Title: 
Using otolith microchemistry and microstructure to assess the causes and consequences of alternate life history strategies for Snake River fall Chinook

A. Abstract 
Recent research has demonstrated that two distinct life-history types exist for Snake River fall Chinook salmon: ocean-types that complete their seaward migration as subyearlings and the recently discovered reservoir-types that complete their seaward migration as yearlings after overwintering in freshwater.  The existence of these alternative life-history types has greatly complicated the management of this threatened ESU, particularly because the reservoir types represent a substantial proportion of returning adults.  To date, management actions, such as spill and flow augmentation, have been directed exclusively at subyearling migrants.  Accordingly, current management practices only benefit one segment of the population.  Effective management of reservoir-type fish will require an understanding of the details of their life-history, including the proportion of juveniles that exhibit the strategy, where they over-winter, when they initiate downstream migration in the spring, estuarine residence time, and juvenile growth patterns.  Unfortunately, many of these details are unknown.  Further, other important questions concerning both life-history types, such as when do juveniles enter Lower Granite Reservoir, remain largely unresolved.  The analysis of fish otoliths (inner ear balance organs) can potentially elucidate many important life-history details.  Otoliths contain a wealth of information on growth, migration timing and residence time in alternate habitats.  As fish grow, their otoliths form proportionally to somatic growth in daily increments that are identifiable under a high-powered microscope, yielding information on how growth rates vary across time.  Further, as increments are laid down, they contain chemical signatures of the environments in which the fish resided.  These geochemical signatures provide unique fingerprints of elemental and stable isotope compositions that are based upon underlying differences in bedrock geology and therefore vary little within sites but predictably across sites.  By analyzing these chemical signatures, such as strontium:calcium ratios (Sr/Ca) and Sr isotopes (87Sr/86Sr), it is possible to identify the location and duration of juvenile Chinook residences during their downstream migration from their rearing areas, through the hydrosystem, and through the estuary.  Therefore, we propose to conduct both microstructural and microchemical analyses of Snake River fall Chinook otoliths, sampled from both juveniles and adults, to examine important questions about their migration timing, residence times in habitats along their migration route, and growth and bioenergetics.  Although these types of applications have been applied to other fish populations, they have received limited application to Columbia River basin salmonids.  Thus, the proposed study will introduce a very powerful analytical method to the region that can potentially resolve many important questions about salmonid populations.  We have already initiated preliminary work on this project: we have access to archived otoliths sampled from juveniles in the 1990s; we collected otoliths from wild returning adults in 2006; and we have permits in place to collect more juveniles and adults in 2007.  Thus, we are well situated to conduct the research proposed here in a timely manner.  Finally, this study will complement several other ongoing studies to provide managers with critical information to effectively manage the population.
B. Technical and/or scientific background
Anthropogenic disturbances have clearly caused drastic shifts in the life history of Snake River fall Chinook salmon.  First, the majority of their historical spawning sites were blocked by the construction of the Hell’s Canyon Dam complex in the 1950s.  Previous to this, these fish displayed a typical ocean-type life history (Healey 1991) in which adults spawn in the fall, fry emerge the following spring, and juvenile fish emigrate seaward during late spring and summer to enter seawater as subyearlings.  In recent decades, a remnant population has been observed to spawn in the lower Clearwater River and the Snake River above Lower Granite Reservoir.  However, unlike their predecessors, which typically moved downstream to the estuary as subyearlings in spring/summer (Mains and Smith 1964), the current population typically delays their migration in Lower Granite Reservoir where they undergo substantial growth.  Recently, Connor et al. (2005) recently described an additional life history for juvenile Snake River fall Chinook salmon, which they termed “reservoir type.”  Fish that adopt the reservoir-type life history delay their subyearling seaward migration, and instead overwinter in reservoirs, resuming their seaward migration the following spring to enter the ocean as yearlings.  The significance of this new finding is that reservoir-type fall Chinook salmon make a large contribution to the returning population of spawners, but mitigation actions have been exclusively directed at ocean-type juveniles. 

