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a. Abstract 
The goal of this project is to develop a routine field procedure to evaluate the contributions of freshwater life history events on delayed and extra mortality.  The methodology involves applying the vitality-based survival model (Anderson 2000) to link the responses of fish in challenge tests to their smolt-to-adult ratios (SAR).   We will develop a standardized test chamber, a Vitality Test Chamber (VTC), which subjects a group of fish to a standardized stress and measures the distribution of response times within the group. Using vitality theory, the ratio of SARs of two groups from different life histories can be predicted by the group responses in the VTC.  From our initial studies and laboratory experiments, we believe it is possible to identify the contributions of specific life history events on salmon delayed mortality.  Specific applications of VTC methodology may quantify 1) the effect of dam passage routes on SAR, 2) the seasonal variation in transportation differential delayed mortality (D), 3) hatchery effectiveness, and 4) optimal hatchery rearing conditions. 

Six specific objectives are identified: 1) complete and publish the analysis of delayed mortality demonstrating the approach, 2) complete and publish the analysis of the application of the method showing the contribution of smolt growth to delayed and extra mortality, 3) extend the theory into a multi-stressor form that includes passage, growth and disease stressors, 4) conduct laboratory studies to develop a vitality test protocol, 5) develop a prototype vitality test chamber, and 6) plan the logistical technical and statistical requirements for a series of field tests in which SARs, determined with the VTC methodology, are compared to SARs determined by PIT tag studies.

b. Technical and/or scientific background
A central issue in the recovery of Snake and Columbia River salmon is the significance of the delayed impacts of hydrosystem and transportation passage on the survival of smolts to adults.  Ultimately, the benefits of dam removal and improved transportation depend on the effect of these actions on the survival of smolts in the estuary and ocean.  In PATH (Anderson and Hinrichsen 1997), we first characterized these possible effects in terms of two mortality processes: 1) a year-to-year variation called extra mortality, which is estimated from the stock-recruitment residuals after accounting for direct hydrosystem and climatic effects, and 2) a delayed mortality of transported fish after their release from the barges and trucks.  Through PATH (Marmorek et al. 1998), the possible levels of these mortalities were characterized.  The extra mortality was highest for years after 1977 and three possible causes were proposed: 1) construction of the Snake River dams added stress in passage, 2) a climate regime shift in 1977 decreased ocean survival of smolts, and 3) disease and other stressors associated with multiple and possibly irreversible changes in the freshwater habitat contributed to mortality in the salt-water.  A delayed mortality of 40% was calculated from the ratio of post-Bonneville survival of transported fish relative to fish that had passed through the dams and reservoirs.   Three possible causes for the delayed transport mortality were hypothesized: 1) the smolts were transported to the estuary too early, 2) stress in transportation caused smolts to die in the estuary and ocean, and 3) delayed mortality reflected the natural culling of weak fish in transportation and was not a result of undue transportation stress.  

Since completion of the PATH reports, new evidence now supports a mixture of hypotheses on the causes of delayed and extra mortality.   Strong adult returns corresponding with cooler ocean conditions show that a significant component of extra mortality was associated with the warm ocean-regime between 1977 and 1997.  However, the relationship of wild fish survival to the number of hatchery fish released under good and bad ocean conditions suggests that freshwater stress is more important under poor ocean conditions (Levin, Zabel and Williams 2001).  Evidence for stress-based delayed mortality comes from studies showing that the smolt-to-adult ratio (SAR) of fish passing through spill and turbines were higher than those of fish passing through bypass system (NMFS 2000a, Budy 2002).  Furthermore, a study by Matthews et al. (1986) provides support that bypass systems stress fish.  In seawater challenge experiments, bypassed fish died more rapidly than fish collected in a forebay.  Although Budy et al. (2002) hypothesize that stress from bypass system affects SAR, the link has not been quantified or conclusively established.  Congleton (personal communication) suggests that diseased fish are more susceptible to collection, which could explain the lower SAR of bypassed fish without invoking delayed mortality.  

Disease (PATH hypothesis III) may directly contribute to delayed mortality, but the evidence is conflicting and complex.  Mesa et al. (2000) found in one study that the diseased fish died at a higher rate, while in another there was no difference in mortality for fish with and without disease.  Considering the impact of temperature on the immune system development (Anderson and Hamel in preparation), we hypothesize that the seasonal increase in transport fish SARs (NMFS 2002a) is a result of passage temperature and the fraction of BKD susceptible fish in transportation.  At lower temperatures, characteristic of early season transportation, helper T-cells are inactive (Hardie et al. 1994) so smolts are more likely to enter the ocean with immature immune systems. Late season transported fish and all in-river fish are exposed to warmer temperatures so the immune system is more developed in these groups.  Thus, a freshwater effect could explain the delayed mortality in transport without evoking estuary processes.

Finally, a number of studies suggest that survival to adult depends on juvenile size and the pattern of their freshwater growth and condition.  For example, Zabel and Williams (2002) demonstrated that SAR of spring chinook increased with size at tagging.   Beckman et al. (1999) showed that the growth rate in hatcheries was correlated with SARs.  Pepin and Meyers (1991) also demonstrated that early life history growth affected survival.  Recruitment variability in 21 species of commercial marine fish correlated with their egg and larval size.  These and other studies provide compelling evidence that early life history growth impacts adult survival.  A possible mechanism may involve the patterns of utilization of lipids and proteins during migration (Congleton et al. 2001).

In summation PATH (Marmorek et al. 1998) indicated the importance of identifying and solving delayed and extra mortality problems if fish are to be recovered.  Recent studies taken together indicate a variety of mechanisms through which delayed and extra mortality may operate.  Therefore, understanding these mechanisms is essential to guide fish recovery.  Our proposed research will study these mechanisms through theory, laboratory studies and field studies.  Our goal is to develop methodologies to quantify the impacts of critical freshwater life history events on fish SARs.

