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Title
:      Salmonid response to fertilization: an experimental evaluation of alternative methods of fertilization

Section 3. Project description

a. Abstract

It is becoming increasingly clear that marine-derived nitrogen and phosphorous once delivered to the rivers of the Columbia Basin by spawning salmonids are a critical part of ecosystems of the Pacific Northwest.  Because many of the systems in which salmon spawn and rear are inherently nutrient poor, the delivery of marine-derived nutrients by returning salmon carcasses may be crucial to survival of juvenile salmon and recovery of depleted salmon.  The recovery of Columbia Basin salmonids is contingent on the existence of fully functioning ecosystems with adequate productivity to support viable populations of salmonids.  While a number of enhancement strategies for increasing the ability of streams to support salmonids exist, few studies have evaluated the methodology for enhancing stream productivity.  Here we propose the critical first steps of a program designed to experimentally evaluate the effects of marine derived nutrients on populations of Snake River spring/summer chinook salmon.  We propose a series of mesocosm and field experiments to evaluate the response of spring/summer chinook to alternative methods of fertilization: (1) carcasses additions, (2) carcass analog additions (from Bio-Oregon) and (3) inorganic nutrient addition.  This proposal is novel in that we (1) address basic questions regarding the methodology of nutrient-based techniques to enhance salmon production; (2) begin to distinguish between the importance of direct consumption of carcasses by juvenile salmonids from the indirect effects of bottom-up fertilization; and (3) employ a novel combination of economics and ecology and ask which fertilization technique provides the greatest increase in salmon performance (growth, survival, population growth) per unit dollar.  Such analyses should provide a simple, intuitive method for determining which fertilization method is most cost-effective and how fertilization in general compares in cost-effectiveness to other management schemes.

b. Technical and/or scientific background



Introduction

Thousands of rivers and streams dissecting the coastal lands surrounding the North Pacific Ocean once supported major populations of Pacific salmon and anadromous trout.  Today, however, these once plentiful species are greatly reduced in both abundance and distribution.  Fifty-six distinct North American salmonid Evolutionarily Significant Units (ESUs) have been identified, and 26 of these are now listed as threatened or endangered under the U.S. Endangered Species Act.  The grim outlook for Pacific salmonids was recently re-emphasized by the National Marine Fisheries Service (NMFS) with analyses showing 10 of the 11 ESUs they investigated in the Columbia River Basin continuing their decline with 4 of these decreasing at rate of 10% per year (McClure et al. in review).  

Recent work has highlighted that the importance of returning salmon goes far beyond the clear need for reproducing adults.  Because more than 95% of the body mass of salmon is accumulated while fish are in the sea, the return of adults represents a transfer of nutrients from marine to freshwater and terrestrial habitats.  The nutrients derived from decomposing salmon carcasses (marine-derived nutrients) are now recognized to play an important role in the ecology of the Pacific Northwest (Gresh et al. 2000).  Indeed, the importance of this subsidy has been suspected for quite some time.  Sockeye salmon were estimated to transport 2 million kg of organic and 5000kg of phosphorus to the Karluk River System in Alaska (Juday et al. 1932).  Similarly, sockeye salmon carcasses were suggested to provide up to 40% of the annual phosphorus budget to lakes and rivers throughout Alaska (Donaldson 1967; Mathisen 1972; Mathisen et al.1988; Kline et al. 1994) and Russia (Krokhin 1975). 

Many of the systems in which salmon spawn and rear are inherently nutrient poor; consequently, the delivery of marine-derived nutrients by returning salmon carcasses appears to be crucial to the growth and survival of juvenile salmon (Larkin and Slaney 1997, Bilby et al. 1996, 1998, Wipfli et al. 1998).  Juvenile salmon consume both salmon eggs and the bodies of adults after they have spawned.  Young salmon are likely indirect beneficiaries of an increased primary production and insect abundance associated with salmon carcasses (Kline 1990, Wipfli et al. 1998).  As a result, the drastic decline in salmon abundance throughout the Pacific Northwest in general and the Columbia River Basin in particular must be viewed as not only an economic and aesthetic loss, but also an ecological loss (Gresh et al. 2000).  The lack of spawning adults has likely lead to a substantial nutrient deficit that has contributed to the downward spiral of salmon abundance in the Columbia Basin (Gresh et. al. 2000).  The recovery of Columbia Basin salmonids is contingent on the existence of fully functioning ecosystems with adequate productivity to support viable populations of salmonids.  While a number of enhancement strategies for increasing the ability of streams to support salmonids exist, few studies have rigorously evaluated the methodology for enhancing stream productivity.  Here we propose the critical first steps of a program designed to experimentally evaluate the effects of marine derived nutrients on populations of Snake River spring/summer chinook salmon. 

Nutrient Enhancement Strategies

We propose a series of controlled mesocosm and field experiments to evaluate the response of salmonids (spring/summer chinook salmon) to alternative methods of fertilization.  Three methods of enhancement we propose to evaluate are:  1) carcass additions, 2) carcass analog additions and 3) inorganic nutrient addition.  These forms of enhancement involve addition of organic or inorganic nutrients and may differentially affect juvenile salmonid growth and survival. 

