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a. Abstract 
There are a number of supplementation programs in the Columbia River Basin that are designed to enhance threatened or endangered stocks of Pacific salmonids, but the efficacy of hatchery supplementation to recover salmon or steelhead populations has not been demonstrated (IMST 2000; Waples et al. in press).  Two potential reasons for the lack of success of hatchery supplementation programs for anadromous salmonids are high post-release mortality of hatchery fish (Maynard et al. 1995; Olla et al. 1998; Brown and Laland 2001) and negative ecological interactions between hatchery and wild fish in streams (Nickelson et al. 1986; Flagg et al. 1995).  Several studies suggest that hatchery fish may have negative effects on wild salmonids, but there are no quantitative estimates of the effects of hatchery fish on the growth or survival of wild salmonids in natural streams.  We propose to conduct a multi-scale field experiment designed to determine the effects of hatchery steelhead on the growth, survival, and movement of wild salmonids in streams.  

Individual behavioral decisions by wild and hatchery-reared juvenile salmonids will mediate density-dependent effects on the dynamics of supplemented populations, but the mechanisms by which behavior affects salmonid population dynamics are poorly understood.  Here we propose to examine individual-level mechanisms that may influence the survival, growth, and emigration of stream salmonids, and to use a modeling approach to determine how supplementation releases may affect population dynamics.  The survival, growth, and movement of wild and hatchery-reared juvenile steelhead will be studied at the reach scale, and behavioral mechanisms that are likely to affect population dynamics will be studied at the habitat unit scale.  Redd counts and PIT-tag detection of wild and hatchery adults will be used to examine the efficacy of supplementation at the watershed scale.  A spatially explicit individual-based simulation model will be developed to link small-scale behavior of individual fish to population dynamics of a supplemented steelhead population.

b. Technical and/or scientific background
Introduction

Millions of juvenile salmonids are released from hatcheries throughout the Columbia River Basin each year to mitigate for lost habitat and support sustainable fisheries.  A small proportion of the total hatchery fish released in the basin are from conservation hatchery programs designed to enhance, or ‘supplement’, Pacific salmon and steelhead (Oncorhynchus spp.) populations that are listed as threatened or endangered under the Endangered Species Act.  The ultimate goal of hatchery supplementation programs is to restore wild salmonid stocks to a self-sustaining state.  There are a number of supplementation programs in the Columbia River basin that are designed to increase natural production of ESA-listed salmonid stocks (BPA 1992; Waples et al. in press).  There is very little evidence, however, that supplementation programs have been successful in the Columbia River basin or elsewhere (Winton and Hilborn 1994; IMST 2000, Waples et al. in press).

Two potential reasons for the lack of success of supplementation programs are high post-release mortality of hatchery fish (Maynard et al. 1995; Olla et al. 1998; Brown and Laland 2001) and negative ecological interactions between hatchery-reared and wild fish in streams (Nickelson et al. 1986; Flagg et al. 1995).  Hatchery fish may use different habitats than wild fish and may suffer reduced survival as a result (Mason et al. 1967; Dickson and MacCrimmon 1984).  Hatchery-reared salmonids are often more aggressive than wild conspecifics (Fenderson et al. 1968; Swain and Riddell 1990; Mesa 1991), and it has been suggested that energetic expenditures associated with increased aggression may contribute to the low survival observed for most stocked hatchery fish (Bachman 1984; Deverill et al. 1999).
Increased aggression by hatchery fish might also result in negative effects to wild fish resident in streams where hatchery fish are released, which might undermine the success of a supplementation program.  It is therefore important to understand any negative effects that hatchery releases may have on wild salmonid populations.  There is currently a great deal of uncertainty regarding the effects of hatchery releases on wild juvenile salmonids (Pearsons and Hopley 1999; Waples 1999), although competition from hatchery fish has been identified as one of several factors causing declines in wild salmonid populations (Nickelson et al. 1986; Flagg et al. 1995).  Hatchery fish may disrupt natural social patterns in streams through competitive interactions (Bachman 1984; Nielsen 1994; McMichael et al. 1999), and may affect the abundance, growth, and survival of natural salmonids (Hillman and Mullan 1989; Fresh 1997).  

Several field studies have reported potentially detrimental ecological interactions between hatchery-reared and wild salmonids in streams.  Bachman (1984) noted that hatchery-reared brown trout (Salmo trutta) in a Pennsylvania stream moved frequently and engaged in agonistic encounters with wild trout, and Hillman and Mullan (1989) reported that releases of hatchery-reared chinook salmon fry resulted in decreased abundance of wild stream-dwelling juvenile chinook salmon and steelhead.  Neilsen (1994) and McMichael et al. (1999) observed that the release of hatchery salmonids caused an increase in the number of agonistic interactions, a decrease in surface foraging, and increased displacement of wild juvenile salmonids.  McMichael et al. (1997) reported that the presence of hatchery-reared steelhead resulted in decreased growth of wild juvenile steelhead in small stream enclosures, but the results were confounded with density.  If, as the foregoing studies suggest, releases of hatchery fish cause ecologically significant negative interactions between wild and hatchery salmonids, decreased growth or survival of wild fish would result.  The lack of quantitative evidence about how hatchery releases affect the growth or survival of wild salmonids in streams, or how they ultimately affect salmonid population dynamics, is a critical gap in our current understanding of how supplementation efforts may affect wild salmonid populations. 