Using classical ecological theory or survival analysis, it is difficult, if not impossible, to relate stress in one life stage to mortality in another.  However, with the development of vitality theory we have an experimentally tested, mathematically rigorous, basis to characterize delayed mortality.  The foundation of our study is described in Anderson,  2000. “A vitality-based model relating stressors and environmental properties to organism survival.” Ecological Monographs, 70(3) 117-142.  The paper’s abstract is below and a draft is available at http://www.cbr.washington.edu/papers/jim/vitality.html.
Abstract. A survivorship curve is shaped by the differential survivability of the organisms within the population, and a change in a survivorship curve with a stressor reflects the differential response of the organisms to the stressor. Quantifying this linkage in a simple, rigorous way is valuable for characterizing the response of populations to stressors and ultimately for understanding the evolutionary selection of individuals exposed to stressors. To quantify this stressor-individual-population linkage with as few parameters as possible, I present a simple mechanistic model describing organism survival in terms of age-dependent and age-independent mortality rates. The age-independent rate is represented by a Poisson process. For the age-dependent rate, a concept of vitality is defined, and mortality occurs when an organism's vitality is exhausted. The loss of vitality over age is represented by a continuous Brownian-motion process, the Weiner process; vitality-related mortality occurs when the random process reaches the boundary of zero vitality. The age at which vitality-related mortality occurs is represented by the Weiner-process probability distribution for first-arrival time. The basic model has three rate parameters: the rate of accidental mortality, the mean rate of vitality loss, and the variability in the rate of vitality loss. These rates are related to body mass, environmental conditions, and xenobiotic stressors, resulting in a model that characterizes intrinsic and extrinsic factors that control a population's survival and the distribution of vitality of its individuals. The model assumes that these factors contribute to the rate parameters additively and linearly. 
The model is evaluated with case studies across a range of species exposed to natural and xenobiotic stressors. The mean rate of vitality loss generally is the dominant factor in determining the shape of survival curves under optimal conditions. Xenobiotic stressors add to the mean rate in proportion to the strength of the stressor. The base, or intrinsic, vitality loss rate is proportional to the -I/3 power of adult body mass across a range of iteroparous species. The increase in vitality loss rate with a xenobiotic stressor can be a function of body mass according to the allometric relationship of the organism structures affected by the stressor. The model's applicability to dose-response studies is illustrated with case studies including natural stressors (temperature, feeding interval, and population density) and xenobiotic stressors (organic and inorganic toxicants). The model provides a way to extrapolate the impact of stressors measured in one environment to another environment; by characterizing how stressors alter the vitality probability distribution, it can quantify the degree to which a stressor differentiates members of a population.

c. Rationale and significance to Regional Programs
The study of delayed and extra mortality is a specific and essential component of the NMFS Biological Opinion. Whether removing dams, or improving transportation and habitats, we now realize that specific events in freshwater can significantly contribute to mortality in the ocean.   This understanding, which has been arrived at independently in many Columbia River studies and elsewhere, represents a significant evolutionary advancement and is a departure from traditional fisheries science in which individuals within stocks are considered to have equal survivability.  However, making the connection between cause and effect with traditional mark-recapture studies is difficult, imprecise, and time consuming.  For example, while ten years of PIT tag studies creditably suggest that bypass systems may lower SAR (Budy et al. 2002), it is not possible to identify the delayed mortality contribution of individual dams, or much less of an individual passage route through a dam. The proposed work, founded in vitality theory, offers perhaps the only approach to overcoming this limitation.  

Relationship to Province Summaries  

Relationship to Mainstem/Systemwide Juvenile and Adult Passage Programs

The proposed project has direct significance to several projects identified in Table 1.

Table 1. Mainstem/Systemwide Juvenile and Adult Passage Program Summary

	Project #
	Mainstem Project Title
	Delayed mortality study contributions

	199302900
	Survival Estimates for the Passage of Juvenile Salmonids Through Snake and Columbia River Dams and Reservoirs - National Marine Fisheries Service
	The project will provide a way to characterize effects of stress on mainstem passage of juveniles and a method to relate the stress to SAR. 

	199102900


	Understand the Effects of Summer Flow Augmentation on the Migrating Behavior and Survival of Juvenile Fall Chinook Salmon Migrating through Lower Granite Reservoir -U.S. Fish and Wildlife Service
	The project will provide a method to determine the effect of fish condition and the fall chinook survival studies.

	199602000


	Comparative Survival Rate Study (CSS) of Hatchery Pit Tagged Chinook & Comparative Survival Study - Oversight Committee Pacific States Marine Fisheries Commission
	The project will provide a method to determine the effect of fish condition and the survival of hatchery fish in the CSS.


The project has direct relevance to the Council program and the methods that will be developed will have direct application to other ongoing and proposed mainstem passage studies.  For example, in the Mainstem Summary, a number of research actions are identified.  The project will contribute directly to:

· Research Action 996: Research to monitor the effects of the juvenile fish bypass system at Ice Harbor Dam on the Snake River in Washington. Run of the river juvenile fish, a proportion of which will be ESA-listed fish, will be collected from the bypass system at the dam, anesthetized, handled, allowed to recover from the anesthetic, and released. The primary purpose of the sampling is to ascertain fish condition and, thereby, to certify that the bypass system functions correctly.

· Research Action 1136: Research to compare the biological and physiological indices of wild and hatchery juvenile fish exposed to stress from bypass, collection, and transportation at the dams on the lower Snake and Columbia rivers. The goal is to provide information that can be used to improve outmigrating juvenile salmonid survival by determining the effects of man-made structures and management activities on the fish.

· Research Action 2002: Research to evaluate modifications to the juvenile fish PIT-tag diversion systems at Lower Granite and Little Goose dams on the Snake River. The evaluation will include fish condition (descaling, injury, and mortality rates), travel time, detection efficiency, and relative survival for PIT tagged fish.

