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Title
:  Delayed mortality: Assess cumulative effects of multiple, sublethal stressors on the physiological health of downmigrating juvenile salmonids
Section 3. Project description

a. Abstract

A likely contributor to unaccounted-for mortalities of juvenile Columbia River salmonids is the chronic and sometimes intermittent exposure to a variety of environmental and physical stressors that, although not directly lethal, often result indirectly in latent or "extra" mortality. This project would conduct laboratory research and simulation modeling to test the potential for latent mortality resulting from exposure to multiple stressors. The overall objective of the study is to understand the cumulative effects of multiple, sublethal stressors (i.e., supersaturated gas, high temperature, and physical trauma) on the health and condition of juvenile salmonids like those migrating downstream in the Columbia River system. As a measure of overall health, we will evaluate a variety of bioindicators of physiological stress during and following a progression of exposure scenarios. Initial scenarios will expose groups of fish to each of the three stressors individually to determine which combinations of indicators are most responsive to the individual stressors. Subsequent tests will investigate the effects of magnitude, duration, and frequency of stressors applied individually and in combination. Lastly, fish will be subjected to 2-3 week exposure scenarios that are representative of the timing and sequence of exposures experienced by salmonids as they pass downstream through selected reaches of the Columbia River system. In addition, we plan to perform differential predation experiments using fish from exposure scenarios that resulted in elevated bioindicator responses to investigate the relationship between stressor exposure, indicator response, and susceptibility to predation.

There are several aspects of this study that make it innovative:

1. We will be investigating the cumulative and synergistic effects of multiple stressors applied simultaneously or in sequence,

2. We will be investigating a suite of several bioindicators that we believe in combination provide a better description of physiological effects than just one or two indicators, and

3. The stress accumulation and recovery model that we will develop based on the laboratory results is a unique approach to assess the effects of stress and will provide a simple means to assess potential risk based on easily obtainable water quality data. 

We believe this and subsequent studies will provide a better understanding of the mechanisms responsible for the reduced health and mortalities of juvenile salmonids during their mainstem passage. This information can be used to improve management and develop mitigative measures to enhance juvenile survival in the Columbia River basin.

b. Technical and/or scientific background

This project addresses unaccounted-for mortalities of salmonids in the Columbia River basin, generally attributed to unknown exposures in the hydropower system, that are expressed as mortalities in the estuary or ocean. These unaccounted-for mortalities have become apparent recently in modeling of salmonid populations and cumulative risk analyses, as described below. A likely contributor to these unaccounted-for mortalities is the chronic and sometimes intermittent exposure to a variety of environmental and physical stressors that, although not directly responsible for salmonid mortality, often result indirectly in latent mortality.

Stocks of anadromous salmonids in the Columbia River basin are at high risk of extinction (NPPC 1994; Federal Caucus 2000). Although overharvest and habitat degradation have contributed to declines in numbers of adults returning to spawning grounds, development of the mainstem migration corridor for hydroelectric power and navigation has received the most attention for its contributions to direct and indirect mortalities (BPA et al. 1994; NPPC 1994; Federal Caucus 2000). There has been much mitigation for lost habitat in the form of hatcheries (NMFS 1999) and continuing efforts to improve survival of both adults and juveniles passing dams (NPPC 1999). Nonetheless, stocks of wild fish continue to decline and some (e.g., Snake River basin coho salmon) have gone extinct. Even returns of hatchery fish have generally declined over the past decades, although returns in 2000 are better than in recent years (electronic Columbia Basin Bulletin issues in 2000). 

