PROJECT TITLE:

Monitoring the reproductive success  of naturally spawning hatchery and natural steelhead in a tributuary of the Methow River

A. Abstract and statement of innovation
We propose to quantitatively evaluate the relative reproductive success of naturally spawning hatchery and natural origin steelhead in the Columbia Basin. Hatcheries are one of the main tools that have been used to mitigate for salmon losses caused by the construction and operation of the Columbia River hydropower system.  In addition to harvest augmentation, hatcheries have recently been used in attempts to protect stocks from extinction (e.g., captive breeding) and attempts to enhance natural production (supplementation).  Surprisingly, little is known about how much the investment in hatcheries benefits or harms natural production.  We propose to take advantage of recent technological advances in genetics to empirically monitor the reproductive success of hatchery and natural steelhead using a DNA-based pedigree approach.  Specifically, we will (1) directly measure the relative reproductive success of hatchery and natural-origin steelhead  in a the natural environment, (2) determine the degree to which any differences in reproductive success between hatchery and natural steelhead can be explained by measurable biological characteristics such as run timing, morphology or behavior, and (3) estimate the relative fitness of hatchery-lineage steelhead after they have experienced an entire generation in the natural environment.  

B.  Problem statement: technical and/or scientific background

The status of summer steelhead in the Upper Columbia River Distinct Population Segment (DPS) was upgraded from endangered to threatened on June 18, 2009.  That decision was based on new data that suggested an increase in abundance and spawning distribution, but also considered supplementation programs that are intended to increase local adaptation and diversity (74 FR 42605; August 24, 2009).  The National Marine Fisheries Service (NMFS) also approved a new policy on the consideration of hatchery origin fish in making ESA determinations (70 FR 37204; June 28, 2005), which was also considered in the status upgrade.  In summary, while the status of steelhead populations in the Upper Columbia River DPS was upgraded, that decision was primarily the result of a change in policy and management regarding hatchery programs, not on realized change in productivity in the natural environment.  

Hatcheries are one of the main tools that have been used to mitigate for salmon losses caused by the construction and operation of the Columbia River hydropower system.  Historically, the goal of most hatcheries was simply to provide fish for harvest and mitigate for hydro related impacts as well as habitat loss.  As concern for the conservation of wild salmon grew in the late 20th Century, the intent of many hatchery programs changed from providing fish for harvest and mitigation to conserving and rebuilding natural populations.  As a result, hatcheries now are a large component in most conservation or recovery programs, particularly for populations in the Interior Columbia River Basin.  The use of hatcheries to conserve wild salmon is controversial, however, due in part to concerns about the genetic impacts of even well intentioned hatchery supplementation on wild populations (Waples and Drake 2004).  

Genetic risks associated with hatchery supplementation include the potential for increased inbreeding (Ryman and  Laikre 1991; Ryman et al. 1995; Wang and Ryman 2001), outbreeding depression (e.g., Gharrett and Smoker 1991) and domestication selection (Ford 2002).  The potential seriousness of these phenomena is reinforced by a long history of studies showing that hatchery fish often reproduce poorly in the wild when compared to natural origin fish (reviewed by Berejikian and Ford 2004; Araki et al. 2008).  Hatchery steelhead, in particular, have been found to have very low relative reproductive success in several studies (Chilcote et al. 1986; Leider et al. 1990; Chilcote 2003; Kostow et al. 2003; McLean et al. 2003; Araki et al. 2007a; Araki et al. 2007b).      

Evaluating the relative reproductive success of Methow River steelhead is particularly important for several reasons because supplementation is being used as a significant component of the recovery strategy for this population.  In addition, Upper Columbia steelhead have a very large ‘gap’ between current productivity and productivity needed to meet viability goals (ICTRT 2007).  This large gap may be due, at least in part, to the large proportion of hatchery fish in this population.  Understanding the relative reproductive success of hatchery steelhead in this population is therefore particularly important for evaluating the recovery potential for this population.  Here, we develop a study plan for a project that will (1) directly measure the relative reproductive success of hatchery and natural-origin steelhead in the natural environment using a DNA pedigree approach, (2) determine the degree to which any differences in reproductive success between hatchery and natural steelhead can be explained by measurable biological characteristics such as run timing, morphology, spawn timing, or spawning location, and (3) estimate the relative fitness of hatchery-lineage steelhead after they have experienced an entire generation in the natural environment.  

Life History of Methow Steelhead
Upstream Migration
Summer steelhead in the Upper Columbia River DPS destined for the Methow Basin exhibit a protracted upstream migration through the Columbia River.  Summer steelhead may spend between five to ten months in freshwater before making a final migration to the spawning grounds.  We are proposing using a DNA based pedigree approach to assign naturally produced progeny to a parent, either hatchery or naturally produced.  Because of the prolonged migration pattern and uncertainty in survival to spawning, we are proposing to collect and sample potential parents during their spawning migration to a major spawning area in the Twisp River.  A newly modified weir in the Twisp River, built and owned by Douglas County PUD, provides an excellent location to trap and sample nearly 100% of the adult steelhead destined to spawn upstream of the weir (Figure 1).  Because adult steelhead are trapped during their spawning migration, trapping is limited to only a few months in the spring when probability of survival to spawning is both greater and similar (i.e., no sport harvest) for both hatchery and naturally produced components (Figure 2).  More simply stated, because recreational harvest does not occur in the Twisp River and the spawning migration overlaps with the spawning period, we would assume that any steelhead passed upstream of the weir would survive to spawn.   
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Figure 1.  Vicinity map of the Methow Basin and Twisp weir. 
Run Escapement

Estimates of adult steelhead to the mouth of the Methow River are calculated based on in-river sampling conducted at Wells Dam conducted throughout most of the migration period.  The estimated number of hatchery and natural steelhead that migrate upstream of Wells Dam are apportioned to the Methow River based on radio telemetry studies conducted in 1999 and 2001 (English et al. 2001, 2003).   Since 1997, escapement to the Methow River has been predominately hatchery fish, but natural origin steelhead abundance has increased slightly in the last few years (Table 1).  It should be noted that uncertainty exists in how well the sampling at Wells Dam represents the run at large.  Sample rates at Wells Dam typically do not exceed 10% and are weighted towards only one fish ladder trap.  Furthermore, the proportion of hatchery and natural steelhead that migrate to the Methow River is based on two years of data with very low sample sizes.
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Figure 2.  Passage of hatchery and wild steelhead at the Twisp Weir, 2009.