Project contribution to 996, 1136, 2002: Currently, assessments of stress and fish condition involve measures of descaling and physiological indicators.  The proposed research will provide a powerful approach to testing fish condition that will identify the functioning of bypass systems and management activities in terms of SAR ratios.  

The project specifically addresses the need to discuss Mainstem/Systemwide Juvenile and Adult Passage Program Summary. Specific needs that the project will address are listed in Table 2 below:

Table 2. Future needs identified in the Mainstem/Systemwide Juvenile and Adult Passage Programs.
	Future needs #
	Mainstem Project Title
	Delayed mortality study contributions

	1
	Evaluate transportation and delayed mortality. (RPA actions 45-49, 186) The Corps funds the majority of the transportation and delayed mortality research.
	The research directly addresses this issue.

	4
	Improve turbine survival of juvenile and adults by developing biologically-based turbine designs and operating criteria. (RPA actions 88-90, 92-93)

The Council program could perform biological index testing to determine the safest turbine operation for fish passage at the existing Kaplan turbines in the mainstem projects.
	Through the VTC, the research will develop a useful biological index to test safe turbine operations.

	7
	Study survival, growth, and other early life history attributes of Snake River wild fall chinook. (RPA action 190)
	The research will develop a useful biological measure to identify the effect of fish condition (vitality) on Snake River wild fall chinook survival.


Relationship to Biological Opinion Reasonable and Prudent Actions (RPA): 

The contributions of the proposed work to specific RPAs are given in Table 3.

Table 3.  Contribution to Delayed Mortality research: This objective begins the development of a delayed mortality hypothesis and prototype experiments to test the hypothesis.  The work has direct application to the following NMFS Biological Opinion Actions.

	RPA #
	Biological Opinion Reasonable and Prudent Action
	Project Contributions

	186
	The Action Agencies and NMFS shall work within the annual planning and congressional appropriation processes to establish and provide the appropriate level of FCRPS funding for comparative evaluations of the behavior and survival of transported and downstream migrants to determine whether causes of D can be identified for the reach between Bonneville Dam and the mouth of the Columbia River.
	The project will develop a standard challenge test to identify the relative effect of specific freshwater experiences on SAR. This will quantify the relative contribution of each reach and dam passage on D.

	187
	The Action Agencies and NMFS shall work within the annual planning and congressional appropriation processes to establish and provide the appropriate level of FCRPS funding for studies and analyses to evaluate relationships between ocean entry timing and SARs for transported and downstream migrants.
	Challenge tests will characterize the effect of ocean entry timing on SARs.  The work will also provide information to study how immune system development and ocean entry timing affect SAR. 

	189
	The Action Agencies and NMFS shall work within the annual planning and congressional appropriation processes to establish and provide the appropriate level of FCRPS funding for studies to investigate the causes of discrepancies in adult return rates for juvenile salmonids that have different passage histories through the hydrosystem. 
	Vitality-based theory provides an explanation of how passage rates affect SARs.  The challenge tests will quantify route-specific effects on SARs.

	195
	The Action Agencies and NMFS shall investigate the causes of mortality below Bonneville Dam after juvenile salmonid passage through the FCRPS.
	The overall project will study the causes of extra and delayed mortality relying on theory, modeling, laboratory studies and field studies.


d. Relationships to other projects 
The proposed work provides a theoretical basis for delayed and extra mortality.  It provides through the vitality model (Anderson 2000) an integrated theoretical framework in which to link freshwater experience and fish vitality to delayed mortality in the ocean and estuary.  In our initial studies we have collaborated with the NMFS project “A study to compare long-term survival and diseases susceptibility of yearling hatchery chinook salmon smolts with different juvenile migration histories” (Project leaders Gilbreath, Strom and Arkoosh).  We are estimating the vitality loss rates from their survival studies and are measuring the growth rate history of the dead smolts (morts) through otolith analysis.  In the proposed work, we will continue our association with NMFS.  Our working contact is John Ferguson at NMFS Montlake Laboratory.  In addition, we will measure the physiological condition of the fish in the vitality challenge test.  The morts will be analyzed by Professor Congleton at University of Idaho.  Finally, in conjunction with Professor Schreck at the Oregon State University, we have established a delayed mortality workgroup that will meet yearly to discuss delayed mortality research. This workgroup is a spin-off of the Delayed Mortality Workshop held at Skamania Lodge in the spring of 2002.  Some founder members of this workgroup are listed in Table 4.

Table 4 Some founding members of the delayed mortality work group.

	Name
	Affiliation  and Field

	Jim Anderson
	Director Columbia Basin Research, University of Washington -  Modeling and theoretical ecology, survival studies.

	Carl Schreck
	Oregon Cooperative Fishery Research Unit, National Biological Service, Department of Fisheries and Wildlife, Oregon State University - Environmental physiology and reproductive physiology of fish. Particularly, determination of effects of stress on fish performance in the wild and in the hatchery. Areas of interest include fish health, migration and development. Studies include synecology, endocrinology, immunology, molecular genetics as well as behavior and toxicology.

	Jim Congleton
	Research Scientist and A Professor of Fishery Resources University of Idaho. Effects of stress, tissue injury, and infection on components of natural disease resistance; stress response of chinook salmon smolts collected and transported from Snake River dams; natural defenses against IHN virus. Areas of interest include mechanisms of disease resistance in fish and stress physiology.

	Tracy Collier
	Tracy Collier is the Program Manager for the Ecotoxicology and Environmental Fish Health program.


e. Project history (for ongoing projects) 

This is a new proposal. However, earlier aspects of the work were funded by Bonneville Power Administration and the National Marine Fisheries Service.  The vitality model was developed under funding from the Environmental Protection Agency and the Army Corps of Engineers. Essential milestones on which this proposal is based are as follows.

1. "A vitality-based model relating stressors and environmental properties to organism survival" published in Ecological Monographs 70(3) 117-142. 