In order to better manage the hydrosystem and related sources of potential damage to the productivity of salmon stocks, several computer models have been developed (PATH 2000). These models synthesize a complex array of data and functional physical, chemical, and biological interactions in the migration corridor. The general goal of these models is to allow numerical simulation of the efficacy of alternative management strategies for operating the Federal Columbia River Power System, including flow augmentation, seasonal reservoir drawdowns, transportation of smolts past dams by truck or barge, less-damaging hydropower turbines, surface dam bypasses, control of dissolved gas, and temperature management through selective-depth withdrawals from upstream storage reservoirs. The most drastic and socially contentious alternative being evaluated is breaching of some mainstem dams, particularly those in the lower Snake River (USACE 2000). The models include FLUSH (primarily a juvenile salmon transport model), CriSP (a mechanistic model for river operations), and modifications and adaptations of these models by PATH (an interagency task group, Plan for Analyzing and Testing Hypotheses, charged with a detailed analysis of the models and their use for evaluation management options). Other “models” or analytical frameworks have entered the scene more recently, including the National Marine Fisheries Service’s cumulative risk model (CRI; NMFS 2000) and the Northwest Power Planning Council’s EDT model (Ecosystem Diagnosis and Treatment; a landscape characterization scheme for relating habitat to salmon productivity; Mobrand Biometrics, Inc. 1999). 

The extensive analyses by PATH concluded that there must be an unaccounted-for mortality in the Columbia River estuary or the ocean resulting from conditions that smolts experienced while migrating through the hydrosystem. They called this “extra mortality.” Only by adding this component of “extra mortality” could the data and simulations on mortalities through the remainder of the life cycle be reconciled and the model equations balanced (ESSA 2000; PATH 2000). Extra mortality is a residual term in the models that currently has no ready physical or biological explanation, although several causes have been speculated. Further, there appeared to be differences in extra mortality between fish transported by barge and those left to migrate in the river that, when applied as a residual to model results, has become a component in discussions about apparently superior performance of transported fish (ESSA 2000; NMFS 2000). The cumulative risk analyses by NMFS also confirms that there is a missing component of mortality that might be accounted for by delayed mortality in the estuary and ocean from exposures received in the hydrosystem (NMFS 2000). 

This extra mortality may be a latent or delayed mortality resulting from the cumulative non-lethal effects of exposures to multiple stressors in the hydrosystem upstream of the estuary. This proposed project would conduct laboratory research to test the potential for latent mortality resulting from exposure to multiple stressors.

Even though all of the major single factors that influence mortality have probably been identified, it is currently not known what effect cumulative and synergistic non-lethal stress has on the total downstream migration experience of salmonid stocks. For example, salmon may experience a combination of stressors such as physical damage, gas bubble trauma, and temperature stress at each dam encountered during its downstream passage. Each of these stressors acting individually not only contributes to the total cumulative (multiple-cause) stress experience of the fish at a site, but each dam encountered during passage can also add to the total cumulative stress on salmon. Fish that have been sublethally stressed by a combination of stressors are not only more vulnerable to predation and disease, but are typically in much poorer physiological condition which compromises their ability to deal with subsequent environmental stressors. This study will evaluate the effects of this cumulative stress on the health and survivorship of individual salmonids and assess the relative contribution of each different type of stress (i.e., supersaturated gas, temperature, and physical trauma) on the physiological status of downmigrating stocks.

Understanding the mechanisms responsible for the reduced health and mortalities of juvenile salmon during their mainstem passage and at the time of entering the estuary is important for implementing definitive management and/or mitigating measures in the mainstem. Responsible management decisions which minimize costs and provide for more effective mitigative control measures to reduce mortalities can be made if the major environmental stressors and combination of these stressors (cumulative stress) responsible for reduced fitness and mortality are identified and quantified within an integrative or cumulative stress assessment framework. 

c. Rationale and significance to Regional Programs

This project would explore a major gap for identifying and characterizing causes of salmonid mortalities. This gap has been identified in independent modeling and cumulative risk exercises. Cumulative risk assessment, as practiced by NMFS in its responsibilities under the Endangered Species Act (NMFS 2000), seeks to determine the stage(s) in life cycles where mortalities occur. This program has identified an unknown source of mortality in juvenile stages. The multi-agency PATH program identified gaps labeled delayed mortality and differential delayed mortality in its modeling exercises, both of which were required to balance the mortalities seen in the models (ESSA 2000). Attribution of the extra mortality to specific cause(s) is an important goal of the overall modeling programs, which have been a major component of the Northwest Power Planning Council’s 1994 Fish and Wildlife Program (FWP) and the NMFS 1995 Biological Opinion (Action 17). Identification of extra mortality occurred after the current FWP (NPPC 1994) and NMFS Biological Opinion (NMFS 1995) were written, and is a new factor to be considered in the continuing evolution of the Council’s program and NMFS oversight of salmon recovery. 