Table 1.  Estimated Methow steelhead run escapement and composition monitored at Wells Dam, 1997 - 2009.

	Run Year
	Estimated Methow River Run Escapement

	
	Total
	Hatchery
	
	Natural

	1997
	2,361
	2,286
	97%
	
	76
	3%

	1998
	1,575
	1,429
	91%
	
	145
	9%

	1999
	2,116
	1,831
	87%
	
	285
	13%

	2000
	3,707
	3,338
	90%
	
	369
	10%

	2001
	10,826
	10,210
	94%
	
	615
	6%

	2002
	5,330
	4,770
	89%
	
	560
	11%

	2003
	5,736
	5,017
	87%
	
	719
	13%

	2004
	5,256
	4,710
	90%
	
	546
	10%

	2005
	4,009
	3,536
	88%
	
	473
	12%

	2006
	3,643
	3,234
	89%
	
	409
	11%

	2007
	3,806
	3,110
	82%
	
	696
	18%

	2008
	5,528
	4,759
	86%
	
	769
	14%

	2009
	14,875
	13,466
	91%
	
	1,410
	9%

	Mean
	5,290
	4,746
	89%
	
	544
	11%


Spawning Escapement 

Redd surveys have been used to provide an index of spawning escapement in the Methow Basin since 2004 (Snow et al. 2009).  The Methow River basin was divided into four geographic subbasins; the upper Methow, lower Methow, Chewuch, and Twisp.  Index areas of annual spawning activity were established within each subbasin based on information from historic surveys.  Index areas were surveyed weekly on foot or by raft throughout the spawning season.  Steelhead redds were individually flagged with date, redd number, and location recorded on each flag.  Each redd was also recorded with hand-held global positioning system (GPS) devices for subsequent mapping.  When spawning was perceived to be near peak, non-index areas were surveyed for a total redd count, and index areas were surveyed by a naïve surveyor to determine the proportion of total redds still visible.  Redds observed outside of index areas were expanded by the visible proportion of redds from index area counts.  Index area surveys continued after peak spawning, and additional expansions were made in non-index areas based on the proportion of additional redds found within index areas after peak spawning.  Expanded redd counts from outside the index areas were combined with total redd counts within the index areas to estimate the total number of redds for each stream.  Annual redd surveys in the Methow Basin have met with varying degrees of success.  While estimates of precision are currently not available, the mean annual number redds in the Methow Basin since 2004 was 1,040 (range 740 – 1,784).  The Twisp River accounted for an average of 279 redds annually.  Of those redds, 86% were found upstream of the Twisp weir.    

Of those fish that spawn in the Twisp River, the proportion of natural origin fish in unknown.  However, in 2009, WDFW operated the modified Twisp weir throughout the spawning migration period (March through May) and trapped, tagged, and released a total of 378 adult steelhead.  Based on scale pattern analysis, 91 (24%) were determined to be of natural origin.  Tagging and subsequent observations on the spawning grounds suggest that the weir efficiency was near 100% (i.e., 3% of the steelhead observed on the spawning grounds were untagged).  
Smolt Production

WDFW has operated a smolt trap on the lower Twisp River since 2005, funded by Douglas County PUD.  While a small proportion of naturally produced steelhead emigrate as subyearling parr, smolts emigrate from the Twisp River between age-1 and age-4 (Table 2).  Because steelhead have a complex life history and smolt trapping has only been conducted for a short time period, it is unclear if the low survival of juvenile steelhead is a function of density or poor reproductive success.  We expect that estimating the relative reproductive success at an early life stage (i.e., age-1 parr) will greatly increase our ability in answering that question.

Table 2.  Estimated emigrant-per-redd and egg-to-emigrant survival of Twisp River steelhead.  Emigrant-per-redd values were not calculated for incomplete brood years.  DNOT = Did not operate trap.  

	Brood year
	Number of redds
	Estimated number of eggs
	Number of emigrants
	Egg to emigrant (%)
	Emigrant per

redd

	
	
	
	Age-1
	Age-2
	Age-3
	Age-4
	Total
	
	

	2007
	82
	418,774
	42
	--
	--
	--
	42
	0.01
	--

	2006
	384
	2,484,932
	82
	4,774
	--
	--
	4,856
	0.20
	--

	2005
	484
	3,004,672
	313
	2,877
	2,251
	--
	5,441
	0.18
	--

	2004
	256
	1,194,752
	80
	3,217
	504
	200
	4,001
	0.33
	16

	2003
	696
	4,420,992
	DNOT
	2,053
	1,559
	67
	3,679
	0.08
	5


Artificial Propagation of Steelhead in the Methow River Basin.

Wells Hatchery began steelhead production following the completion of Wells Dam in 1968, with the first juvenile fish released into the Methow River in the spring of 1969.  Broodstock for Methow Basin artificial production was derived from adult fish collected from the fish ladders at Wells Dam, and contained a mixture of hatchery and naturally produced adults.  Prior to the 2004 brood, naturally produced fish were retained for broodstock as they occurred in the run at large passing Wells Dam, and comprised on average 7% of the broodstock for the 1995-2003 broods.  Beginning with the 2004 brood, collections targeted an increased proportion of the naturally produced fish and the 2004-2009 broods contained an average of 21% naturally produced fish.  Steelhead progeny were reared at Wells Hatchery and released into the Methow and Okanogan river basins as yearling smolts.  Additionally, juvenile steelhead were routinely released as fry or smolts into the Columbia River directly adjacent to the hatchery, but releases of this type ceased in the mid 1990’s.  With few exceptions, Methow Basin steelhead releases for broods prior to 1997 occurred at a single location annually at rkm 10.  Beginning with the 1997 brood, Methow Basin releases shifted to upper basin tributaries as the program goals changed from production to supplementation purposes.  Since the 1997 brood, mean number of fish released in the Methow River (N = 96,906), Twisp River (N = 109,526), and Chewuch River (N = 97,167) have approximately divided the total basin releases equally.  