Supplementation, density dependence, and carrying capacity

By introducing hatchery-reared fish into streams as part of supplementation efforts, managers are essentially manipulating fish density in streams at the locations where fish are released.  It is therefore possible that supplementation releases might cause decreased growth or survival of wild fish simply as a result of increased fish density.  A wide variety of studies have found evidence of density-dependent growth, survival, or emigration in salmonid populations (Gee et al. 1978; Egglishaw and Shackley 1980; Buck and Hay 1984; Crisp 1993; Grant and Kramer 1990; Elliott 1994; Jonsson et al. 1998; Jenkins et al. 1999; Keeley 2001), indicating that competition may be intense among wild juvenile salmonids.  Increasing fish density by releasing hatchery fish might therefore be expected to cause density-dependent decreases in growth and survival of wild juvenile salmonids in streams.  Under Objective 1, we propose to conduct a replicated field experiment designed to determine how supplementation releases affect the growth, survival, and movement of wild salmonids in a natural stream.

Fish dispersal might ameliorate density-dependent effects on survival or growth of stream-dwelling salmonids at local scales by decreasing density (Keeley 2001).  Smaller, socially subordinate individuals may be more likely to emigrate (Miller 1957; Nakano et al. 1990; Riley et al. 1992; Nakano 1995), and emigration may increase predation risk for these individuals (Lima and Dill 1990).  Hatchery-reared salmonids do not appear to disperse far from release locations (Symons 1969; Hume and Parkinson 1987; Close and Anderson 1992), and might therefore cause density-dependent increases in emigration (and predation risk) or decreases in growth or survival of wild salmonids near release locations, particularly if hatchery fish are larger and more aggressive.  Determining how supplementation releases affect the movement of wild and hatchery fish is important in understanding the consequences that supplementation programs may have for wild populations.

In order to avoid density-dependent decreases in growth or survival of wild salmonids that might be caused by stocking fish for supplementation purposes, it is important to determine the carrying capacity of the stream into which they are stocked (IMST 2000).  The extent to which supplementation releases increase fish density above carrying capacity will presumably affect the nature and extent of ecological interactions that can be expected between wild and hatchery fish, and will be an important factor in the ultimate success of the supplementation program. 

The carrying capacity of a stream for salmonids is generally considered to be the number (or density or biomass) of individuals that a given stream can support.  The precise determination of the carrying capacity of a stream or stream reach is difficult because carrying capacity varies both spatially and temporally.  For example, certain areas in a given stream reach (e.g., pools) will have higher carrying capacities than others due to differences in food abundance and physical habitat characteristics (e.g., Giannico 2000; Rosenfeld et al. 2000).  Moreover, carrying capacity will be related to food abundance (invertebrate drift) and stream flow, both of which may vary widely over a variety of time scales.

The importance of spatial and temporal variation in carrying capacity may be minimized by defining carrying capacity at a watershed scale as the minimum annual abundance of fish that a stream can support (e.g., at minimum annual streamflow), and by considering it to be a mean about which populations fluctuate (Burns 1971).  In the context of supplementation, however, defining carrying capacity at the watershed scale may be misleading, because the immediate proximate effects of stocking will be manifested at very fine (habitat unit) scales. 

 Juvenile salmonids adjust territory size to food abundance and fish density (Dill et al. 1981; McNicol and Noakes 1984), and it has been suggested that territory size may limit the maximum density of juvenile salmonids in streams (Grant and Kramer 1990).  Further, the percent of the stream area that is occupied by fish territories, or the ‘percent habitat saturation’, has been proposed as a more appropriate measure of carrying capacity than fish density (Grant et al. 1998).  Here we propose to measure the territory size of individual juvenile steelhead, estimate the percent habitat saturation of individual habitat units (see below), and use these data to estimate carrying capacity at the habitat unit and reach scales. 

Behavioral mechanisms and the dynamics of supplemented salmonid populations 

Individual salmonids in streams make behavioral decisions regarding habitat selection, aggression, feeding, and movement that affect their growth and survival and that, in aggregate, will influence population dynamics.  The mechanisms by which individual behavioral decisions affect fish population dynamics, however, are poorly understood (Walters and Juanes 1993).  Recent modeling suggests that adaptive changes in foraging time by juvenile fish in the presence of predators may lead to density-dependent juvenile mortality that may ultimately limit recruitment (Walters and Juanes 1993; Walters and Korman 1999).  Work proposed under Objective 2 will examine how supplementation releases affect the habitat selection, agonistic behavior, feeding, and territory size of wild juvenile steelhead in a natural stream in order to determine what behavioral mechanisms may be responsible for any detrimental effects that supplementation releases may have on wild salmonids.