Detection of indicators of stress would compliment the smolt monitoring activities of the Fish Passage Program (FWP section 5.1B; NMFS 1995 Biological Opinion Action 13a). Identification of causes of mortality would aid the objective of improving salmon passage (FWP section 5.6A; NMFS 1995 Biological Opinion Action 13f). If the direct cause of mortality from cumulative stress is predation, then this study would aid in the overall efforts to reduce predation (FWP section 5.7; NMFS 1995 Biological Opinion Action 14). 

Should the ephemeral “extra mortality” be solidly attributed by this project to cumulative, sublethal effects of multiple stressors in the hydrosystem, then those stressors can be targeted for more specific remedial action consistent with FWP section 5.6A and NMFS 1995 Biological Opinion Action 15. The physiological and biochemical indices explored in this research can potentially be used as indicators of specific components of stress, such as high temperature or gas supersaturation, which are addressed in the FWP (5, 6,1D, 5.6E) and NMFS 1995 Biological Opinion (temperature primarily as recommendations for flow augmentation in Action 1 and gas supersaturation in Actions 16, 18). 

d. Relationships to other projects 

This research would relate directly to smolt monitoring activities by the Idaho Department of Fish and Game (Project no. 8332300), USFWS (8401400), PSMFC (8712700) and Fish Passage Center (9403300), because indices developed in this research could become standard monitoring practice for those projects in the future. This project would collaborate with FPC and other monitoring staff in this research after initial laboratory testing has been completed. It would relate similarly to projects conducted by the Columbia River Inter-Tribal Fish Commission to monitor in-river fish in reservoirs (9202400). 

This project would build upon physiological studies of salmonids conducted for the FWP by Oregon State University (Carl Schreck and colleagues), the USGS/Biological Resources Division (Alec Maule and colleagues; 8740100) and NMFS (9202200). 

The cumulative-effects research would augment the studies of reach-specific survival of smolts in the Snake and Columbia rivers by NMFS (9302900) by considering the sublethal exposures received at those sites. 

The results would be used to augment the basin’s considerable investment in modeling in the PATH process (past projects 9600600, 9600800, 9600801, 9601700, 9700200, 9800100).

The research would augment research results relevant to smolt survival in the Columbia River plume in the ocean (NMFS project 9801400) and to avian predation in the estuary (Oregon State University and CRITFC project 9702400), by identifying the physiological basis for why some outmigrants are particularly vulnerable to predation. 

This research will also compliment research being performed at the USGS Conte Anadromous Fish Research Center (project 2000-057-00) on the effects of hydraulic turbulence on the survival of migratory fish. The physiological indicators and latent effects analysis proposed here could be applied to the treatments of various types of turbulence being administered at the Conte lab in the future.

e. Proposal objectives, tasks and methods

Objectives
 

The overall objective of this study is to understand the cumulative effects of multiple, sublethal stressors (i.e., supersaturated gas, high temperature, and physical trauma) on the health and condition of juvenile salmonids like those migrating downstream in the Columbia River system. This study will focus on determining the relative contribution of these three stressors on the overall health of juvenile salmonids as indicated by changes in various bioindicators of physiological stress.

Specific Objectives:
1) To identify bioindicators (i.e., measures of physiological response) that can be used to quantify the sublethal level of stress experienced by salmonids exposed to high temperature, high dissolved gas, and physical trauma.

2) To understand the accumulation and recovery dynamics of repeated or prolonged sublethal exposure to high temperature, high dissolved gas, and physical trauma.