Gametes from naturally produced adults likely contributed to the juvenile steelhead populations at about the same rate at which they were represented in the broodstock (i.e., 7%) prior to the 1997 brood.  After that time, the contribution of naturally produced fish was managed to produce progeny of 100% H x W genetic crosses for study purposes (1997-1999 broods) or to adhere with the tenets of supplementation (2000 brood-present).  Juvenile releases into the Twisp River have been almost exclusively accomplished with progeny of H x W genetic crosses.  These releases have occurred at the river kilometer (rkm) 21, with an additional small group of fish released annually from semi-natural ponds located at rkm 2.  

Key questions our study will address:

1)  What is the relative reproductive success of hatchery steelhead when they spawn in nature?  

This question is important for several reasons.  Many naturally spawning steelhead populations in the Columbia River Basin contain varying numbers of hatchery-produced fish.  If the naturally spawning hatchery fish are part of a supplementation program, then estimating their relative fitness is necessary for evaluating the effects of the program.  For example, if the relative reproductive success of the hatchery fish is low, the program is unlikely to be successful at increasing natural production.  Evaluating relative reproductive success is therefore critical for determining if the considerable investment the region has made in hatchery supplementation programs is actually helping recover populations.  Hatchery fish can also mask the status of natural populations.  For example, in a large scale analysis of the extinction risk of Columbia River salmon populations, McClure et al. (2003) bracketed their analysis by assuming that naturally spawning hatchery fish had a relative fitness of either 0 or 1.  In nearly every case, what was assumed about hatchery fish spawning success had a substantial effect on the estimate of the natural population’s population growth rate, and for 25% of the populations evaluated, the estimates of natural population growth rate changed sign depending on what was assumed about the contributions of naturally spawning hatchery fish to natural population growth.  By directly measuring the relative reproductive success of hatchery fish, the viability of natural populations receiving substantial hatchery fish can be much more accurately evaluated. 

2)  If a difference in relative reproductive success is found between hatchery and natural-origin steelhead, can the difference be explained by differences in measurable biological traits that differ between hatchery and natural fish?

In specific case studies, several investigators have found biological differences between hatchery and naturally produced fish that, at least in part, explain why hatchery fish may have relatively low fitness in the natural environment.  For example, Fleming and Gross (1992, 1993, 1994) made detailed observations of the spawning behavior of natural and hatchery coho salmon, and found that the hatchery-produced males were less aggressive courting females and less able to fend off other males in competition.  The same investigators also found physical differences between hatchery and natural fish that likely contributed to the poor performance of the hatchery fish.  Fleming et al. (1996) obtained similar results in a more recent study of Atlantic salmon.  In another study, Berejikian (1995) found that hatchery-produced juvenile steelhead were more vulnerable to predation than naturally produced steelhead because the hatchery fish were more aggressive about feeding in the presence of predators.  Schroder et al. (2008) attributed the 5.6% decrease in egg-to-fry survival of first-generation hatchery spring Chinook to subtle differences in spawning behavior and redd location in a spawning channel.  More recently, Ford et al. (2009) reported the spatial distribution of redds within a spawning tributary was a significant factor in the relative reproductive success of hatchery spring Chinook salmon.     

Despite the studies referenced above, determining the proximate biological mechanisms for any observed differences in fitness between hatchery and natural fish remains an important problem.  Most of the studies examining how morphological and behavioral traits influence fitness in salmonids have been conducted over very limited parts of the life-cycle, and it is important to understand how these traits affect life-time fitness.  There have been relatively few studies examining how variation among individual fish contributes to differences in fitness between hatchery and natural populations.  Instead, most studies (e.g., Leider et al. 1990; Reisenbichler and McIntyre 1977) measured average differences in reproductive success or survival between groups of fish.  By measuring the fitness of individual fish, we will obtain a much more complete picture of how variation in measurable traits influences fitness than has been obtained from most studies conducted to date.  

Understanding the biological differences between hatchery and natural fish that are the causes of any differences in fitness is important because it will provide insight into how likely it is that the fitness of hatchery fish can be increased by relatively simple changes in rearing, breeding, or release strategies.  For example, early spawn timing by some hatchery steelhead has been hypothesized to contribute to their poor performance (Chandler and Bjornn 1988; Leider et al. 1984), suggesting that maintaining a natural run and spawn timing distribution should be an important goal of steelhead supplementation programs.  In our study, we will be able to specifically estimate the functional relationship between a series of measured characteristics (e.g., spawn timing and redd morphology) of individual fish and correlate life-time fitness for both hatchery and natural fish, thereby increasing our knowledge of not only if hatchery steelhead have lower relative fitness than natural steelhead, but also why.  Unlike similar studies of Pacific salmon, we will attempt to collect data for numerous traits on individual fish on the spawning grounds.  These traits may or may not be genetically-linked, but will provide an opportunity to examine their influence on fitness.      

3)  If hatchery-produced steelhead have initially low relative reproductive success, to what degree is this effect reduced in their natural origin progeny?  In other words, does the 'hatchery' effect disappear to an appreciable degree after a generation of natural production?

