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a. Abstract

The abundance of organisms in streams is thought to be related to the availability of nutrients within in the ecosystem. For streams that act as the spawning and rearing grounds for anadromous salmonid fish, the carcasses of adult fish that decay after spawning provide a major source of nutrients. Because of the drastically declining numbers of Columbia watershed salmonids, a loss of marine-derived nutrients may have significantly reduced the capacity of streams to support sufficient numbers of juvenile fish. In this project, we propose a study to evaluate whether adding low-levels of inorganic nutrients to oligotrophic rearing streams can significantly increase the abundance of salmonid fish. Our study will experimentally compare the abundance of organisms in fertilized and unfertilized streams at three trophic levels. We will quantify the functional relationship between nutrient availability and each major trophic level that forms the basis of the food web supporting salmonid fish. In addition, our study will evaluate how changes in nutrient availability influence the space requirements of salmonid fish as well as the abundance of habitat that falls within the range required to meet the energetic demands of salmonids. To our knowledge, this is the first study of its kind to experimentally evaluate the importance of nutrient availability on the abundance of salmonid fish in the Columbia watershed. We believe this study can provide the information necessary to determine whether nutrient supplementation will significantly improve the quality of habitat and the abundance of salmonid fish that are currently under great threat of extinction. 

b. Technical and/or scientific background

The productivity of stream ecosystems has often been linked to the availability of nutrients that are thought to control the biomass of organisms by through 'bottom-up' effect (Peterson et al. 1993). In streams with anadromous populations of salmonid fish, a major source of nutrients is delivered to watersheds from the carcasses of adult fish that spawn and die in the stream (Kline et al. 1990, Bilby et al. 1998). The availability of inorganic nutrients in streams is often a function of a watershed's underlying geology as well as the topography and precipitation regime. In watersheds with erosion-resistant granitic rocks, marine-derived nutrients are particularly important because streams overlay geologic areas that do not naturally leech high levels of nutrients from the substrate. In streams that lose the annual input of nutrients from the carcasses of adult fish, aquatic ecosystems are likely to experience a system-wide decline in productivity (Michael 1995).

In the Columbia River watershed of the Pacific Northwest, the decline of anadromous salmonids is well documented (Federal Caucus 2000, NMFS 2000). Stocks of salmonid fish that once numbered in the hundreds of thousands in number and millions of tons in biomass are now extinct in many watersheds or at only a small fraction of their historical size in many others (Nehlsen et al. 1991, Federal Caucus 2000, NMFS 2000). Although, the population declines of anadromous fish from the Columbia watershed are a result of a variety of factors including habitat alteration, overharvesting and fish passage problems, the life cycle of migratory fish is such that a negative feed back loop tends to accelerate declines because of lost nutrients. For example, in addition to the drastically declining numbers of adult fish that determine whether a spawning stream is fully seeded with juvenile fish, the loss of marine-derived nutrients lowers the upper limit or carrying capacity of a stream for salmonids. By reducing the availability of nutrients, the standing crop of primary producers in streams, such as periphyton, will also decline. In turn, this decline in primary producers reduces the abundance of stream invertebrates, which form the primary food supply for stream salmonids. A reduction in food abundance will lower the maximum density of salmonid fish and tend to accelerate the rate of population decline by producing fewer and fewer recruits to the adult population (Deegan and Peterson 1992). 

Because of the well-known relationship between indices of nutrient levels and fish abundance (Mcfadden and Cooper 1962) researchers have long speculated that the addition of nutrients might increase the standing crop of organisms in the upper trophic levels. Some of the first tests of this hypothesis came from the fertilization of sockeye salmon rearing lakes (LeBrasseur et al. 1978, Stockner 1987). More recently, nutrient enrichment has been used as a restoration technique for nutrients lost in lake and reservoirs following impoundment (Ashley and Slaney 1997). In these lentic ecosystems, significant increases have been observed in levels of plankton and fish abundance following nutrient supplementation (Stockner 1987). 

