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a. Abstract

The goal of this research is to develop the means to translate observations of fish passage conditions into estimates of the mechanical response of the fish vestibular system.  We propose to examine the consequences of exposure to severe hydraulic environments to the fish vestibular system, a system fish rely on to avoid predators, to respond to water dynamics, and to navigate in three dimensions as they swim.

The proposed research will evaluate the technical feasibility of duplicating (in a laboratory setting with live fish) mechanical stimuli that mimic the passage of the Sensor Fish
 through full-scale spill and turbine environments.  Experimental protocols will be developed and testing apparatus designed to evaluate the response of the fish vestibular system to mechanical stimulation at the sensory system and fish behavioral response levels. Results of this research could influence the design and operation of fish dam passage routes such as spill ways, turbines, in-turbine screens, and juvenile fish bypass facilities.

b. Technical and/or scientific background

Passage of juvenile salmonids past Columbia River Basin dams involves conveyance through man-made structures, frequently under severe hydraulic conditions.  The most obvious examples are passage in spill and through turbines; however, turbine intake screens and elements of fish bypass facilities may also expose fish to turbulent hydraulic conditions.  Over the last decade, spill has become a preferred bypass alternative and considerable effort has gone into a wide range of studies to learn how to optimize spill for fish passage. 

In studies the Pacific Northwest National Laboratory has conducted using the Sensor Fish device to measure the pressure and acceleration experienced by juvenile salmonids in hydroelectric dam spill and turbine environments, very high values of jerk (i.e., the rate of change of acceleration) as well as instances of scraping, impact, and other high-energy events have been observed.  In live fish, such angular and linear accelerations of live fish may translate into mechanical displacements of fish vestibular system elements.  The vestibular system is the sensory system of the fish’s inner ear, which provides crucial information for postural and locomotor control and visual stabilization, enabling the fish to navigate in three dimensions as they swim – to find food, to avoid hazards, and especially to evade predators.  Symptoms of vestibular system disruption, including disorientation, stunning, and inability to maintain equilibrium, have been observed in fish passing through these environments and may result in increased susceptibility to predation and other sources of indirect mortality of fish.  Laboratory studies have shown that vestibular disruption and increased susceptibility to predation can occur at lower turbulence levels then those causing visible injury and direct mortality.

Dam Passage Survival: Direct versus Indirect Mortality

Two types of fish condition/survival studies are commonly performed to assess the biological response of the migrating fish population to passage through spill structures, turbines, and bypass facilities.  In one type of dam passage study, balloons are attached to test fish to facilitate their recovery; fish are released into the test environment (e.g., above a turbine) and recovered immediately following exposure (e.g., in the tailrace) (Heisey et al. 1992).  These studies provide information about the direct injury and mortality rates of fish during passage, i.e., mortality observed is directly attributable to injuries during dam passage.  Because the fish are actually retrieved, externally visible injuries on each fish can be recorded.  Observations are also made to see whether the recovered fish are able to equilibrate and are swimming normally or whether they appear disoriented or stunned.  It is not uncommon for the rates of disorientation and stunning to be the same order of magnitude as rates of visible injury (Normandeau Associates et al. 2000).  Disorientation and stunning can lead to indirect morality, usually assumed to be the result of piscivorous or avian predation.

In the second type of fish passage study, fish are equipped with an implanted electronic tag, such as a micro radio or sonic transmitter, and their survival is estimated to a point downstream.  Because the fish are not observed, only detected, their state of health cannot be determined.  Typically, the total passage mortality estimated using this technique is higher, sometimes substantially higher, than direct passage mortality.  Recent studies of fish passage in spill have shown that the magnitude of total passage mortality correlates with the amount of water spilled (higher spill corresponds to higher mortality) (Dawley et al. 1998).  It is unclear how much of the indirect mortality results from predation on healthy fish and how much results from predation on temporarily or permanently disabled fish.

Recent laboratory studies have shown that fish exposed to higher levels of shear and turbulence have an increased susceptibility to predation (Neitzel et al. 2000).  For example, juvenile rainbow trout exposed to shear and turbulence associated with discharge jet velocities up to 50 ft/sec received minor visible injuries, while those exposed to jet velocities of 40 ft/sec showed no visible injuries but were more susceptible to predation than control fish.  The observed post-exposure symptoms were similar to those observed in fish recovered following passage through spill and turbines.  While the jet velocities in the laboratory experiments may seem high they are representative of the water velocities commonly observed in spill and turbine discharge.  For example, water velocity at the toe of a spill conveyance immediately prior to entrance into the stilling basin at mainstem Columbia and Snake River dams is typically within the range of 60 to 80 ft/sec.  Water velocities in the region of the runner for most mainstem turbines are in the range of 30 to 50 ft/sec (Bell 1981; Copp 1968).

Sensor Fish Device

In 1995, the Pacific Northwest National Laboratory, with funding from the U.S. Department of Energy Advanced Hydropower Turbine System Program, initiated development of an autonomous sensor that could acquire information to help characterize the conditions fish experience during passage through severe hydraulic environments.  The result of this development activity was termed the “Sensor Fish.”  The Sensor Fish consists of a pressure transducer and a tri-axial accelerometer cluster and the various electronics needed so that the output from these sensors can be digitally sampled and stored as they are received during passage.  Following recovery of the Sensor Fish, the digital samples are transferred from the Sensor Fish memory to another computer for processing and analysis.  The pressure and tri-axial acceleration data provide detailed time histories at 0.005-sec increments of the Sensor Fish’s motion resulting from forces acting on it during passage.  

In the past two years, Sensor Fish have been passed through turbine, spill, and fish bypass routes at a number of Columbia River Basin dams.  In all cases, the Sensor Fish releases have been part of other studies that included the release of live test fish.  The Sensor Fish has a rigid body so it does not move like a live fish.  However, it is the same size as a juvenile salmon smolt and is nearly neutrally buoyant like a live fish.  Therefore, the time histories of pressure and tri-axial acceleration obtained with the Sensor Fish can be considered representative of conditions experienced by live fish.  The data acquired using Sensor Fish clearly show that spill, turbine, and bypass environments may be very turbulent, depending upon their design and how they are operated.  