3) To understand the synergistic effects of exposure to multiple stressors simultaneously.

4) To understand the stress response of salmonids exposed to conditions similar in stressor magnitude, duration, and timing to those experienced during their downstream passage in the Columbia River.

5) To better understand potential lethal consequences (i.e., predation) of otherwise nonlethal exposure to stressful conditions experienced by downmigrant salmonids.

6) Provide quantitative tool for predicting/assessing the risk associated with the accumulation and recovery of sublethal physiological stress during smolt migration through the Columbia River system.


Tasks and Methods
 

LABORATORY EXPERIMENTS

We are proposing a series of laboratory experiments in which we will first expose juvenile salmonids to various combinations of stressors typically experienced during downstream migration and then measure a suite of biochemical and physiological responses that relate to the level of stress experienced. We describe the various stressor exposure scenarios below in Tasks I-IV followed by a detailed description of the indicators of stress that will be analyzed. These experiments will be performed in stream tanks where fish can be exposed to a gradient of temperature and total dissolved gas, TDG (Figure 1). A detailed description of the stream tanks and experimental set-up is provided in Section 3.g.

Test Fish:  Because of the difficulty in transporting the required number juvenile Pacific salmon from the west coast to our laboratory in Tennessee, we plan to use locally reared rainbow trout as our test species. We are aware that hatchery reared rainbow trout and wild chinook salmon and steelhead may have different responses to physiological stress and will, therefore, continue to investigate ways to include wild Pacific salmonids in the study. For example, it may be possible to have a local Tennessee state hatchery rear salmon from eggs or fry obtained from a Columbia River source. We will also consider acquiring a small number of juvenile Pacific salmon if feasible for a comparison study with the rainbow trout to verify any differences in physiological responses. All efforts will be made to use juvenile fish of a size similar to those that migrate downstream through the Columbia River system during times of poor water quality (i.e., primarily in spring and summer).
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Task I: Bioindicator Responsiveness to Individual Stressors.

The first task is designed to identify those indicators which are most responsive to single exposures to each of the three stressors (supersaturated gas, high temperature, physical trauma) individually. Specific bioindicators that will be analyzed are described below and in Table 1. Initial trials will be of short duration (less than a day) and relatively high magnitude (i.e., temperature in excess of 20C and high dissolved gas in excess of 120% saturation) to determine which indicators are most responsive to the various stressors. 

Once we have identified a selected suite of responsive indicators for each of the three stressors individually, we will perform additional trials with exposures of different duration and magnitude to determine the relationship between different exposure regimes and the level of response. For these trials, temperature and dissolved gas gradients will be established in separate stream tanks to address the response to differing magnitudes of exposure. Fish will be sampled at different times from the start of the experiment to evaluate differences in exposure duration on overall stress response. We expect to be able to define a relationship between stress exposure (duration and magnitude) and level of bioindicator response for some indicators, but not all. A common response is for the level of bioindicator to rise with both magnitude and duration of stress (Figure 2), though there may be other relationships that are less intuitive.
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Task II: Response to Repeated Intermittent Exposure of Individual Stressors

The second set of experiments is designed to evaluate stress accumulation and recovery dynamics and will consist of repeated exposures to the three stressors individually. We suspect that for most indicators, levels of stress indicators will begin to return to normal given a sufficient interval between exposures. For most stresses, recovery dynamics are largely unknown and are likely dependent on the magnitude and duration of the exposure. Also unknown is whether repeated exposures result in ever increasing cumulative responses of the stress indicators. We will vary the exposure magnitude, duration, and frequency (i.e., interval between exposures) so that the accumulation of physiological stress and recovery from stress can be quantified. An example of the type of relationship we will quantify is shown in Figure 3.
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Task III: Cumulative and Synergistic Effects of Simultaneous Stressors

