black and Decker VersaPak cordless inflator), causing the water level in the piezometer to be depressed downward.  When the water level in the well is sufficiently depressed, the air compressor is shut off and the ball valve simultaneously opened, marking the beginning of the slug test.  Hydraulic conductivity will be determined using the Bouwer and Rice equation
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where K is hydraulic conductivity (cms-1), rc is the radius of the well casing (cm), Re/R is the dimensionless ratio of radius of gravel envelope to distance away from the well over which the average value of K is being measured (obtained as outlined in Fetter 1994), Le is length of the screen or open section of the well (cm), H0 is the drawdown at time t = 0, Ht is the drawdown at time t = t, and t = time from H0.  
The hydraulic gradient (I) will be determined as the ratio of the difference in head pressure between the hyporheic zone at the elevated spring location and the hyporheic zone in potential areas of artificial upwelling to the horizontal distance between the two locations:
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Where I is the hydraulic gradient, Hsl is the head at the potential spring source location, and Hal is the head at the potential artificial upwelling location.  
Task 4.  Introduce artificial upwelling to a previously unused chum spawning area adjacent to utilized habitat.
A stilling basin will be constructed near a spring input that extends above the high water mark of the riverbank.   Conceptually, our design will be similar to past research that successfully induced brown trout and brook trout spawning in lakes (Webster 1962; Brabrand 2006; Figure 5).  We will use the results from Task 3 to determine whether sufficient spring flow exists to keep the stilling basin full using gravity as the system’s energy source.  If we are not able to find such a location, spring water will be pumped into the stilling basin from a shallow piezometer adjacent to it.  We would use an electric pump deployed inside of a 4” piezometer.  We would investigate power sources including solar, gas, or electricity created using a generator.  PVC tubing with perforations along its top and sides will be buried beneath locations where artificial upwelling is desired.  Non perforated extensions will connect such areas to the stilling basin connected to the spring above the high water mark.  Construction would occur during low water September, 2008.  Facilities would be active during fall 2008 spawning.  PNNL has experience obtaining permits in the Columbia River Gorge that would be necessary for this work from past experience working on BPA project 199900301.  The project would be funded in October, 2007 and the stilling basin and buried conduit installed during September, 2008, providing 11 months to obtain the necessary permits. 
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Figure 5.  Conceptual design of system to produce artificial upwelling.
Task 5. Quantify chum utilization of artificial upwelling pilot scale test area.  

This task is necessary to verify our assumption that chum salmon spawning will occur in areas that currently lack upwelling hyporheic water but are otherwise suitable.  Enhancement will be from introduction of artificial upwelling.  Bi-weekly spawning ground surveys will be conducted at the test site, including adjacent areas previously described as spawning and non-spawning.  Bi-weekly spawning surveys will be conducted by PNNL and USGS staff from mid November, 2007 to mid December, 2007.  During each survey, chum salmon redd locations will be marked with a Trimble ProXR real-time differentially corrected Global Positioning System.
Within each area, we will evaluate the total number of redds mapped as well as the redd density (ratio of redds to the area in which they are distributed).   The pilot scale project will be deemed successful if we are able to entice chum salmon to spawn in an area that would otherwise not be used.  We believe that because we have considerable data on the spawning use of these sites, that an occurrence of spawning in an area we enhance after multiple years of non-use will constitute strong evidence of a treatment effect.  We will compare observed habitat use in the test area with that predicted using our logistic regression model.  Probability coverages of predicted spawning will be created in a GIS in the test area before and after artificial upwelling is established as well as in the adjacent known spawning area.  We will first determine the amount of area of suitable habitat added to the treatment site by the artificial upwelling using the GIS in combination with the logistic regression model.  Redd density estimates in the adjacent spawning area will provide an estimated number of potential redds that could be established in the treatment area.   Overlays of redd locations on GIS maps of the predicted suitable habitat in the treatment area will provide a graphical comparison of the agreement between observed and predicted redd locations.  In addition, we will examine the error of omission (finding a redd where none was predicted) and error of commission (predicting a redd to be present by none was found) rates as measures of how well our logistic regression model predicted chum salmon use of the treatment area.  A high error of omission would indicate that our model did not incorporate additional variables important to chum salmon habitat use.  A high error of commission rate would indicate 1) there were not enough fish to seed the new habitat, or 2) additional cues that chum salmon use for redd site selection were not present in the treatment area that the model did not capture.
Task 6.  Complete final report