In stream ecosystems, density-dependent growth, mortality and emigration are commonly observed in populations of salmonid fish, indicating that competition for available resources is often intense (see Grant and Kramer 1990 for a review). Because salmonid fish often defend feeding territories in streams (Kalleberg 1958, Elliott 1990, Keeley and McPhail 1998), competition for space and the availability of food resources has often been linked to the carrying capacity of streams (Chapman 1966, Allen 1969, Grant and Kramer 1990). If individuals defend space in streams and can exclude competitors from their territories, then the maximum density of a stream occurs when all usable habitat becomes occupied by territories of a minimum size. However, the amount of space required for a feeding territory will depend on the availability of food such that fish, which occupy relatively rich territories, will require smaller areas than in habitat with low food availability. Studies of coho salmon (Mason 1976) and steelhead trout (Keeley 2000a) in stream channels have found that growth, survival and densities of juvenile fish remain higher in experimental treatments with high levels of food abundance than in treatments with lower levels of food abundance. 

In natural streams, several studies have found correlative evidence that suggests density and growth of salmonids is higher at higher levels of nutrient availability (McFadden and Cooper 1962, Bowlby and Roff 1986, Gibson and Haedrich 1988). Taken together, past studies suggest that in  streams with low levels of nutrients, the biomass of organisms can be increased by removing the effect of nutrient limitation. Following this reasoning, researchers in Alaska and British Columbia have added nutrients to oligotrophic streams to determine its effect on ecosystem productivity. These studies have shown major changes in the biomass of primary producers such as a 10-fold increase in epilithic algae and diatoms (Peterson et al. 1985, Johnson et al. 1990). Benthic insects that form the primary food supply for stream-dwelling salmonids, also seem to respond favorably to increased nutrient abundance. For instance, blackfly larvae in the Kuparuk River of Alaska (Hershey et al. 1988) increased in length size by 15% and the density of benthic insects increased by an impressive average of 219 % in four British Columbia streams, following fertilization (Slaney and Ward 1993, Slaney et al. Toth et al. 1996, 1997).

While the effect of nutrient supplementation on primary and secondary trophic levels in streams seems convincing, the effect on fish populations is not as clear. Adult Arctic grayling in the Kuparuk River exhibited significant increases in growth and condition in fertilized reaches of the stream, presumably as a result of an increased abundance of insects (Deegan and Peterson 1992). Similarly, in the Keogh River in British Columbia, fertilization resulted in an increased size for juvenile steelhead trout and coho salmon (Johnston et al. 1990) as well as a decrease in age and an increase in size for emigrating smolts (Slaney and Ward 1993). Although increased size may lead to greater probability of survival, because no consistent assessment of survival was made in either river, it is difficult to know whether increased size of fish will translate into population increases. 

Despite the success of nutrient supplementation in reversing the decline of fish populations in lake ecosystems of the Columbia watershed (Ashley et al. 1997), we know of no similar effort to rehabilitate fish populations through stream fertilization. Given the drastic declines in returning anadromous fish and the importance of the marine derived nutrients to the stream ecosystems, we believe stream fertilization may offer a valuable tool for increasing the abundance of juvenile salmon and trout that ultimately form the reproductive component of the population. Our study will not only evaluate whether this technique is applicable in streams of the Columbia watershed; we also will quantify changes in the stream ecosystem that will allow managers to estimate the potential benefit of this technique on a wider scale. Nutrient supplementation is predicted to increase fish abundance by increasing the biomass of organisms that form the basis of the food supply for stream fishes (Peterson et al. 1993, Deegan and Peterson 1992). In this proposal, we outline an experimental field study designed to evaluate the effect of low-level fertilization on the abundance of organisms in nutrient deficient streams. By examining the abundance of organisms at three trophic levels, we intend to quantify the functional relationship between nutrient availability and the biomass of organisms that form the basis of the food supply for stream-dwelling salmonid fish. 