One of the surprising conclusions from several studies of the fitness of hatchery fish in the natural environment is that genetic-based fitness differences have been found after only two-to-five generations of hatchery rearing .  Early results from the Yakima River suggest that differences between hatchery and wild fish are expressed only after a single generation in the hatchery (Schroder et al. 2008).  That selection in hatcheries can produce such rapid genetic changes in salmon populations is both disturbing and encouraging.  On the one hand, if hatchery breeding and rearing can result in substantial genetic changes in a population after only a few generations, this suggests that selection pressures in typical hatchery environments may be so strong that even relatively recently founded broodstocks may be too “domesticated” to be useful for supplementation purposes.  On the other hand, the very speed with which the changes occur suggests that hatchery fish might be able to rapidly adapt back to the natural environment if given a chance to do so.  There are a large number of hatchery programs in the Pacific Northwest that are releasing locally derived stocks that have been hatchery propagated for many generations.  Measuring how quickly these stocks can readapt to a full life cycle in a natural environment will determine how useful these stocks might be in recovery efforts. Using highly polymorphic microsatellite DNA markers and/or single nucleotide polymorphisms (SNPs; see below), we propose to track individual lineages across two or more generations and then using these data to estimate the rate at which hatchery fish readapt to the natural environment.

C. Rationale and significance to regional programs

All major reviews of hatchery programs have hatchery risks, including the relative reproductive success of hatchery fish, as a critical uncertainty for salmon recovery (e.g., ISAB 2003; NRC 1996; NWPCC 2005).  In addition, several independent science panels have recommended that integrated hatchery programs should be treated as experiments and should operate with clear objectives, appropriate risk management, sufficient research, monitoring, and evaluation, and within an adaptive management framework (ISAB 2003; NRC 1996; NWPCC 2000; NWPCC 2005; RSRP 2003).  For example, the Northwest Power and Conservation Council’s Fish and Wildlife program (NWPCC 2000) states, “Artificial production must be implemented within an experimental, adaptive management design that includes an aggressive program to evaluate the risks and benefits and address scientific uncertainties.”
Our proposed research to estimate the relative fitness of hatchery fish used for supplementation specifically also addresses several key management uncertainties identified by the Columbia Basin Fish and Wildlife Authority (CBFWA) and the National Marine Fisheries Service (NMFS).  In particular, the CBFWA's Mainstem and Systemwide Province Artificial Production Program Summary, identifies "What is the relative fitness of hatchery fish when they spawn in the natural environment?" and "To what extent does hatchery production undermine local adaptation in a manner that threatens the long-term viability of salmonids?" as key research and monitoring questions related to artificial propagation.  

Recently, the Independent Scientific Review Panel (ISRP) and Independent Scientific Advisory Board (ISAB) recommended criteria for monitoring and evaluating supplementation projects .  Specific recommendations included extensive abundance and productivity monitoring and using genetic pedigrees to estimate the relative fitness of naturally spawning hatchery fish and their first generation natural-origin descendants.  The panels also recommended using paired supplemented and unsupplemented streams to evaluate the long-term effects of supplementation on population fitness.  With the exception of the treatment/control streams, our study meets all of the ISAB/ISRP recommendations, including tracking of natural and hatchery origin spawning success across two generations and extensive monitoring of adult abundance and productivity.  We agree with the ISAB/ISRP recommendation that monitoring of treatment and control streams will be most effective if conducted in a coordinated manner across the basin, and we intended to work with other supplementation and population monitoring efforts to create such a comprehensive system of treatments and controls (see relationship to other projects, below).

Relationship to 2008 NOAA Fisheries FCRPS Biological Opinion

In the 2008 Biological Opinion on the Columbia River federal hydropower system, NMFS identified the need for a study to examine the relative reproductive success of naturally spawning hatchery steelhead in the Methow River (NMFS 2008, RPA 64.3).  NMFS also identified the need to coordinate with Douglas County PUD, the entity funding the hatchery production and monitoring and evaluation program.  The proposed project was developed in collaboration with Douglas County PUD, who is also providing funding for the project both indirectly through ongoing monitoring and evaluation activities (e.g., weir operation, smolt trap operation, and spawning ground surveys) as well as direct funding for the project (e.g., genotyping and analysis of adult steelhead samples).  The Wells HCP Hatchery Committee will be asked to review and approve the study design and incorporate it into the HGMP for the Methow Steelhead Hatchery Program.

Relationship to Methow Subbasin Plan

The goal for steelhead in the Methow Subbasin Plan (MSP) is to achieve run and escapement abundance levels that allow for the recovery of the Methow population, while achieving mitigation goals for hydrosystem losses and providing a harvestable surplus.  The MSP specially identifies the need for quantifying the spawner success rates of hatchery and naturally produced steelhead by implementing a relative reproductive success study (Objective 1, Strategy 1, page 361).  

D. Relationships to other projects

The studies we propose will complement several other ongoing and proposed projects to estimate the relative fitness of naturally spawning hatchery fish in the Columbia River Basin and elsewhere (Table 3).  Both steelhead and hatchery programs are highly diverse, so it will be necessary to conduct such studies in a variety of systems before any general conclusions can be reliably drawn.  By examining a broad range of programs and systems, we will be able to better determine the relative fitness of naturally spawning hatchery fish across the diversity of the species and their landscape.  

We already have a high degree of coordination and collaboration between this project and three other hatchery fish reproductive success projects that we are also directly involved with: the Wenatchee River Steelhead RRS (WDFW and NMFS), Wenatchee River Spring Chinook RRS (WDFW and NMFS), and the Yakima River Spring Chinook RRS (Yakama Nation/WDFW Yakima/Klickitat Fisheries Project (YKFP)).  The YKFP involves a large-scale spring Chinook supplementation program in the Yakima River Basin, and its monitoring and research program has many of the same goals and methods we propose in the current project.  The Kalama Steelhead RRS (WDFW) has nearly completed three brood year replicates and pending funding from Mitchell Act may expand to a second generation study.  Key personnel are shared among this proposed project and the other projects include WDFW staff (e.g., Murdoch and Warheit) allowing for a high level of collaboration in experimental design and data analysis.  