Nutrient enhancement via carcasses is becoming an increasingly popular management strategy. In August 2000, Washington Department of Fish and Wildlife announced it would be distributing hatchery carcasses for stream nutrient enhancement in at least a dozen streams (WDFW Fact sheet, http://www.wa.gov/wdfw/factshts/howsurplus.htm).  Similar programs are in operation in the state of Oregon (http://www.dfw.state.or.us/ODFWhtml/InfoCntrFish/whathappens.pdf ).  Although carcass enhancement is being adopted as a management strategy more and more, major issues remain.  First, there is a paucity of scientific information to guide managers in basic methods and protocols.  Fundamental questions such as how many carcasses are needed, where and at what time should carcasses be deposited, in which streams might carcass enhancement be most effective, remain unaddressed.  Second, the increasing use of carcass enhancement in streams has not been coupled with appropriate monitoring and evaluation programs.  Subsequently, the opportunity to broadly evaluate the extent to which salmonids benefit from such actions has been lost.  If appropriately designed and monitored, data from enhancement programs can be used to quantify how much improvement in salmonid population growth rate we might expect. This information is vital to all those in the region trying to design effective and efficient recovery strategies.  Third, as a result of a concern for spreading pathogens, most salmonid enhancement programs permit the addition of only those carcasses that originate from the same watershed.  Last, whereas carcass additions are feasible in systems relatively accessible by roads, the feasibility of broadly applying carcasses enhancement techniques in less accessible areas is much lower given time and resource demands.  

There are two alternative approaches to enhancing productivity of salmonids via fertilization.  The first involves generally increasing the system’s productivity via bottom-up processes using the addition of inorganic nutrients.  Addition of inorganic nutrients results in increases in primary producer biomass and subsequently increases in higher order producers (invertebrates, fish, riparian vegetation and other wildlife).  The BC Ministry of Environment has been conducting a long-term fertilization experiment on the Keogh River in British Columbia using slow release nutrient briquettes that release inorganic nutrients.  During this period, they have observed increases in growth and survival rates and numbers of salmonid and non-target fish species (McCubbing and Ward 1997).  Recent results indicate that increases in growth rate were concomitant with a shift in life-history strategy in which outmigration of juvenile steelhead occurred one year earlier.  As with the carcass enhancement technique, experiments in stream fertilization must address a number of issues.  The first involves identifying the appropriate levels at which to fertilize and the timeframe over which a response may occur.  Short-term, local responses to fertilization are well documented (Johnson et al. 1990, Wipfli et al. 1999, Kiffney and Richardson in press), but the time needed to build overall system productivity is much longer.  Furthermore, a long-term commitment to fertilization may be needed to instigate a positive feedback cycle in which added nutrients stimulate production, salmon growth and survival, and ultimately result in increasing numbers of adult returns bringing more nutrients to the system.  
A third approach involves using salmon carcass analogs, a new product being developed by Bio-Oregon.  Bio-Oregon has developed assorted fish feed used in the aquaculture industry (http://www.bio-oregon.com/flash/index.htm), and is working to develop a carcass analog that will not immediately dissolve when placed in-stream.  The carcass analogs will be derived from fishmeal and processed using a pasteurization technique intended to minimize the likelihood of pathogen transfer to streams.  Given their compact size, carcass analogs are more easily distributed than actual carcasses.  Uncertainties associated with nutrient enhancement via carcass analogs are whether and to what extent these analogs will be directly consumed by fish and other vertebrates or whether these analogs will function more like the inorganic fertilizer briquettes.  Furthermore, questions also remain regarding how long will analogs remain in-stream compared to true carcasses.  Already, there is considerable interest in this yet undeveloped technology (Dennis Roley, Bio-Oregon, personal communication).  It is therefore imperative that these analogs be first used in tightly controlled and monitored experiments.  

Below, we propose a comparative, experimental approach that has the following strengths.  First, we address basic scientific questions regarding the methodology of enhancement techniques in an effort to identify the best strategy to fertilize streams in order to enhance salmon production.  We will compare a novel enhancement technique still under development  (carcass analogs) to two enhancement strategies that need to be quantitatively evaluated in an experimental setting (carcasses and inorganic fertilizers). Second, we can begin to distinguish between the relative importance of direct consumption of carcasses by juvenile salmonids and the indirect effects of bottom-up fertilization.  Third, these experiments are the first step in evaluating short and long-term effects of differing methods of enrichment.  The results from this proposed research will be of great use to management, as this approach evaluates enrichments methods that differ in cost and effort needed to implement.  The ability to link anticipated benefits for salmonids to specific management actions is a vital need throughout the Columbia River Basin.  This need to know ‘how much bang for the buck’ will only amplify as recovery plans are developed and actions prioritized.

c. Rationale and significance to Regional Programs

This research proposal addresses the following needs identified in the 1994 Fish and Wildlife Program:

Section 7.0A indicates that without expedited actions in non-hydro areas, many populations will not be maintained, let alone rebuilt.  Habitat improvements can be implemented to increase natural production and survival significantly. In the short term, options appear fairly limited, but the Council calls for actions that will increase egg-to-smolt survival.  

Section 7.0C.4 indicates that an ecosystem approach requires knowledge of the Columbia River ecosystem and its ability to support salmonids. 

Section 7.1A.1 directs Bonneville to fund an evaluation of tributary, mainstem (including reservoirs), estuary, plume, near-shore ocean and marine salmon survival, ecology, carrying capacity and limiting factors. Include analysis of competition between non-native species and anadromous salmonids and negative competitive interactions resulting from hatchery management practices.