c. Rationale and significance to Regional Programs

Strategies to rehabilitate stream habitat offer an opportunity to significantly improve the precarious condition of Columbia watershed salmonids (NMFS 2000). However, improving habitat conditions requires identifying areas of concern and developing restoration techniques to solve problems that have contributed to declining habitat conditions. Although a number of areas have been identified for habitat improvement, both the Conceptual Recovery Plan and the Biological Opinion consider the loss of marine derived nutrients to be an area of concern because of the important link between decaying fish carcasses and stream productivity (NMFS 2000, Federal Caucus 2000). In addition, the Northwest Power Planning Council has also expressed an interest in examining the role of nutrient availability within stream ecosystems as a rehabilitation strategy (CBFWP 2000). Our study offers the opportunity to evaluate the potential benefit of low-level fertilization in nutrient deficient streams as means of increasing the growth, survival and abundance of outmigrating salmon and steelhead trout from streams in the Columbia watershed.

In addition to addressing habitat problems, Federal agencies supporting the habitat restoration option for the Columbia watershed have decided to recommend focusing attention on subbasins with significant potential improvement for productive capacity (Federal Caucus 2000). These streams are thought to have the greatest potential for increasing the production of outmigrating salmonids because of either relatively good physical habitat conditions or because most sources of fish mortality can be addressed. While at least some improvements may be accomplished by addressing flow, passage and screening problems, many of the streams lie in subbasins that have an underlying geology that may cause nutrient limitation. For instance, the priority subbasin that encompasses the Upper and Lower Middle Fork of the Salmon River as well as the upper Salmon and the Lemhi rivers all have tributary spawning streams with either undetectable or very low levels of dissolved nitrogen and phosphorus (USDA 1994). Despite efforts to improve habitat conditions in streams, the true capacity may not be realized without dealing with nutrient limitation. Our study offers the opportunity to evaluate how nutrient supplementation may improve the carrying capacity of many of these important subbasin streams identified for priority action.  

A cornerstone to maximizing success of any biological recovery program is thought to be dependent on a management approach that can evaluate and quantify the success of different techniques (Walters and Green 1997). Experimental approaches with treated and untreated conditions offer the greatest amount of information to quantify the expected benefit that might be returned by applying a technique over a much wider scale. Our study will evaluate the effects of nutrient supplementation at both a within and between-stream comparison. By monitoring responses in untreated stream sections and comparing responses to fertilized sections, we can control for within-stream variability. However, in order to estimate between-stream variability in response to treatment effects, our study will also be replicated at the level of the stream. Hence, our study offers a quantitative approach, with a technique that may offer a significant ability to help restore or replace enhance the historical carrying capacity of many rearing streams in the Columbia watershed. Our quantitative, experimental approach, is the preferred method recommended in the research, monitoring and evaluation component of the Salmon Recovery Program (NMFS 2000) because of its importance in developing 'performance standards' discussed in the latest recovery plan (Federal Caucus 2000). 