Douglas County PUD provide cost sharing for the proposed projects as part of their requirement to implement monitoring and evaluation activities associated with their hatchery programs in the Methow subbasin.  In 2008, Douglas County PUD redesigned, constructed, and funded significant modifications to the Twisp River weir and fish trapping facility that allowed the proposed project to efficiently and safely handle 100% of the fish migrating upstream of weir in 2009.  Additional cost sharing from Douglas PUD annually includes $123,463 for the operation of a smolt trap, $51,440 for conducting steelhead spawning surveys, $55,326 for the operation of the Twisp weir, and $13,875 for sampling parr in the Twisp River.  Douglas County PUD will also fund all costs associated with the genotyping and analysis of the adult samples collected under the study (~$39,000). 
Table 3.  Steelhead studies that complement the proposed study

	Location
	Principle Investigator(s)
	Number of

generations
	Life stage
	Status

	Kalama R., WA
	Sharpe (WDFW)
	1
	Adult
	Ongoing

	Imnaha R., OR
	Moran (NMFS)
	1
	Multiple
	Ongoing

	Hood R., OR
	Araki and Blouin (OSU)
	2
	Adult
	Complete

	Forks Cr., WA
	Quinn (UW)
	1
	Adult
	Ongoing

	Wenatchee R., WA
	Murdoch (WDFW), Ford (NMFS)
	1
	Multiple
	Ongoing


Information derived from the proposed project will be used to assist managers in modifying hatchery programs throughout the Upper Columbia ESU.  Given the extensive current and expected future use of artificial propagation in the Upper Columbia ESU and reliance by co-managers and the PUDs that hatchery fish will accomplish mitigation and recovery objectives, providing empirical data on the relative reproductive success of hatchery steelhead is of the highest priority.  More specifically, during the proposed duration of the study, we will have the opportunity to evaluate changes to the hatchery program beginning in 2014 (i.e., 100% wild broodstock) assuming the HGMP is approved by NMFS.   

Upper Columbia Steelhead Kelt Reconditioning Project (2008-458-00) – Wild steelhead kelts reconditioned as part of this project that return to the Twisp weir will be DNA sampled and included as part of the study.  Over the life span of the project, it is expected that both natural (i.e., repeat spawners) and artificially reconditioned kelts will be included in the proposed project.  The reproductive success of reconditioned kelts is a major data gap and critical uncertainty identified by the ISRP.  The proposed project should provide relevant and timely information.      

E. Project history

Although the project is new, the methods for collecting the required data and DNA tissue samples have been successfully tested as part of monitoring and evaluation program for the hatchery program funded by Douglas County PUD.  In 2009, WDFW operated the Twisp weir and based on tag recaptures upstream, we determined the trap efficiency was nearly 100% (i.e., untagged steelhead observed upstream of the weir comprised 3%).  Age-1 parr have been collected for several years and the smolt trap has been operating since 2005.  In summary, we have proven the methods outlined in the proposed project can meet the samples size requirements under normal environmental conditions.  In some years, the potential for flood events associated with large amount of woody debris does exist and may negatively affect equipment and samples sizes.     

F. Proposal biological/physical objectives, work elements, methods, and metrics

a) Biological/physical objectives

Objective 1 – Estimate relative reproductive success of natural and hatchery produced fish at three life stages (parr, smolt, and adult). 

H0 – Equal offspring production among groups.

H0 – Equal juvenile-to-adult survival among groups.

Objective 2 – Determine the degree to which differences in fitness between hatchery and natural steelhead can be explained by measurable biological or life history traits that differ between hatchery and natural fish.

H0 – Variation in traits such as run timing, size, weight, and redd morphology or location have no effect on the number of offspring produced.

Objective 3 – Estimate the relative fitness of hatchery-lineage steelhead after they have experienced an entire generation in the natural environment.

H0 – Equal offspring production among groups.

H0 – Equal juvenile-to-adult survival among groups.

Results of the project would be published in peer-reviewed literature.  Co-managers could incorporate results into revised HGMPs or management plans to better reform hatchery programs consistent with recovery goals. 

b) Work Elements 

Objective 1

	Work element name:
	Collect/Generate/Validate Field and Lab Data

	Work element title:
	Collect DNA for adult steelhead at Twisp Weir

	Start date:
	3/1/2011

	End date:
	5/30/2011

	Duration :
	2010 – 2025

	Description: Operate Twisp weir as river conditions allow beginning no later than March 15. Trap and collect biological data (sex, length, origin, scales) and a tissue sample for DNA analysis from all wild fish and hatchery fish released to spawn naturally.  Only returning naturally produced adults from the 2nd generation will need to be sampled between 2019 and 2025.

	
	

	Work element name:
	Collect/Generate/Validate Field and Lab Data

	Work element title:
	Conduct steelhead spawning ground surveys in the Twisp River

	Start date:
	3/1/2011

	End date:
	5/30/2011

	Duration :
	2009 – 2018

	Description: Conduct spawning grounds surveys twice a week in the Twisp River in an upstream direct whenever conditions allow. Identify spawning sites and mark with flagging and hand held GPS. If steelhead are present on the redd, identify the origin of the female and male(s) based on colored floy tag. If steelhead are not present on the redd, scan the redd for a PIT tag.  

	
	

	Work element name:
	Collect/Generate/Validate Field and Lab Data

	Work element title:
	Collect DNA Tissue Samples from Age-1 Parr in the Twisp River

	Start date:
	7/1/2010

	End date:
	10/30/2010

	Duration :
	2010 – 2019

	Description: Tissue samples of steelhead parr (age-1) will be collected during routine surveys conducted in the Twisp River.   Sampling is scheduled to occur between July and October using a combination of angling, snorkel/seining (i.e., snerding), or night netting capture techniques.   Of those fish captured, only age-1 fish will be DNA sampled. Parr tissue collections will begin in 2010 (2009 brood) and be complete in 2019 (2018 brood).   Parr will be collected from throughout the spawning area and in similar spatial distribution as the redds of the parents.   In addition, all potential resident O. mykiss parents (i.e., wild rainbow trout or hatchery residual steelhead) captured during the summer parr collection will also be DNA sampled and included as potential parents in the analysis.  All fish captured will be PIT tagged to prevent double sampling. The location of each tagging event will be geo-referenced using hand held GPS devices.