A final report including all data collected to evaluate potential study site locations, technical data related to the construction of artificial upwelling facilities, spawning counts, and assessments of whether the overall objective was accomplished will be completed by April 1, 2009.  Locations of data collected, facilities constructed, and redds mapped will be provided as data tables with location coordinates in the UTM, NAD 83, Zone 10 North coordinate system.  We will provide evaluation of redd density within the newly created upwelling areas, and will compare those to past and current redd densities in the adjacent spawning area, as well as in the adjacent non-spawning area.  
F. Facilities and equipment 

PNNL and the USGS have extensive experience conducting similar research in the mainstem Columbia River.  Consequently our agencies currently own most of the research equipment necessary to conduct the proposed project including the necessary boats, vehicles, Global Positioning Systems, piezometer installation equipment, water level and temperature monitoring devices, and the equipment necessary to measure velocity, depth, substrate, and hyporheic temperature.  Additionally, we possess all necessary computer resources to analyze data and construct an appropriate logistic regression model.

We also have past project experience in the Columbia River Gorge procuring necessary permits to conduct riverbed excavation activities, and have procured subcontracts with Crestline Construction Co., who helped Pacific Northwest National Laboratory install a real time water level and temperature collection system in the riverbed within the Ives Island chum spawning area for BPA project 199900301.  Crestline Construction Co. also assisted with the completion of the Duncan Creek chum reintroduction project.  
G. Literature cited 

Action Agencies.  2002.  FINAL Endangered Species Act 2003/2003-2007

Implementation Plan for the Federal Columbia River Power System.  APPENDIX: ACTION TABLE 3.  Bureau of Reclamation, US Army Corps of Engineers, and Bonneville Power Administration.  http://www.salmonrecovery.gov/2003-07_biops_ip/Final_Biops_IP_2003-07_Table3.pdf
Action Agencies.  2005.  Final Updated Proposed Action for the FCRPS Biological Opinion Remand, November 24, 2005.  U.S. Army Corps of Engineers, Bureau of Reclamation, and Bonneville Power Administration.  http://www.salmonrecovery.gov/reports_and_papers/biop_remand/docs/upa_final/FinalUPANov242004.pdf
Arntzen, E.V., R.P. Mueller, C.J. Murray, Y.J. Bott, J.L. Panther, D.R. Geist, and T.P. Hanrahan. 2007.  Evaluation of salmon spawning below Bonneville Dam, 2005-2006 Annual Report. Project No. 199900301, 61 electronic pages, (BPA Report DOE/BP-00000652-35).
Arntzen, E.V., J.L. Panther, D.R. Geist, E.M. Dawley. 2007.  Total dissolved gas monitoring in chum salmon spawning gravels below Bonneville Dam.  PNNL-16200. Pacific Northwest National Laboratory, Richland, Washington.
Bakkala RG.  1970.  Synopsis of Biological Data on the Chum Salmon (Oncorhynchus 
keta) (Walbaum). U.S. Fish and Wildlife Service Circular 315.
Bouwer, H., and R.C. Rice.  1976.  A slug test for determining hydraulic conductivity of 

unconfined aquifers with completely or partially penetrating wells.  Water Resources Research 12, no. 3: 423-428. 
Brabrand, A., B. R. Hansen, and A. G. Koestler. 2006.  Creation of artificial upwelling 
areas for brown trout, Salmo trutta, spawning in still water bodies. Fisheries Managment and Ecology 13: 293-98.
Butler, J. J. 1998.  The Design, Performance, and Analysis of Slug Tests.  Boca Raton, Florida: CRC Press LLC.

Church, M. A., D. G. McLean, and J. F. Wolcott. 1987.  River bed gravels: sampling and analysis.  Sediment transport in gravel-bed rivers. editor C. R. J. C. Bathurst and R. D. Hey Thorne, 43-88. Chichester: John Wiley and Sons.
Fukushima, M., T.J. Quinn, II, and W.W. Smoker. 1998.  Estimation of egg loss from the spawning ground of pink salmon.  Canadian Journal of Fisheries and Aquatic Sciences 55: 618-625.
Geist, D.R., E.V. Arntzen, C.J. Murray, K.E. McGrath, Y.J. Chien, and T.P. Hanrahan. In press: Influence of river level on temperature and hydraulic gradients in chum and fall Chinook spawning areas downstream of Bonneville Dam, Columbia River.  North American Journal of Fisheries Management.
Geist, D. R., T. P. Hanrahan, E. V. Arntzen, G. A. McMichael, C. J. Murray, and Y. J Chien.  2002.  Physicochemical characteristics of the hyporheic zone affect redd sites of chum salmon and fall Chinook salmon in the Columbia River. North American Journal of Fisheries Management 22: 1077-85.