Besides increasing population abundance, managing for the reservoir-type life history can also enhance population diversity, one of the Viable Salmon Population (VSP, MacElhany et al. 2000) viability criteria.  Analyses of otolith microchemistry can yield information on key details of fish life history, such as population origin (Barnett-Johnson et al. 2005), residence times in particular habitats, and timing of migration.  By collecting water samples and otoliths from juveniles from a variety of locations throughout the Snake, Clearwater, and Columbia rivers, we will address the question, what is the level of spatial resolution that can be resolved using otolith microchemistry?  At this point, we believe we will be able to resolve residence time in the Clearwater or Upper Snake, lower Snake, lower Columbia and the estuary.  Once we determine the detectable spatial scale, we will then analyze otoliths from adults of known life-history type to reconstruct their life histories during the juvenile stage (hatching to ocean entry) by estimating residence times in segments along the migration route (see Kennedy et al. 2002).  In doing so, we will address the following questions: where do reservoir-type fall Chinook overwinter in the Columbia River watershed?  Where and for how long are fish of various life history strategies and natal origins residing during downstream migration, and in particular, when do they migrate out of the hydrosystem?  In addition, we will analyze juvenile otoliths to ascertain when the fish entered Lower Granite Reservoir.  This is particularly important for juveniles that reared in the free-flowing Snake River because this information will inform us when they are influenced by water releases from Dworshak Reservoir.

In addition to management questions, we will also consider hypotheses about factors that have led to the appearance of the reservoir-type life history.  A hypothesis to account for this phenomenon is that increasing releases of hatchery fish and increasing natural production have resulted in increased competition among juveniles, leading to resource limitations and depressed growth rates.  This is supported by recent observations of earlier outmigration timing and fish emigrating at smaller sizes (U. S. Fish and Wildlife Service, unpublished data).  The robust body forms of subyearlings observed in 1990s are no longer observed today.  Coincidentally, concerns have been raised over adequacy of food resources for subyearlings in the Snake River (NPCC Draft RM&E need 3.15).  Letcher and Gries (2003) determined that smolt age in Atlantic salmon is related to juvenile size, with relatively smaller fish smolting later.  Similarly, the depressed growth rates observed recently in fall Chinook salmon may be leading to the increasing incidence of the reservoir-type life history.  Therefore, while it appears that hatchery supplementation may have contributed to increases in overall population numbers, there may be trade-offs associated with the practice.

We propose to test the hypothesis that adults that exhibited the reservoir life history as juveniles had lower juvenile growth rates than their ocean-type counterparts during their early juvenile life stage.  Reconstructing juvenile growth patterns by analyzing otolith microstructure will allow us to test this hypothesis.  Further, we will determine whether certain ambient river conditions, particularly water temperature, are associated with higher incidences of one life history type versus the other.  We will use bioenergetics models to estimate consumption rates for juvenile salmon based on water temperature and their observed growth rates.  By comparing fish collected in the 1990s to those from recent years, we will address the question of whether consumption rates have declined in the past decade.  
C. Rationale and significance to regional programs

This project is particularly relevant to the Basinwide Biological Objectives identified in the 2000 Columbia River Basin Fish and Wildlife Program (Section III C 2).   The Program states that efforts must be made to (1) “describe responses of populations to habitat conditions in terms of capacity, abundance, productivity and life history diversity,” and (2) “describe the environmental conditions or changes sought to achieve the desired population characteristics.”  Our proposed research will examine how differences in growth rates of juvenile fall Chinook within and among the two life-history types (reservoir vs. ocean) relate to various environmental factors (e.g. flow, temperature).  We can then make predictions about what sort of habitat conditions favor which of the life-history variants.