Patterns of habitat use by stream salmonids may be density-dependent (Elliot 1986; Bult et al. 1999), and increased fish density due to supplementation releases may therefore affect habitat use by wild salmonids.  There is evidence that the presence of competitors may result in juvenile salmonids moving to less favorable stream positions closer to stream margins (Larson and Moore 1985) or closer to the substrate (Bremset and Berg 1999), and the presence of large numbers of hatchery fish might therefore result in suboptimal microhabitat use by wild salmonids.  Habitat selection may have marked effects on the foraging efficiency (Fausch 1984; Nislow et al. 1999), growth (Rosenfeld and Boss 2001), and predation risk (Lima and Dill 1990; Walters and Juanes 1993; Post et al. 1998) of salmonids, and changes in habitat use may therefore result in reduced feeding (Sosiak et al. 1979), increased predation risk, and lower survival (cf. Dickson and MacCrimmon 1982) of wild or hatchery fish. 

Agonistic interactions among competing salmonids are influenced by fish density (Keenleyside and Yamamoto 1962) and may play an important role in salmonid population regulation (Chapman 1966; Elliott 1990; Grant and Kramer 1990; Nakano 1995).  Increased fish density near supplementation release points might result in increased levels of aggression that might reduce the growth or survival of wild fish.  Moreover, because hatchery-reared salmonids tend to be more aggressive than wild conspecifics (Fenderson et al. 1968; Swain and Riddell 1990; Mesa 1991), levels of aggression at supplementation release sites may be higher than at sites with similar densities of wild fish.  We propose to conduct a series of field experiments that will elucidate behavioral mechanisms that may result in poor survival of hatchery-reared steelhead or that may contribute to decreased fitness of wild salmonids resident in streams where hatchery fish are released.

Observational scales and modeling

A better understanding of the factors that regulate salmonid populations in streams and that will determine the likelihood of success of supplementation efforts will be possible only when studies from a variety of different scales are integrated (Fausch 1998).  The mechanisms of competition are best studied at small spatial scales (Grant et al. 1998), but the appropriate scale for examining density-dependent effects on growth or survival depends on the relative movement of individuals (Ray and Hastings 1996).  The overall success of a supplementation program is most appropriately studied at the watershed scale. 

The research proposed here will examine the effects of supplementation releases of hatchery steelhead on wild salmonids at the scales of habitat unit and stream reach.  Research at the National Marine Fisheries Service’s Manchester Research Station and elsewhere has produced a large amount of micro- and meso-scale data on the effects of hatchery fish on the growth and behavior of wild salmonids.  To be most useful for steelhead management purposes, these data should be incorporated into a model designed to determine how supplementation releases might affect the population dynamics of wild salmonids.  Here we propose to develop such a model using results from the proposed experiments and other data available from our research and from the literature. 

Study sites

The Elochoman river is a right bank tributary of the lower Columbia River at RK 93.  The watershed is situated in a low coastal mountain range with maximum elevations of 123-830 m and drains approximately 23,515 ac.  The watershed is forested primarily with western hemlock (Tsuga heterophylla), Douglas fir (Psuedotsuga douglasii), and red alder (Alnus rubra).  The majority of the watershed was logged in the 1940s and 1950s.  The river supports populations of coho salmon Oncorhynchus kisutch, chinook salmon O. tshawytscha, steelhead O. mykiss, cutthroat trout O. clarki, chum salmon O. keta, mountain whitefish Prosopium williamsoni, northern pikeminnow Ptychocheilus oregonensis, largescale sucker Catastomus macrocheilus, peamouth Mylocheilus caurinus, three spined stickleback Gasterosteus aculeatus, several species of sculpins Cottus spp., longnosed dace Rhinichthys cataractae, and banded killifish Fundulus diaphanus.  The steelhead stock of the Elochoman River has been determined to be in a depressed state (WDFW 1997).  The West Fork and North Fork of the Elochoman are tributaries of the Elochoman River located approximately 12 and 15 miles upstream of the mouth of the Elochoman, respectively.  

Experimental design

The experimental design proposed here is a temporally replicated BACI design (Underwood 1994) with several control sites.  Experimental releases of steelhead will be conducted over four years (2004-2007; pre-treatment data will be collected in 2003), and the proposed experiments will therefore be conducted under varying environmental conditions.

The experiment proposed under Objective 2, which is designed to examine effects of supplementation releases on juvenile steelhead behavior at the habitat unit scale, is spatially replicated within the West Fork Elochoman River.  Comparisons of growth, survival, and movement at the reach scale (Objective 1), however, are not spatially replicated because sites are not independent of one another (it is possible for fish to move among sites).  We have proposed to locate three control sites on a nearby stream (North Fork Elochoman River) in order to strengthen the inference from this experiment (Underwood 1994).  While there are opportunities to replicate this work within the Columbia River basin, the costs and logistical difficulties are prohibitive.  Replication of this work in others streams should be considered if the results are promising.  We will use both a standard hypothesis-testing approach and a Bayesian approach to data analysis to overcome problems associated with lack of spatial replication (Reckhow 1990; McAllister and Peterman 1992).