	
	

	Work element name:
	Collect/Generate/Validate Field and Lab Data

	Work element title:
	Collect DNA from Steelhead Smolts from the Twisp River Smolt Trap

	Start date:
	3/1/2011

	End date:
	11/15/2011

	Duration :
	2011 – 2022

	Description: Tissue samples of steelhead smolts will be collected from rotary smolts trap operated in the lower Twisp River between 1 March and 1 July. At the beginning of the study only steelhead smolt from the corresponding brood years (determined from scale samples) will be included in the analysis. In subsequent years, all steelhead smolts captured and the smolt trap will be included in the analysis. Previously PIT tagged parr will be included in the smolt sample, but not previously PIT tagged smolts (i.e., double sampled).

	
	

	Work element name:
	Collect/Generate/Validate Field and Lab Data

	Work element title:
	Genotype Adult Steelhead Samples and Conduct Parentage Analysis

	Start date:
	5/1/2010

	End date:
	2/1/2011

	Duration :
	2010 – 2025

	Description:  All laboratory work will be conducted at the WDFW Molecular Genetics Laboratory (MGL) in Olympia, WA.  Generating genotypes:  Tissue samples will be dissected to the appropriate size and DNA extracted using Machery-Nagel silica membrane-based kits following the manufacturer’s standard protocol.  We will use the standard set of 13 SPAN microsatellite loci, plus an additional 2 microsatellite loci to construct multi-locus genotypes.  The 15 microsatellite loci will be assembled into six multiplex PCR reactions.  We will conduct PCR amplification using fluorescently end-labeled primers or vector tails and either AB 9700 or MJ-200 thermal cyclers.  We will visualize microsatellites using an ABI 3730 automated DNA Analyzer, and alleles will be sized to numbers of basepairs and binned using an internal lane size standard (GS500Liz from Applied Biosystems) and GeneMapper software (Applied Biosystems).  Parentage Analysis:  We will use one of several programs available to calculate probabilities of parent-pairs and/or trios.  The probabilities will be used first to exclude either adults or adult-pairs, and then will be used with simulations to test for the most likely parent-offspring pair or trio.  Relative reproductive success:  In this generation there are four spawner types, Hm, Hf, Nm and Nf, where H is hatchery N is natural, m is male and f is female.  Mating between these parents will produce offspring with four categories of ancestry: Hf Hm, Hf Nm, Nf Hm, and Nf Nm.  We will calculate RRS at three different life stages (parr, smolt, and adult) partitioned among the ancestral types.  

	
	

	Work element name:
	Collect/Generate/Validate Field and Lab Data

	Work element title:
	Genotype Juvenile Steelhead and Conduct Parentage Analysis

	Start date:
	12/31/2010

	End date:
	6/30/2011

	Duration :
	2010 – 2022

	Description:  All laboratory work will be conducted at the WDFW Molecular Genetics Laboratory (MGL) in Olympia, WA.  Generating genotypes:  Tissue samples will be dissected to the appropriate size and DNA extracted using Machery-Nagel silica membrane-based kits following the manufacturer’s standard protocol.  We will use the standard set of 13 SPAN microsatellite loci, plus an additional 2 microsatellite loci to construct multi-locus genotypes.  The 15 microsatellite loci will be assembled into six multiplex PCR reactions.  We will conduct PCR amplification using fluorescently end-labeled primers or vector tails and either AB 9700 or MJ-200 thermal cyclers.  We will visualize microsatellites using an ABI 3730 automated DNA Analyzer, and alleles will be sized to numbers of basepairs and binned using an internal lane size standard (GS500Liz from Applied Biosystems) and GeneMapper software (Applied Biosystems).  Parentage Analysis:  We will use one of several programs available to calculate probabilities of parent-pairs and/or trios.  The probabilities will be used first to exclude either adults or adult-pairs, and then will be used with simulations to test for the most likely parent-offspring pair or trio.  Relative reproductive success:  We will continue to calculate RRS at three different life stages (parr, smolt, and adult) for individuals of four ancestral types (i.e., Hf Hm, Hf Nm, Nf Hm, and Nf Nm) within the F1 generations 


Objective 2

	Work element name:
	Collect/Generate/Validate Field and Lab Data

	Work element title:
	Collect Ecological and Redd Morphology Data on the Spawning Grounds

	Start date:
	3/1/2011

	End date:
	5/30/2011

	Duration :
	2011 – 2018

	Description: During spawning grounds surveys we will attempt to identify the origin of fish on as many redds as possible using colored floy tags or PIT tags that were deposited in redds. Data on life history traits to be collected will include, but not limited to:
Run timing at the Twisp weir (Julian date)

· Spawn timing (Julian date)

· Redd location (river kilometer)

· Spawner density

· Redd morphology and location

· Dimensions (bowl and tailspill)

· Water depth (multiple locations)

· Water velocity (multiple locations)

· Substrate composition (visual estimation)

· Habitat type (pool, riffle glide)

· Channel type (single or multiple)

· Location in channel (distance to bank in meters)

	
	

	Work element name:
	Analyze/Interpret Data

	Work element title:
	Analyze Data collected on the Spawning Grounds

	Start date:
	11/1/2010

	End date:
	2/28/2011

	Duration :
	2010 – 2018

	Description: After obtaining this initial estimate, we will address Objective 2 by conducting a multiple regression analysis adding the traits such as run timing, length, weight and morphology to the analysis in order to determine to what degree variation in these traits can explain any observed difference in fitness between hatchery and natural fish. This analysis will be conducted separately for the juvenile and adult samples.