Jerk

A particularly revealing measure of passage conditions is shown in cumulative distribution plots of jerk, the third derivative of position or the rate of change of acceleration.  Humans are particularly sensitive to jerk; this has been accounted for in standards established for stopping (decelerating) and starting (accelerating) transportation vehicles such as elevators and trains.  Rates of acceleration at which most people feel comfortable are below approximately 7 ft/sec³ (Anderson 1984).  In contrast, values of jerk observed in spill environments can exceed 50,000 ft/sec³.  These high values for jerk correspond to high values for acceleration over very short time intervals such as those that have been recorded by Sensor Fish in turbine and spill passage.  

A sample of some of the data obtained using the Sensor Fish to sample spill at The Dalles Dam on the lower Columbia River is shown in Figures 1, 2, and 3.  Figure 1 shows the time history of gage pressure from release of the Sensor Fish into the fish injection system through passage of the sensor out of the spill stilling basin.  Figures 2 and 3 show the acceleration magnitude time history and cumulative jerk distribution that correspond to the gage pressure time history.  The spill conditions under which these data were acquired were total spill discharge of 40 kcfs with discharge through the test bay of 4.5 kcfs.  

It is quite clear that stilling basin conditions under spill scenarios such as these, which are not uncommon at Columbia River dams, are very turbulent and that exposure can be quite long.  Field and laboratory observations have shown that fish exposed to such conditions show signs of stunning and disorientation.  The goal of the research proposal here is to determine how and to what extent the fish vestibular system responds to such turbulent conditions.
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Figure 1: Time history of gage pressure for release of a Sensor Fish into a spill bay at The Dalles Dam, operated at a discharge of 4.5 kcfs.  Total spill discharge was 40 kcfs, May 2001.
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Figure 2: Time history of acceleration magnitude corresponding to the gage pressure time history of Figure 1 for release of a Sensor Fish into The Dalles Dam stilling basin through a spill bay operating at 4.5 kcfs.
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Figure 3: Cumulative values for jerk corresponding to the acceleration magnitude time history shown in Figure 2 for release of a Sensor Fish into The Dalles Dam stilling basin through a spill bay operating at 4.5 kcfs.

Vestibular System of Fish

Fish have several different systems for detection of mechanical stimuli (Figure 4). The lateral line sits in canals on the surface of the body (Figures 4a, 5) and detects motion of the water (Coombs and Montgomery 1999). The lateral line functions primarily to detect motions near the fish's body (within one or two body lengths) and frequencies below about 200 Hz.  The inner ear (Figures 4a, b, 6) detects movement of the body (Figure 4c) and sound (Figure 4d).  
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	Figure 4: Schematic representation (dorsal view) of the mechano​sensory systems of a fish. (a) Shows each of the receptors including the ear and the lateral line (dots on the left and on the head).  (b) Inner ear showing the lagena (L), macula neglecta (N), saccule (S), and utricle (U). (c) The semi​circular canals involved in the vestibular senses are fluid filled and at their base is a sensory region overlain by a gelatinous cupula.  Fluid motion causes the cupula to bend and stimulates the sensory cells. (d) An otolithic organ show​ing the upper otolith, which sits on top of the sensory epithelium. (From Platt et al. 1989).
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	Figure 5: Schematic of the lateral line canal. The canal contains sensory epithelia overlain by gelatinous cupulae. Fluid motion in the canals (from pores that open to the outside) causes motion of the cupulae and stimulation of the sensory cells (see Coombs and Montgomery, 1999). (from Platt et al. 1989)


The inner ear of fishes (Figures 4b, 6) is extremely important to their well-being.  In addition to its role as the hearing organ of fish, it is also their vestibular organ, helping to control posture, locomotion, and eye movement.  In vertebrates, the vestibular sense is essential for maintenance of equilibrium and for movement.  The vestibular sense is particularly important for most species of fish since they swim more or less freely in three-dimensional space.  Intense motion of the body can disrupt the function of these systems.  Violent motions through a dam may, in fact, impair the ability of these critically important receptors to function normally.  

The inner ear of teleost fishes is, in many ways, similar to that of other vertebrates, including humans (see Figure 6) (Popper and Platt 1993; Popper and Fay 1999).  Because the fish vestibular system is similar to that of humans in function and form, in many areas of research fish are used to help answer questions about human vestibular function.  Such basic research of vestibular organ function has resulted in considerable information about the elements of the fish vestibular organ, including the mechanical properties of vestibular organ elements and development of numerical models of the mechanical functioning of the basic transducing elements of the fish vestibular system.

Each ear contains three “semicircular canals,” which provide information about angular acceleration of the head, and several "otolithic organs," which provide information about changes in head position relative to gravity.  In many fishes and sharks, these otolithic organs are also responsible for hearing, whereas in mammals, as in birds, reptiles, and amphibians, special structures in the ear have evolved for hearing. 
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	Figure 6: Ear of a salmon. The ear has three semicircular canals (ca, cp, and a horizontal canal) and their associated sensory regions (aa, ap). The canals provide information about movement of the head. There are also three otolithic organs, the utricle (mu), saccule (s, ms), and lagena (pl). The otolithic organs detect movement of the head relative to gravity and, in fishes, sound.  Each otolithic organ contains a single, dense solid otolith as well as a sensory epithelium. The epithelium has a large number of sensory hair cells (Fig. 7).  During sound stimulation the otolith moves at a different amplitude and phase from the epithelium and this results in bending of the cilia on the hair cells and a signal being sent to the brain about the presence of the sound.


The basic transducer in the ears of fishes (and all vertebrates) is the sensory hair cell (Figure 7).  These cells have apical bundles of cilia (ciliary bundle). When this bundle is bent, a series of mechanical and biochemical events occur which result in a change in the membrane potential of the cell and the release of a neurotransmitter at the base of the cell. This neurotransmitter excites neurons of the eighth cranial nerve, thereby sending signals to the brain that the cells have been stimulated.
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	Figure 7:  Schematic drawing of a sensory hair cell from a fish.  The top of the cell has a ciliary bundle that includes a long kinocilium and a number of stereocilia that are graded in height, with the longest located closest to the kinocilium. Bending of the ciliary bundle results in physiological changes in the sensory cell, which results in the release of a chemical (neurotransmitter) from the base. This stimulates the neuron, which carries a signal to the brain.  