One important concern regarding the proposed experimental design is the possibility that hatchery fish may move into control sites on the West Fork Elochoman.  We consider this to be unlikely because hatchery fish dispersal from stocking sites is known to be limited (Symons 1969; Hume and Parkinson 1987; Close and Anderson 1992).  Moreover, experimental sites will be spaced as far apart as possible to reduce the likelihood of hatchery fish moving into control sites.  It is particularly unlikely that hatchery fish will move into the upstream-most control site because upstream movement of hatchery fish is very limited (Peery and Bjornn 2000).  We have also proposed to establish control sites on the North Fork Elochoman that are certain to remain free of hatchery fish.

A potential treatment that could be included in these experiments would involve increasing fish density in experimental sites by moving wild fish.  Including this treatment would allow us to determine if increases in fish density caused by hatchery releases have different effects on wild salmonids than similar density changes involving only wild fish.  We have not included this treatment because it would involve altering the natural distribution of wild salmonids within the stream.  Growth, survival and behavior data collected as part of these investigations will be collected at several scales under a wide range of densities, and the differential effects of hatchery and wild fish densities will be examined using a regression approach.

c. Rationale and significance to Regional Programs
Supplementation of Pacific salmon and steelhead populations is practiced throughout the Columbia River basin, but the ability of supplementation to recover salmonid populations has not been demonstrated (BPA 1992; Waples et al. in press).  Although it is recognized that supplementation programs for Pacific salmonids may pose risks to wild salmonid populations, there is currently insufficient information to allow a quantitative determination of the potential impacts (ISAB 2001).  The National Research Council (1996), the Independent Scientific Group (1996), and the Independent Scientific Advisory Board (1998) have identified ecological interactions between hatchery and wild salmonids as important factors that may negatively affect wild salmonid populations.  The NMFS FCRPS Biological Opinion (NMFS 2000) calls for research to mitigate ecological risks of hatcheries to wild populations (RPAs 182 and 184). 

This research addresses a key question from the Mainstem/Systemwide Artificial Propagation Summary: “Can we quantify the ecological consequences of hatchery production (and proposed improvements in hatchery practices) in terms of altered survival or wild fish”.  Research proposed here will quantify the impacts of hatchery-reared steelhead on the growth, survival, movement, and behavior of wild salmonids.  The individual-based model that is proposed here will address the key question “What are the appropriate trigger points to implement artificial propagation strategies?”.  The “Future needs” section of the Artificial Propagation Summary states that “Replicated field and laboratory experiments designed to test the effects of interactions from hatchery-released fish on the behavior, growth and survival of wild salmonids should be undertaken.  Quantitative estimates of the effects of competition and predation from released hatchery fish on the growth and survival of wild salmonids are required for the development of models to estimate hatchery-related risks to wild salmonid populations.”  The work proposed here addresses these needs.

d. Relationships to other projects 
 This project has direct links to NATURES research conducted by NMFS at the Manchester Research Station.  Past (BPA contract DE-99-AI-16750) and currently proposed NATURES research (BPA Systemwide proposal) is designed to determine small and medium scale effects of hatchery steelhead on the behavior, growth, and survival of wild salmonids in a laboratory setting.  Results from NATURES research will be used in the development of the individual-based model proposed here.

Ongoing supplementation programs for anadromous salmonids throughout the Columbia basin (e.g., Projects 198909800, 198909801, 198909802, 198909803 – Idaho Supplementation Studies; Projects 198903500, 1990000500 - Umatilla River; Project 199800702 - Grande Ronde Supplementation) will benefit from research conducted under this proposal.  The proposed research will provide data that will be useful in estimating risks and benefits to wild salmonid populations associated with supplementation releases.  The model that is developed as part of this research may be useful in predicting population-level effects of supplementation practices and  determining the conditions under which supplementation is a viable option for recovering threatened or endangered steelhead populations.

PIT tags were first developed for use in fish ecology at the Manchester Research Station (Prentice et al. 1993).  The research proposed here represents an innovative application of PIT tag technology to small streams.  Similar applications of PIT tag technology in the basin would allow researchers to test hypotheses about survival of wild and hatchery fish at small scales.

e. Project history (for ongoing projects) 

This is a new project.