2. Analysis demonstrating a relationship between challenge experiments and SAR.  This work is discussed in this proposal.

3. Masters student laboratory study demonstrating growth rate relates to vitality survival studies on stress. 

4. Participated in establishing the Delayed Mortality Working Group.
f. Proposal objectives and methods

A. Objectives

Our objective is to develop and test a framework to quantitatively measure the contributions of distinct freshwater events and life histories on delayed mortality and elements of extra mortality.  We anticipate the technique will provide researchers with a method to quantitatively estimate the ratio of SARs of fish from different freshwater histories.  For example, the technique will give researchers the ability to estimate D at the time fish pass Bonneville Dam (RPA 186) or measure the relative effect of dam passage history on SARs at the time fish pass the dam (RPA 189). The approach will give researchers a probe to characterize how distinct events in the salmon freshwater life history affect adult returns.  In preliminary studies, we demonstrated the method’s feasibility.  In the proposed work, we will refine the methodology and determine the logistic and statistical requirements needed to conduct VTC experiments in the field. 

Our specific objectives are to: 1) complete and publish the vitality-based theory for delayed mortality; 2) complete the laboratory studies from which a standard vitality test procedure will be developed; 3) develop a multi-stressor form of the model; 4) develop a standard protocol for testing vitality; 5) develop a prototype test chamber; and 6) plan field tests to address the RPAs. 

B. Methods

The objectives involved with developing a system to characterize the factors contributing to delayed and extra morality are listed below.

Objective 1. Delayed mortality studies

Background: In previous work, we developed the theoretical basis for applying vitality to the problem of delayed mortality and developed statistical algorithms to estimate model parameters.  We developed a challenge experiment protocol for estimating the effect of life history events on delayed mortality.  In Objective 1, we will complete this work and publish a paper describing the method with an example demonstrating the use of seawater challenge experiments to characterize the contribution of dam passage routes on delayed mortality.  The elements of the work are described below.

Theory: We formulate delayed and extra mortality in terms of the vitality-based survival model (Anderson 2000).  This low-parameter framework characterizes how stress, occurring at one time, produces mortality later.  In the vitality paradigm, the stress does not act directly on the mortality rate as characterized in traditional mortality models; instead, stress acts on vitality, which is a cumulative measure of the capacity of the animal to survive.  The survival at time t is 
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(1)

where r is the mean rate of vitality loss, s is the random component of vitality loss rate, and k is the rate of accidental mortality, which is independent of the history of the fish.  The function  is the cumulative normal distribution.  By fitting the model to a survivorship curve, the model parameters r, s and k can be estimated.  Stress factors in passage are then related to the model parameters providing a mathematical framework to relate passage experience to ocean survival. 

Parameter estimation: In the past, fitting vitality parameters was an arduous task involving much trial and error. We developed the software for estimation of parameters for the vitality-based survival model. The routine uses a robust MLE approach with numerical safeguards.  It handles right-censored data (where the study terminates before full mortality) and computes the standard error of the parameter estimates.  The method, described in the manuscript “A parameter estimation routine for the vitality-based survival model” (by Salinger, Anderson and Hamel), was submitted to the International Journal on Ecological Modeling and Systems Ecology.

Numerical vitality model:  For testing the vitality model fitting routine and studying delayed mortality, we developed an individual-based form of the vitality model as
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By definition, the initial vitality at t = 0 is v0 = 1 and mortality at time T implies vT = 0.  t is an increment of time and W is a numerical form of the Brownian random process which is represented as a Gaussian random variable with mean zero and standard deviation t.  is the average rate of change of vitality, and  is the variability in the rate in a specific interval.  

Application:  For a proof of concept that SAR ratios can be obtained from stress challenge experiments, we consider the studies on dam passage.

We use two data sets showing: 1) smolts collected from the Lower Granite Dam bypass system had a higher seawater challenge mortality rate than fish collected in the dam’s forebay (Matthews et al. 1986); and 2) smolts detected in a dam bypass system had lower SARs than fish not detected and presumably passed the dams in spill (NMFS 2000).  A vitality-based numerical model of these observations indicates that the ratio of the challenge-test mean survival times from spill and dam passage equals the SAR ratio from the routes.  The modeled and observed ratios were in close agreement with both, indicating that dam passage SAR is about 80% of the spill passage SAR.

To illustrate the conceptual framework in which challenge experiments are related to SARs, consider Figure 1.  Fish pass a dam either through spill (route a) or a bypass system (route b) with corresponding dam passage survivals Sa and Sb.  For a challenge experiment, a subset of fish from each passage routes are collected and subjected to a stressor (seawater in the Matthews experiment) which produces survivorship curves Sa,c(t) and Sb,c(t).  The bulk of the run passes downstream and returns as adults with survivals Sa,d and Sb,d.  
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Figure 1.  Fish survival through segments: Fish from the forebay have survivals Sa and Sb through passage routes a and b. Challenge study survivals of fish from the two routes are Sa,c and Sb,c and Sa,d and Sb,d are survivals between dam passage and adult return.

Viewing the fish vitalities, each passage route has a unique rate of vitality loss (Figure 2), which results in different vitalities after dam passage.  Vitality theory predicts that these differences carry through into the adults, and therefore the differences in the loss rates at the dam produce different adult survivals.  Furthermore, the passage route vitality differences also produce different challenge test survivals.  A numerical analysis of the vitality model indicates ratio of seawater challenge-mean survival times T, the vitality loss rates r, the SAR ratios, and D are related as  
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Equation (3) says that the SAR ratio from the two passage routes equals the ratio of the challenge experiment survival time.  A comparison of the SAR from the NMFS data and the Matthews seawater challenge experiment at Lower Granite Dam support this prediction.  Figure 3 shows model predicted survival curves for seawater challenge experiments and adult returns.  The model provides a mathematical formulation of the hypothesis in Budy et al. (2002) in which stress from dam passage results in lower SARs of returning adults.  

