
B. Project Summary 

The Bubble Curtain Fish Herding Study:
Why: California is facing hydropower and irrigation diversion dam removals and water use fir Federally mandated fisheries requirements.  The reduction of hydro will mean the electricity generation will be made up with fossil fuels.  When water is used for attracting fish around dams or for augmenting fisheries technologies, there is a loss of gravity irrigation water causing water to be electrically and diesel pumped from wells.  Thus, there are direct and indirect relationships between water used to enhance fisheries and the electric energy balance in California.  This research, if successful will reduce the large amounts of water is currently being used for fish passages, enhancement beds, and bypass attraction flows that could be used for gravity irrigation and hydropower.

What: The ability to corral fish by using moving curtains of air bubble has been demonstrated first by whales and later by humans in the lab.  Moving air bubble curtains have successfully herded California species of interest in large research flumes by the author at the University of California at UC Davis, and earlier on other species by scientists in Japan.  The proposed research extends our successful laboratory work into the field and extends it to multiple curtains making it useful to herd fish to passage facilities at dams.  A field research site will be established in the Sacramento River basin to study fish herding using migrating steelhead trout and salmon: species of great interest to hydro in California.

How: The innovative herding method to be studied will use a fixed parallel array of long straight sequentially activated leaky hoses placed on the stream bottom.  By sequencing, these hoses will release patterns of air curtains that move at right angles to the hoses.  To the observer in the water the bubble curtains appear to be stationary, yet they move slowly under computer control as the supply air is switched sequentially from hose to hose.  This movement of the air curtains moves some of the fish interacting with them.  The bubble walls are repeated at about 40 second spacing forming parallel rows of air curtains and apparent bounded spaces between them.  Fish that interact by attraction to, fear of, or orientation on the walls can be moved even at low efficiencies per air curtain pass, in a preferred direction.  This is useful for herding fish into dam bypass facilities, for capture, or away from dangers without large attraction water flows.  Use of multiple, closely spaced curtains should provide the benefits of moving a single curtain, while allowing the hardware to remain stationary.

Effect: If we can move fish to bypasses with air, less water is wasted in attracting fish to bypasses and more is available for irrigation and hydropower.  We will test the efficacy of this herding method in this project, and observing the number of fish migrating through one counting gate or another.  The results will be directly applicable to every dam that has an upstream or downstream fish passage and to every body of water in which for example, there are fishery enhancements.  Since this technology is low cost we expect immediate and strong world wide interest, if we are successful due to its low cost and energy and water savings.  

C. Statement of Work

	Project Tasks
	Performance / Cost Objectives

	1) Kick-off and Site Selection
	1) Permissions and permit process started

2) Field site planning and field equipment designed

Work Products: Site venues, and site design drawings

	2. Team Set Up 
a) Grad. Student & Field Hand

b) Literature review
	Work Products: Team List 

Performance Goals: Team set up and organized 

	3) Equipment set-up and site security  

a) Equipment and hardware selection/purchase/construction

Installation in testing mode
	Work Products: Detailed Equipment List 

Performance Goals: Site rigged for testing with security arrangements completed

	4) Testing with migrating fish (4 months)

a) Site testing schedule and 

b) Modifications and improvements to array, test set-up and site.
	Work Products:  Data, process descriptions Performance Goals:  Collecting good data!  With luck show to impartial observers that fish can be herded.

	5) Optional alternate site  (to be determined by field conditions)
The task is to allow a change of venue should that be suggested for any conditions
	Work Products:  Site venues, site design drawings, and Data. 

Performance Goals: Data collected from Alternate Site

	6) Analysis  (1.0 month)

The core analysis here will be differential analysis between the number of fish that pass through the two different gates during various time intervals.
	Work Products:  Analysis Framework

Performance Goals:  completed analysis of whether or not these key California fish can be herded in these field conditions.

	7) Final Report and Reporting (0.5 months)

a) Final Report to be prepared per contract

b) Interim Reporting per contract

Web material will be maintained indefinitely on the Davis Hydro Website
	Work Products:  Final Report, Interim Reports, Web site 

Performance Goals: Submit Progress Reports and Final Report in accordance with the proposed Project Schedule/Deliverable chart


D. Project Narrative

1.) Project goal

The goal of this project is to determine the feasibility of using multiple moving air curtains to herd fish to fish bypass facilities at dams.