f. Proposal objectives, tasks and methods
The primary goal of this project is to perform a multiscale field experiment designed to determine the effects of the introduction of hatchery-reared juvenile steelhead on the growth, survival, and behavior of wild salmonids in a natural stream.  This study will use an individual-based field approach, which is ideal for estimating growth, survival, and movement of juvenile salmonids (Juanes et al. 2000).  We propose to use PIT tags to monitor individual survival, growth, and movement of wild and hatchery-reared juvenile salmonids in three treatment (hatchery steelhead released) and three control (no releases) sites of the West Fork Elochoman River.  Survival and growth data will be obtained by annual quantitative electrofishing and quarterly seining in experimental sites, and marked fish will be located outside experimental sites quarterly using a portable PIT tag reader.  Data will be collected before (2003) and after (2004-2007) supplementation commences.  On two experimental sites, PIT tag antennas will be installed at the upstream and downstream ends of experimental sites to record movement of marked fish into and out of the sites.  Smolt emigration and adult returns of all marked fish will be monitored by PIT tag interrogation at an instream PIT-tag antenna located near the mouth of the West Fork Elochoman.  This approach will result in multiple individual-level estimates of survival, growth and movement of wild and hatchery-reared salmonids at the stream reach and watershed scales.

In order to examine potential behavioral mechanisms that may cause differences in growth and survival between treatment and control sites, we further propose to use behavioral observations in individual habitat units within experimental sites to estimate the effects of hatchery releases on the habitat use, agonistic behavior, feeding, and territory size of wild juvenile steelhead.  Territory size estimates will be used to estimate the percent habitat saturation (Grant and Kramer 1990, Grant et al. 1998) of habitat units in order to determine how fish density compares to carrying capacity.

The experiments proposed here will generate multiple estimates of growth and survival of wild and hatchery-reared juvenile salmonids at a stream reach scale, and estimates of habitat use and behavior at a habitat unit scale.  Redd counts and PIT-tag interrogation of adults at an instream PIT-tag antenna at the mouth of the West Fork Elochoman will determine the efficacy of supplementation of the steelhead population at the watershed scale.  In order for the proposed experiments to be most useful in Columbia River steelhead management, results from investigations at different scales must be integrated.  We therefore propose to use results generated here, along with data from other investigations undertaken by NMFS at the Manchester Research Station and results from the literature, to develop a spatially explicit, individual-based model to examine the effects of supplementation releases of steelhead on the dynamics of wild steelhead populations.

Outline of OBJECTIVES and TAsks

OBJECTIVE 1:  Determine the effects of HATCHERY-REARED Juvenile steelhead on the growth, surviVal, and Movement of WILD SALMONIDS in A natural stream.

Task 1a.  Conduct habitat survey of the West Fork Elochoman River.

Task 1b.  Perform site reconnaissance, pilot sampling, and power analysis to determine the size of experimental sites. 

Task 1c.  Determine the effects of releasing hatchery-reared juvenile steelhead on the survival, growth, and movement of wild juvenile salmonids in natural streams.
OBJECTIVE 2:  Determine the effects of HATCHERY-REARED juvenile steelhead on the HABITAT USE AND BEHAVIOR of WILD SALMONIDS in A natural stream.

Task 2a:  Conduct pilot snorkeling to locate habitat units for observation of steelhead behavior.

Task 2b:  Determine the effects of releasing hatchery-reared juvenile steelhead on the habitat use and behavior of wild salmonids in natural streams.

OBJECTIVE 3.  EVALUATE THE POPULATION RESPONSE OF STEELHEAD TO SUPPLEMENTATION IN A NATURAL STREAM.

Task 3a:  Conduct steelhead redd surveys in the West Fork and North Fork Elochoman Rivers to evaluate the steelhead population response to supplementation.

OBJECTIVE 4.  DEVELOP A SPATIALLY EXPLICIT, INDIVIDUAL-BASED MODEL TO ESTIMATE THE EFFECTS OF SUPPLEMENTATION RELEASES OF HATCHERY-REARED SALMONIDS ON THE POPULATION DYNAMICS OF WILD SALMONIDS IN NATURAL STREAMS.

Task 4a.  Conduct workshop to develop scope of model.

Task 4b.  Develop conceptual model.

Task 4c.  Program, test, and refine model.
Description of objectives, tasks, and methods

OBJECTIVE 1:  Determine the effects of HATCHERY-REARED Juvenile steelhead on the growth, surviVal, and MOVEMENT of WILD SALMONIDS in A natural stream.

Task 1a.  Conduct habitat survey of the West Fork Elochoman River.

A habitat inventory will be conducted in spring 2003 in the West Fork Elochoman, and will include the entire creek from the mouth to the upstream limit of the distribution of steelhead.  The creek will be divided into reaches based on gradient, channel confinement, and tributary junctions using topographic maps.  A team of two biologists will classify all habitat units in the stream and record the coordinates of all habitat unit boundaries using GPS.  All habitat units will be classified as riffles, pools, flatwaters, step pools or cascades. 

In each habitat unit the field crew will (1) measure the length of the habitat unit to the nearest meter, (2) estimate the wetted width, (3) count the number of pieces of woody debris in the active channel in three size categories (LWD, > 50 cm in diameter and > 3 m long; MWD, > 20 cm in diameter and > 2 m long; SWD, > 10 cm in diameter and  > 1 m long), (4) visually estimate the dominant and subdominant substrate types in each unit, (5) measure depth and velocity on transects, and 6) estimate the maximum depth and tail-out depth of each pool to the nearest cm.  Each habitat unit will be numbered sequentially starting at the most downstream unit near the mouth.