Our project also addresses several of the Strategies (Section III D) identified in the 2000 Columbia River Basin Fish and Wildlife Program.  Items 3 (Habitat) and 6 (Hydrosystem Passage and Operation) together acknowledge that salmon habitat has changed dramatically over the past century.  Flow patterns, temperature regimes, and available rearing areas all affect growth and survival of juvenile salmon, but we still do not understand how they all interact in the Columbia River basin to affect overall stock productivity and abundance.  Item 9 (Research, Monitoring, and Evaluation) argues that we also need a formal framework for evaluating the integrated effects the H’s (and other factors) over the entire life cycle.  Our project will make a first attempt at developing a useful, widely adaptable monitoring program for estimating the effects of environmental conditions on the growth and relative productivity of fall Chinook.  If successful, our results will inform a much broader effort aimed at different stocks and species of salmon.

NOAA’s 2004 FCRPS Biological Opinion notes that most of the stock diversity among Snake River fall Chinook has been lost (Section 4.3.2) and then goes on to identify ocean-type fish (subyearling migrants) as the only life-history type (Section 5.4.2).  Recently, however, reservoir-type fall Chinook (yearling migrants) have been identified in the Snake River basin.  Furthermore, proposed hydro operations are expected to alter water flow and temperature and spill patterns with subsequent effects on juvenile Snake River fall Chinook (Section 6.4.1).  Clearly, effective management of the FCRPS and offsite habitat mitigation requires us to understand what factors favor this life-history strategy and how these fish perform relative to ocean-type fish.  Our research will spatially resolve differences among in-stream habitat characteristics and subsequent life-history type and associated demographics.

D. Relationships to other projects

Our proposed project compliments and is linked to ongoing studies on the reproductive success of Lyons Ferry fall Chinook salmon spawning in the wild (project 200306000), spawner distribution in the Snake River basin (project 199801003), life history timing at the population level (project 198335003), rearing habitat availability and temperature (Idaho Power Company), the prevalence of the reservoir-type life history and its influence on hydrosystem operation (200203200), supplementation evaluations funded by the Lower Snake River Compensation Plan, and the evaluation of hydrosystem operations including transportation and spill (Marsh and Connor 2005).  Together these studies form the basis for monitoring, evaluation, and recovery planning for wild and hatchery Snake River fall Chinook salmon at both the basin-wide and system-wide levels.

Project 198335003 Nez Perce Tribal Hatchery Monitoring and Evaluation Program.  This project aims to identify an appropriate suite of performance variables which, when monitored over time and space, will provide the information necessary to resolve key uncertainties in the relative success of hatchery fall Chinook salmon and enable informed decision-making.   This project assigned highest priority to demographic, life history, and genetic variables.  Our project will fill in some of the current data gaps in demographic and life-history attributes that describe differences among groups of fall Chinook in the Columbia River basin.


Project 199102900 Life History of Fall Chinook Salmon in the Columbia River Basin.  This project is assessing fall Chinook juvenile life history characteristics, emigration timing and survival in the mainstem Snake River and Columbia Rivers.  Project cooperation includes: describing juvenile life history characteristics of wild and Lyons Ferry Hatchery supplemented fall Chinook, emigration survival as it relates to environmental conditions, and conducting fall Chinook aerial redd surveys and documenting hatchery fish contributions to the natural spawning population.  Specifically, our project will collect fish for otholith samples from rearing areas in the Snake and Clearwater rivers during seining activities conducted by Project 199102900.  In addition, Project 199102900 proposed to examine the food resources available to rearing and migrating juvenile fall Chinook salmon as a driver of growth that might be influencing present-day run timing attributes and life history selection.