The sensory hair cell itself is morphologically polarized so that the longest cilia (the kinocilium) is located at one end of the bundle and the subsequent cilia in the bundle are generally graded in height – much as are the pipes in a pipe organ.  In addition, the hair cell is physiologically polarized in that bending of the bundle in different directions results in a different response level from the cell. The greatest response is when bending is on an axis that starts at the kinocilium and goes through the shortest stereocilia, while the lowest response is in the opposite direction (e.g., Hudspeth 1989).  It is important that bending in any other direction gives an intermediate response level that varies by direction.  Thus, each sensory hair cell is a directional receptor. While the sensitivity of the hair cell in fishes has not been directly measured, there is excellent evidence that the cell will respond to bending as small as a few nanometers – making it as sensitive as the sensory cells in the ears of humans. 

The three semicircular canals are mutually perpendicular (see Figure 6). They are fluid-filled and contain a ridge called the crista ampullaris in which lie the sensory cells that detect motion of the fluid as the animal goes through angular accelerations in different directions (see Figure 4c) (e.g., Platt 1983).  As the head rotates, the fluid in one or more of the canals (depending upon direction of angular acceleration) “lags” relative to the walls of the canal, causing a bending of the cilia on the sensory cells in the crista.  This bending is enhanced by the presence of a gelatinous cupula, which sits above the crista and fills the diameter of the canal.  Thus, the fluid displacement deforms the cupula and results in bending the cilia on the sensory cells (Oman et al. 1987).

The otolithic organs of fish have a sensory epithelium containing sensory hair cells that are similar to those of the crista. The cilia that project from the sensory cells are embedded in a gelatinous mass containing a dense calcareous "otolith" (see Figure 4d). When the fish’s body changes its orientation relative to gravity (e.g., tilts), the otolith is displaced relative to the sensory epithelium, and this results in a bending of the cilia and stimulation of the sensory cells.

Behavioral Implications of Vestibular Damage

Fish live fully in three dimensions, and the inner ear provides crucial information for postural and locomotor control and visual stabilization, in addition to hearing and sound localization.  Fish living in turbulent environments, such as around waterfalls or in coastal surf zones, are likely to receive a wide range of change of position, velocity, and acceleration, which the vestibular system must handle without serious degradation.  Given that need, it is surprising how there are no obvious correlates of gross or fine vestibular structural specializations with such life styles when comparing species in turbulent environments with other species (Retzius 1881; Platt 1983; Platt 1988).  Postural equilibrium often involves combining input from the inner ear with inputs from other senses, particularly vision.  For fish in dark or turbid waters, where vision is seriously diminished, the vestibular system is the main system for orientation.  Damage to the inner ear usually causes serious problems of disorientation and locomotion; such problems can affect survival in terms of getting food, avoiding predators, and avoiding physically damaging accidents.

The effects of damage to the inner ear can be seen clearly in behavioral deficits, but the published information that infers mechanical forces may cause loss of ciliary integrity comes largely from acoustic work.  There is extensive literature on human auditory threshold (audiogram) changes as a result of loud sounds, from acute and chronic exposures (NIH/CDC 1990; von Gierke and Eldred 1993; Pearsons et al. 1995).  Some experiments using birds as model systems describe the ultrastructural destruction of the ciliated sensory epithelium following loud sounds (e.g., Corwin and Cotanche 1988) and there are suggestions that loud sounds may have a similar effect in some teleost fish (Enger 1981; Hastings et al. 1996).  

Attempts to show damage with hypergravity have been mostly unsuccessful.  Fish exposed to forces from 3 to 7 g for many minutes showed no visible pathological ultrastructural changes (Ibsch et al. 1998), and a study of tolerance of monkeys to “landing impacts” published in a Chinese medical journal suggested that only when platform accelerations reached from 25 to 35 g “slight injury was found in the inner ear, such as detachment of otolith from macula of saccule and separation of epithelium in the ampulla” (Zhang et al. 1996).  

The behavioral deficits from vestibular loss or damage in fish are known to include body flexion, body roll, “corkscrew” swimming, and tilted body posture (von Holst 1950).  Recovery from these deficits is known as “vestibular compensation,” as central brain mechanisms restore some degree of postural and locomotor control, and there is extensive mammalian literature on this topic.  In lampreys, such recovery may take as long as a month, and is affected by the degree of visual input (Deliagina 1997).  In goldfish the recovery period to unilateral ear damage can be in less than half an hour if normal vision is allowed, although visual-vestibular interactions may have a time course of more than 2 weeks to return to steady-state levels of bilateral symmetry (Ott and Platt 1988a & b).  The time course of recovery and the degree of recovery is strongly influenced by the presence and direction of the light source, and it is likely that a visual substitution process is involved (Burt and Flohr 1991 a & b) 

A straightforward test of vestibular function is the “dorsal light response” (DLR) shown by many free-swimming fish.  When a strongly directional light is presented from the side of the fish, it tilts its back toward the light.  The angle of tilt is the “equilibrium” position when the stimulus of light direction and intensity causing the fish to turn toward it is exactly balanced by the opposing stimulus of gravitational direction causing the fish to turn back toward the normal gravitational upright.  This relation can be expressed by a highly predictive mathematical model of the two stimuli as “forces” causing rotational torque around the fish’s longitudinal axis (von Holst 1950).  When there is a change in the relative value of the vestibular to the visual input, as in the case of either unilateral vestibular loss or unilateral eye loss, there is a quantifiable change in the dorsal light reflex (cf. above refs.).  Again, in turbid or dark water where visual input is diminished, the vestibular sense would be dominant, and vestibular damage would have relatively more importance.