2.) State of the art: 

Static air bubble curtains do not significantly deter or attract fish.  They have been studied commonly as potential fish deterrent mechanism typically for use at power plants and large hydro stations.  The conclusion of many studies is that they do have some effect, but it is too small to be useful.  There are fish deterrent systems that use static bubble curtains along with noise and/or flashing lights.  Their success appears to vary.  More generally, there are olfactory imprinting techniques which can be used on a river-wide basis to help fish find home rivers and spawning.  Scent is also used by fishermen when they chum and in lures.  However, the application of olfactory techniques in a continuous use application by conservationists for guiding fish has not shown to be practical due to water volumes involved.  Finally, no physical or mechanical techniques have not been found that help conservationists guide fish past obstacles, or towards conservation artifices other than physical barriers such as wedgewire screens.

In 2003 Davis Hydro was involved in a research project studying an experimental fish passage technology through dams.  During this project, we observed that we could repeatedly herd fish up and down a long flume in the Amarocho hydraulics lab at UC Davis using a programmed series of moving air bubble curtains
.  Literature review revealed that moving single air curtain had been used successfully in Japan (Akiyama) to drive (frighten) fish in a flume somewhat similarly to the flume at UCDavis.  In the wild, various whales such as Orca (Nøttestad) and Humpback
, blow air bubble curtains to herd small fish into a central corral for feeding.

At the same time, we at Davis Hydro have been working on other methods of getting fish into fish passages past dams.  There are numerous fish passage technologies.  Most of them work if you can get the fish to enter them.  It is usually very difficult to get fish interested in entering these facilities, be they fish lifts, locks, elevators, passages, channels, trucks, or other technologies.  It is the entrance attraction problem that cripples the efficiency of most passage systems for rheotaxic species such at salmon and trout.  Once the physical geometry of the bypass technology has been constructed optimally, the only stimulus that attracts fish to the bypasses is “attraction flows”: large amounts of water released at or in the mouth of the bypass.  For this reason, Davis Hydro has been working on herding technologies to get the fish into these passages
 using less water allowing more for hydropower and irrigation.

3.(a) The Energy Problem Being Addressed: Loss of Hydropower

In his regular newsletter, Don Schultz of the CPUC recently referenced articles that show the tight relationship between energy and water in California.  In summary, this relationship can be divided into both supply and demand effects on the state’s electricity market:

Electrical Demand:  Gravity fed irrigation water and municipal supply sources are generally fully utilized; additional water comes from pumping groundwater from wells.  Thus, as the demand for water changes, so too does the demand for electricity.  Roughly, 14 % of electric energy consumption in California is used for water pumping; if water is diverted from gravity supplied irrigation supplies, water has to be pumped by farmers from deep wells increasing demand for electricity as a significant portion of pumping is by electric pumps. 

· Electrical supply: hydropower:  If water is diverted from hydropower dams for fisheries purposes, less electricity is produced.

Thus, the supply and demand for water is directly related to the supply and demand of electricity.  This proposal is in the shadow of that duality.  Water is currently being diverted from irrigation and hydropower dams to supply flows for fish.  This proposal addresses a method to lessen the amount of water needed for fish at irrigation and hydropower dams.  Water for fish is used in two ways at dams:

· First, water is used at dams to supply water to fill the fish bypass channels.

· Second, recruitment: A roughly equal amount of flow for upstream migrating fish is the “attraction flow”: extra water that is released to attract fish to the bypass facility
 primarily in the critical upstream mode.

Currently, in California, there is crisis at irrigation and hydropower dams because bypasses have great success in passing fish that enter them, but there is overwhelming evidence that fish are not attracted to the various bypasses, generally.  Many things have been tried to remedy the attraction problem.  The best method is to waste more water at these facilities for attraction flows.  California as well as other states are now faced with ever increasing use of water as attraction flows or dam removal as the only options, as some of the salmon, hardhead, and other species are facing being listed as endangered species.

As a second issue, related indirectly to power is the ability to guide fish or herd them is useful in many situations other than helping fish pass around dams.  For example, helping fish such as trout find spawning channels, shelter from predators and assisting macro-invertebrates find nature-like dam bypasses.  These conservation measures that enhance or protect fish in streams will lessen the need for conservation flows past hydropower dams to maintain a river fish population.  Thus, any tool we develop can increase the efficiency of fish enhancement measures resulting in the FERC not requiring the hydropower company to undertake other power or water consuming activities.