Project 199403400 Assessing Summer and Fall Chinook Restoration in the Snake River Basin.  The goal of this project is to collect life history and survival information on wild Snake River fall Chinook and to evaluate supplementation strategies that would be favorable for the recovery and restoration of summer and fall Chinook in the last remaining mainstem habitats in the Snake River basin above Lower Granite Dam.  This study looked at emigration timing, growth, and survival using Lyons Ferry Hatchery fall Chinook subyearlings as surrogates for wild fall Chinook in the Clearwater River.  Our study will expand upon this project by comparing differences among populations of fall Chinook across a much larger spatial area.

Project 199801003 Spawning Distribution of Snake River Fall Chinook Salmon.  This project measures pre-release condition, post-release survival and emigration behavior to evaluate the effectiveness of Lyons Ferry Hatchery yearling releases to enhance natural fall Chinook production (the goal of Project 199801005).  We will work in cooperation on adult return monitoring through radio telemetry, redd surveys, and carcass collection to determine subyearling and yearling hatchery contributions to natural production.  Our results will assist in the greater effort to understand the causes and consequences of the varying life-history types observed among fall Chinook salmon in the Snake River.

Project 200203200 Investigating passage of ESA-listed juvenile fall Chinook salmon at Lower Granite Dam during winter when the fish bypass system is inoperable.  This project will collect otoliths from reservoir-type juveniles.  Project 200203200 published a recent article (Connor et al. 2005) describing the importance of the reservoir-type life history and its continued work on topic will complement the work proposed by this project.

Project 200306000 Evaluating the Relative Reproductive Success of Natural- and Hatchery-Origin Snake River Fall Chinook Spawners Upstream of Lower Granite Dam.  This project is developing a genetic admixture model for assessing the relative productivity of wild and hatchery stocks of fall Chinook salmon.  The results of our study will allow for similar investigations for varying life-histories of fall Chinook (reservoir-type vs. ocean-type) and compare the genetic evidence to inferred growth rates and spatial location.

Project 200310700 Evaluation of Food Availability and Juvenile Salmonid Growth Rates under Differing Thermal and Sediment Regimes.  This project is investigating the effects of changing water temperature and sediment load on growth of juvenile salmonids.  Because the two life-history types consider here potentially experience very different thermal regimes during their juvenile life stage, our results will inform other within-species comparisons in addition to comparisons among species.

F. Proposal biological objectives, work elements, and methods

Objective 1.  Collect otolith and water samples
Work element 1a.  Produce Environmental Compliance Documentation.

Work Element description.  Obtain necessary federal (ESA) and state fish handling permits as needed, submit required reports of take activities as required.

Methods.   Submit reports of 2008-2009 fish handling/lethal sampling for otoliths as required by federal and state permits.  Obtain necessary federal (ESA) and state fish handling/take permits as required for 2008-2009 otolith sampling.  We currently have ESA permits to sample otoliths from 100 wild juveniles of known origin collected at Lower Granite Dam and from100 wild adults at Lyons Ferry Hatchery.  We plan to renew these permits for the 2008 and 2009 field seasons.  In addition, we may seek other opportunities to sample additional juveniles and adults during the 2008 and 2009 field seasons.
Work element 1b.  Collect/Generate/Validate Field and Lab Data
Work Element description.  Collect otoliths from juveniles and adults and collect water samples.