d. Relationships to other projects 

One of the difficulties assessing the effects of habitat improvement on the abundance of salmonids in the Columbia watershed is that many streams have either lost their fish population or individuals are so rare that it will be difficult to determine any treatment effect. Our study will marry a current program within the Salmon River watershed that will allow us to fully saturate habitat will juvenile fish at the beginning of each year of the program. The Streamside Incubation Program was started in 1995 by a collaboration of organizations: including the Idaho Model Watershed Program, The Shoshone-Bannock Tribe (Fisheries and High School Program), USDA-Forest Service, and Idaho Fish and Game Department. The idea behind this program was to first allow embryos of anadromous salmonids to experience as near a natural incubation regime as possible, within or close to the rearing stream, then allow emerging fish to feed and grow naturally within the rearing stream. Many of the problems associated with hatchery-based rearing programs are thought to begin with behavioral conditioning that the fish receive while being fed in high density, hatchery ponds and troughs. Hatchery-reared fish often exhibit a diminished tendency for predator vigilance or increased levels of aggressiveness (Swain and Riddell 1990, Johnsson and Abrahams 1991). When released into natural environments, this behavioral conditioning is though to produce individuals that have little chance for survival (Meffe 1992). In contrast, individuals that rear in natural streams have higher levels of predator vigilance and often have greater rates of survival than hatchery fish (Reisenbichler and McIntyre 1977). Hence, while insufficient numbers of adult fish currently return to many spawning areas to fully saturate rearing streams, out-planting embryos for natural incubation and rearing may offer an opportunity increase the number of out-migrating salmonids. For the purposes of our study, the Streamside Incubation Program offers an ideal method of experimentally saturating rearing habitat for both fertilized and unfertilized streams. By monitoring both treated and untreated streams at high fish densities, we can assess treatment effects not only on primary and secondary trophic levels, but also directly on the growth, survival and abundance of juvenile salmonid fish. Finally, our study also supports the revised role that hatcheries are planned to play in the recovery of Columbia River salmonids because of the new emphasis being placed on providing natural rearing conditions for hatchery fish (NMFS 2000). Our study will take advantage of this initiative through the streamside incubation program supported by hatcheries in a priority subbasin that uses locally-adapted stocks. 

e. Proposal objectives, tasks and methods

Objectives
 

1.
The primary objective of our study will be to quantify the effects of nutrient supplementation on the abundance of organisms within the stream ecosystem. If the abundance of organisms is limited by nutrient availability in oligotrophic streams, we predict that supplementing nutrients will produce significant increases in biomass at each trophic level. Because nutrient supplementation is predicted to increase biomass through a "bottom-up" effect, it is will be important to monitor changes in abundance at each of these levels.  By monitoring potential changes, we will to be able to determine whether fertilization produces significant increases in biomass at each level; however, we will also be able to quantify the functional relationship between nutrient availability and each subsequent trophic level, including the biomass of salmonid fish. Although significant increases in biomass may occur at all trophic levels, whether or not a proportional increase occurs from one level to the next is unknown. For example, fertilization may lead to a 10-fold increase in invertebrate abundance, but it may or may not lead to a proportional increase in salmonid fish abundance (Grant et al. 1998). We believe this empirical relationship will be useful in evaluating the potential for increasing the production of salmonid fish from streams by increasing nutrient availability. A biologist will be recruited in year 1 to establish and conduct a sampling routine under the direction of the principle investigators. The biologist will oversee the sampling program, data management and will aid the principle investigators in producing annual progress reports and manuscripts for publication in peer-reviewed journals.

List of objectives:

(a) The initial phase of the project will be to establish study streams, obtain permits for sampling and nutrient supplementation, and collect baseline data on ambient nutrient levels in streams.

(b) We will assess changes in the abundance of primary producers, such as periphytic algae, and diatoms, which form the biological basis of food web structure in streams. This task will be conducted during years 1-3.

(c) Benthic invertebrates in streams are composed of both primary and secondary consumers because some feed directly on primary producers, while others are predators of grazing insects. In addition, benthic insects form the basis of the food supply for stream-dwelling salmonids. We will assess changes to this next trophic level by measuring the abundance of benthic invertebrates over the course of the experiment. This task will be conducted during years 1-3.

(d) Ultimately, we are interested in determining whether nutrient supplementation significantly enhances growth and survival of salmonid fish. We will determine the proportional change in abundance with nutrient supplementation. We plan to assess treatment effects by quantify changes in density, biomass and growth of salmonid fish in treated and untreated study reaches. This task will be conducted during years 1-3.