Another locomotor output related to the inner ear is the well-known “escape startle” reflex of fish.  A sudden impact on the water surface near a fish sends a pressure and displacement wavefront out on and through the water.  A fish near the impact executes an extremely fast abrupt turn and darting movement, away from the stimulus site.  This characteristic motor response is mediated by signals from the inner ear and lateral line sensory organs projecting to a large bilateral pair of cells in the medulla called the Mauthner cells (Eaton and Popper 1995).  Because of the directed nature of the movement, defects in the vestibular system would be expected to cause major problems in the intended movement.

Modeling the micromechanics of the vestibular system is not easy because of the complex geometries, the fluid and viscous properties involved, and the tiny dimensions of ultrastructural features at the micro- and even nanoscale level (Oman, Marcus, and Curthoys 1987; Ghanem, Rabbitt, and Tresco 1998).  The semicircular canals have received far more attention than the otolithic organs, and a teleost, the toadfish, has been a useful model.  Rotational head movements are quantitatively encoded into nerve signals (Rabbitt, Boyle, and Highstein 1994), and nerve response dynamics change when the normal fluid displacements are changed (Rabbitt, Boyle, and Highstein 1999).  A challenge for modeling is to determine the system properties that provide mechanical filters for a range of frequencies and amplitudes, even before the receptor cells or the afferent neurons transform the mechanical signal into a meaningful neuronal code.  Knowledge of the micromechanics will be needed to understand how the vestibular system is affected by extreme mechanical forces, and how well it may respond or adapt to damage from such forces.

Conclusions

There is not a very large body of literature upon which to predict damage to the fish ear from strong mechanical stimulation – be it water motion or sound.  Data from mammals (including humans), however, strongly suggests that intense mechanical stimulation may cause extensive damage to the ear, and this damage may have a lasting and non-repairable effect on the potential for survival of the organism.  While data for fish are extremely limited, the ears of fishes have many similarities to those of mammals, and it is very realistic to extrapolate and suggest that high-intensity signals, such as those encountered when a fish goes through a dam, are likely to impact the mechanosensory system, and thus the ability of the fish to survive.

At the same time, it is also reasonable to suggest that the overall stress of encountering a dam could result in other physiological changes that could have short- or long-term impacts. These might include damage to other body organs (e.g., liver) or changes in levels of hormones that could impact reproduction and survival.

The overall objective of research into vestibular system response to intense mechanical stimulation is to determine under what conditions fish passing through a dam spillway or turbine might be injured and, in particular, under what conditions there might be significant damage to the ear's vestibular functions.  We propose to use acceleration and pressure data collected by Sensor Fish that have been passed through environments of interest.  The data would be used to construct an equivalent mechanical stimulus in a laboratory environment, which could then be applied to the fish species of interest. The fish would be available for monitoring during the mechanical excitation as well as for monitoring, testing, and anatomical and physiological studies afterward to determine the actual effects on the animal.
  The results would be used to ascertain what levels, durations, and kinds of mechanical excitation cause what kind and severity of damage as well as to determine whether a fish passing through any specific spillway or turbine that has been probed by the Sensor Fish would be likely to be injured.  From these results, methods for ameliorating dangerous passage scenarios could be determined.  

c. Rationale and significance to Regional Programs

The general strategy for passage of juvenile migrants past mainstem Columbia and Snake river dams is to help the salmon avoid passing through the turbines by diverting the salmon through spillways or using other methods to reduce to the lowest level possible the portion of the total population that passes through turbines.  This strategy must be implemented in conjunction with water management strategies.  The objective is to move those migrants as quickly as possible through the hydropower system in high quality water.  A very important element of this strategy is the use of spill as a primary dam passage route.  Studies have been conducted over the last several years to determine the relationships between the portion of the total river spilled and the proportion of migrants that pass in spill.  Other studies have considered the survival rates of fish passed in spill and the egress times of fish through the spill tailrace.  The goal of such studies is to determine the best operating strategy for spill at each mainstem dam.  The research we propose could reduce the number of test fish and the time required to evaluate spill operation (and structural) alternatives. We will use the Sensor Fish and the response of a critical sensory system, the fish’s vestibular system, to define relationships between the exposure conditions fish experience during passage under alternative operational scenarios. 

While use of spill and turbine intake screens will reduce the numbers of fish that pass through turbines, studies to date indicate that large numbers of migrants will still pass through turbines, particularly summer run fish at lower Columbia River dams.  It is becoming clear that, after spill, optimizing turbine operations for fish passage survival may make the biggest difference in meeting total project survival and general fish health criteria at some mainstem dams.  Strategies to manage powerhouse operations in ways analogous to management of spill have yet to be considered.  A better understanding of the condition of fish that have passed through turbines will aid evaluation of powerhouse operations that could affect the egress time and other aspects of powerhouse tailrace conditions.  For example, powerhouse tailrace conditions that could provide egress conditions that would give migrants a better opportunity to recover vestibular function might significantly reduce indirect turbine mortality.

National Marine Fisheries Service 2000 Biological Opinion

Goals of the proposed project are consistent with the BiOp Reasonable and Prudent Actions (RPAs).  Many of the operations optimization activities designated in Actions 58,... of the BiOp will be supported through the objectives of this proposal.  

Action 58 calls for operating of all turbine units at FCRPS dams for optimum fish passage survival.  Data acquired from the experiments designed under this proposal can be used to optimize operations for salmon survival. 

Action 88 calls for the Corps and BPA, in coordination with the Fish Facility Design Review Work Group and the Fish Passage Improvement through Turbines Technical Work Group to improve turbine survival of juvenile and adult salmonids. Data derived from the experiments designed under this proposal support the mission of these groups to improve turbine survival.

Action 89 calls for investigation of hydraulic and behavioral aspects of turbine passage by juvenile steelhead and salmon through turbines.  The experiments designed under this proposal will evaluate the impacts to fish vestibular systems and consequences fish behavior from pressures and accelerations experienced during turbine passage, based on actual measurements of pressure and acceleration collected by Sensor Fish during passage through dam turbines.