Methods.  To conduct the analyses that follow, we will collect otoliths from at least 100 juveniles and 100 adults during the 2008 and 2009 field seasons.  We also have several hundred archived otoliths from juveniles and adults from a variety of.  Each fish has two sagittal otoliths; we will collect both otoliths from each fish sampled and use one for image analysis and one for chemical analysis.  Sample sizes are based on our experience with analyzing otoliths and on similar studies in the literature.  Our primary goal in the first year of the study is to understand the variability in the system.  As we generate data and analyses in the future, we will conduct more formal power analyses based on specific hypotheses to set sample sizes. 
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Figure 1.  Spawning/rearing areas (shaded) for Snake River fall Chinook salmon and their migratory corridor.  Dams with asterisks have PIT-tag detectors.
We will collect the following samples in 2008 and 2009:
Migrating smolts – Wild fish PIT tagged in the Snake River will be collected at Lower Granite Dams (Figure 1) at juvenile fish collection facilities.  We will sample 100 fish that were PIT tagged in a variety of rearing areas.
Lyons Ferry adults – We will extract otoliths from wild Adult fall Chinook salmon returning to the Snake River basin.  The fish are will be collected at Lower Granite Dam for spawning at Lyons Ferry Hatchery.  We will collect 100 otoliths (approximately 50 of each life-history type) after fish have been weighed and measured.  WDFW takes scale samples from these fish to identify them as yearling or subyearling migrants.
Archived samples – During the mid-1990s, personnel of Project 199102900 sacrificed juvenile Chinook salmon at Lower Granite Dam for genetic analyses.  As part of those analyses, otoliths were extracted from each fish and mounted in acrylic blocks.  Each otolith is from a fish of known age and run.  There are approximately 200 samples that the USGS (Project 199102900) is willing to provide for this project.  In addition, we will have 200 pairs of otoliths sampled from wild adults (obtained from spawners at Lyons Ferry Hatchery in 2006 and 2007) and 100 pairs of otoliths from smolts sampled at Lower Granite Dam in 2007.
Water Samples.  We will collect water samples from various locations throughout the Columbia, Snake, and Clearwater Rivers for chemical analyses.
Future sampling.  The sampling above will be conducted in the current year (2008 and 2009).  We will pursue other options to augment our sampling, including sampling parr from rearing areas, overwintering juveniles (reservoir types) captured in Lower Granite Reservoir, and carcasses of naturally spawning adults.
Objective 2.  Analyze microstructure of otoliths
Work element 2.  Collect/Generate/Validate Field and Lab Data
Work Element description.  Process otoliths and analyze microstructure to generate daily otolith growth increments.
Methods.  Otoliths (Figure 2) are balance organs found in the ear canals of teleost fishes.   Otoliths grow outward from a central primordium, with the initiation of growth usually coincident with hatching (Campana and Neilson 1985).  New layers are laid down in identifiable daily growth rings whose width is related to somatic growth rate.  Facilities recently established at the Northwest Fisheries Science Center will be used to analyze otolith microstructure of the juvenile and adult Chinook.    
Analyzing otolith microstructure is a two-step process consisting of otolith preparation and observation (Campana and Neilson 1985).  The initial step in otolith preparation is to extract the sagittal otoliths from all fish and remove excess matter surrounding each otolith.  The left sagittal otoliths are embedded into an epoxy resin.  The otolith-epoxy blocks are mounted onto individual slides and excess epoxy is trimmed around the otolith using a slow-speed industrial saw.  Otoliths are then polished to their central plane, where the otolith core and daily growth increments are most visible. 

Otoliths are observed and analyzed using an image analysis system.  Each sectioned otolith is viewed under a light microscope with an attached high-resolution digital camera.  The otolith image beneath the microscope is captured by the camera and.  After an image is captured and stored, the image analysis system allows for image enhancement, manipulation and quantification.  For our purposes, we enhance the otolith images to increase overall picture clarity and we use semi-automated macros that assist in counts and measurements of otolith growth increments.

The result of this stage of the analysis is a sequence of daily growth increments for each otolith.  This serves two purposes for the analyses that follow.  First, by relating fish length to otolith length, we can reconstruct growth trajectories for individual fish.  Second, the daily increments allow us to pinpoint specific time periods on the otolith for chemical sampling.
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Figure 2.  Otolith derived from a juvenile Snake River spring/summer Chinook salmon and processed at the NWFSC otolith lab.  The obvious lines delineate daily growth increments.