2.
Because of the occurrence of feeding territories in stream-dwelling salmonids, maximum density of salmonids in streams has long been thought to be linked to food and space competition (Chapman 1966, Allen 1969). Once a habitat becomes fully saturated with territories of a minimum size, no other individuals are able to settle and the maximum density of salmonids is reached (Elliott 1990). Recent studies have found that the maximum density of salmonids in streams may be predicted based on space requirements of individuals (Grant and Kramer 1990, Elliott 1993). Despite the potential importance of space requirements in quantifying the carrying capacity of a stream, few studies have documented territory size or how it varies according to different levels of stream productivity. Increasing food availability in streams has the potential to increase carrying capacity, because individual fish will have relatively smaller space requirements to meet energetic demands. We plan to determine how space requirements may be influenced by productivity by increasing levels of food abundance through nutrient supplementation. We predict that streams that are nutrient supplemented will support salmonid fish with smaller territories and higher densities.

A graduate student, under the direction of ISU faculty, will be recruited in year 1 to begin this project. The project status will be available in annual progress reports and final results will be presented in a graduate thesis (completed by year 3). The student will also be responsible for producing a manuscript that will be submitted to a referred journal (e.g. Transactions of the American Fisheries Society, Canadian Journal of Fisheries and Aquatic Sciences).

3.
A separate but related issue to the effects of nutrient supplementation on space requirements is the effect on the availability of suitable habitat. Because of the complex flow patterns in streams, invertebrate abundance is carried and produced at different rates across the stream profile. Stream-dwelling salmonids are thought to select foraging sites as a trade-off between maximizing energy intake and minimizing energy expenditure (Fausch 1984, Hughes and Dill 1990). Deeper, faster areas of the stream tend to carry more invertebrate drift, but are more costly to forage in because of increased energy demands from swimming in higher current velocity. Only those areas of the stream that allow individual fish to maintain a positive energy budget can be considered as suitable habitat. Although many studies have attempted to measure habitat quality based on features such as current velocity, water depth or substrate size, the ability to use these characteristics to predict fish abundance has been relatively poor (Fausch et al. 1988). Despite the importance of food availability in determining salmonid abundance, few studies have attempted to quantify habitat quality based on the availability of invertebrate drift; the primary food source for stream-dwelling salmonids (but see Wilzbach et al. 1986).

Although physical stream characteristics are undoubtedly related habitat quality (Bjornn and Reiser 1991), if invertebrate abundance does not meet the minimum requirements for energetic demands, then fish are unable to survive regardless of the quality of physical habitat. Currently there is no measure of habitat quality available based on the requirement of food availability. We plan to quantify habitat quality based on patterns of invertebrate availability. Using our measures of food availability over salmonid territories (objective 2) we will map patterns of invertebrate abundance over a variety of habitat types (riffles, runs, pools) to determine the proportion of the stream that falls within the range required by salmonids. We predict that food availability and the proportion of usable habitat will increase in nutrient supplemented streams because of an increase in invertebrate abundance.

A graduate student, under the direction of ISU faculty, will be recruited in year 1 to begin this project. The project status will be available in annual progress reports and final results will be presented in a graduate thesis (completed by year 3). The student will also be responsible for producing a manuscript that will be submitted to a referred journal (e.g. Transactions of the American Fisheries Society, Canadian Journal of Fisheries and Aquatic Sciences).


Tasks and Methods
 

[image: image1.wmf]control reach

enriched reach

study section

1

study section

2

study section

3

study section

4

study section

1

study section

2

study section

3

study section

4

control reach

enriched reach

study section

1

study section

2

study section

3

study section

4

study section

1

study section

2

study section

3

study section

4

treated

stream 1

control

stream 1

treated

stream 2

control

stream 2

flow

flow

flow

flow


Our study is designed to test the effects of nutrient supplementation on stream ecosystems in a replicated field experiment. Using the Salmon River subbasin, we will select 4 streams to be used in our study. Although we recognize that no two streams are identical and that inter-stream variability may obscure treatment effects, our experiment will provide valuable information despite inter-stream differences. If nutrient supplementation is to be considered a truly important technique for restoration, its effect size will have to be sufficiently large so as to overwhelm any inter-stream variability once we have attempted to control for as many differences as possible. In our study, we propose to select streams based on similarities in measures of water chemistry, stream gradient, and riparian vegetation structure as well as invertebrate and salmonid abundance. The Stream Ecosystem Baseline Survey indicates that there are at least 10 canditate streams available in the upper Salmon River watershed (USFS 1994; Fig. 1).  