Action 90 calls for examination of the effects of draft tubes and powerhouse tailraces on the survival of fish passing through turbines.  The experiments designed under this proposal will evaluate the impacts to fish vestibular systems of dam passage, particularly the stunning and disorientation, which lead to indirect mortality in the tailrace.  Ultimately results from these experiments may apply to redesign of powerhouse and spillway operations to minimize vestibular impacts and/or to provide for opportunities to reorient and regain balance away from predators. 

NWPPC Fish and Wildlife Program

The intended goals of the Northwest Power Planning Council Fish and Wildlife Program are furthered with the initiation of this project. The Fish and Wildlife Program Basinwide Provisions - Strategies contains plans of action to accomplish the biological objectives.  This proposal addresses at least two Strategies listed under Hydrosystem Passage and Operations.  

Strategy: Provide conditions in the hydrosystem for adult and juvenile fish that most closely approximate natural physical and biological conditions.

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

Northwest Power Planning Council. 2000. Columbia River Basin Fish and Wildlife Program, A Multi-Species Approach for Decision Making - Council document 2000-19. http://www.nwcouncil.org/library/2000/2000-19/Default.htm. Accessed April 2, 2002.

d. Relationships to other projects 
Each year several juvenile fish dam passage evaluation studies are designed and conducted to obtain information about the timing, route of passage, survival, and condition of migrating juveniles.  This research could provide information that would be readily integrated into that provided by existing migrant assessment projects to help resolve questions about the design and operation of fish passage alternatives to optimize both the immediate and long-term survival of downstream migrants.  The information provided would be of value for programs operated by the U.S. Army Corps of Engineers and for utilities operating dams in the Columbia River Basin.  This research is also consistent with the goals of the U.S. Department of Energy’s Advanced Hydropower Turbine System Program.

e. Proposal objectives, tasks and methods
The hydraulic conditions of turbine passage and spilling basins of Columbia River dams can be extremely turbulent.  Field and laboratory observations of fish exposed to such conditions show signs of stunning and disorientation.  The goal of the research proposed here is to determine how and to what extent the fish vestibular system responds to such turbulent conditions.  The proposed research seeks to answers questions such as:  What is the mechanical response of the vestibular system of juvenile salmonids to mechanical stimulation such as that observed during passage through turbines and in spill at mainstem Columbia River dams?  Could the vestibular system mechanical response lead to temporary or permanent failure of elements of the fish’s vestibular system?  Could vestibular system failure lead to increased risk of predation in the field as has been demonstrated in laboratory tests? 

Our research hopes to address these questions through the approach outlined below.  First we will conduct a comprehensive literature review of vestibular system response and pathology (Objective 1 below).  Then we will produce a SAS database of Sensor Fish data sets (Obj 2.).  Next we will design, construct, and evaluate a laboratory-scale, single-axis underwater shaker table (Obj. 3).  Then we will develop and test methods to be used to conduct shaker table experiments with live test fish (Obj. 4). If the feasibility of the shaker tests is proven, we will develop the design for experiments to be conducted in follow-on projects (Obj. 5).  Finally, we will produce a draft and final project report (Obj. 6).  

In the following outline, objectives are identified by numbers.  Tasks, methods, and assumptions and experimental risk follow each objective.

Objectives 


Tasks and Methods 

Objective 1.  Conduct literature search

Conduct a comprehensive review of the literature to characterize (i) the response of hair cells and other vestibular system elements to mechanical stimulation, (ii) the pathology of injury to vestibular system components, (iii) the behavioral response of fish (and other vertebrates) to vestibular system disruption, and (iv) methods used to detect and quantify vestibular system disruption.

Tasks:

a. Search for and identify relevant reports and journal articles.

b. Review assembled materials and abstract applicable data and other information.

c. Prepare a letter report (project deliverable 1) summarizing findings

Methods:

a. Utilize library facilities available to principal investigators to search publication summaries and pursue contacts to identify unpublished and gray literature.

b. Letter report will include an electronic Endnote file to provide a searchable database of documents.

Objective 2.  Identify Sensor Fish data sets

Assemble available Sensor Fish data sets for spill, turbine, and fish bypass systems.  Select Sensor Fish data sets from those available that satisfy the following criteria:

· Shear and turbulence flume transit under hydraulic conditions found to be below LOEL (lowest observed effect level) for increased susceptibility of live test fish to symptoms of vestibular disruption and increased risk of predation.

· Shear and turbulence flume transit under hydraulic conditions found to be above LOEL for increased susceptibility of live test fish to symptoms of vestibular disruption and increased risk of predation

· Spill passage under conditions that resulted in low injury, mortality, and temporary disability rates for live test fish.

· Spill passage under conditions that resulted in high injury, mortality, and temporary disability rates for live test fish.

· Turbine passage under conditions that resulted in low injury, mortality, and temporary disability rates for live test fish.

· Turbine passage under conditions that resulted in high injury, mortality, and temporary disability rates for live test fish.

· Passage of the Sensor Fish through segments of natural environments with moderate to high levels of naturally occurring hydraulic severity.

Tasks:

a. Review available Sensor Fish data sets and identify those that meet selection criteria.

b. Assemble selected data sets into a SAS data base.

c. Produce graphical summaries of the data sets in plots of (i) the time histories of pressure and tri-axial acceleration and (ii) exceedance plot depth, acceleration vector magnitude, and jerk.

Methods:

a. Use standard SAS software and routines to create a relational data base of selected data sets and to manipulate the data sets to obtain identified graphical summaries

Assumptions and Experimental Risk:

a. All of the necessary data sets will be available by the time of startup of this project.  Many have already been acquired.  The remainder will be acquired as elements of ongoing studies of juvenile fish bypass routes (spill and turbines) that utilize a combination of balloon tagging and Sensor Fish methods to concurrently acquire live fish injury and survival data and passage route characterization.

Objective 3.  Design, construct, evaluate shaker table

Design, construct, and evaluate the performance of a laboratory-scale, single-axis underwater shaker table that can be used to expose test fish (juvenile salmonids) to mechanical stimulation that mimics the time histories of acceleration observed for Sensor Fish passing in spill and through turbines and fish bypass systems.