Objective 3.  Develop fish length/otolith size relationships and use these to back-calculate juvenile growth trajectories
Work element 3.  Analyze/Interpret Data

Work Element description.  Derive juvenile fish growth trajectories based on daily otolith increments and fish size/otolith size relationships.  Analyze the trajectories to understand how juvenile growth varies between life-history types and across years.
Methods.  First, we will develop relationships between fish length and otolith segment length.  We will then apply these relationships to daily otolith increments to back-calculate growth patterns during juvenile life stages and compare these growth patterns between life-history types and among fish from different natal origins.  Finally, we will develop bioenergetic models to estimate consumption rates.  We will then compare current consumption rates to those from earlier time periods to determine whether consumption rates have changed. 
Fish length/otolith length relationships:  Based on the sampled juvenile fish (n = 100), we will develop relationships to relate fish fork length (measured at the time of sampling) to otolith segment length or radius (e.g., Jones 2000, Morita and Matsuishi 2001).  Typically this is a strong linear relationship, and we will also examine whether other factors, such as fish size, are significant factors.  Finally, assuming simple linear relationships are adequate, we will conduct analyses of covariance (ANCOVA, Zar (1999)) to ascertain whether slopes and intercepts are equal among sub-populations.  We will use multiple comparison methods (Zar 1999) to determine which sub-populations can be grouped together.  
Developing and analyzing juvenile growth trajectories.  We will use the relationships described above, along with daily growth increments, to back-calculate growth trajectories for juvenile fish (Morita and Matsuishi 2001).  We will then fit standard growth models, such as the von Bertalanffy growth equation, to these data.  This will allow us to express the growth trajectories of individual fish in terms of a few key parameters, particularly the growth rate parameter, for comparing among groups.  In particular, we will compare adults of known life-history types (reservoir vs. ocean) to test the null hypothesis that early juvenile growth is equal between the life-history types.  In future years, we will also relate growth patterns to ambient river conditions, and compare growth patterns between Clearwater and Snake River juveniles.  Further, we will compare growth patterns for current juveniles to juveniles collected approximately 10 years ago.

Bioenergetics Model.  Because fish growth is determined by water temperature, fish size, and consumption rates (Elliot, 1994), we will use existing bioenergetics models for Chinook salmon (e.g., Madenjian et al. 2004) to estimate consumption rates.  We will input stream temperatures (obtained from USGS gauges and water quality monitors located at dams), fish size, and the growth trajectories from the otolith analysis to the model to estimate mean consumption rate for each fish.  Researchers have applied this general approach, or variants thereof, to estimate the effects of habitat condition on fish growth  for a variety of fish species and habitat types (e.g., radiated shanny (Baumann et al. 2003) and European anchovy (Basilone et al. 2004).  We will conduct these analyses on both otoliths derived from current fish and otoliths derived from the archived samples.  By comparing these two populations, we will then test the null hypothesis that no difference exists in mean consumption rate (across populations) between current and archived fish.

Objective 4.  Analyze chemical signatures of otoliths and water samples 
Work element 4.  Collect/Generate/Validate Field and Lab Data
Work Element description.  Conduct microchemical analyses of otoliths using laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS).  
Methods.  Analyze otolith microchemistry using laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) to isolate and analyze particular areas of the otoliths.  

Stemming from major advances in the identification of geochemical fingerprints, isotopic and elemental signatures increasingly have been used to study habitat use and life history for a variety of organisms, including elephants (Koch et al.1995), birds (Marra et al. 1998), and fish (Kennedy et al. 1997).  In fish, the use of geochemical fingerprints has been an exciting new approach for studying homing, juvenile movements, migration, and life history choices (Limburg 1995, Campana 1999, Kennedy et al. 2000, Thorrold et al. 2001).  Time-specific geochemical information is recorded in otolith circuli that are accreted daily, as in annual tree rings, preserving fine-scale information about the physical and chemical environment in which the fish existed (Kalish 1989, Radtke and Shafer 1992, Campana 1999, Campana and Thorrold 2001, Kennedy et al. 2000, 2002).