This research proposal addresses the following needs identified in the Draft 2000 NMFS Biological Opinion:

Section 5.2.1 and 5.2.2 discuss the need for quality habitat.  They also recognize that absolute relationships between critical elements and fish survival is unknown.

Section 9.1.3 and 9.6.2 recognize the need to improve habitat outside of the hydropower system in order to mitigate for hydropower system effects. 

d. Relationships to other projects 

This proposal will require considerable coordination with other ongoing and planned research.  We will coordinate closely with tribes and other agencies to fertilize streams in the Salmon River.  

NMFS currently conducts research under Project #9102800 - Monitoring Smolt Migration of Wild Snake River Spring/Summer Chinook salmon.  Through this project we will mark fish necessary to evaluate parr to smolt survival in treatment and reference areas.  We will also use the expertise and some of the personnel on this project for evaluations of other fish species in the study habitats and to evaluate changes in smolt condition over time.  

NMFS also has conducted research under Project #99-041-00.  We will build on results of the baseline monitoring that collected data from juvenile chinook salmon and resident fish  (captured during research from NMFS Project #9102800) to evaluate levels of marine-derived nutrients compared to natural spawning populations.  During the period this work was performed, adult spawners were few so that it was not determined if there is an upper limit on the amount of marine-derived nutrients that might enter a system. 

e. Proposal objectives, tasks and methods

Objectives
 

Understanding linkages between habitat attributes and survival of fish is critical to recovery plans for Snake River Chinook salmon.  Population growth of Snake River chinook salmon is particularly sensitive to changes in egg to smolt survival (Kareiva et al. 2000), but the feasibility of using habitat measures to increase population growth enough to reduce the risk of extinction is highly contentious (compare McClure et al. 2000 and STUFA 2000).  Our ultimate aim is to provide scientific basis for a management strategy that makes use of artificial additions of marine-derived nutrients.  Our proposed research is designed to address the first critical questions necessary to reach our ultimate goal.  

Three specific objectives include:

Objective 1
Experimentally evaluate the effectiveness of three fertilization strategies in enhancing juvenile salmonid growth and survival 

Objective 2
Evaluate whether increases in fish growth and survival translate to increases in population growth rate

Objective 3
Conduct a cost-benefit analysis of alternative approaches that can be used to prioritize management actions.


Tasks and Methods
 

In general, our approach involves a combination of field and mesocosm experiments, synthesis of scientific information, and simple modeling exercises.  Mesocosms, or experimental stream channels, are a powerful tool for isolating cause-effect relationships in freshwater ecosystems, whereas experimental manipulation of natural streams is sometimes confounded by the great variability within and among streams.  We propose a two-stage approach to this research; in the first stage we propose to manipulate nutrient source under controlled conditions in streamside experimental channels.  In the second stage, we propose to conduct similar manipulations in natural streams.  This is a statistically powerful approach to determine the ecological response of stream communities to nutrient manipulation.  We will use simple models to evaluate how short-term effects on juvenile growth and survival may translate into longer-term changes in population growth rate.  This, in conjunction with a synthesis of regional fertilization studies, will form the basis to begin evaluating how best to enhance long-term productivity in a range of systems.  The results of these experiments and modeling efforts will be incorporated into a cost-benefit analysis of alternative management strategies.  This analysis will specifically benefit managers and local watershed groups.

________________________________________________________________________

Outline of Objectives and List of Tasks

Objective 1
Experimentally evaluate the effectiveness of three fertilization strategies in enhancing juvenile salmonid growth and survival.  

Task 1.1 
Controlled experiment in stream channels (summer 2001)

Task 1.2 
Field Experiment in streams of the Salmon River Basin (summer 2001-2002)

Objective 2
Evaluate whether increases in fish growth and survival translate to increases in population growth rate

Task 2.1 
Evaluate how changes in individual fish growth and survival affect population growth rate using matrix models

Objective 3
Conduct a cost-benefit analysis of alternative approaches that can be used to prioritize management actions.

________________________________________________________________________

Detailed description of tasks

Objective 1        Experimentally evaluate the effectiveness of three fertilization strategies in enhancing juvenile salmonid growth and survival.  

Task 1.1 

Controlled experiment in stream channels (summer 2001)

The NWFSC and others have used experimental channels for several years to experimentally investigate responses of salmonids to habitat.  This research has shown that experimental stream communities exhibit similar properties and behavior as natural streams (Kiffney and Clements 1994).  Others have successfully used experimental streams to test effects of contaminants (Kiffney 1994), nutrients (Kiffney and Richardson, in press), light (Wooten and Power 1993), fish (Wooten and Power 1993), and detritus (Richardson 1992) on stream food webs.

Experimental Design: To test the effectiveness of the different nutrient sources we will use a repeated-measures, block design.  Experiments will be blocked, with no fish in the first experiment and fish added in the second experiment with each experiment lasting approximately 6 weeks.  We are not adding fish in the first study in order to isolate the effects of nutrients on stream primary producers and invertebrates.  In each block, there will be four treatments: (1) salmon carcasses; (2) carcass analogs; (3) inorganic nutrient-diffusing pellets; and (4) controls or no added nutrients.  Based on concentrations of nutrients in the three sources and their breakdown rate, we will add the same loading rate to each treatment.  Each treatment will have five replicates for a total of 20 experimental units.