Task 1b.  Perform site reconnaissance, pilot sampling, and power analysis to determine the size of experimental sites.

Results from the habitat survey will be used to locate experimental sites on the West Fork Elochoman River.  To the extent possible, treatment/control pairs of sites will be located within reaches (large-scale stream sites with similar gradient and channel confinement) identified within the river.  Treatment and control sites will be located as far apart as possible from one another to minimize the likelihood that hatchery-reared steelhead will move into control sites. 

Once locations for experimental sites are found, a team of two divers will enumerate salmonids (by species and size class) in habitat units throughout the reach in which sites are to be located.  In order to ensure that adequate numbers of juvenile salmonids are marked and sampled to achieve high statistical power of growth and survival comparisons, the size of experimental sites will be determined based on power analysis that will be conducted after pilot sampling to determine densities of wild salmonids in the West Fork Elochoman River. 

Task 1c.  Determine the effects of releasing hatchery-reared juvenile steelhead on the survival, growth, and movement of wild juvenile salmonids in the West Fork Elochoman River.. 

This experiment will be conducted to test the following null hypotheses:

1.  Survival, growth, and movement of juvenile wild salmonids do not differ among stream sites where hatchery-reared juvenile steelhead are released and control sites where no fish are released.

2.  Fish density has no effect on the growth, survival, and movement of wild juvenile salmonids.

We will establish paired treatment and control sites within defined reaches of the West Fork Elochoman in spring 2003.  Approximately 3,000 hatchery-reared juvenile steelhead will be released into each of three treatment sites on the river  in summer 2004 - 2007; control (no fish stocked) sites will be located upstream of each treatment site.  Three additional control sites will be established on the North Fork Elochoman River, a nearby tributary of similar size where no supplementation releases will take place.  Steelhead will be reared under standard protocols for conservation hatcheries (Flagg et al. 1999) and will be released as yearlings in early summer.  All juvenile steelhead will be implanted with PIT tags and given a visible elastomer mark (to facilitate identification of hatchery fish by divers) prior to release.

We propose to determine how hatchery releases affect the growth and survival of wild juvenile salmonids using a combination of PIT tag technology, seining, and repeated quantitative electrofishing.  Three-pass electrofishing will be conducted in all experimental sites at the beginning of the experiment (spring 2003) and all wild salmonids captured will be measured, weighed, finclipped, and those that are large enough (>60 mm) will be implanted with PIT tags.  Block nets will be placed between habitat units within each experimental site and the habitat unit will be recorded for each fish captured.  Three-pass electrofishing will also be conducted in all experimental sites in autumn 2003 - 2007 using the same protocol, and unmarked fish will be finclipped and PIT-tagged.  

All experimental sites will be sampled quarterly (spring, summer, autumn, winter) by night seining.  All fish captured will be interrogated for PIT tags, measured, weighed, and their location within the site will be recorded.  PIT-tagged fish will be located quarterly outside of experimental sites using a portable PIT-tag detector (Roussel et al. 2000) linked to a GPS unit.  The entire length of the West Fork Elochoman (from the mouth to the upstream limit of the distribution of steelhead) will be surveyed quarterly with the portable detectors.  Using the portable detectors will allow us to examine longer-range movement by wild and hatchery fish and will provide supplementary data for survival estimation.

At two experimental sites (one treatment/control pair), a pair of instream PIT tag antennas will be installed at each end of the site and will be operated continuously throughout the experiment.  The antennas will record directional movement of all PIT-tagged fish into or out of treatment and control sites.  PIT tag interrogations elsewhere in the river will allow the determination of survival to smolt and adult life stages.  An instream PIT-tag antenna located near the mouth of the West Fork Elochoman will interrogate all smolts that emigrate from the West Fork and all adults that return.  Continuous-recording thermographs will record stream temperatures in experimental sites over the duration of the project.  Stream discharge will be estimated at each site visit.  Instream PIT tag antennas and associated electronics will be constructed and maintained by project personnel based on designs developed and tested at the NMFS Manchester Research Station.

Electrofishing data will be used to compute maximum-likelihood removal estimates of species-specific salmonid abundance within each habitat unit of each experimental site.  Data on fish size from electrofishing and seining will be used to compare growth between treatment and control sites, and survival will be estimated using maximum-likelihood mark-recapture models (Burnham et al. 1987; Lebreton et al. 1992; White and Burnham 1999).  Estimates of the growth and survival of wild juvenile salmonids will be compared between treatment and control sites in each of five years (2003-2007).  

OBJECTIVE 2:  Determine the effects of HATCHERY-REARED juvenile steelhead on the HABITAT USE AND BEHAVIOR of WILD SALMONIDS in A natural stream.