Tasks

a. Design and construct a prototype single-axis underwater shaker consisting of the table and drive elements, a computer-based controller, and sensors to monitor in real time the motion of the shaker table.

b. Evaluate the performance of the underwater shaker in a two-step process consisting of the following:

1) Attach a Sensor Fish to the table and drive it with samples of acceleration time histories from the SAS database developed for objective 2.  Compare the acceleration time history of the Sensor Fish attached to the table as it is recorded using the Sensor Fish’s internal accelerometers to that of the data set used to drive the shaker table.

2) Attach live test fish to the shaker table and use a laser vibrometer aimed at the head of the fish along the axis of table motion to obtain the time histories of acceleration of the head of the fish.  Compare these time histories to the Sensor Fish data set used to drive the shaker table.  Completion of this stage of testing the mechanical stimulation device will require the results from objective #4.

c.
Document design and operation of the shaker table in a letter report (project deliverable #2).

Methods

a. Standard electrical and mechanical design techniques and materials will be used for the shaker table.  It is expected that all electronic components will be available “off the shelf” and that the amount of machine work required to manufacture some of the mechanical components will be minimal.

b. Laser vibrometers, highly sensitive accelerometers, and the other instruments to be used for various measurements tasks are readily available and have been used by members of the research team in other studies.

c. Research team members have experience with a variety of methods of handling live test fish for physiological and behavioral studies.  It is expected that adaptation of one or more of these standard methods will be suitable for this work.  Management of this experimental risk is the goal of objective #4.

Assumptions and Experimental Risk

a. Choosing to study one axis at a time instead of multiple axes greatly reduces the risk, time, and cost of a prototype experimental apparatus.

b. The major experimental risk is development of methods to attach fish to the shaker table and to realize movement of the head of the fish (and thereby the vestibular system) that mimics the “real” exposure conditions measured with the Sensor Fish.

Objective 4.  Develop experimental methods

Develop methods and protocols for controlled experiments of mechanical stimulation of the vestibular system of test fish that permit accurate evaluation of the state of the functioning of the vestibular system of exposed fish.

Tasks

a. Identify candidate methods and protocols from the results of objective #1 and the experience of the research team in conducting other studies requiring this type of handling of live test fish.

b. Prioritize the candidate methods and evaluate the two highest priority candidates by using live test fish (rainbow trout juveniles obtained from a commercial hatchery) in the prototype underwater shaker table.

c. Document the methods selected for implementation and the data acquired during the evaluation process in a letter report (project deliverable #3).

Methods 

a. Details of the methods evaluated will not be known until candidates are identified, which will be accomplished as part of objective 1.

b. The main goal of the evaluation will be to identify any effect on test fish resulting from the handling required to achieve the desired mechanical stimulation exposure histories (treatments) and to determine methods to control for handling effects so that the consequences of mechanical stimulation on the vestibular system of test fish can be observed with as little bias as possible.

Assumptions and Experimental Risk

a. The feasibility of exposing fish to mechanical stimulation that mimics what they would experience under field conditions and observing the impacts to the vestibular system of test fish will depend upon successful implementation of test fish handling protocols that do not bias observations of the results of experimental treatments on the vestibular systems of test fish.

Objective 5.  Design follow-on experiments

Develop the design of a series of experiments to be conducted in follow on projects to be conducted in out years to investigate the relationship between mechanical stimulation of the fish inner ear and vestibular function for selected species and age groups from the population of juvenile salmonids that migrate down the Columbia and Snake Rivers.

Tasks

a. Convene one or more meetings of the principal investigators and support staff to develop the experimental design for evaluation of vestibular disruption of juvenile salmonids by mechanical stimulation.

b. Document the experimental design in a letter report (project deliverable #4).

Methods

a.
Standard methods for the design of physiological and behavioral studies will be followed.  The studies will not be tests of hypotheses but will be organized as a series of experiments where samples of test fish will be exposed to specific treatments and the condition of the vestibular organ and its function for test fish determined.  It is expected that the results of objectives 3 and 4 will provide much of the information required to estimate the sample sizes required for individual treatments. 

Assumptions and Experimental Risk

a.
Development of experimental designs will require completion of objectives 1 through 4, which constitute a feasibility assessment of the methods to perform controlled laboratory scale experiments where treatments are mechanical stimulation of fish which mimics aspects of the exposure of fish to severe hydraulic conditions during passage past mainstem Columbia and Snake river dams.  The major experimental risk at this point in the project is that the approach has been determined to be infeasible.  If this is the case, this step of the project will not be conducted and the project will conclude with the preparation of a final report.

Objective 6.  Prepare project review reports

Prepare project review draft and final reports.

Tasks

a. Assemble the project deliverables (four letter reports) plus any additional information that addresses the feasibility of laboratory-scale studies to assess vestibular function in test fish exposed to acceleration time histories that mimic exposure conditions for passage routes past mainstem Columbia and Snake River dams and prepare a review draft report.

b. Following receipt of comments on the review draft report, prepare a final report.

f. Facilities and equipment
The single-axis underwater shaker table will be developed.  A laser vibrometer will be rented.  All other necessary equipment and facilities (wet labs suitable for physiological and behavioral experimentation with live fish) are available at the Pacific Northwest National Laboratory and/or the University of Maryland.  Limited numbers of juvenile rainbow trout will be used to perform those elements of feasibility assessment requiring live fish.
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Section 4. Key personnel

Key personnel for the project are Dr. Thomas Carlson, Dr. Art Popper, Dr. Christopher Platt, and Dr. Pete Rogers.

Dr. Carlson, the principal investigator for the project, has considerable experience investigating passage of juvenile salmonids at Columbia and Snake River mainstem dams.  In particular he has had leadership roles in major U.S. Army Corps of Engineers programs including the Turbine Survival Program, the Dissolved Gas Abatement Program, and The Dalles Dam spillway stilling basin characterization.  He also leads the development team for the Sensor Fish and is principal investigator for all Sensor Fish applications.  Dr. Carlson was also the principal investigator for a series of studies to evaluate the response of salmonids to infrasound and, in the process, learned a great deal about the structure and function of the inner ear of juvenile salmonids.  Dr. Carlson’s role in this project will be to provide overall guidance and administration for the project and to contribute technically with all study elements dealing with Sensor Fish and with development and evaluation of the single-axis shaker table.