Carcasses, Analogs and fertilization pellets  Slow release fertilizing pellets (Vigoro Inc., Winter Haven, Florida) with a formulation of 7-40-0 (N-P2O5- K2O; % by weight) have been used in a number of other stream enrichment experiments (Slaney et al. 1994, Mouldey and Ashley 1996, Kiffney et al. in press).  In these pellets, phosphorus is in the form of phosphate while nitrogen is ammonia nitrogen.  Carcass analogs will be supplied by Bio-Oregon.  In both cases, preliminary nutrient limitation studies in conjunction with flow rates will be used to determine the degree of enhancement.  Carcasses will be obtained from near-by hatchery facilities to the greatest extent possible.  We will work with state and local regulatory agencies to acquire appropriate permits and authorization.  

Experiment #1: In this experiment, we will test the hypotheses that there is (1) no effect of nutrient enrichment on stream benthic food webs, and (2) there is no difference among the types of nutrient sources on stream food webs. 

Experimental stream set-up: The experiment will be conducted in 20 artificial stream channels) located on a floodplain adjacent to Sweeney Creek in the Green River watershed.  Channels will be mostly unshaded to minimize the possibility of light limitation of primary producers.  Water will be supplied from the creek 100 m upstream of the channels, passed through two settling boxes, and a final headbox for stabilizing flows. Channels will be lined with natural substrata (mixture of sand, gravel, pebble, and cobble).  Six weeks before the experiment begins, water will be passed through channels to allow for natural colonization of stream organisms and detritus. After a 30-40 day colonization period, streams will receive one of four treatments: a control; nutrient-diffusing pellets; carcass analogs; and carcasses.   

Nutrients: Water samples will be collected from each channel before adding nutrients, and every week for the 6 week experimental period.  Stream water will be filtered through a glass fiber filter and the filtrate analyzed for nitrate-nitrogen, ammonia, soluble reactive phosphorus (SRP), and dissolved organic carbon.  Unfiltered samples will be analyzed for total nitrogen and phosphorus. 

Primary production: Each channel will receive unglazed ceramic tiles to serve as templates for measuring periphyton accrual and biomass.  Tiles from each channel will be collected before, during (weekly), and at the end of the experiment.  Before processing for periphyton biomass, insects on tiles will be counted, identified, measured (nearest 0.1 mm), and removed with forceps. Periphyton on tiles will be scraped into a slurry and divided into three sub-samples to measure: (1) algal species composition (preserved in Lugol’s solution); (2) total organic biomass (algae, bacteria, etc.) measured as ash-free dry mass; and (3) algal biomass (measured as chlorophyll a).  Weekly periphyton sampling will provide a measure of standing stock biomass. In addition, we will be able to calculate accrual rates (e.g., mg Chlorophyll a cm-2 d-1), which provides a measure of how quickly algal biomass accumulates among treatments.  From these data, we will also gain insights as to the dynamics of insect grazers colonizing tiles.  In previous research, we have found these tiles provide an excellent substrate to measure the response of insect grazers to nutrient and light manipulations (Kiffney and Bull 2000, Kiffney and Richardson, in press).  In addition, periphyton communities that develop on tiles are similar to that measured on natural rocks; tiles, however, provide more reproducible data (Lamberti and Resh 1984).

Detritus dynamics: Leaf litter (or allochthonous material) is another major food source for stream food webs.  Nutrient additions may affect the breakdown rates of this material, as well as the colonization dynamics, abundance, and growth of invertebrates that feed on leaf litter.  With this in mind, we will add six red alder leaf packs to each channel (n = 30 per treatment).  One pack will be processed at the beginning of the study; and one pack will be removed from each channel weekly, and rinsed with water in a bucket to remove invertebrates.  Invertebrates will be preserved in 100% ethanol and processed as described below.  Leaf packs will be dried, weighed, and then ashed to determine ash-free dry mass.  Decay rates will be calculated to determine whether breakdown differs among treatments.

Invertebrates:  Tiles will provide one measure of insect grazer response to nutrients; however, they will not provide data on other important invertebrate groups.  To monitor the response of the benthic community (e.g., grazers, predators, collectors) as a whole, benthic samples will be collected from each channel using a modified Hess sampler.  Benthic samples will be collected before nutrient manipulations and at the end of the study, and preserved in 100% ethanol.  In the laboratory, samples will be processed under a dissecting scope, and identified to the lowest taxonomic unit (genus or species).  For the most abundant groups, we will measure head capsule widths and body lengths, and then use existing length-weight regressions to calculate biomass (Benke et al. 1999).  From these samples, we will calculate species composition, abundance, diversity, and biomass.

Experiment #2:  The second experiment will be similar to the first except fish will be added to all channels.  One week after adding nutrients, juvenile chinook (approximately 60 mm fork length) will be added to each channel at approximately ambient in-stream densities.  Fish will be anesthetized (MS-222), weighed (nearest 0.1 mg) and measured (fork length).  Once revived the fish will be added to the channel.

At the end of the experiment, fish will be sacrificed, weighed, and measured.  Additionally, fish livers will be removed and weighed.  From these data, we will calculate a Fulton-type condition index as well as the more sensitive hepatsomatic index. To determine whether fish body composition differed among treatments, a proximate analysis of tissue will be conducted.  This analysis will provide data on body lipids, protein content, and nutrient composition, which are measures of fish condition.