Task 2a:  Conduct pilot snorkeling to locate habitat units for observation of steelhead behavior.   

This research will be conducted in individual habitat units within the sites identified under Objective 1.  Teams of two divers will snorkel within the experimental sites and locate habitat units that have sufficient densities of juvenile steelhead to provide sample sizes large enough to achieve high statistical power of behavioral comparisons between treatment and control sites.  The habitat use, agonistic behavior, feeding, and territory size of juvenile steelhead will be estimated at the selected sites as described below. 

Task 2b:  Determine the effects of releasing hatchery-reared juvenile steelhead on the habitat use and behavior of wild salmonids in natural streams.

This experiment will be conducted to test the following null hypotheses:

1.  Habitat use, agonistic behavior, feeding, and territory size do not differ among wild juvenile steelhead in stream sites where hatchery-reared juvenile steelhead are released and control sites where no hatchery fish are released.

2.  Fish density has no effect on the habitat use, agonistic behavior, feeding, or territory size of wild juvenile steelhead.

In order to investigate potential mechanisms for differences in growth and survival of salmonids between treatment and control sites, we propose to use underwater observations to estimate the effect of supplementation releases on the habitat use, agonistic behavior, feeding, and territory size of wild and hatchery-reared juvenile steelhead in treatment and control sites.  Underwater observations will be used to quantify territory size and habitat use of juvenile steelhead within habitat units at each experimental site before and after hatchery fish are released.  Observations will be conducted at the habitat unit scale, i.e., in individual pools, runs, or riffles within the experimental sites established under Objective 1. 

Behavioral observations will be undertaken four times annually (spring, summer, autumn, winter) within selected habitat units at each experimental site, and will include pre-treatment observations (before juvenile steelhead are stocked each year).  Two divers will enter selected habitat units from downstream and approach territorial juvenile steelhead slowly to avoid disturbing them.  Divers will observe each territory-defending wild juvenile steelhead for 10-20 minutes and record the locations and type of feeding forays and aggressive acts on a map of the stream bottom drawn on a slate.  The length of each fish observed will be estimated using substrate landmarks.  After behavioral observations are completed, the total number of fish of all species in the habitat unit will be enumerated by the divers.  The distances between locations of feeding and aggressive acts on each territory mapped will be measured directly on the stream substrate, and habitat variables (water column depth and mean velocity, focal depth and velocity, substrate size, distance from shore) at the fish’s position will be measured.  Observations from treatment and control sites will be compared to determine if the habitat use, agonistic behavior, feeding, or territory size of wild fish are affected by supplementation releases.  Territory size estimates will be used to estimate the percent habitat saturation (Grant and Kramer 1990; Grant et al. 1998) of individual habitat units.   

OBJECTIVE 3.  EVALUATE THE POPULATION RESPONSE OF STEELHEAD TO SUPPLEMENTATION IN A NATURAL STREAM.

Task 3a:  Conduct steelhead redd surveys in the West Fork and North Fork Elochoman Rivers to evaluate steelhead population response to supplementation.


This task will performed to test the following null hypothesis:

1. Supplementation of the steelhead population of the West Fork Elochoman River does not affect adult abundance.

Annual redd counts will be conducted on the West Fork and North Fork Elochoman Rivers during the period 2003-2007.  This will allow the collection of two years of pre-treatment data (2003, 2004) that can be compared to post-treatment data collected in 2005-2007.  Differences in annual redd counts between the West and North Forks will be used to estimate the population response to supplementation in the West Fork.  Two biologists will survey the length of both streams, identifying, marking, and recording the location (by GPS) of each redd located.  Redd surveys will be conducted twice weekly during the spawning season.

OBJECTIVE 4.  DEVELOP A SPATIALLY EXPLICIT, INDIVIDUAL-BASED MODEL TO ESTIMATE THE EFFECTS OF SUPPLEMENTATION RELEASES OF HATCHERY-REARED SALMONIDS ON THE POPULATION DYNAMICS OF WILD SALMONIDS IN NATURAL STREAMS.

The individual-based field approach that we propose may produce a number of insights regarding the effects of supplementation releases on wild salmonids at the habitat unit and stream reach scales (Juanes et al. 2000), but the results would be most useful for management purposes if they could be used to predict the effects of supplementation at the watershed scale.  Individual-based models of stream fish populations can be used to simulate the movement and behavior of individual fish in heterogeneous environments and predict population dynamics at various scales.  Individual-based models have previously been applied to describe the mechanistic basis for complex population-level processes in salmonid populations (Clark and Rose 1997; Jager et al. 1997; Tyler and Rose 1997; Van Winkle et al. 1998) and have been used to estimate population-level parameters from individual behavior in other taxa (e.g., Goss-Custard et al. 1995).  
We propose to develop a spatially explicit, individual-based model of a supplemented population of steelhead based on results from Objectives 1 and 2 and other data from our laboratory and the literature.  The model will be designed to explicitly estimate benefits and risks to wild salmon populations that are related to supplementation programs, and will incorporate the effects of a variety of variables, including wild fish density, stocking density, habitat quality, stream flow, temperature, and fish movement.  For example, risks associated with stocking practices might be estimated based on wild fish density, stocking density, the carrying capacity (habitat quality) of habitat units, wild and hatchery fish sizes, and other factors.  