Product: From Objective 1 we will submit a manuscript to a reviewed journal detailing the use of challenge experiments and the vitality theory to predict components of delayed mortality.  
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Figure 2 Fish from dam passage routes a and b experience vitality loss rate a and b in dam passage and the same rate d after dam passage.  Fish enter the dam with average vitality V0 and exit the dam with vitalities V0,a and V0,b.  At the time of adult return Td, fish vitalities are V0,a,d and V0,b,d.  Fish in a seawater challenge experience a vitality rate c with mortality times Ta and Tb.
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Figure 3. Model analysis of survival of fish in SW challenge experiment and adult return for fish from two passage routes (a represents spill, b represents bypass system). 
Objective 2. Effect of multiple-stressors on delayed mortality

Background:  In practice, delayed mortality can depend on multiple factors including stress in dam passage, environmental stress such as temperature, disease and even growth rate.  Hypotheses for how such multiple stressors contribute to delayed mortality can be expressed in the vitality model in a straightforward manner (Anderson 2000).  The work will synthesize two divergent observations of fish temperature response.  Hamel (2001) evaluated existing data to show that the vitality model can describe the increase in salmon mortality with increasing temperature and the body load of Renibacterium salmoninarum, the bacteria responsible for Bacterial Kidney Disease (BKD).  Anderson and Hamel (in review) present a model for the observed seasonal increase in transported fish SARs.  The model is based on the observation that the smolt immune system does not mature at low temperatures, which occur during early season transportation, and therefore the early transported smolts survival is lowered by this cause. 

Theory:  The paper by Anderson & Hamel relating SAR to transport temperature cannot deal with other survival factors such as growth rate.  In Objective 2, we will develop a multiple-stressor form of the vitality model that includes temperature, growth, and BKD load.

Application: We will submit a manuscript for publication.  In particular, the model will formulate survival in terms of growth, temperature, and BKD.  The work will include a sensitivity analysis and will identify how survival studies can be designed to estimate model parameters. 

Objective 3. Extra Mortality studies

Background: Our third objective is to characterize the impacts of freshwater growth patterns on ocean survival.   As mentioned in the background, a plethora of information indicates growth relates to future survival (Zabel and Williams 2002, Beckman et al. 1999, Pepin and Meyers 1991).   Since growth affects both transport and natural in-river passing fish, the impact of growth on ocean survival may be viewed more as an extra mortality factor than a delayed mortality factor, which typically characterizes mortality differences related to in-passage routes. 

Theory: We hypothesize that the rate of freshwater growth affects the fish survival in the ocean. We have analyzed data from a study by Letcher et al. (1996) demonstrating that the time to starvation induced mortality of yellow perch is related to the growth rate prior to starvation.  Their data reveals a relationship between the growth rate and time to starvation (Figure 4).  

[image: image7.emf]y = 18.01x + 6.44

R

2

 = 0.570

4

5

6

7

8

9

10

11

-0.05 0.00 0.05 0.10 0.15 0.20 0.25

Growth Rate (per day)

Days to Starvation 


Figure 4. Days to 50% starvation of a population of yellow perch depends on specific growth rate (dw/dt) prior to starvation.

The significance of this hypothesis to Columbia River salmon is clear.  Stress in passage or early life history stages can reduce growth, which in turn affects the fish’s ability to survive in the estuary and ocean.  In particular, during ocean entry if fish with previously low growth experience a period of starvation, they are more susceptible to mortality than fish that had higher growth prior to starvation.  The mechanism is illustrated in Figure 5 which shows yellow perch survivorship curves for two pre-starvation growth patterns.  The treatment group depicted by the solid line had a zero net growth prior to the starvation challenge and the dashed line depicts the control fish with a growth rate of 0.2/d.  After five days of starvation, the zero growth fish experienced 20% mortality and by 10 days all fish were dead.  The high growth fish were alive at the end of 10 days of starvation.  Thus, a difference in growth at one time can produce a dramatic difference in survival later. 
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Figure 5. Survival curves of yellow perch 4 days of starvation follows by 4 days of feeding prior to starvation (4S4F) and (8 days of feeding prior to starvation (8F).

This growth-mortality hypothesis provides a mechanistic basis for the conclusion that under poor ocean conditions wild salmon ocean survival is related to hatchery production (Levin’s et al. 2002).  Observations indicate that faster growing hatchery fish have higher SARs (Beckman et al. 1999), and fish can exhaust their body lipids while migrating through the hydrosystem (Congleton et al. 2001).  

We will pursue the relationship between growth and survival with both theoretical development and laboratory studies.  The theory, based on the vitality model, hypothesizes that the rate of vitality loss is inversely proportional to growth rate. Thus, we define the rate of loss of vitality in the equation (1) as r = r0 + r1/G, where G is growth rate and r0 and r1 are constants. 

Application:  We will evaluate the growth theory with two data sets: The study of Letcher et al (1996) described above and the results of the Masters thesis work of Molly Cobleigh, which shows that survival is related to growth rate in juvenile chinook salmon.  A brief abstract of Cobleigh’s work is as follows:

“In 2002, I intend to investigate the possible connections between cumulative stresses, growth rate, and survivability. The project will consist of two parts. One will entail analysis of otoliths removed from fish in an ongoing NMFS experiment (Gilbreath, Strom and Arkoosh 2000).  I will compare relative growth rates of the fish with their survival time in seawater tanks. The second part of the project will compare growth rates, feeding history, and survival in a starvation and temperature challenge experiment to be carried out at the University of Washington Hatchery.”  Complete thesis proposal is available at http://www.students.washington.edu/cob/thesis.html 

Product: From Objective 3, we will submit a manuscript to a reviewed journal detailing the approach for how growth rate and life history survival can be related through vitality.  This paper will mathematically formalize and test the hypothesis linking freshwater water growth and extra mortality.