Task 1.2) Field Experiment in streams of the Salmon River Basin (summer 2001-2002)

Why conduct field experiments in the Salmon River Basin?  The stream experiments we propose could be conducted in a number of locations.  We propose to apply knowledge generated from the stream-channel experiments to field experiments in the Salmon River Basin, in particular, because of the following advantages:  1) Estimates of the survival and size of PIT tagged chinook for the last decade are available for most of the streams we will use as controls and all streams that will receive a nutrient enrichment treatment.  Not only can we take advantage of an existing program, but this long-term database allows us to employ a power statistical techniques for determining the efficacy of each of our experimental treatments.  2) Recent research characterized streams in the Salmon Basin as low-productivity streams that could benefit from nutrient enhancement (Stockner 1999), 3) We are aware of proposed work by other researchers interested in evaluating fertilization via carcass analogs.  Our proposed research is designed to “dovetail” with these efforts (although it could also stand alone) making these projects synergistic rather than competitive. 

Experimental Design:  We will employ a modified “BACI” (before-after-control-impact) design on at least 15 streams in the Salmon River watershed (previously and currently monitored by S. Achord) to further evaluate the efficacy of the three nutrient sources on stream primary and secondary productivity, and resident and anadromous fish. We will use the results of the channel experiments to guide our decisions about how to fertilize in natural systems.  Our approach is based on a nested temporal sampling that is capable of detecting both changes in long-term means as well as changes in temporal variance among Control and Impact sites (Underwood 1991, 1994).  This is an important point because our treatments may cause greater fluctuation in population density not just means (Underwood 1991).

We propose to enhance six streams using three nutrient enhancement treatments: salmon carcasses, nutrient-diffusing pellets or carcass analogs (N=2 streams per treatment).  The remaining streams will serve as controls.  Habitat characteristics (e.g., channel and habitat type, riparian vegetation, discharge, woody debris) of each reach will be enumerated and every attempt made to make study reaches among streams as similar as possible.  Because of the difficulty of exactly matching habitat characteristics, these attributes will be reduced using principal component analysis with the resulting principal components considered covariates in our analyses.  

One year prior to nutrient enrichment, samples of stream water nutrient chemistry, primary production, invertebrates, and vertebrates will be collected from both control and treatment streams.  These baseline data will be used to estimate the mean and variance of environmental parameters before we manipulate each system.  A significant change in the mean difference (“delta”) between populations after the onset of the treatment is evidence of an effect of the fertilization impact.  In an ANOVA context, this manifests as a significant interaction between treatment status (control/treatment) and time (before/after treatment).  That is, control and treatment sites respond differently to the fertilization treatment regardless of their initial relationship.  

Fertilization Methods:  Water samples will be collected and analyzed monthly during the year prior to manipulation to determine variance in nutrient levels in-stream. We will combine measurements of stream discharge with information on dissolution rates of the different nutrient sources from channel experiments to establish equal loading rates across streams.  We anticipate fertilizing the major spawning areas of each stream.  Previous work has fertilized at a rate of 0.5-07 kg/m2 (Bilby et al. 1998).  Ultimately, decisions regarding how much of the stream to fertilize will depend on our ability to identify comparable reaches among streams using pre-manipulation data.  In addition, this decision hinges on information regarding the extent to which juvenile fish may utilize these habitats.  Ultimately, the stronger the perturbation (i.e, the greater distance we fertilize), the more likely we are to see a response.  

We are sensitive to the concerns of using carcasses in wild streams.  To prevent disease transmission, we will follow protocols used to certify fish "disease free" for interbasin transfers.

Field and Laboratory Methods: In general, field and laboratory methods will be similar to those used in the experimental channels. Below we describe differences between the channel and field experiments.

Nutrients: Water samples will be collected from multiple reaches within treatment and control streams during baseline monitoring and once treatments have been imposed.  These water samples will be treated as described in Experiment #1.

Primary producers: Unglazed ceramic tiles will be used to measure periphyton biomass, algal composition, and abundance and composition of insect grazers during baseline and manipulation periods. Samples will generally be treated as described in Experiment #1.

Detritus dynamics:  Leaf packs made from the leaves of dominant riparian trees will be added to each stream reaches to determine how fertilization affects decomposition rates.  One pack will be collected weekly from each reach, and processed as described above.

Invertebrates:  We will monitor invertebrate diversity and abundance at multiple locations in each treatment and control stream during baseline and treatment periods.  Samples will be collected using the hess sampler and processed as described above.