The third set of experiments is designed to determine if there are synergistic effects in bioindicator response during exposure to two or more stressors simultaneously. Exposure scenarios will include all paired combinations of high dissolved gas, high temperature, and physical trauma, and one exposure of all three stressors (four combinations in all). There are several possible responses to a multiple stress exposure including: (1) a simple additive effect where, for example, the indicator response to combined high temperature and high TDG is the sum of the response to each stressor individually; (2) a “direct” synergistic effect where the combined effect is greater than the two individual effects combined; (3) an “indirect” synergistic effect where one stressor creates no response individually, but the combined effect is greater than that created by the other stressor individually; and (4) a combined effect that is less than that of the greater individual effect (Figure 4). This last possible response could happen if the response mechanism is compromised or inhibited due to the additional stress of multiple stressors.
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Task IV: Natural Stressor Scenarios

The fourth set of experiments is designed to evaluate the stress response of fish exposed to scenarios that mimic those typically experienced by down-migrant salmon smolts in the Columbia River system. For these experiments, water quality monitoring results in the Columbia and Snake Rivers will be used to establish the frequency, duration, and magnitude of stressor exposure in the sequence and timing typically experienced by migrants. One reach that will be used to derive experimental scenarios will be the lower Snake River where operations at four Army Corps of Engineer dams often produce water quality problems especially during summer months when fall chinook smolts are passing through the reach. These scenarios will be two to three weeks in duration and mimic passage through two to four dams and pools.

Measures of stress response

A suite of stress responses representative of several levels of biological organization will be measured for each single and combination of stressors applied in the laboratory tests relevant to Tasks I-IV above (Table 1). We have selected these for initial study based on extensive experience in their use in other circumstances (Adams and Greeley in press; Adams 2000; Adams et al. 2000; Adams et al. 1992; Adams et al. 1985). The major groups of stress responses that will be measured are (1) indicators of osmotic stress or electrolyte imbalance, (2) organ dysfunction, (3) hematological effects, (4) immunological impairment, (5) indicators of histopathological damage, and (6) bioenergetic or metabolic stress indicators. Within each of these major groups of responses, representative biomarkers will be measured which are known to reflect effects of gas bubble trauma, physical trauma, or high temperature exposure. High TDG is known to cause a variety of stress reactions in fish ranging from physiological to histopathological effects while physical trauma and thermal exposure are generally responsible for bioenergetic/metabolic effects on organisms along with invoking some level of hematological and osmotic impairment (Fickeisen and Schneider 1980; Adams 1990; Pickering 1981; Heath 1995). For each task described above, not all of the responses listed in Table 1 will be measured depending on the specific combinations of the stressors applied. For example, in an exposure regime that combines physical trauma and thermal exposure, indicators representative primarily of bioenergetic and immunological effects will be measured, but if high TDG is also included, a wider range of indicators will be included in the testing protocol.

Table 1. Stress responses to be measured in experimental laboratory fish that are subjected to single and multiple stresses of total dissolved gas (TDG), physical trauma (PT), and high temperature (TMP).

STRESS RESPONSE
STRESSOR
RESPONSE SIGNIFICANCE

Electrolyte Impairment

      - chloride

- sodium
TDG, PT

TDG, PT


- impairment of osmotic homeostasis

Organ Dysfunction

      - albumin

      - SOT

      - creatinine

      - blood urea nitrogen   
TDG

TDG

TDG

TDG
Low albumin = liver damage

high SOT enzy. = liver damage

hi creatinine = kidney damage 

high BUN = gill damage

Hematological

      - erythrocytes

      - hematocrit
TDG, PT

TDG, PT
- Impairment in osmotic homeostasis and metabolic stress causes hemodilution or hemoconcentration

Immunological

      - cortisol     

      - cell differentials

      - leukocrit

      - phygocytosis
TDG, TMP

TMP, PT

TDG, PT
- Cortisol, a general stress response, impairs ability of immune system to respond

Histopathological

       - gill

       - liver

       - kidney
TDG

TDG, TMP

TDG
- primary target of gas bubble trauma

- necrotic changes in liver & kidney



Bioenergetic/metabolic

       - glycogen (liver)