Geist, D. R., M. C. Joy, D. R. Lee, and T. Gonser.  1998.  A method for installing piezometers in large cobble bed rivers. Ground Water Monitoring & Remediation 18, no. 1: 78-82.
Hayes, J.W. 1987. Competition for spawning space between brown trout (Salmo trutta)

and rainbow trout (S. gairdneri) in a lake inlet tributary, New Zealand.  Canadian Journal of Fisheries and Aquatic Science 44: p. 40-47.

Hey, R. D., and C. R. Thorne.  1983.  Accuracy of surface samples from gravel bed material. Journal of Hydraulic Engineering 109, no. 6: 842-51.

Hillson, T.  2004.  Re-introduction of lower Columbia River chum salmon into Duncan Creek.  WDFW report to Bonneville Power Administration, Report DOE/BP-00007373-4. Portland, OR.

Keller, K.  2006.  Evaluate Spawning of Fall Chinook and Chum Salmon below the Four Lowermost Columbia River Mainstem Dams; 2005 Columbia River Chum Salmon Return", 2005-2006 Annual Report, Project No. 199900301, 61 electronic pages, (BPA Report DOE/BP-00024465-1)

Kondolf, G. M.  2000.  Assessing salmonid spawning gravel quality. Transactions of the American Fisheries Society 129: 262-81.

Lower Columbia Fish Recovery Board (LCFRB).  2004.  Lower Columbia Salmon 

Recovery And Fish & Wildlife Subbasin Plan.  Volume II – Subbasin Plan. Chapter A – Lower Columbia Mainstem and Estuary.  http://www.nwcouncil.org/fw/subbasinplanning/lowerColumbia/plan/Vol%20II%20A--Col%20Estuary%20mainstem.pdf
Leman VN.  1993.  Spawning sites of chum salmon (Oncorhynchus keta)

microhydrological regime and viability of progeny in redds (Kamchatka River Basin).  Journal of Ichthyology 33:104-117.
McGrath, K.E., C.W. May, D.R. Geist, E.V. Arntzen, M.C. Richmond, R. Prasad, M.S. Wigmosta.  2007.  Grays River watershed and biological assessment. Portland, OR. Unpublished.

National Oceanographic and Atmospheric Administration (NOAA).  2004.  Federal

Columbia River Power System (FCRPS) Biological Opinion (in remand).

Northwest Power Planning Council (NWPPC).  2003.  Mainstem amendments to the 

Columbia Basin Fish and Wildlife Program. Portland, OR.  

http://www.nwcouncil.org/library/2003/2003-11.htm
Northwest Power Planning Council (NWPPC).  2000.  Columbia Basin Fish and Wildlife 

Program. Portland, OR.  

http://www.nwcouncil.org/library/2000/2000-19/Default.htm
O’Brien JP.  2006.  River Features Associated with Chum Salmon Spawning Areas: A

Method to Estimate Habitat Capacity. M.S. thesis, University of Alaska, Fairbanks, Fairbanks, Alaska.
Oregon Department of Fish and Wildlife (ODFW).  2004.  Columbia Gorge mainstem subbasin plan.  http://www.nwcouncil.org/fw/subbasinplanning/columbiagorge/plan/ColumbiaGorgeInvAssPlan.pdf 

Platts, W. S., W. F. Megahan, and G. W. Minshall.  1983.  Methods for evaluating stream, riparian, and biotic conditions, INT-183.  USDA Forest Service General Technical Report, Odgden, UT.
Vincent-Lang, D., A. Hoffmann, A.E. Bingham, C. Estes, D. Hilliard, C. Stewart, E.W.

Trihey, and S. Crumley.  1984.  An evaluation of chum and sockeye salmon spawning habitat in sloughs and side channels of the Middle Susitna River. Report No. 3 Aquatic habitat and instream flow investigations (May-October 1983), Document No. 1936, Susitna File No. 4.3.1.6. Alaska Department of Fish and Game, Anchorage, AK.
van den Berghe, E. P. & Gross, M. R.  1989.  Natural selection resulting from female 
breeding competition in pacific salmon (coho: Oncorhynchus kisutch). Evolution 43, 125–140.