Fish:  In each treatment and control stream, we will collect data to estimate 1) abundance and distribution of fish, 2) size distribution of fish in each stream (lengths and weights) and 3) survival of juveniles in-stream and 4) location of redds.  In addition, habitat types will be delineated and mapped.  These data will be collected monthly from June through October.  Methods to obtain these data will include intense, summer spawning ground surveys, electrofishing removal estimation (Carle and Strub 1978) and snorkeling surveys (Hankin and Reeves 1988; Roni and Fayram 2000).  Fish collected for lengths and weights will be anesthetized according to standard procedures (50-100 fry or parr per stream).  
In addition, during the late summer, chinook salmon parr will be PIT-tagged in each treatment and control stream as part of S. Achord’s ongoing wild-fish monitoring study (project 19102800).  All chinook salmon captured in this effort are measured and weighed when they are captured.  Importantly, in all years from 2001 to 2010, sort-by-code operations will be operational at two or more lower Snake River dams.  These operations will allow us to sort all wild PIT-tagged fish to obtain weight and length measurements at dams.  We thus we be able to estimate changes in size and condition as a function of experimental treatment.  Additionally, because there are multiple detection sites downstream from the release sites, we will also estimate rates of survival as a function of experimental treatment using multiple-recapture models for single release groups (Burnham et al. 1987).
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Figure 1.  Sample sizes (i
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The use of PIT tags to detect difference in growth and survival as a function of experimental treatment is potentially powerful, but requires that an adequate number of fish be tagged to detect biologically meaningful differences among treatment groups.  As a result, a priori power analyses will be performed when we can estimate variances and the “true” difference in means.  Unfortunately, such estimates are not currently available for survival or growth (although they will be after the first year of our study).  However, fish length data were available.  We calculated sample sizes (number of fish tagged) required to detect a difference between mean length of a treatment group (T) and a control group (C) measured at both the parr stage in the rearing stream and at the smolt phase at Lower Granite Dam.  Parr tagged in the S. Fork Salmon River from 1991 to 2000 had variances that ranged from 22.8 to 34.8 (mean lengths ranged from 59 to 68 mm).  We selected a range of variances from 20 to 50 to cover the range and to account.  The variance in smolt lengths was based on wild fish tagged at Lower Granite Dam in 1995, 1996, and 1998.  Yearly variances ranged from 45 to 65 for these three years, and mean lengths ranged from 109 to 112 mm. We selected a range of variances from 40 to 70 to cover the observed range.  Since the “true” difference in mean lengths is unknown, we analyzed a range from 2mm to 10 mm for both smolt lengths and parr lengths.  For the smolt length sample size estimation, the numbers were calculated for fish observed at Lower Granite but then inflated to account for survival and detection probabilities calculated for 1999. 
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Figure 2.  Sample sizes (in terms of fish tagged in each rearing stream) required to detect 

a difference in mean parr lengths between a treatment group and a control group i

n the stream.  

Delta length represents the true difference in mean lengths of the populations, and the different 

lines represent different assumptions about the population variance.

 

The results are presented in Figures 1 and 2.  For these plots, significance level was set at 0.05, and power was set at 0.90.  Detecting differences in smolt lengths will require many more fish than detecting differences in parr length because of the mortality between tagging as parr and detection as smolts.  From Figure 1, if 1000 fish are tagged in both treatment and control streams, we would have approximately a 90% probability of detecting a 5% increase in length in the treatment stream.  With replication of streams, our ability to detect differences will increase.

Given that we will PIT tag up to 2000 fish per stream, and we will investigate multiple streams, we are confident that our ability to detect biologically meaningful differences among treatments will be excellent.  Nonetheless, we will continue to perform power analyses and adjust our sampling effort as necessary (and repeat similar analyses on other response variables as data become available).

Objective 2
Evaluate whether increases in fish growth and survival translate to increases in population growth rate

Task 2.1
Evaluate how changes in individual fish growth and survival affect population growth rate using matrix models

The definitive measure of success of any manipulation of nutrients is whether more adult fish return, a result we will not be able to document for several years.  Nonetheless, , we can use simple modeling techniques to determine how any changes in the early life history of these fish may impact the population growth rate overall.  The goal of this exercise is to link experimentally derived field data associated with specific management actions to population performance in a manner that will allow a more rapid evaluation of fertilization than would be possible otherwise

We will use matrix models to evaluate how differences in juvenile growth and survival rates among treatments affect the annual rate of population change, lambda.  This annual rate of population change is a critical summary statistic that incorporates variability and indicates the extent to which the population is growing or declining. Demographic matrix models provide a simple way to organize complex information about an organism’s life cycle and demography; such models have been widely applied to threatened and endangered species (Crouse et al. 1987, Crowder et al. 1994, Doak et al. 1994, Caswell 2000). Matrix models already developed for index stocks in the Snake River Basin have suggested improvements in first-year survival could have large impacts on population growth rate. (Kareiva et al. 2000).  We will use data generated from both experiments to evaluate the extent to which these fertilization techniques may impact population dynamics of these endangered stocks.

Objective 3
Conduct a cost-benefit analysis of alternative approaches that can be used to prioritize management actions.
Because society has limited resources, salmon recovery must be cost effective.  While our proposed work will be able to identify specific fertilization strategies that provide the greatest increase in survival (or by extension, population growth), the ideal biological selection, may not be the most cost efficient.  Among the many possible fertilization strategies that may aid in the recovery of endangered salmon, which ones should be given the highest priority?  In practice such decisions are informed by an ad hoc mixture of biological data, demographic models, economic information and politics.  

Here we propose to go beyond this ad hoc approach and formulate an approach that includes both ecological and economic information.  This approach casts the problem of deciding on what fertilization scheme to use as one of constrained maximization (Samuelson 1965, Lancaster 1968, Silberberg 1990).  We will select an ecological measure (growth, survival and projected population growth) as the object of our fertilization program, but with a budget that limits the amount that stream fertilization can increase growth, survival or population growth.  We will then solve the problem such that our ecological measures are maximized while satisfying the budget constraint.  Perhaps a more relevant variant on this approach casts the problem as one of minimizing the cost of achieving a particular increase in growth, survival or population growth.  The results of such analyses will be contrasted with answers obtained from both economic-only and ecological-only metrics.  