Individual-based models have not been widely used in ecology, probably due to difficulties with user interfaces, inappropriate assumptions used in some models, and the lack of a unifying theoretical framework (Railsback 2001).  The modeling approach that we propose will involve allowing model fish to make behavioral decisions based on maximizing fitness over medium to long time scales rather than imposing behavioral rules that fit observed data (cf. Railsback and Harvey 2001).  We also propose to pay particular attention to the user interface to ensure that the model is easy to use and that patterns of individual behavior can be observed to facilitate model testing.  Extensive documentation of the model will be developed as the model is being constructed.
The habitat of the West Fork Elochoman River will be represented by a digital habitat map based on the habitat inventory conducted under Task 1a.  The map will consist of the sequence and habitat characteristics of all habitat units in the river upstream of the mouth.  Although details of the final model structure will be determined at a scoping workshop (Task 3a), the general structure of the model will involve tracking individual fish through habitat units (in the two-dimensional representation of the West Fork Elochoman River) that vary in habitat quality, fish density, prey availability, predation risk, and other factors.  Behavior, growth, survival, and movement of individual wild and hatchery fish will be simulated and used to predict population responses to supplementation.

It is our intent to produce a model with expandable modular components that will have built-in flexibility for incorporating future data.  This approach will ensure that the model will be most useful, and can be improved by iterative testing and validation.  For example, future experiments may reveal new small-scale behavioral mechanisms that could be incorporated into the appropriate module. The modular nature of the model will facilitate future modifications and will maximize the applicability of  the model for management purposes.  Modules will be designed to operate independently and could be used to examine small-scale behavioral mechanisms.  

The model proposed here may ultimately provide a tool to determine when supplementation programs should be undertaken and to predict if supplementation is likely to be successful.  The model could also be used to identify critical uncertainties related to salmon and steelhead supplementation and to guide future research. 

Task 4a.  Conduct workshop to develop scope and structure of model.

We propose to hold a workshop to convene Columbia River Basin stakeholders and international experts on salmonid population dynamics, behavioral ecology, and salmonid supplementation to discuss the development of the supplementation model.  This workshop is necessary to determine the scope and structure of the model.  Workshop participants will assist in identifying existing models and relevant literature, determining the likely user groups for the model and identifying their needs, and developing a draft conceptual model.  The workshop will be held in 2003.

Model development will be overseen by the principal investigators and a postdoctoral fellow under the supervision of Dr. Kurt Fausch at Colorado State University.  An advisory team that will be identified at the scoping workshop will review the conceptual model and drafts of the final model.  Extensive peer input and review of the model will ensure that it is useful in Columbia River steelhead management.  

Task 4b.  Develop conceptual model

Drawing on the results of the scoping workshop, the model team will review all relevant information and make technical decisions about model structure, including determining the programming environment, functional relationships, time steps, and spatial resolution, and developing the user interface and documentation.  A conceptual model will be produced which will be reviewed by the advisory team (selected at the scoping workshop) before model construction begins.  
Task 4c.  Program, test, and refine model.

After the conceptual model has been reviewed, the model will be programmed, tested and refined.  We intend to program the model to incorporate the results of research proposed here and other relevant data from our laboratory and the literature, and to incorporate the level of uncertainty associated with such data.  Individual modules will be tested and calibrated as they are designed to ensure that functions work as expected and that parameter ranges produce sensible results.  Sensitivity analysis will be conducted to determine how model predictions are related to variability in individual modules and parameters.  Model results will be tested by comparison with field data from Objectives 1, 2 and 3.

g. Facilities and equipment
Adult steelhead will be captured from the Elochoman River and spawned by WDFW personnel at the Elochoman hatchery.  The progeny will be reared at the hatchery under conservation hatchery protocols and released into treatment sites.  WDFW personnel will conduct fish marking. 

The individual-level approach that we propose is very labor-intensive.  Most project costs are personnel, contracts, and supplies necessary to construct and maintain state-or-the-art instream PIT-tag interrogation systems.  Four persons will be hired to conduct fieldwork, data analysis, and model development.  One postdoctoral fellow will be hired through Colorado State University, and one research biologist and two technicians will be hired by WDFW.  Instream PIT-tag antennas will be constructed using project funds based on designs that have recently been developed and tested at the Manchester Research Station.
Statistical analysis of data and report preparation will be undertaken using computing facilities and software at Manchester and at the NMFS Northwest Fisheries Science Center (NWFSC) in Seattle.  Operating supplies (PIT tags, antennas, transceivers, dry suits, diving gear, electrofishing equipment, thermographs, block nets) will be purchased with project funds.  One vehicle will be leased with project funds. 
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