Vining, L. J., J. S. Blakely, and B. M. Freeman.  1985.  An evaluation of the incubation 

life phase of chum salmon in the middle Susitna River. Alaska Department of Fish and Game, Report No. 5, Volume 1, Anchorage, AK.

Webster, D. A.  1962.  Artificial spawning facilities for brook trout, Salvelinus fontinalis. Transactions of the American Fisheries Society 91: 168-74.

Wohl, E. E., D. J. Anthony, S. W. Madsen, and D. M. Thompson.  1996.  A comparison of surface sampling methods for coarse fluvial sediments. Water Resources Research 32, no. 10: 3219-26.

Wolman, M. G. 1954.  A method of sampling coarse river-bed material. Transactions of the American Geophysical Union 35, no. 6: 951-56.
Uusitalo, N.  2003.  Evaluate factors limiting Columbia River Gorge chum salmon populations, DOE/BP-00004669-2. 

H. Key personnel

Evan Arntzen
Staff Scientist, Ecology Group, Battelle, Pacific Northwest National Laboratory, Richland, Washington, 99354 
EDUCATION
B.S., Geology, Eastern Washington University, 1996

M.S., Geology, Portland State University, 2002

EXPERIENCE
Mr. Arntzen joined Battelle in 2000, and is currently a geologist licensed by the state of Washington (#2289) supporting research projects evaluating and monitoring aquatic habitat, groundwater/surface water interaction, and water quality within large river systems.  From 1997 to 2002 Mr. Arntzen completed a graduate thesis evaluating the hydrogeology and water quality of the groundwater/surface-water mixing zone within the Hanford Reach of the Columbia River.  Currently, Mr. Arntzen supports research evaluating the physicochemical interface within the hyporheic zones of large river systems, including investigations evaluating habitat requirements of Columbia River chum salmon and the effects of total dissolved gas on chum salmon sac fry in the lower Columbia River.    

SELECTED PUBLICATIONS
Geist, D.R., T.P. Hanrahan, E.V. Arntzen, G.A. McMichael, C.J. Murray, and Y. Chien.  2002.  Physicochemical characteristics of the hyporheic zone affect redd site selection of chum and fall Chinook salmon, Columbia River.  North American Journal of Fisheries Management 22: 1077-1085.

Arntzen, E.V., D.R. Geist, and P.E. Dresel.  2006.  Effects of Fluctuating River flow on Groundwater/Surface Water Mixing in the Hyporheic Zone of a Regulated, Large Cobble Bed River.  River Research and Applications 22 (8): 937-946.

Geist, D.R., E.V. Arntzen, C.J. Murray, K.E. McGrath, Y.J. Chien, and T.P. Hanrahan.  In press:  Influence of river level on temperature and hydraulic gradients in chum and fall Chinook salmon spawning areas downstream of Bonneville Dam, Columbia River.  North American Journal of Fisheries Management.

Arntzen, E., Panther, J., Geist, D., and Dawley, E.  2007.  Total Dissolved Gas Monitoring in Chum Salmon Spawning Gravels Below Bonneville Dam.  PNNL-16200.  Pacific Northwest National Laboratories Richland, Washington.

Arntzen EV, RP Mueller, CJ Murray, Y-J Bott, JL Panther, DR Geist, and TP Hanrahan. 2007.  Evaluation of Salmon Spawning Below the Four Lowermost Columbia River Dams – 2006 Annual Report. Prepared by Pacific Northwest National Laboratory for the U.S. Department of Energy, Bonneville Power Administration, Portland, Oregon.

PRIVATE 
DAVID R. GEIST 

Technical Group Manager, Ecology Group, Battelle, Pacific Northwest National Laboratory, Richland, Washington, 99354   (509) 372-0590  FAX (509) 372-3515  david.geist@PNL.gov
EDUCATION