Objective 3

	Work element name:
	Collect/Generate/Validate Field and Lab Data

	Work element title:
	Collect DNA for adult steelhead at Twisp Weir

	Start date:
	3/1/2015

	End date:
	6/1/2015

	Duration :
	2010 - 2025

	Description: Operate Twisp weir as river conditions allow beginning no later than March 15. Trap and collect biological data (sex, length, origin, scales) and a tissue sample for DNA analysis from all wild fish and hatchery fish released to spawn naturally.  Only returning naturally produced adults from the 2nd generation will need to be sampled between 2019 and 2025.

	
	

	Work element name:
	Collect/Generate/Validate Field and Lab Data

	Work element title:
	Collect DNA Tissue Samples from Age-1 Parr in the Twisp River

	Start date:
	7/1/2013

	End date:
	10/30/2013

	Duration :
	2013 – 2019

	Description: Tissue samples of steelhead parr (age-1) will be collected during routine surveys conducted in the Twisp River.   Sampling is scheduled to occur between July and October using a combination of angling, snorkel/seining (i.e., snerding), or night netting capture techniques.   Of those fish captured, only age-1 fish will be DNA sampled. Parr tissue collections will begin in 2010 (2009 brood) and be complete in 2019 (2018 brood).   Parr will be collected from throughout the spawning area and in similar spatial distribution as the redds of the parents.   In addition, all potential resident O. mykiss parents (i.e., wild rainbow trout or hatchery residual steelhead) captured during the summer parr collection will also be DNA sampled and included as potential parents in the analysis.  All fish captured will be PIT tagged to prevent double sampling. The location of each tagging event will be geo-referenced using hand held GPS devices.

	Work element name:
	Collect/Generate/Validate Field and Lab Data

	Work element title:
	Collect DNA from Steelhead Smolts from the Twisp River Smolt Trap

	Start date:
	3/1/2014

	End date:
	11/15/2014

	Duration :
	2014 – 2022

	Description: Tissue samples of steelhead smolts will be collected from rotary smolts trap operated in the lower Twisp River between 1 March and 1 July. At the beginning of the study only steelhead smolt from the corresponding brood years (determined from scale samples) will be included in the analysis. In subsequent years, all steelhead smolts captured and the smolt trap will be included in the analysis. Previously PIT tagged parr will be included in the smolt sample, but not previously PIT tagged smolts (i.e., double sampled).

	Work element name:
	Collect/Generate/Validate Field and Lab Data

	Work element title:
	Genotype Juvenile Steelhead and Conduct Parentage Analysis

	Start date:
	7/1/2013

	End date:
	12/1/2013

	Duration :
	2010 – 2022

	Description:   All laboratory work will be conducted at the WDFW Molecular Genetics Laboratory (MGL) in Olympia, WA.  Generating genotypes:  Tissue samples will be dissected to the appropriate size and DNA extracted using Machery-Nagel silica membrane-based kits following the manufacturer’s standard protocol.  We will use the standard set of 13 SPAN microsatellite loci, plus an additional 2 microsatellite loci to construct multi-locus genotypes.  The 15 microsatellite loci will be assembled into six multiplex PCR reactions.  We will conduct PCR amplification using fluorescently end-labeled primers or vector tails and either AB 9700 or MJ-200 thermal cyclers.  We will visualize microsatellites using an ABI 3730 automated DNA Analyzer, and alleles will be sized to numbers of basepairs and binned using an internal lane size standard (GS500Liz from Applied Biosystems) and GeneMapper software (Applied Biosystems).  Parentage Analysis:  We will use one of several programs available to calculate probabilities of parent-pairs and/or trios.  The probabilities will be used first to exclude either adults or adult-pairs, and then will be used with simulations to test for the most likely parent-offspring pair or trio.  Relative reproductive success:  For matings within the F1 generation, males and females from the Hf Hm, Hf Nm, Nf Hm, and Nf Nm ancestral types will be potential parents.  All combinations of matings will produce 16 ancestral types, where offspring in this F2 generation will differ in their hatchery dosage.  We will compare possible parent-pairs identical to those compared in the Hood River (Araki et al. 2009) and calculate RRS at three different life stages (parr, smolt, and adult).  Comparisons among these RRS values will enable us to evaluate changes in fitness following a full generation in the natural environment (i.e., carry-over effect).


c) Methods and metrics

Objective 1 – Estimate relative reproductive success of natural and hatchery produced fish at three life stages (parr, smolt, and adult). 
Task 1 – Collect DNA tissues from all or sufficient number of adults

Our experimental design has its greatest statistical power when a large fraction of all potential spawners are sampled, so we have chosen a watershed with an existing weir capable of intercepting nearly 100% of the steelhead run into the stream in most years.  Adults will be collected in a trap at a weir, located on the Twisp River, annually beginning in 2009 and extend through at least two complete generations ending in 2025.  Because trapping will occur very near spawning, both spatially and temporally, the trap will be operated 24 hours a day, 7 days a week, between March 1 and June 1.  

Each steelhead trapped will be measured (fork and post-orbital to hypural plate [POH] length), sexed using a portable ultrasound, and will have a small piece (~0.25 cm2) of caudal fin removed for genetic analysis.  Each fish will also be classified as either hatchery produced or naturally produced, based on the presence or absence of a hatchery mark (adipose fin clip, visible elastomer tag, or eroded fins).  Based on past experience it is common to observe at least some unmarked hatchery fish, so each fish will also have scales taken.  The scales will be used both for aging the fish and for confirming whether they are of hatchery or natural origin.    