3(b) PIER Research Issues and areas 

This research qualifies under three PIER areas:  Renewable, Agricultural, and Environmental.

Renewable: Hydropower is a renewable resource that is under threat from fish sensitive environmental groups.  Conserved irrigation water is a renewable resource that has to be replaced by electrically pumped water.

Agricultural: Most energy used in agricultural is for water pumping.  Low energy gravity fed surface irrigation water is in jeopardy due to increased demands for it for fish protection.  This proposal addresses that directly 

Environmental: The enhancement of our fisheries is perhaps the most pressing wildlife problem currently facing California due to proposed dam removals and fishery water release operations.

(4) Primary Project Tasks and Performance Objectives

1. Kickoff Site and Equipment Selection  (1.5 months – permits will take longer)
i. Site on Deer Creek or nearby small river will be surveyed and several sites selected for permissions and permitting.

ii. Permissions and permit process started

iii. Field site planning and field equipment design (multiple sites possible)




Personnel: Ely



Work Products: Site venues, and site design drawings

How & Where: We will visit and call owners and controlling agencies for sites on the Sacramento River Tributaries below the Red Bluff Dam, and above Davis.

Performance Goals: One or more sites chosen.  The current “State of the Art” is to herd fish around a tank in a lab setting.  This task clearly sets out field situations directly applicable to species influenced by the diversion dams common here in California.  

2. Team Set-up  (0.5 months - -overlapping Task 1)

i. Review of any new literature

ii. Grad student recruitment and site discussion

iii. Field hand recruitment and field site discussion.  Since this is field work on somewhat remote streams, field people will be chosen willing to live at the site.




Personnel: Ely, Graduate student and field hand selection with Cech



Work Products:  Site venues, and site design drawing



How & Where: Ely and local staff, On-site and in Davis with Cech and Student



Performance Goals:  Team set up and organized

3. Equipment set-up and site security  (1.5 months – Overlapping Tasks 1 & 2)

i. Equipment and hardware selection/purchase/construction

ii. Installation in testing mode with trials and debugging of fish counting tools. 

iii. Testing counting both against visual observations and at light, stream and weather conditions.

iv. Security arrangements completed




Personnel: Boeri, Ely, local fish counter



Work Products:  Site equipment 

How & Where: Ely and local staff, On-site

Performance Goals:  Site rigged for testing.  

{Here we diverge from our predecessor studies in the lab..  The State-of-the-Art here is markedly different: we are in the field with multiple moving curtains.} 

What can be observed as fish population movements in a lab is completely different than what can be observed in the field.  We intend to count fish fairly accurately, but more important, consistently over different current and light conditions.  We are interested in differential rates of passage, not absolute numbers.  This is the common method of forming an index of fish presence that is monotonically – perhaps nearly linearly related to the actual number that pass.  These indices are statistically useful and defensible as long as the counting methodology is invariant with the imposition of the bubble-curtains stimulus.

4. Testing of herding with migrating fish (4 months)

i. Site testing schedule and selection will be dictated by field conditions and fish migrations, and permits.  This is a natural resource and we intend to use the natural migration of fish.  

ii. Modifications and improvements to array, test set-up and site.  We know approximately what size, spacing, sequencing will be used to start – about 1 foot spacing of tubes, with a pattern of two or three rows at a time, sequences at about 35 seconds between crests.  However, this is a starting point only, and it will be changed depending on the observed response of the fish.  

iii. Many changes in air rates, spacing, patterns, speed, and configuration will consume many days of research since each testing period will be lengthy.


Personnel: Graduate student, Ely, local fish counter, staff



Work Products:  Data, process descriptions 

How & Where: Collecting automatically by computer but monitored by staff - On-site. Onsite observations as needed for data collection, and security.  These are remote sites.  

Performance Goals:  Collecting good data!  With luck show to impartial observers that fish can be herded. 

5. Optional alternate site  (to be determined by field conditions)
i. Field studies can go smoothly, or much less so.  This task is dependent on the initial results and the success of the stream test area.  The task is to allow a change of venue should that be suggested for any conditions such as fish availability to further testing new ideas realized in the field.