B.S., Biology, Eastern Washington University,  1984

M.S., Biology, Eastern Washington University,  1987

Ph.D., Fisheries Science, Oregon State University, 1999

EXPERIENCE
Dr. Geist has been a research scientist at Battelle since 1991.  He is currently the Technical Group Manager for the Ecology Group and supervises approximately 45 aquatic and terrestrial biologists and technicians that study the natural environment around the world.  He is also lead scientist and project manager for several projects addressing environmental monitoring and technology application.  His experience and expertise is in fisheries behavior and ecology.  Dr. Geist is presently researching the importance of the role of ground water and surface water interactions in salmon habitat use including how total dissolved gas in salmon spawning areas may affect embryo survival.  Dr. Geist also has experience in assessing the impacts of hydroelectric dams on the physiology and behavior of fish.  Using radio transmitters that measure activity, Dr. Geist has evaluated energy use by fall and spring chinook salmon and white sturgeon in response to instream flows associated with hydroelectric dam operation.  He interacts with state and federal regulatory and management agencies in issues relating to regional impacts of energy development projects on fisheries resources of the Pacific Northwest.  Dr. Geist has participated as a fisheries expert for U.S. Congressional hearings on the Hanford Reach of the Columbia River and was a member of the Hanford Reach National Monument Federal Advisory Committee.  Dr. Geist is a Fellow in the American Institute of Fishery Research Biologists, and an adjunct professor at Washington State University, Tri-Cities campus. 

SELECTED PUBLICATIONS
Geist, D.R., E.V. Arntzen, C.J. Murray, K.E. McGrath, Y. Bott, and T.P. Hanrahan.  In press.  Influence of river level on temperature and hydraulic gradients in chum and fall Chinook salmon spawning areas downstream of Bonneville Dam, Columbia River.  North American Journal of Fisheries Management.

Arntzen, E.V., D.R. Geist, and P.E. Dresel.  2006.  Effects of fluctuating river flow on groundwater/surface water mixing in the hyporheic zone of a regulated, large cobble bed river.  Rivers Research and Applications 22: 937-946. 

Geist, D.R., C.S. Abernethy, K. Hand, V. Cullinan, J. Chandler, and P. Groves.  2006.  Survival, development, and growth of fall Chinook salmon embryos, alevin, and fry exposed to variable thermal and dissolved oxygen regimes.  Transactions of the American Fisheries Society 135: 1462-1477.

Brown, R.S., D.R. Geist, K.A. Deters, and A. Grassell.  2006.  Effects of surgically implanted acoustic transmitters greater than 2% body mass on the swimming performance, survival, and growth of juvenile sockeye and fall Chinook salmon.  Journal of Fish Biology 69: 1626-1638.

Geist, D.R., T.P. Hanrahan, E.V. Arntzen, G.A. McMichael, C.J. Murray, and Y. Chien.  2002.  Physicochemical characteristics of the hyporheic zone affect redd sites of chum salmon and fall chinook salmon in the Columbia River.  North American Journal of Fisheries Management 22:1077-1085.

KENNETH  F. TIFFAN

Research Fisheries Biologist, U.S. Geological Survey, Columbia River Research Laboratory, Cook, WA  98605
EDUCATION
B.S.  Fishery Biology, Colorado State University, 1987

M.S. Fishery Biology, Colorado State University, 1992
EXPERIENCE
Kenneth Tiffan has been a research scientist at the USGS since 1992.  He serves as the project leader for salmon habitat and ecology investigations.  His experience covers areas relating to fall Chinook salmon juvenile life history, juvenile migratory behavior, juvenile fall Chinook habitat use, requirements, and assessment.  In addition, he has worked on chum salmon spawning habitat assessments and spawning behavior.

SELECTED PUBLICATIONS

Tiffan, K.F., D.W. Rondorf, and J.J. Skalicky.  2005.  Diel spawning behavior of chum salmon in the Columbia River.  Transactions of the American Fisheries Society 134:892-900.

Connor, W.P., J.G. Sneva, K.F. Tiffan, R.K. Steinhorst, and D. Ross.  2005.  Two alternative juvenile life history types for fall Chinook salmon in the Snake River basin.  Transactions of the American Fisheries Society 134:291-304.

Tiffan, K.F., D.W. Rondorf, and J.J. Skalicky.  2004.  Imaging fall Chinook salmon redds in the Columbia River with a dual-frequency identification sonar.  North American Journal of Fisheries Management 24:1421-1426.

Tiffan, K.F., editor.  2004.  Juvenile and adult fall Chinook and chum salmon habitat studies below Bonneville Dam on the Columbia River.  2002-2003 Annual Report to the Bonneville Power Administration, Portland, Oregon.
Garland, R.D., K.F. Tiffan, D.W. Rondorf, J. Skalicky, and D.R. Anglin.  2003.  Assessment of chum and fall Chinook salmon spawning habitat near Ives and Pierce islands in the Columbia River.  1999-2001 Annual Report to the Bonneville Power Administration, Portland, Oregon.

PAGE  
1

_1059556783.unknown

_1240083418.unknown