Dr. Popper, a co-principal investigator for the project, is considered internationally to be an expert on the structure and function of the inner ear of fish.  Dr. Popper and Dr. Carlson have been co-principal investigators on previous studies of the structure and function of the inner ear of juvenile salmonids.  Dr. Popper has considerable experience in diagnosing the pathology of injury to the inner ears of fish in addition to experience in experimental techniques for assessing the function of the fish inner ear.  Dr. Popper’s major role on the project will be to share project administrative tasks, to provide overall project guidance, and to contribute technically in all project aspects dealing with assessment of vestibular system function.

Dr. Platt will serve as a senior research scientist on the project.  Dr. Platt has considerable experience in the structure and function of the fish inner ear and, in particular, in vestibular function.  Dr. Platt will be responsible for selection and evaluation of methods and protocols for handling test fish and for evaluation of test fish vestibular function following exposure to mechanical stimuli.  Overlap in capability between Drs. Popper and Platt will assure that senior research capability is readily available for all elements related to the exposure of test fish to mechanical stimuli and evaluation of the response of the test fish vestibular system.

Dr. Rogers will serve as the project physicist.  Dr. Rogers is a very well known physicist with considerable experience in underwater sound and in particular physical aspects of sound propagation and resulting response of fish inner ear elements.  Dr. Rogers will be responsible for all mechanical features of the design and evaluation of the single-axis underwater shaker table and for development of the control apparatus needed to translate Sensor Fish data into shaker table motion.  Dr. Rogers will also be responsible for investigating and providing an improved understanding of how the whole body mechanical stimulation of fish translates into movements of elements of the fish vestibular system and in particular how such motion might result in permanent damage to fish vestibular system function.

Thomas J. Carlson 

Pacific Northwest National Laboratory, Senior Scientist, Ecology Group
Education:
Ph.D., Fisheries, 1979, University of Washington, Seattle, Washington

M.S., Fisheries, 1974, University of Washington

B.S., Fisheries, 1971, University of Washington

Merit Scholar, University of Washington, 1979

Current Responsibilities: 

Lead scientist and project manager for program and projects focused on assessment of the abundance, distribution, behavior, and survival of fish in freshwater and marine habitats.  Emphasis on the use of acoustic, video, and light emitting technologies to perform fish population assessment tasks.  Recent projects include: 3-dimensional acoustic tracking of fish in shallow and confined environments, assessment of fish migratory behavior and abundance in shallow freshwater and estuarine environments, assessment of high energy hydrodynamic transients responsible for fish injuries in high energy dissipation environments, measurement of the target strength of juvenile salmon and trout in pitch, roll, and yaw planes, and the potential impact of high intensity infrasound generated by maritime construction of fish health.

Previous Employment:

Senior Scientist,  U.S. Army Corps of Engineers, Waterways Experiment Station, 1997-1999 Principal Investigator/Program Manager for a wide range of hydropower fish passage facilities, navigation channel maintenance, maritime construction, and river restoration research and development projects.  Programmatic oversight of research into physical injury to fish during passage through turbines and in spill.  

Staff Scientist, PNNL, 1992-1997

Lead scientist and project manager for numerous environmental monitoring and evaluation projects at water control and hydropower production facilities. 

Chairman of the Board, President and Chief Executive Officer, Senior Scientist and Vice President of Marketing and Sales BioSonics, Inc., 1990-1991

Managed company, implemented strategic plan, developed domestic and international branches in a rapidly growing environmental assessment market. Principal investigator on numerous projects using hydroacoustics and other measurement technologies to assess the environmental impacts on marine and fresh water systems.  Developed new bioacoustic instrumentation and methods for downstream migrating fish assessment at dams; subsequently widely adopted in the US, Canada, Europe, and South America.  Developed and presented theoretical and applied hydroacoustic short courses and training sessions for customers of company’s instrumentation and software.

Member of numerous multi-agency working groups:  

U.S. Army Corps of Engineers Turbine Rehab Technical Working Group (1997 to present), Snake River Drawdown Water Quality Working Group (1998), Spill Passage Fish Physical Injury Working Group (1996 to present), Dissolved Gas Abatement Technical Working Group (1997 to present), Hydro Turbine Passage Survival Technical Working Group, (1995 to present), etc. 

Arthur N. Popper

Professor, Department of Biology, University of Maryland

Education
B.A., Biology, 1964, New York University, Bronx, NY

Ph.D., Biology, 1969, City University of New York

Research Interests
Vertebrate hearing, structure, function and evolution of the ear, plasticity in vertebrate auditory system.  Innervation of the ear. Effects of anthropogenic sounds on fishes and marine mammals.

Professional Experience
1998-present: Director, Neuroscience and Cognitive Sciences (NACS) Graduate Program, University of Maryland

1997-present: Affiliate Professor, Department of Psychology, University of Maryland

1996-present: Research Scholar, Edgerton Research Laboratory, New England Aquarium

1987-present:  Professor, Department of Biology (formerly Zoology), University of Maryland

1987-1997: Chair, Department of Zoology, University of Maryland, College Park, MD

1989-1992:  Associate Director, Center for Neurosciences, University of Maryland 

1983-1987:  Professor of Anatomy and Cell Biology, Department of Anatomy and Cell Biology, Georgetown University Schools of Medicine and Dentistry, Washington, D.C. 

1978-1983:  Associate Professor of Anatomy, Georgetown University

1969-1978:  Associate Professor of Zoology, Department of Zoology, University of Hawaii.

Current Grant Support

National Institute on Deafness and Other Communicative Disorders: “Mechanisms of Ultrasound Detection” and "Comparative and Evolutionary Biology of Hearing" (1994-1999, 1999-2004); Public Service Environmental Group “The Auditory System of Sciaenid Fishes” (7/00-6/02). 

Awards and Honors
NIH Research Career Development Award (1978-1983); Fellow, American Association for the Advancement of Science (1983); Outstanding Administrator award from Maryland Association of Higher Education, 1991; Fellow, Acoustical Society of America (1990); Outstanding Faculty Research, College of Life Sciences, University of Maryland (1996); Distinguished Scholar-Teacher, University of Maryland (1999-2000).