Personnel: Ely, staff



Work Products:  Site venues, and site design drawings 

How & Where: Collecting automatically by computer but monitored by staff - On-site.  Where is to be determined collaboratively with Bureau and State environmental personnel. 

Performance Goals: Data collected from Alternate Site.  Again, we stress that this is a field study and we are only in the field response of California Species.  Therefore, depending on when and where they are migrating and as water and weather permit we will hunt for favorable fish-loaded sites.  The good part of our technology is that at stream-scale, the equipment is easily portable, and the test set-ups easily modified for different stream situations. 

6. Analysis  (1.0 month)
i. The core analysis here will be differential analysis between the (index) number of fish that pass through the two different gates during various time intervals. However, there are a large number of different options (covariates) that will be tested in attempts to maximize this response.  It is well known that fish behavior is highly variable depending on many poorly understood factors.  We intend to vary the parameters cited above over every type of fish that can be coerced through the gates.




Personnel: Ely, Reviewed by Cech



Work Products:  Site venues, and site design drawings 

How & Where: Mostly using SAS for data cleaning, management and analysis.  Work will be primarily in Davis. 

Performance Goals:  completed analysis of whether or not these key California fish can be herded in these field conditions.

7. Final Report and Reporting (0.5 months)

i. Final Report to be prepared per contract

ii. Interim Reporting per contract

iii. Web material will be maintained indefinitely on the Davis Hydro Website




Personnel: Ely, Burkhart, editor



Work Products:  Final Report, Interim Reports, Web site 

How & Where: Work in office environment in Davis 

Performance Goals: Submit Progress Reports and Final Report in accordance with the proposed Project

5. Technical Feasibility
In this research project, neither the underlying technology nor the experimental design is difficult to implement.  However, robust field experiment of different configurations and measures of treatment efficacy with natural wild fish population migrating is very difficult due to the vagaries of field conditions.  Expected field experimental design obstacles will include:

· Counting (indexing) fish in a manner that addresses, as necessary, size and species specificity.

· Varying and maintaining the fixed array patterns on the bottom of a rapidly moving shallow river or stream.

· Physically maintaining the test facility in the field in a manner secure from floods, inquisitive people, and vandalism.

Feasibility Background

At this time, we know that this type of herding works on some age classes of California species of interest in a laboratory setting.  We also know from work with other fish that there is a large variation in individual response to stimuli depending on ancillary factors of which we know little.  A moving curtain design and operating mode might work for a particular species at a particular season or time of day, at a particular point in their lives, and be ineffective at other times.  Thus, the initial lab work must be considered theoretical and followed up in the field with wild fish before it is shown to be effective.

6: Proposed Innovations

Background

Air bubble curtains have an extensive literature discussing their use as a fish deterrent: keeping fish away from various fish intakes or construction works.  However, except in construction sites with violent air blast rates accompanied by intense sound, they do not work.  Thus, they are only used to scare fish away from blasting sites.  At non-violent bubble rates without sounds, air bubble curtains, are ineffective as a fish deterrent.  Static air curtains are sometimes used as components of compound deterrent systems – for example in a system of sound, lights, and air bubble curtains.  The fish deterrent literature is rich with examples of usage of static curtains with other fish repellants, but none where they are effective.

First insight:  Attraction to the curtains
Davis Hydro has observed that fish do respond to bubble curtains in some manner.  These include, from our observations, the following behaviors:

	Response Direction
	Anthropomorphic Description of Behavior

	Away
	Fear and repulsion: As in existing deterrent systems, and the Japanese experience

	Toward
	Curiosity and investigation

	Toward
	Play and feeding: Bubbles produce an upwelling carrying macroinvertebrates from the bottom.