Objective 4: Challenge experiment protocols

Background: In Objective 4, our goal is to develop a challenge test protocol to determine vitality parameters. The test will apply a uniform stressor to a group of fish and note the time each individual reaches a defined endpoint.  In traditional challenge tests, the endpoint is mortality from either seawater stress (Matthews et al. 1986) or temperature stress (Cobleigh 2002) and the endpoint measure is the time of death.  Although we demonstrated that vitality parameters could be estimated with this approach, it has several drawbacks: the endpoint is death and the time to reach the endpoint may take days. Consequentially, we will also explore other challenge tests protocols that are non-destructive and require less time to conduct.  Table 5 gives the protocols.

Table 5. Dose and endpoints to be explored in developing challenge test

	#
	Stressor
	Response
	Endpoint
	Symbol

	1
	Seawater or temperature
	Mortality
	Time to mortality
	Tm

	2
	Energetic demand (swimming in flow)
	Fatigue
	Time to fatigue
	Tf

	3
	Aversive stimuli (example light)
	Behavioral response 
(e.g. escape)
	Time to response
	Tr


Theory:  The basic challenge experiment must distinguish the time at which each individual in the group reaches the endpoint.  We hypothesize that the ordering of the individual endpoint times is unaltered by endpoint and stressor, so the relative vitality characteristics of the population are preserved.  Note: by relative characteristics we do not mean the response (survival) curves will be the same for each test; they clearly will not be, but the relationship expressed by equation (2) will be preserved.  Mathematically, the hypothesis is expressed
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where subscripts a and b related to test groups with different histories prior to the challenge test.

Application: At the University of Washington fish hatchery, we will conduct a series of challenge test with stressors and responses identified in Table 5. The pilot study from Cobleigh’s Masters thesis work and an analysis of Letcher et al.'s (1996) studies demonstrated the feasibility of estimating vitality parameters from challenge tests.   Two major steps are identified for each experiment:  

Step 1.  Pre-challenge preparation: The challenge tests involve using fish with different vitality levels at the time of the test.  Beginning with fish from a single cohort, we will create subgroups with differing vitality levels through two approaches that mimic the life history events that differentiate fish vitality: a) starvation as used by Cobleigh and Letcher, and b) dewatering the fish for a specified time to represent dam passage stress. 

Step 2.  Challenge tests: Three types of challenge tests (Table 5) will be conducted and the results will be used to evaluate the hypothesis of equation (4).  In addition, other measures that characterize scalability of the challenge protocols will be explored.  In developing the challenge test, we will consider test population size, pre-stressor type and strength, challenge stressor type and strength, endpoint measurements.  Experimental conditions will be developed along the lines of standard techniques used for dose-response studies (Clayson et al. 1985), swimming exhaustion testing (Woodward and Smith 1985) and behavioral response testing (Brown and Downhower 1988, Puckett and Anderson 1988).  

Fish analysis: In these tests, we are also interested in characterizing the fish physiological conditions prior to and after the tests.  The intent is to relate the change in vitality to physiological conditions, such as lipid content.  We will send our fish to Professor Congleton’s laboratory for this analysis.

Products: We will submit manuscripts to reviewed journals detailing the challenge experiment studies:  a first paper on the general findings from challenge experiments and a second paper on the application of behavioral and fatigue endpoints as surrogates to mortality endpoints in dose response studies.  From these studies, we will select the best approach for developing field-based challenge experiments. 

Objective 5: Vitality Test Chambers (VTC)

Background:  Although theoretical and laboratory studies and field results to date all encourage the prospect of using vitality to characterize delayed and extra mortality, ultimately for the technique to be useful in the Regional Programs the technique must be standardized so vitality measurements can be made quickly and reliably in the field.  Objective 5 is to develop a Vitality Test Chambers (VTC) to measure vitality in the field.  

Theory: Ideal (theoretical) characteristics of a VTC include: 

1. simplicity of operation and maintenance

2. minimum fish handling 

3. rapid, high capacity testing

4. nonlethal endpoint

5. time to endpoint automatically recorded

6. reproducible responses

7. low cost

Application: Although it is not possible to identify a VTC design without conducting the preceding Objectives, we envision a self-contained chamber that nondestructively tests a number of fish simultaneously and accurately measures the endpoint time of each fish.  We anticipate the chamber will contain auxiliary sensors such as PIT detector and video to identify species and length.  An ideal chamber could operate unattended as part of the fish bypass systems or as part of a fish transport barge.   

Product: The product of Objective 5 is a field deployable vitality test chamber to characterize the relative impacts of freshwater events on the fish vitality and from vitality to delayed and extra mortality.  

Objective 6: Field validation 

Background:  We anticipate deploying the VTC as part of one or several ongoing projects in the year 2006 and 2007 to test the contribution of different life history events on delayed mortality.  The intent is to sub-sample fish from selected studies that are routinely SARs through PIT-tag studies.  In Objective 6, specific experiment protocols will be developed. Requests for funding for the experiments are made in a future round of funding.  

Possible experiments:  Projects from which we could conduct VTC studies to determine the vitality of the fish.  

1. Time varying transport D. We anticipate that we could regularly measure vitality of transported and in-river fish at Bonneville Dam and estimate D.  Because PIT tag studies suggest D varies over the transport season, tracking the vitality of     in-barge and in-river passing fish over the season will provide a test of the ability of the vitality test chambers (VTC) to predict D and will provide a measure of seasonally varying D, which can then be compared to PIT tag estimates of D. 

2. Hatchery treatment:  The Comparative Survival Studies offers a unique opportunity to test the vitality theory and in turn provide information on the difference in the vitality of fish at the time they are released from the hatcheries.  This information will help identify if the differences in SAR are a result of outmigration conditions or the intrinsic conditions of fish at the hatcheries as characterized by vitality.