Professional Society Membership

Acoustical Society of America (Fellow), American Association for the Advancement of Science (Fellow), American Fisheries Society, Association for Research in Otolaryngology, International Society for Neuroethology, Sigma Xi, Society for Neuroscience.

Selected External Responsibilities 

American Editor, Bioacoustics (1987 ‑ present); Editor, Springer Handbook of Auditory Research (1989 - present); Consulting Editor, McGraw-Hill Encyclopedia in Science - neuroscience articles (1998 - present); Chair, Publications Committee, Association for Research in Otolaryngology, (1999 - present); National Research Council Committee on Assessing Ambient Noise in the Ocean with Regard to Impacts on Marine Mammals (2001); Chair, Long Range Planning Committee, International Society for Neuroethology (2001 – present).

Publications – over 120 articles, papers, and books on hearing in fish and other animals.

Christopher J. Platt

Program Director, Division of Integrative Biology & Neuroscience, National Science Foundation 

Education

B.S., Zoology, University of Chicago, 1966 

Ph.D. Marine Biology, Scripps Institution of Oceanography, Univ. California San Diego, 1972

Professional Experience

2000- present
Program Director for Computational Neuroscience, and Program Director 

for Neuroendocrinology, IBN Div., National Science Foundation.

1999-2000
Acting Deputy Division Director, IBN Div., NSF, Arlington, VA.

1992-1999
Program Director for Sensory Systems, and Cluster Leader for Neuroscience, 

Div. Integrative Biology & Neuroscience (IBN), NSF, Arlington, VA

1988-present
Adjunct Professor, Dept. Zoology, University of Maryland, College Park, MD

1988-1991
Program Director for Sensory Systems/BNS, NSF, Washington D.C. 

1984‑1987
Associate Program Director, Sensory Physiology & Perception Program, 

Div. Behavioral & Neural Sciences, NSF.

1983‑1986
Research Assistant Professor, Dept. Anatomy & Cell Biology, 

Georgetown University School of Medicine & Dentistry, Washington, D.C. 

1977‑1983
Assistant Professor, Dept. Biological Sciences, University of Southern



California, Los Angeles, California 

Panel and Working Group Membership

2001-present
Interagency Working Group for National Science Foundation/National Institutes of Health (NSF/NIH) Collaborative Research in Computational Neuroscience

1999-present
NSF Sponsor Representative, National Academy of Sciences, National Research Council (NAS/NRC) Board on Behavioral, Cognitive, and Sensory Sciences.

1998-2000
Interagency Education Research Initiative, NSF Dept. of Education, and National 

Institute on Deafness & Other Communication Disorders (NIDCD)

1994

Balance and Balance Disorders Panel for National Strategic Research Plan, NIDCD

1993- 2000
NASA Neurolab Interagency Working Group for Space Shuttle Mission 

(NASA/NIH/NSF and others)

1990-1997
Interagency Coordinating Committee for NIDCD/NIH

1990
Task Force on Vestibular Research Opportunities, NIDCD/NIH

1988-present
NIH Advisory Councils for National Eye Institute, NIDCD, and National Institute on 

Neurological Disorders & Stroke

1988-1990
Working Group 97 of CHABA/NAS/NRC, “Evaluating tests of vestibular function.”

1988-1997  
Committee on Hearing & Bioacoustics and Committee on Vision, NAS/NRC 

Memberships: 

Society for Neuroscience 

Association for Research in Otolaryngology 

J.B. Johnston Club (Comparative Neurobiology) 

Intl Society of Vertebrate Morphologists

Publications: More than 57 articles, abstracts, and presentations on hearing in fish.

Peter H. Rogers

Frank H. Neely Chair, George W. Woodruff, School of Mechanical Engineering, Georgia Tech

Education 

B.S., Physics, Massachusetts Institute of Technology, 1965

Ph.D., Physics, Brown University, 1970

Research Interests
Acoustic transduction, acoustic radiation and scattering, marine bioacoustics, structural acoustics, shallow water acoustics,  medical applications of acoustics, sonar

Professional Experience

1994-present 
Frank H. Neely Chair, Georgia Tech

1983- present
Professor of Mechanical Engineering, Georgia Tech

1981-1983
Program Manager, Office of Naval Research

1974-1981
Supervisory Research Physicist
Naval Research Laboratory 

1969-1974
Research Physicist, Naval Research Laboratory

Since 1987 has supervised 13 doctoral candidates and 13 Master’s degree students in studies relating to hydroacoustics technologies and the mechanics of fish auditory systems. 

Patents

Holds seven patents in hydroacoustic-related technologies.

Publications

Author or coauthor of five books, 32 refereed journal articles, and over 115 presentations including

Popper, A.N., Rogers, P.H., Saidel, W. and Cox, M.  “The Role of the Fish Ear in Sound Processing” in Sensory Biology of Aquatic Animals (Atema, Fay and Popper Eds.) Springer Verlag (1987)

Cox, M. and Rogers, P.H., “Automated noninvasion motion measurements of auditory organs in fish using ultrasound,” J. Vibration, Acoust. Stress and Reliability in Design, ASME 109, 55-59 (1987).

Rogers, P.H.,  December 2001, “Shallow water acoustics and marine mammals,” 142nd Meeting of the Acoustical Society of America, Ft. Lauderdale, Florida.

Grants and Contracts

Over  $50 million in research grants and contracts, from the Office of Naval Research and other agencies, since 1985.

� The Sensor Fish is an electronic, salmon smolt-sized waterproof measuring device developed by PNNL to measure the pressure and acceleration fish experience in severe hydraulic environments, like hydroelectric dams.  


� This is essentially the same approach that was used in determining safe exposure levels to low-frequency underwater sound for small animal models.  A chamber was developed that produced a stimulus identical to that which the animal would have experienced in the open ocean in the presence of a sound field with a given sound pressure level (Lewis et al. 1998, Jackson et al. 2001).





1

_1079344054.doc
[image: image1.png]