	Toward
	Hiding and cover: The bubbles distort the surface protecting fish from birds

	Fixed
	Station keeping: “staying put” is a problem in an open stream, especially in limited visibility


It is no wonder that the static curtains are seen to be ineffective at repelling fish, the repelling responses are offset by a suite of other geometric relationships with the curtain.  In our previous research on water wheel-fish interactions, we observed that fish interact in many ways with moving air curtains.  In the artificial conditions of a long flume, the fish would follow or precede the apparently moving air curtains up and down the flume
.  They could be moved up under the moving water wheel - a place they normally shunned.  The fish would interact with the moving curtains in some manner which often varied among individuals of the same year class of the same species.  The important point is that a significant percentage moved with the moving air curtains.  Why they moved varied from individual to individual but they moved.  From our observations, because any one static curtain may attract or repel a few fish, it is predictably useless as a barrier.  Never-the-less when the curtain moves slowly, many fish move with it: some in front, some behind, and some bouncing/feeding/hiding inside.

First Innovation:  Multiple repetitive curtains

On application of multiple parallel moving curtains the fish were moved up and down the flume.  The bubble curtains when repetitive become slowly moving walls with a defined space between them.  Some fish appeared to station keep in the corridor between the walls, perhaps for want of other reference points to locate on
.  Because the process is repetitive, the efficacy of any one sweep is not as important as the total effect on the population.  The repetitive, moving walls of air tend to move groups or schools of fish.  Many fish could be moved in a direction or to a place that they would avoid when the bubbles were off.

Thus, using the moving air curtains, we could herd fish in a large laboratory flume.  This movement of fish is not herding in the sense of land animals, where every individual animal moves in a group.  What is meant is on the average, a significant proportion (at least a few percent) of a population moves with each moving air curtains.  The key observation and conceptual jump on which this proposal rests is that by having repetitive moving air curtains with each one having a small but significant effect, a large percentage of the population of fish is herded in a direction over time.  Herding becomes a statistical movement, a flux of fish in one direction in a timely manner.  The direction is controlled by patterns of the leaky tubing below the fish.  We observed large percentage responses to the moving curtains in the flume.  These high percentage responses are hoped for, but not expected in the noisy, busy, swirling waters of a real waterway.  They are not required.  For example, assume we are trying to induce a population of migrating fish to enter a fish bypass facility around a dam, then by setting up the arrays on the bottom in semicircular fashion around the bypass entrance we can slowly drive fish to a bypass entrance
.  While it may be only a few percent that move with any curtain pattern pass, the effect of say 90 passes an hour is cumulative and total effect should be an enormous shortening of the time the fish take to find their way into the bypass
.

7.) Impact on the energy problem

The electrical impact is through the increase in water available for gravity irrigation as well as the reduced use of hydropower water for fisheries attraction flows and resource improvements.  By improving fish passage technology and efficacy:

· Less water will be used in fish passages and attraction flows, 

· It is less likely that irrigation dams will have to be removed lessening water pumping demand, and 

· It is less likely that hydropower licenses will require large amounts of water to by used for down and upstream fish passage.

Specific estimates can only be suggestive because the effects are indirect through lengthy regulatory negotiation processes under the FERC at the federal level and California Fish and Game before CWRCB at the state level.  Recognizing the hypothetical nature of these estimates, the following table is a starting point:

	Improvement Dam /Type
	Example of change
	Effect
	Water Savings
	GWh/Y

savings*

	Red Bluff Dam
	Non-Removal
	Save Irrigation Water/ pumping 
	100,000 A. ft of water displacing water pumped up and additional 70’ lift
	518 GWh/ Y

	Red Bluff Dam 

Attraction flow 
	Reduction by 100 cfs
	Saves water for irrigation
	100 cfs for 6 months at 70 foot lift. 
	1.9 GWH

	All other large dams approximated as 5 Similar Dams around California
	Reduction in attraction water flow
	Directly saves in irrigation water
	More than 5 are smaller, and many do not have the Attraction flow problem, but do have the River release for fisheries.  5 is a composite number. 
	2,500 GWH/Y

	Fisheries danger avoidance improvements 
	Guidance around dangers such as pumping inputs 
	Improved survival of many species and age groups
	None directly; reduces need for other water or power intensive measures
	100 GWH/Y

	Fisheries enhancement attraction improvements 
	Guidance into spawning channels, habitat, 
	Improvement in fishery survival and reproduction influences FERC to reduce dam releases
	40 cfs reduction in 24/7 fish flows per dam for about 50 hydropower dams in California ; Mean hydro head: 250 feet. 
	76 GWH /Y

	Other fishery enhancement measures
	Guidance to downstream dam bypass facilities
	Improved reproduction for fish and lessening of need for attraction flows
	50 dams of which 25 % need this improvement. 