The key idea underlying this approach is that we will use an ecological metric to measure the benefits of stream fertilization, and economic units to measure the costs.  Such an approach should provide a simple, intuitive method for setting priorities – it gives the highest priority to the fertilization scheme that has the greatest ecological impact relative the economic cost of producing that effect.  

f. Facilities and equipment

This project will make full use of the facilities and equipment of the NMFS Northwest Fisheries Science Center, including those at the Pasco field station.  Mesocosm experiments will be conducted in 20, once-through, Plexiglas experimental channels  located in the Green River watershed, east of Tacoma, WA. The Green River watershed is protected due to its use as the drinking water supply for the city of Tacoma.  Channels will be located in a floodplain of a tributary to the Green River.  A pipe located within the stream will move water, periphyton, detritus, and invertebrates via gravity into a headbox.  Water, food, and invertebrates will then be channeled from the headbox into individual streams using valves. Channels will colonize for approximately 30-40 days to allow for stable community to establish. Thus, each channel will contain communities representative of natural streams.  Valves will provide control of flow within each channel. 

Other facilities needed to complete this research are housed at the Northwest Fisheries Science Center, Seattle, WA and the University of Washington.  These include equipment for measuring periphyton biomass (fluorometer, drying and ashing ovens, microbalances) and composition (Zeiss phase contrast microscope) and benthic invertebrate community composition (3 sorting microscopes) and biomass (ovens and balance).  Nutrients in water and tissue will be analyzed at the Departments of Oceanography and Fisheries, University of Washington.  In addition, we have invertebrate samplers, field balances, backpack electroshockers, block nets, and field trucks necessary for field work.

The NWFSC has excellent computer facilities and support staff, including a number of Sun Microsystems, printers, and powerful PCs.  We have access to a number of statistical and graphing packages, such as SAS, SigmaPlot, Statistica, etc that will aid in analyzing data and writing reports and publications.
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Section 4. Key personnel

We have assembled a number of ecologists and fishery biologists with diverse areas of expertise to address the scientific and technical challenges posed by this project.  Five project investigators include (CV’s follow):

Steven Achord, Peter Kiffney, Phil Levin, Phil Roni and Beth Sanderson.

Additional field and technical support will be provided by staff from the Northwest Fisheries Science Center.  In particular, Richard Zabel, Steven Smith and Ben Sandford will provide statistical support for doing survival estimates and power analyses.  Researchers within the Watershed Processes program will contribute time to both experiments.  Members of the NMFS Cumulative Risk Initiative will contribute to matrix model building. Economic analyses will be developed in collaboration with a working group at the National Center for Ecological Analysis and Synthesis at The University of California entitled "Biggest bang for the buck: really melding demographic theory with  economics".  Co-PI’s on this project include Peter Kareiva (ecologist, NMFS), Gardner Brown (University of Washington economist who served on the recent NRC panel that produced a report on the endangered species act) and Mark Plummer (an economist specializing in natural resource economics). 
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1976-present: Fisheries Research Biologist, GS-5, 7, 9, 11, 12.  

1970-1976: Biological Aide. Idaho Department of Fish and Game.

Worked on various jobs throughout the state, conducting creel censuses, chinook salmon spawning ground surveys, and sampling fish in streams & lakes using a variety of methods.

Expertise

Research includes numerous studies related to the transportation of chinook salmon and steelhead smolts around dams on the Columbia and Snake Rivers, studies on homing of chinook salmon and steelhead, and seawater challenge stress testing of chinook salmon and steelhead at dams. The numerous studies performed over the years has resulted in continued improvement of juvenile salmonid bypass systems at dams on the Snake and Columbia Rivers. Experienced in all types of fish tagging methodologies including coded-wire-tagging, freeze branding, fin clipping, and PIT tagging. Also, helped develop new and improved fish handling techniques (with water to water transfers) at dams. Initiated development of directly loading fish barges from the fish separator via flumes at Lower Granite Dam. Pioneered research using PIT tags to monitor wild chinook salmon smolt migrations in the Snake River basin.
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Other publications/contract reports
Authored or co-authored 2 non peer-reviewed publications and 20 contract reports. All publications and reports can be furnished upon request.    
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2725 Montlake Blvd. East

Seattle, WA 98112-2097
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Ph.D. May 1995. Fishery and Wildlife Biology and Program for Ecological Studies. Colorado State University.  

M.S. 1989. Aquatic Ecology. University of California, Davis. 

B.S. 1983. Geology. University of North Carolina, Chapel Hill.
Professional experience (past 5 years)
Research Ecologist, National Marine Fisheries Service, Northwest Fisheries Science Center. June 1998 to present.

Adjunct Associate Professor: Department of Forest Sciences, University of British Columbia, Vancouver, BC. July 1998 – to present.

Affiliate Associate Professor: Division of Ecosystem Sciences and Conservation, University of Washington, Seattle, WA. November 1999-to present.

Research Associate, Center of Applied Conservation Biology and Department of Forest Sciences, University of British Columbia. October 1996-June 1998.