Figure 1. Location of potential study tributary streams in the upper Salmon and Lemhi watersheds, Idaho.

Two of these streams will receive phosphorous and nitrogen supplementation in the form of liquid fertilizer. Within each fertilized stream an upstream control area will be established above the point of nutrient delivery to the stream. In both the fertilized and control reach of a treated stream, two study sections will be established where we can monitor changes in the abundance of organisms over time. Two additional streams will be continually monitored throughout the program, each with 4 study sections, but these sections will not receive any nutrient supplementation (Fig.2).
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Figure 2. Experimental design for nutrient supplementation experiment. Enriched reaches are those sections of the streams where nutrients will be added from liquid fertilizer.

In this study our overall goal is to compare differences in the abundance of organisms between streams and stream sections that receive nutrient supplementation versus those that do not. Because of the rapid reproductive rates and colonization abilities of periphyton and benthic invertebrates, nutrient supplementation should have measurable differences on primary and secondary trophic levels within the first season of fertilization (Peterson et al. 1993). Ultimately, we wish to determine whether any changes in lower trophic levels is reflected in populations of stream fishes. This presents a problem because many populations are at such depressed levels of abundance that fish are comparatively rare in many streams (NMFS 2000). In order to provide an unambiguous test of stream fertilization on salmonid abundance, fish must occur at sufficiently high densities to determine whether growth and survival are significantly improved by nutrient supplementation.  We intend to equalize densities of fish between streams by using the Streamside Incubation Program to supplement populations. This program has the benefit of mimicking the natural freshwater component of anadromous salmonids by allowing fish to incubate and emerge in a natural manner within the study streams. Each of the study sections in all streams will receive an incubator with a sufficient number of salmonid embryos to saturate all available habitat once juvenile fish have emerged from the incubation site. Our estimate of habitat saturation will be based on Grant and Kramer's (1990) model of maximum density for salmonid fish in streams. Because the streams in the Salmon River watershed historically supported large numbers of juvenile steelhead trout and because steelhead embryos are readily available from the local hatchery, we will focus on using steelhead trout for the purposes of our experiment. 

1.
Measures of organism abundance at each trophic level are crucial to testing the effects of nutrient supplementation on the stream ecosystem. We will collect samples from all study sections to estimate abundance during the regular spring-summer growing season (May to October). Water chemistry samples will be processed immediately following collection, whereas information on periphyton, invertebrate fish abundance will be stored for later analysis during the fall and winter months. For each trophic level, our null hypothesis is that there is no effect of nutrient supplementation on the abundance of organisms in streams. All statistical comparisons will be made using an Analysis of Variance with environmental covariates added to statistical models as required (ANCOVA).

(a) Previous assessments indicate that ambient nutrient concentrations of tributary streams in the Salmon and Lemhi Rivers are low (USFS 1994). Soluble reactive phosphorus (SRP) and total dissolved phosphorus are often less than 1 and 5 (g/L, respectively. Dissolved inorganic nitrogen (DIN; nitrate + nitrite + ammonia) is usually less than 20 (g/L. Previous studies of periphyton growth rates indicate that algal cells become saturated and increase at maximum rates when SRP reaches concentrations of 3-4 (g/L (Bothwell 1985). Stockner and Shortreed (1978) found that by adding inorganic nitrogen as well as phosphorus, chlorophyll a levels experienced an additional 10-fold increase in a Vancouver Island stream. In order to increase nutrient abundance in treated streams, we intend to add liquid fertilizer in the form of ammonium phosphate and urea nitrate to provide a target concentration of soluble reactive phosphorus of 15-20 (g/L and 200-400 (g/L of nitrogen. Although there are some data available on nutrient concentrations in many of the Salmon and Lemhi Rivers, our first task will be to establish consistent water collection sites for water chemistry and provide baseline measures of nutrients in our study streams. Once we have established ambient nutrient concentrations, we can begin adding inorganic fertilizer to reach target concentrations. To ensure that we maintain saturated levels of nitrogen and phosphorus we will collect bi-weekly water samples for nutrient analysis and measures of stream discharge, allowing us to adjust fertilizer drip rate as required.