3. Fall chinook survival experiments: The Snake River fall chinook survival studies offer an opportunity to characterize the impact of fish vitality on in-river passage survival. An untested assumption in the Snake River fall chinook survival studies is that fish released into the river over the season have the same capacity to survive.  This hypothesis can be verified by testing fish in a VTC prior to release into the river.  Furthermore, the contribution of vitality changes to the seasonal pattern of survival can be evaluated by comparing the seasonal pattern of vitality to the seasonal pattern of survival.  A one-to-one match between the patterns would suggest that the seasonal survival changes were the result of changing fish vitality and not changes in the environmental properties during their Snake River migration. 

Application: In the experiments briefly outlined above, ratios of vitality between treatment groups are estimated and compared to ratios of PIT tagged survivals of the treatment groups.  The degree of correspondence between the two measures provides information on the effect of fish vitality on future survival.  If high correspondence is found, the VTC approach could be used to estimate D for analysis of stock viability.  If medium correspondence is found, then the VTC may not be valuable to estimate D, but it may still be useful for identifying the relative importance of one freshwater event over another in contributing to delayed and extra mortality.  In this case, the VTC could be of value for evaluating the relative effectiveness of freshwater actions without having to conduct expensive and protracted PIT tag studies. 

C. Monitoring

Because the study is to develop a vitality-based approach for studying delayed and extra mortality, routine monitoring and evaluation are not appropriate in this project.  However, proposed monitoring protocols will be designed in the final stages of the project.  These are discussed in Objectives 4 and 5 of the Methods.  

g. Facilities and equipment
The initial phases of the research will be conducted at CBR and at the University of Washington hatchery.  The hatchery is dedicated to fisheries research and maintains runs of spring chinook that will be used as the experimental animal for the vitality challenge development.  The hatchery has a flow-through water system and a significant number of small tanks and troughs available for special research projects.  In designing a VTC, we will seek assistance of scientists at the NMFS Montlake Laboratory who have experience in fish handling, barging and bypass systems.  CBR staff have developed the vitality model.  The group has significant experience with delayed and extra mortality studies and initially developed the concept of D and extra mortality in PATH.  A CBR graduate student is currently conducting vitality challenge experiments at the UW hatchery.   Fish physiological measurements will be carried out by Professor Congleton’s group at the University of Idaho.

h. References:

	Reference (include web address if available online)
	Submitted w/ form (y/n)

	Anderson, J.J. 2000. A vitality-based model relating stressors and environmental properties to organism survival. Ecological Monographs, 70(3) 117-142. (http://www.cbr.washington.edu/papers/jim/vitality.html )
	N

	Anderson, J.J. and O. S. Hamel, (in review).   Smolt to Adult Return Data Suggests Temperature-related Differential Effects of Bacterial Kidney Disease on Smolt Survival.
	n

	Anderson, J. J. and R. H. Hinrichsen.  1997.  Prospective analysis for the alpha model. Section 3.6 in Plan for Analyzing and Testing Hypotheses (PATH) Retrospective and Prospective Analyses of Spring/Summer Chinook Reviewed in FY 1997 David R. Marmorek and Calvin N. Peters (editors).
	N

	Beckman, BR, WW Dickhoff, WS Zaug et al. 1999. Growth, smoltification, and smolt-to-adult return of spring chinook salmon from hatcheries on the Deschutes River, Oregon. Trans. Am. Fish. Soc. 128:1125-1150.
	N

	Brown L. and J.F. Downhower.  1988.  Analyses in Behavioral Ecology:  A manual for lab and field.  Sinauer Associates, Inc.
	N

	Budy, P. C.P. Thiede, N. Bouses, C.E. Petrosky and H. Schaller. 2002. Evidence linking delayed mortality of Snake River salmon to their earlier hydrosystem experience. North American Journal of Fisheries Management 22:35-51.
	N

	Clayson, D.B. D. Krewski and I. Munro. 1985.  Toxicology Risk Assessment: Volume I Biological and Statistical Criteria. CRC Press, Inc Boca Raton, Florida.
	N

	Cobleigh, M. 2002. Thesis Proposal: Studies of Factors affecting delayed morality in salmon University of Washington, School of Aquatic and Fisheries Sciences, February 6, 2002. (http://www.students.washington.edu/cob/thesis.html )
	N

	Congleton, J. L. W. J. LaVoie, D. Fryer, J. Evavold, B. Sun. 2001. Evaluation of the physiological differences in transported, in river migrating and multiple-bypassed juvenile salmon (DACW68-00-027) Annual Report 2000. Idaho Cooperative Fish and Wildlife Research Unit, University of Idaho. 
	N

	Gilbreath, Strom and Arkoosk. 2001.  Research proposal FY01 - A study to compare long-term survival and disease susceptibility of yearling hatchery chinook salmon smolts with different juvenile migration histories.
	N

	Hamel, O.S.  2001.   The dynamics and effects of bacterial kidney disease in Snake River spring chinook salmon (Oncorhynchus tshawytscha), Ph.D. Dissertation.
	N

	Hardie, L. J., T. C. Fletcher and C. J. Secombes. 1994. Effect of temperature on macrophage activation and the production of macrophage activating factor by rainbow trout, Oncorhynchus mykiss, leucocytes. Developmental and Comparative Immunology 18:57-66.
	N

	Letcher, B.H., J.A. Rice and L. B. Crowder. 1996. Size-dependent effects of continuous and intermittent feeding on starvation time and mass loss in starving yellow perch larvae and juveniles. Transactions of the American Fisheries Society, 125:14-26.
	N

	Levin, P.S., R. W. Zabel and J. G. Williams.  2001. The road to extinction is paved with good intentions: negative association of fish hatcheries with threatened salmon. Proc. R. Soc. London B(268), 1-6.
	N

	Matthews, G.M., D. L. Park, S. Achord, and T.E. Ruehle. 1986. Static seawater challenge test to measure relative stress levels in spring chinook salmon smolts. Trans. Am. Fish Soc. 115:236-244.
	N