Expertise

I am a community ecologist with particular expertise in trophic dynamics in streams.  The relative importance of processes determining the structure of communities forms the corpus of many debates in both ecology and salmon  restoration.  My work focuses on the degree to which nutrients limit or generate change in the sizes of fish populations and their prey.  I use a variety of means to test hypotheses about the degree to which different  trophic levels or determine by "bottom-up" (nutrients) versus "top-down"  processes .  Additionally, my research has addressed how stream productivity is impacted by anthropogenic effects and how such effects vary geographically. 
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Phillip Scott Levin

Research Fishery Biologist

National Marine Fisheries Service

Education

Ph.D., Zoology, University of New Hampshire, 1993.  Peter F. Sale, Advisor

B.A., Zoology, University of Texas, 1984

Positions Held

1999-present
Research Fishery Biologist, Northwest Fisheries Science Center, National Marine Fisheries Service

1997-1999

Assistant Research Professor , University of California, Santa Cruz

1994-1997

Assistant Professor of Marine Biology, Texas A&M University

1993-1994

Postdoctoral Research Fellow, University of North Carolina

1990-1993

NSF Graduate Research Fellow

1988-1990

Teaching Assistant, University of New Hampshire

1984-1988 High School Science Teacher

Expertise

My research focuses on the factors that limit or generate change in populations of fish.  Employing both experimental and descriptive approaches, I examine the effects of environmental heterogeneity on the relative importance of density-dependent and density-independent processes in the dynamics of populations.  I have concentrated recently on salmon in the Columbia River Basin, but have extensive experience with fishes of temperate and tropical reefs as well as estuaries.  Using a rigorous analytical approaches, the ultimate goal of my research is identify the mechanisms responsible for regulating the size of populations at different spatial scales.  My approach requires strong quantitative skills and I generally employ advanced statistical methods, such as the multiple general linear model, and simulation modeling.  My research has produced information essential for the production of scientifically based management plans for exploited species as well as for disturbed or ecologically critical habitats.
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Northwest Fisheries Science Center

2725 Montlake Blvd. E.

Seattle, WA 98112

206-860-3307; 206-860-3335 (fax)

phil.roni@noaa.gov
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Ph.D. Univ. of Wash. Dissertation: Response of juvenile stream fishes to instream restoration in Washington and Oregon. (Expected graduation Dec. 2000).

M.S. in Fisheries Science, Univ. of Wash., School of Fisheries, 1992.  Thesis:  Life history and spawning habitat of large-bodied chinook salmon.

B.A. Business Administration and Marketing; Univ. of Wash., 1987. 

Professional Experience

National Marine Fisheries Service. Research Fishery Biologist/Team Leader (5/95 to Present)

Washington Department of Fish and Wildlife. Fisheries Biologist (9/94 to 5/95) 

Beak Consultants. Fisheries Biologist/Aquatic Ecologist  (1/93 to 8/94)

Fisheries Research Institute. Research Biologist (4/91 - 1/93).

Expertise and Research Interests

As a fisheries research scientist and aquatic ecologist, I have conducted research on salmon life history, habitat restoration, effects of hydropower operations on salmonids, effectiveness of fish sampling techniques, the impacts of forestry activities on aquatic biota and the identification of essential habitats for sensitive aquatic species. My primary interest is using my expertise in fisheries biology and aquatic science to conduct large-scale experiments on habitat restoration techniques to provide guidance for salmon recovery and restoration efforts.  For the past 5 years, I have been evaluating the effectiveness of large woody debris placement at increasing salmonid and resident fish abundance in 30 streams. In addition, I am currently conducting research to evaluate floodplain and off-channel habitat restoration and examining the utilization of salmon carcasses by juvenile chinook salmon and steelhead in the Snake and John Day River basins. 
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Beth Leigh Sanderson

Northwest Fisheries Science Center

2725 Montlake Blvd. East

Seattle, Washington 98115

206-860-3410; 206-860-3335 (fax)

Beth.Sanderson@noaa.gov
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Education
Ph. D.  Zoology; University of Wisconsin-Madison, Center for Limnology, 1998


Dissertation title: Factors regulating water clarity in northern Wisconsin lakes


Advisors: John J. Magnuson and Thomas M. Frost
M. S.   Zoology; University of Wisconsin-Madison, 1994


Thesis title: Regulation of dinoflagellate populations: relative importance of grazing, 

resource limitation and life history processes

B.A.    Biology and French; Central College, Pella, IA, 1991

Professional Experience

National Marine Fisheries Service. Salmon Science Coordinator for Puget Sound (7/99-present)

University of Wisconsin.  Research Assistant (1992-1998)

University of Wisconsin.  Teaching Assistant (1991-1992, 1994)

Expertise

As an ecosystem ecologist, I have used a variety of approaches to identify patterns and evaluate processes in freshwater systems.  These include large-scale comparative studies, modeling, analysis of complex long-term data, and large-scale experiments.  Specific research interests include food web theory, population ecology, and nutrient cycling, and risk analsysis. In my research, I seek to combine field monitoring, experiments and quantitative analytical approaches to answer questions directly applicable to management. To this team of scientists, I also bring knowledge and understanding of the importance of data management, excellent communication skills, and the ability to facilitate research within a large multi-investigator program. 
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Frost, T. M., P. K. Montz, M. J. Gonzalez, B. L. Sanderson, S. E. Arnott.  1999.  Rotifer community responses to increased acidity: a comparison of long-term patterns in a whole-lake experiment and two unmaniuplated lakes in Wisconsin, USA.  Hydrobiologia. 387-388 141-152.

Reed, T., E. M. Bennett, B. Jorgenson, G. Lauster, D. B. Lewis, D. Nowacek, J. Riera, B. L. Sanderson, R. Stedman.  1999.  Integrating lake position and recreational boating.  Freshwater Biology 43 (3): 439-448.
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