       - lactate

       - glucose   

       - lipid

       - heat shock proteins
TDG, PT, TMP

PT

PT

PT, TMP
- increased metabolic stress causes decrease in glycogen and lipid and increase in lactate and glucose

- induced under elevated temp 

Task V: Predator Avoidance and Exposure to Environmental Stressors
In this task we will use a differential predation test to investigate the relationship between stress exposure and the predation susceptibility of juvenile salmonids. Periodic exposure to stressors such as high temperature and high dissolved gas often does not result in direct mortality. Under appropriate conditions, a fish can often recover from stress like that investigated here. However, sublethal exposure to some stressors can sometimes contribute to eventual mortality from other sources (e.g., predation or disease). One would logically expect that the greater the magnitude and duration of exposure to a stressor, the greater the reduction in the fish's ability to escape predation. Similarly, we expect that the magnitude of bioindicator response should also correlate to the susceptibility to predation (and other sources of indirect mortality not included in this study).

Schiewe (1974) found that the swimming ability of juvenile chinook salmon was decreased when exposed to dissolved gas ranging from 106-120%. When juvenile salmonids were subjected to elevated temperatures their vulnerability to predation also increased (Coutant 1973). Several studies have also shown that exposure to multiple stressors can elicit elevated physiological and behavioral stress responses in fish (Adams in press; Adams and Greeley in press; Adams 2000; Barton et al. 1986; Mesa and Schreck 1989; Jarvi 1990). Because of the cumulative and relatively severe physiological effects that can be caused by multiple stressors (Barton et al. 1986; Maule et al. 1988), vulnerability to predation and disease may be more pronounced and longer lasting than for single stressors (Mesa 1994). In this study, predation tests will be conducted for some of those scenarios in Tasks I-IV which show (1) high biomarker index ratings (fish that demonstrate the highest physiological stress response to any particular combination of exposure conditions), (2) groups that show intermediate physiological stress response or biomarker index ratings, and (3) groups of test fish that indicate low physiological stress or a low biomarker index rating. 

Our experimental design will generally follow those described in Coutant (1973) and Mesa (1994). An equal number of marked control and treated fish will be placed in a large tank with a predator (largemouth bass). After approximately half of the test fish are consumed (or a specified length of time has elapsed) the predator will be removed. Remaining fish will be identified as to their treatment (stressed or control) to determine if stressed fish are consumed at a greater rate than unstressed. 

COMPUTER MODELING

Task VI: Simulation Model Development

A useful application of the information derived in the laboratory experiments would be to use it to evaluate potential effects on wild populations using available water quality data. One way to do this would be to develop a tool that translates exposure based on water quality data into a measure of the level of stress experienced and how that corresponds to risk of mortality. In this task, we will develop a simulation model using the framework described in Bevelhimer and Bennett (2000) to simulate the accrual of stress during exposure to the three stressors applied in the laboratory experiments. Specifically, the model will simulate the response of a few key bioindicators to high temperature and high dissolved gas. The model will simulate increases and decreases in bioindicators in response to stress accrual and recovery of fish exposed to environmental stressors. We will attempt to model the effects of physical trauma on bioindicator response as well, but expect this will not be as straight forward as it is more difficult to quantify the level of exposure to physical trauma and relate it to that experienced during downstream migration such as during dam passage. 

Results from the laboratory experiments will be used to develop the stress accumulation and recovery relationships needed in the model. Bioindicator predictions of the model can be compared to levels (or benchmarks) that were determined during laboratory tests as being indicative of a high risk of deleterious effect (e.g., physiological damage or predation susceptibility). The model will be developed using Stella modeling software that is very conducive to the development of user-friendly models. We plan to make this model available to managers and researchers that work on the Columbia River system.