	Mesa, M. G. A. G. Maul and C.B. Scheck. 2000. Interaction of infection with Renibacterium salmoninarum and physical stress in juvenile chinook salmon: Physiological responses, disease progression, and mortality. Transactions of the American Fisheries Society, 129:158-173.
	N

	NMFS, 2000. Salmon travel time and survival related to flow in the Columbia River Basin.  April, 2000; 263 KB, 73p.
	N

	NMFS, 2000a. Passage of juvenile and adult salmonids past Columbia and Snake River dams. April, 2000, 138 pages.
	N

	Marmorek, D. et al.  PATH Weight of Evidence Report 1998.
	N

	Pepin, P. and R. A. Meyers. 1991. Significance of egg and larval size to recruitment variability of temperate marine fish. Can. J. Fish. Aqu.  Sci. 48: 1820—1828.
	N

	Puckett, K.J and J.J. Anderson. 1988. Conditions under which light attracts juvenile salmon. Proceedings: Fish protection at stem and hydroelectric power plants. CS/EA/AP-5663-SR Proceedings, 1988. San Francisco. 
	N

	Woodward, J.J., L.S. Smith, 1985. Exercise training and the stress response in rainbow trout, Salmo gairdneri Richardson, J. Fish Biol. 26(4):435-448.
	N

	Zabel, R. W. and J. G. Williams.  2002.  Selective mortality for fish length and migration timing in chinook salmon: What is the role of human disturbance? Ecological Applications, 12(1), 2002, pp. 173–183.
	N


Section 10 of 10. Key personnel

Table 6.  Staff, position, duties
	Name
	FTE
	Position
	Duties

	Anderson, James
	0.25
	Principal Investigator, Faculty School of Aquatic and Fisheries Sciences
	Coordinate project, participate delayed morality working group and author papers.

	To be determined
	1
	Post-Doc Research scientist to be named
	Conduct laboratory test and develop VTC, and author papers.

	Cobleigh, Molly
	0.75
	Graduate Student in masters program
	Assist in laboratory tests and publish thesis.

	Salinger, Dave
	0.25
	Research scientist
	Perform numerical studies on vitality and author papers.
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 Seattle, WA 98195
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1969. Oceanography, University of Washington, Seattle, WA.

Current Employment:

Associate Research Professor, School of Aquatic and Fishery Sciences, University of Washington, Seattle, WA.  Also Director of the Columbia Basin Research within the School of Aquatic and Fishery Sciences at the University of Washington.

Current Projects:

1989-Present:  Hydro Project:  Develop computer for management of Columbia River hydroelectric and fisheries agencies.  The work involves building models, maintaining and implementing existing models, and analyzing data on the migration and survival of salmon through the Columbia River system and the harvest of fish in the ocean and rivers.  (www/cbr.washington.edu/)

2000-Present:  NMFS project:  Support for studies of the delayed mortality of fish due to environmental stress  and studies of the historical conditions of fish passage through the Columbia River Hydrosystem

1997-Present:  DART project:  Provide data integration to the public for more effective access, consideration, and application as well as participating in a regional information review and making recommendations to BPA.

Expertise:

Biomathematics, ecology, fisheries, toxicology, fish passage and life cycle modeling, animal and human behavior, decision processes.
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Anderson, J.J. 2002.  An agent-based event driven foraging model. Natural Resource Modeling, Volume 15, Number 1, Spring 2002.

Beer, W. N. and Anderson, J.J. 2001. Effects of spawning behavior and temperature profiles on salmon emergence: Interpretations of a growth model for Methow River Chinook.  Canadian Journal of Fisheries and Aquatic Sciences. 58(5):943-949.

Steel, E. A., P. Guttorp, J.J. Anderson and D.C. Caccia.  2001.   Modeling juvenile migration using a simple Markov chain. Journal of Agricultural, Biological and Environmental statistics. Volume 6, Number 1 pages 80-88. 

Anderson, J.J. 2000. A vitality-based model relating stressors and environmental properties to organism survival. Ecological Monographs 70(3) 117-142.
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 Seattle, WA 98195
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Ph.D.  1997.  Applied Mathematics, University of Washington.

Specializations:  Stochastic and deterministic optimization, mathematical modeling.

Dissertation title: "A Splitting Algorithm for Multistage Stochastic Programming with Application to Hydropower Scheduling."  Work included algorithm development, implementation for a large scale (200,000 variable) test problem and theoretical results on optimality and convergence.

Pertinent course-work:  Math Ecology(3), Numerical Analysis(3), Optimization(6).

M.A.
1987. Mathematics, Pennsylvania State University


Specializations: Applied Mathematics, Geophysics, Fluid Flow.

B.A.
1984. Mathematics/Geology (dual major), State University of New York at Oneonta.

Current Employment:

Research Consultant  Columbia Basin Research,  University of Washington, Seattle. Responsibilities: Have primary responsibility for programming juvenile and adult salmon passage models.  Have primary responsibility for development and coding of optimization routines for calibration of salmon passage models to data.  Have primary responsibility for development of adult salmon passage model.  Provide mathematical support for other modeling projects.

Recent Employment:

Research Assistant / Teaching Assistant 9/90-6/97

Dept. of Applied Mathematics, University of Washington, Seattle, WA 98195.

Expertise:

Optimization techniques including methods for calibration of models to data as well as methods for large scale stochastic and deterministic optimization; mathematical modeling including ecological and hydrosystem modeling; Numerical analysis and mathematical problem solving techniques;  Unix, C programming.

Publications:

Salinger, D.H., Anderson, J.J. and Hamel, O.S. (in review).  A parameter estimation routine for the vitality-based survival model.  Ecological Modeling.

Salinger, D. H. 1997.  A Splitting Algorithm for Multistage Stochastic Programming with Application to Hydropower Scheduling. Doctoral thesis, University of Washington, Seattle, WA.
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