To identify the natal areas, residence times, and movements of juvenile fall Chinook salmon in the Columbia River basin, we will study geochemical signatures of the potential rearing habitats (based on water samples) and the signatures expressed in the otoliths of juvenile fish.  As in other systems and studies, the otolith microchemical variations will stem from geochemical variability within the Columbia and Snake River basins.  Using a combination of state-of-the-art drilling, laser ablation and high-resolution mass spectrometric techniques, we will separate and analyze the time-specific signature of stable isotopes (e.g. Sr and/or C and O), as well as minor trace elements, such as K, Mg, Mn, and Ba, that both exhibit a high degree of geographic variability base upon watershed geology (Thorrold et al. 1998) and lend themselves to measurement with a high degree of precision in juvenile and adult fish otoliths (Kennedy et al. 1997, 2000, 2002, 2005).

Within the Columbia River basin we expect to find measurable differences in the isotopic and elemental composition of fish from different geographical regions. We have chosen at least six major areas based on natural geomorphic and bathymetric features and correspond to the major geographic areas for distinguishing key salmon spawning and rearing habitat (Fig. 1).

At the scales of 10 to 100 kms, we hypothesize that marked differences in tributary geology will result in unique isotopic and elemental signatures that will be preserved in fish otoliths.  Based on preliminary analyses, we hope to have the ability to identify the following regions: 1) Snake River above the Salmon River; 2) Snake River between the Salmon and Clearwater rivers; 3) lower Snake River; 4) lower Columbia River; 5) Columbia River estuary; 6) Pacific Ocean.  We will sample otoliths in the following regions: 1) for both juveniles and adults, we will sample the region adjacent to the nucleus, which corresponds to the post-hatching rearing area; 2) for fish collected at Lower Granite Dam, we will sample the exterior region, which corresponds to Lower Granite Reservoir entry and residence; 3) For adults know to have the reservoir-type life history (based on analysis of scales by WDFW), we will sample in the region of their first annulus, which corresponds to the over-wintering period; 4) for all adults, we will sample in the region corresponding to estuary and ocean entry.
In the future, we will explore additional chemical analyses.  For example, the (18O values of otolith aragonite provide an accurate (( 1.0 (C) record of the thermal life history experienced by individual fish (Patterson 1998; Thorrold et al. 1997) and can, therefore, distinguish regions based upon temperature gradients (Kalish 1991a, 1991b, Thorrold et al. 1997).  Lastly, carbon and nitrogen isotopic signatures in otoliths and scales provide unique signatures under contrasting trophic structure or land use (Harrington et al. 1998, Kennedy et al. 2005) and can be measured nonlethally over shorter time in scales (e.g. weeks) (Kennedy et al. 2005).

Objective 5.  Determine spatial scale of habitat discrimination based on chemical signatures and test hypotheses concerning life-history traits
Work element 5.  Analyze/Interpret Data

Work Element description.  Conduct discriminant-function analyses with results from the chemical analyses to determine whether specific regions of the river systems segregate based on chemical signatures.  Use the results of these analyses to address hypotheses concerning site and duration of residence for juveniles migrating through the hydrosytem.
Methods.  Each sample (corresponding to a region of a otolith or a water sample from a known location) will have several chemical concentrations or isotopic ratios associated with it.  We will use multivariate discriminant-function analyses (using R statistical software) to determine whether we can associate samples with geographic regions.  These analyses will be used to determine whether we can distinguish chemical signatures across regions or whether we need to lump regions together.  

Once we determine the scale at which we can map otolith chemistry to specific locations in the river systems, we will test hypotheses concerning life-history variability, residence times, and migration timing.  Based on chemical signatures sampled across otoliths of adults of known life-history type, rearing type, and spawning site, we will reconstruct their juvenile life histories (see Kennedy et al. 2002) to address the following questions:
Question 1: When do juveniles enter Lower Granite Reservoir?

Question 2: How long do juveniles reside n Lower Granite Reservoir?