(b) We will monitor the abundance of periphyton and epilitic algae by collecting monthly samples of a given surface area from the stream substrate and from 10 by 10-cm clay tiles anchored in both fertilized and unfertilized study sections. Each sample will be analyzed for density, size distribution, biomass and taxonomic composition of primary producers. 

(c) Invertebrate abundance in streams has been traditionally been measured by two primary methods. Surber samplers estimate invertebrate abundance by delineating an area over the stream substrate and collecting all invertebrates that are disturbed from the surface into an adjacent net. Drift samplers passively filter invertebrates from the water column by collecting them in a fine mesh net anchored into the stream substrate. We plan to measure invertebrate abundance using both techniques because benthic samplers have been shown to detect differences in invertebrate abundance based on nutrient availability (Johnston et al. 1990). However, we know of no study that has compared drifting invertebrate abundance according to nutrient availability. Because stream-dwelling salmonids feed primarily on drifting aquatic invertebrates (Radar 1997, Keeley and Grant 1997) it will be important to compare changes in food abundance as directly as possible. However, because changes in the standing crop of invertebrates on the stream substrate may not lead to directly proportional change in the abundance of drifting invertebrates and therefore food abundance for salmonids, we intend to quantify where the relationship to salmonid abundance and nutrient availability might weaken. In addition to the changes in density that we predict should occur in treated sections of stream, changes in biomass of organisms may also occur through increased size (Hershey et al. 1988). Hence, we will also compare size of insects and the taxonomic composition of invertebrate samples throughout the experiment. Finally, because there are well-documented seasonal declines in invertebrate abundance (O'Hop and Wallace 1983, Allen 1987, Keeley and Grant 1997), samples will be collected at monthly intervals from May to October.

(d) Measures of salmonid abundance must take into account dramatic changes in body size that occur from the point of emergence and exogenous feeding to the point of emigration from the stream. For example, juvenile steelhead trout commonly begin feeding in streams at about 3 cm in length or 0.15 g in mass. By the time individuals within a cohort reach smolting size the average body size is 17 cm in length or 60 g in mass (Maher and Larkin 1954). Hence, fish will experience almost a 6-fold increase in body length and a 400-fold increase in body mass. Because of the allometric increase in both food and space demands with increasing body size, our measures of abundance will account for seasonal changes in body size by including body size as a covariate (Keeley 2000a, b, Grant et al. 1998). Within each of the 6 study reaches in a single stream, we will select 100-m sections to estimate abundance of salmonids in the stream. Each 100-m section will be block-netted and we will conduct a 3-pass removal method by backpack electroshocker. At each site, we will sub-sample individuals to measure length and mass as well as a measure of total biomass sampled.

2.
Using our experimental streams, we will make focal animal observations on juvenile steelhead trout in both treated and untreated streams sections. We will quantify space requirements by measuring territory size of focal animals in each of the study sections. By snorkeling in the study sections of each of the streams we will observe individual fish defending feeding stations along the stream bottom and measure the aggressive distance of individuals as a estimate of the territory boundary (Keeley and Grant 1995, Keeley and McPhail 1998). Behavioral observations will be recorded onto a plexiglass slate that will later be transcribed into a digital format. After each focal animal observation is complete, a suite of environmental measurements will be made at site of each territory. We will sample food abundance by placing a drift net over the territory and collecting invertebrates that pass by in the water column for a period of one hour. Previous studies of food availability for salmonids indicate that this is an appropriate measure of food abundance (Keeley and Grant 1997). We predict that in fertilized streams abundance of invertebrates flowing a over salmonid territory will be higher than in unfertilized streams and the size of the defended area will be smaller in areas with higher levels of productivity. 