FUTURE APPLICATIONS AND LONG-RANGE PLAN

Results of this experimental laboratory study should have future applications relevant to field studies and to ongoing biological monitoring programs. This project should be considered the first phase of a multi-phase process for implementing and understanding the effects of multiple and cumulative stressors on the health of downmigrating salmonids. In the second phase, we would pursue field testing, in cooperation with the existing smolt monitoring program, to compare bioindicator responses measured in salmon in the Columbia River to that determined for fish in the lab which were subjected to various combinations of stressors. We would determine if the suite of sublethal stress indices developed in the lab could be used as a predictive tool for determining the health of salmon as they migrate down the Columbia River. Based on the results of the second phase which would compare lab and field stress responses, a subset of the most informative and predictive indicators could then be used for some of the long-term monitoring programs that consistently track and document the effects of single and cumulative stressors on the physiological health and survival of these downmigrating salmonids as they pass through the system. Eventually, we expect that the information provided by complimentary lab and field studies would provide information that is useful for the development of mitigative measures to reduce the impacts experienced by outmigrant salmon.

f. Facilities and equipment

The laboratory research will be conducted in the Aquatic Ecology Laboratory of the Environmental Sciences Division at Oak Ridge National Laboratory. This 2000 square foot facility houses eight replicate U-shaped fiberglass stream tanks, each 0.5 m wide, 0.7m deep, and 22m long with a slope of 0.4% (Figure 5). Water to these streams can be supplied from either a spring-fed pond or with dechlorinated process water. Water that enters each experimental stream can be filtered through sand to remove most particulate material and any fraction of the stream water can also be recirculated within each separate experimental unit. Water temperature in the stream tanks will be controlled by either passing the recirculated water through computer-controlled heat exchangers or with external chiller units. Supersaturated dissolved gas conditions will be created in a vertical column of water prior to being delivered to the stream tank similar to methods described in Machado et al. (1987) and PNNL (2000). During the experiment, water quality (i.e., temperature and TDG) will be continuously monitored and recorded at several locations in the stream tank to document the exposure of each test group. 

The aquatic ecology lab also has available a number of fish holding and experimental tanks ranging from 50 gallon aquaria, to 500 and 750 gallon fiberglass circular and rectangular tanks. Also housed in the aquatic ecology laboratory is an aquatic toxicology facility that contains most of the instruments necessary to measure various water quality parameters.
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Section 4. Key personnel

Drs. S. Marshall Adams and Mark S. Bevelhimer will serve as co-principle investigators on this project. Primary responsibilities of Mark Bevelhimer are for experimental design and set-up of the laboratory experiments including the stress exposure tests and the predation trials. He will also perform the model simulation experiments described in Task V. The primary duties of Marshall Adams include the sampling, measurement, and analysis of all the stress response indicators monitored for the fish in each task. He is also responsible for QA/QC related to measurement and analysis of these bioindicators. Dr. Richard Strange at the University of Tennessee, who has had extensive experience working with the physiology of west coast salmonids, will serve as an advisor for this project also working closely with the graduate student. Dr. Strange’s lab is equipped with several of the analytical procedures and instrumentation necessary to perform some of the bioindicator analysis. The primary role of the technician and graduate student will be to assist in the set-up, maintenance, and routine performance of laboratory experiments. It is expected that this study will be the basis of a Master’s thesis for the graduate student. Resumes of Drs. Adams, Bevelhimer, and Strange follow.
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Figure 5.  Recirculating stream tanks at ORNL's Aquatic Ecology Laboratory.





Figure 3.  Hypothetical bioindicator response to repeated intermittent exposure to environmental stressor, such as high dissolved gas.








Figure 2.   Hypothetical bioindicator response to stressor exposure of different magnitudes and duration.





Figure 1. Representation of total dissolved gas and temperature gradients to be established in laboratory stream tanks. Partitions between tank sections will separate fish of different treatments and will be the locations where TDG and temperature control is achieved.
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Figure 4. Comparison of different possible responses to exposure to multiple environ-


mental stressor simultaneously – high temperature (T) and high dissolved gas (G).
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