Question 3: Where do reservoir-types overwinter within the hydrosystem?

Question 4: When do reservoir-types migrate out of the hydrosystem to the estuary as yearlings?

Question 5: How long do both life-history types reside in the estuary?

Question 6: Where did wild adults of unknown origin rear as juveniles?
Question 7: What was the proportion of reservoir-type fish by rearing area?

Objective 6.  Communicate results
Work Element 6a.  Produce/Submit Scientific Findings Report.

Work Element description.  Produce status reports and annual reports.
Methods.   Produce and provide quarterly status reports to BPA COTR regarding significant issues regarding project implementation.  Produce and provide an annual report to BPA COTR summarizing results of research each year.
Work Element 6b.  Manage and Administer Projects

Work Element description.  Prepare SOW, and Budget, and Attend Meetings.
Methods.  Prepare SOW and budget each year 90 days before contract expires.  Attend required meetings associated with project management.  Attend BPA, Council, or CBFWA conferences and workshops as required.  Also, attend national scientific meetings and present talks. 
G. Facilities and equipment 

1. Microstructure Analysis

The Northwest Fisheries Science Center has a recently remodeled lab dedicated to analyzing otolith microstructure.  The lab has the following equipment for otolith preparation: dissecting and compound microscopes, Isomet saw, custom built grinders/polishers, oven, and hood.  To conduct the image analyses, the lab has a high-magnification Zeiss Axioskop compound microscope, high-resolution MicroPublisher digital camera, and Image-Pro Plus image analysis software.

2. Geochemical Analysis
Kennedy has been analyzing geochemical tracers in fish tissues for over 10 years.  He will oversee all analytical analyses and has direct supervision, open access or emerging relationships with people and analytical facilities at the following institutions.  All the facilities and major equipment necessary to carry out the proposed chemical and isotopic sample preparations and analyses are housed either in the College of Natural Resources, University of Idaho; the Department of Geological Sciences at the University of Michigan (with whom Kennedy actively participates), or the School of Earth and Environmental Sciences at Washington State University (with whom Kennedy is developing local relationships). These laboratories include the following instruments and facilities:

College of Natural Resources (University of Idaho):
· Wet aquatic lab and fish otolith preparation facility for preparation, mounting and digestion of biological material.

· Finnigan Delta Plus isotope ratio mass spectrometer and Delta XP IRMS, H-device and TC/EA (Bremen, Germany), a continuous flow isotope ratio mass spectrometer (CF-IRMS) dedicated to the analysis of 15N and 13C analysis and interfaced to CE Instrument's NC 2500 elemental analyzer (EA), interfaced through the Conflo IIa (Lakewood, New Jersey) under the supervision of Dr. John D Marshall.
Radiogenic Isotope Geochemistry Laboratory (RIGL) and W.M. Keck Environmental Geochemistry Laboratory (KECK) in the Department of Geological Sciences (U. Mich.):

· Finnigan MAT 262 Multi-Collector Thermal Ionization Mass Spectrometer (TIMS). The 262 has been used to look at a number of isotopic systems but is particularly well suited for analyzing Sr and other radiogenic isotopes.  Multiple Faraday cups allow very high precision and sensitivity at even very low elemental levels.

· Perkin-Elmer “Optima” 3300DV Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES)

· Finnigan MAT ELEMENT I AND II magnetic sector (high-resolution) ICPMS: The ELEMENT with now over 160 installations worldwide represents the most sensitive ICPMS instrumentation currently available. The instrument at the KECK laboratory was installed in 1997. This particular instrument offers superior sensitivities even compared to the latest ELEMENT2 instruments, exceeding current specifications of new instruments by a factor of 5. With ion transmission efficiencies in the 0.2 – 0.5 % range (or accounting for every 500 – 2000th atom introduced into the plasma) the detection limits for almost all elemental analysis are truly blank limited. 
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