100 cfs change at 200’ hydro head 6 months a year
	68 GWH / Year


 * Note: A GWH is a Gigawatt hour or million kilowatt hours

The author makes little representation that the figures above are more that estimates.  What is clear, is that hydropower dams are under threat of removal, and that for those that stay large and continuous releases of water and necessary. 

7) b. Benefit to California Energy Market

Currently, hydropower is seen as anti-fish and FERC is charges with balancing Fisheries and Hydropower goals.  This is typified at the micro-hydro level where today, small hydro is not considered green, nor a renewable resources – primarily because concerned fish groups are concerned about the effect of dams of fish resources.  The same is true at the large dam level where licensing is releasing ever-increasing amounts of water past hydro dams to make water for fisheries enhancement.  This project directly lessens that need, and thus benefits the California Energy Market by increasing water available for hydropower, decreasing demand for electricity for water pumping, and indirectly through the FERC regulatory process as part of fisheries management plan 

8.) Market connection:

This fishery enhancement technology, if it works at all, is very easy to “market” in that there is a pressing need for a technology to work at nearly every dam and nearly every fishery enhancement or conservation site.  Presently, the FERC is requiring dams to be removed because they do not pass fish upstream or less commonly, safely downstream.  The “marketing” of this technology will be after and through this field demonstration that it works at least with the trout and salmon, and possibly California hitch and sturgeon.  

Who: We have two private “potential commercial outcomes”.  First, Dr. Ely would like to provide consulting services on this technology, and separately, there are potential patent opportunities that are being pursued based on this technology. 

If successful at these site tests, the technology will need to be tried at a full-size.  The Bureau of Reclamation team has shown some interest
 in the technology, and we have numerous sites in Northern California to test the system.  Red Bluff is a prime local large application example.  Many small fishways, spawning channels and similar hydropower related enhancement measures are also potentially sites.

An attractive aspect of this technology is that it is economical, portable, does not require any new concrete, and can be reconfigured easily, both for testing and later for deployment for different fish.

In summary:  As the technology of fish herding is developed, we will be using it at any interested dams and publishing our results.  We have been issued a US provisional patent on the use of air curtains as primary fish movement devices.  We have now filed for a utility patent, and it is pending.  While there is some intellectual property being developed under this research, the main aspect of this work will be in the public interest.  We intend to quickly apply it to the Red Bluff dam to assist the salmon of various age classes, the trout and, if possible, other species passing this dam as a test site. 

� See complete report at    http://davishydro.com/images/sagebien-final-report/sagebien-final-report.pdf.  This Report on the Web of our work has spawned interest in Europe, and we are currently helping organizing a conference in Europe to explore and continue this work.


� Both Nøttestad, and Blaylock describe for different species of whales a single curtain bubble herding technique that is very close to that used here.  Porpoises also use air to herd fish, as has been observed the author from the surface, however, this action is not well documented in the literature.


� Moving air bubbles is one of the two technologies being pursued by Davis Hydro; the other is using natural river-based olfactory stimulants concentrated in the bypass channels.





� In general, this attraction water is roughly the same as the amount of water needed for the actual bypass itself.


� State personnel who count fish visually for a living at the Red Bluff dam have informally offered to assist us in their spare time with the set-up and may have suggestions on fish metrology equipment, and procedures.  Bureau of Reclamation have been offering suggestions on test site location.  Their Red Bluff dam is close to our target test areas, and we intent to fully exercise their expertise.  


� Pictures of the lab tests of the moving bubble walls are available in Appendix 4 of the Report at � HYPERLINK "http://davishydro.com/sagebien.htm" ��http://davishydro.com/sagebien.htm�.


� We had lined the flume with uniform plastic sheet to make station keeping as difficult as in a natural stream. 


� This is nearly identical to whale tactics.  They use transient tightening concentric circles blown from multiple whales.  The expected sparseness of the bubbles in the field curtains is expected to be partially offset by the schooling behavior of the fish.  This is observed in the whale model.


� Note that at the Red Bluff dam in California, where this has been extensively studied, the hesitancy time at the dam averages 21 days below the dam of the fish that actually do pass upstream.


� At this point, only an informal conversation with Richard Corwin at the Bureau who has agreed to review the idea and proposal. 