3.
Our proposed system of control and nutrient enriched streams offers an ideal opportunity to quantify the proportion of stream habitat that provides a suitable source of invertebrate abundance for salmonids. Based on our estimates of invertebrate abundance collected over salmonid territories (objective 2) we will map transects across the stream profile to determine what proportion of stream habitat falls within the range of invertebrate abundance found in defended areas. By comparing changes in invertebrate abundance within and between experimental streams our study will also be able to quantify differences in habitat quality and document potential increases in usable habitat derived from nutrient enrichment. We will monitor a series of transects within each study section and measure the abundance of invertebrates flowing past a given area of the stream. This will enable us to map patterns of invertebrate abundance that are available to salmonids. By measuring the quantity of invertebrates as well as physical stream characteristics, within a regular interval across a transect, we can calculate the proportion of the stream profile that contains a suitable level of invertebrates for salmonid fish. Across each transect we will collect an invertebrate drift sample and we will measure physical stream characteristics such as current velocity, depth and substrate composition. 

f. Facilities and equipment

Idaho State University (ISU) will be provide laboratory and office space for most of the personnel working on this project as well as computing accounts, library, and accounting services. The Salmon-Challis National Forest office will provide additional space when staff are working at field sites. Keeley's laboratory is fully equipped for enumeration of invertebrate and periphyton samples with stereomicroscope and digital output device. One Pentium computer and statistical software is available in the laboratory for use with the digitizing system. ISU's Center for Ecological Research and Education Laboratory (http://www.isu.edu/departments/CERE/) is fully equipped for processing water chemistry samples enabling us to monitor total phosphorus, soluble reactive phosphorus and dissolved inorganic nitrogen. ISU also maintains a fleet of four-wheel drive vehicles that can be leased for fieldwork. Requested funds will be partly used to purchase electrofishing sampling equipment, one additional computer and drysuits for snorkeling work.
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Research Interests: I am broadly interested in the behavior and ecology of freshwater fishes, with an emphasis on salmon, trout and char species. My recent work has focused on examining how space use and territoriality may act as a mechanism limiting the density of salmonid fish in streams. I have also been investigating the role of local adaptation in rainbow trout populations as means of describing intraspecific biodiversity of salmonid fish. My colleagues and I hope to use this latter study to develop a system of recognizing important units of conservation that are currently unaccounted for by the species level approach to biodiversity. 
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Multiple-Use land management for recovery of Colorado River, Bonneville and West-slope cutthroat trout, steelhead, chinook salmon, bull trout, TES species surveys for non-game Colorado River fishes of concern, lanscape scale stream, wetland and riparian habitat surveys and development of restoration management plans, the historical ecological significance of beaver as a keystone species and development of beaver recovery and management programs, rural community development and extension, development of science education outreach high school programs and community involvement.  The development of mining, oil and gas, livestock grazing, forestry and watershed reclamation programs. New technology development for low cost practical approaches to solving land management related limiting factors or problems.  
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1. Natural production based fish culture and extension programs development in India

2. Landscape inventories and recovery habitat management plans for TES species such as Colorado and Bonneville cutthroat trout 

3. Development of an inland adfluvial fishery through the use of stream-side and in-stream incubation, plus developed nursery and juvenile habitats

4. Development of anadromous fishery pilot recovery efforts through the use of stream-side and in-stream incubation and developed nursery and juvenile habitat areas

5. Management of TES species and habitat inventories for black footed ferrets, whooping cranes, bald eagles, peregrine falcons, native fishes, and plants, plus a variety of  habitat improvement, reclamation, and recovery projects for these and big game species.
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