We are proposing to monitor three brood years for two generations.  Given the complex juvenile life history of steelhead, DNA samples will need to be collected from all spawners beginning in 2009 (i.e., 1st Generation – 2009 -2011) and ending in 2018 (2nd Generations – 2012 -2018; Figure 3).  Because there is high probability that hatchery steelhead comprise a majority of the fish at the weir, thereby reducing our ability (i.e., small wild progeny sample size) to assess differences in fitness, we propose to control the proportion of hatchery fish upstream of the weir to approximately 50% of the population similar to that reported in the study conducted with coho salmon in Minter Creek, WA (Ford et al. 2006).  Depending on survival rates and run sizes, we will sample between 200 and 500 adults per year.   The number of samples collected from the parental and F1 generations will determine the power to detect differences in RRS from the target F2 generation.  Population simulations conducted by Craig Busack (WDFW, unpublished) regarding pedigree work in YKFP spring Chinook monitoring program showed that if N=200 observations per mating type (i.e., H x H, H x W, and W x W) were analyzed from the F1 generation, then 100% of returning F2 natural-origin adults would need to be analyzed to achieve 80% power to detect an effect (assuming a 0.20 fitness differential and ≤ 2 progeny per fish).  The sampling rate of the F2 generation could be reduced to 50% of returning natural-origin adults if N=500 observation per mating type were analyzed.  Specifically for this study, achieving N=500 per mating type is unlikely given the population size, so project managers will have the goal of maximally sampling the F2 generation.         

Task 2 – Collect DNA tissues from a representative sample of naturally produced progeny (juveniles and adults)

A systematic sample of up to1,250 parr (age-1) and 750 smolts (age 1– 4) will be collected.  An a priori determination of required sample size is not possible because the assignment error rates need to be estimated (Araki and Blouin 2005).  Yet, despite the lack of explicit knowledge of sufficient sample sizes, we feel the above sampling will provide the necessary data to test our precision and adapt the sampling protocols.  Firstly, the 1,250 parr and 750 smolt sample sizes are larger than Araki et al. (2009) who reported sufficient power to detect RRS in the F2 generation.  Secondly, genetic assignment error rates will likely be low (see Parentage Analysis), which will enhance our ability to detect differences RRS.  Lastly, we will perform a comparable permutation test as Araki and Blouin (2005) (i.e., equation 16) as soon as parentage data are available to determine the minimum RRS detectable given the specific assignment metrics of this project.  Naturally produced fish will be distinguished from hatchery-produced fish by the absence of a mark, tag, eroded fins, and scale pattern analysis.  Fish will be weighed, measured, and a small portion of the distal portion of the dorsal lobe of the caudal fin (~0.1 cm2) will be clipped for DNA analysis.  The caudal fin tissue will be placed in a vial with preservative.  All fish captured will also be PIT tagged, thereby eliminating the probability of double sampling.    

Tissue samples of steelhead parr (age-1) will be collected during surveys being already being conducted throughout the Methow Basin (Table 4).  Sampling is scheduled to occur between July and October using a combination of angling, snorkel/seining (i.e., snerding), or night netting capture techniques.  Of those fish captured, only age-1 fish will be DNA sampled.  Parr tissue collections will begin in 2010 (2009 brood) and be complete in 2019 (2018 brood).   Parr will be collected from throughout the spawning area and in similar spatial distribution as the redds of the parents.  In addition, all potential resident O. mykiss parents (i.e., wild rainbow trout or hatchery residual steelhead) captured during the summer parr collection will also be DNA sampled and included as potential parents in the analysis.  All fish captured will be PIT tagged to prevent double sampling.  

Tissue samples of steelhead smolts will be collected from rotary smolts trap operated in the lower Twisp River between 1 March and 1 July.  At the beginning of the study only steelhead smolt from the corresponding brood years (determined from scale samples) will be included in the analysis.  In subsequent years, all steelhead smolts captured and the smolt trap will be included in the analysis.  Previously PIT tagged parr will be included in the smolt sample, but not previously PIT tagged smolts (i.e., double sampled).   
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Figure 3.  Timeline for the proposed two generations steelhead reproductive success study in the Twisp River.

In order to evaluate relative reproductive success to the adult stage, DNA sampling of naturally produced adults will be required at the Twisp weir for several years after the last smolt samples have been collected (i.e., F2 generation).  Only DNA from naturally produced returning adults from the second generation will be collected between 2019 and 2025 (Table 4).  

Table 4.  DNA sampling schedule and approximate annual number of samples to be collected and analyzed (H = hatchery origin; N = naturally produced).  Sampling protocol may be revised up or down given detection power of RRS.

	Life stage
	Origin
	Location
	Samples per year
	Sample Period

	
	
	
	
	Start
	End

	Spawners
	H and N
	Twisp weir
	500
	2009
	2018

	Parr
	N
	Twisp River
	1,250
	2010
	2019

	Smolt
	N
	Twisp smolt trap
	750
	2011
	2022

	Adults
	N
	Twisp weir
	250
	2019
	2025


Task 3 – Molecular data collection

DNA Extraction

Genomic DNA will be extracted from each sample (adult and juvenile) using Machery-Nagel silica membrane-based kits following the manufacturer’s standard protocol and eluting with a final volume of 100 μl.

Genetic Markers

All samples will be genotyped using a standardized set of microsatellite DNA markers (SPAN markers, Table 5).  Microsatellites are highly variable, non-coding, repetitive DNA that are measured in length (i.e., numbers of basepairs).  Different alleles per microsatellite locus differ in their absolute size or number of included basepairs.  The SPAN set of 13 microsatellites are standardized across a minimum of eight salmonid laboratories in Alaska, Idaho, Montana, and Washington, and therefore, if needed, data collected for this project are directly transferable to the salmonid community as a whole, thereby eliminating a redundancy in data collection.  In addition to the standardized set of 13 loci we genotype two other loci because they are included into a chemically balanced multiplex assay that also include SPAN loci (Table 5).  

In addition to microsatellites (or, alternatively), we propose to explore the use of already established single nucleotide polymorphism (SNP) markers for this project.  WDFW, in collaboration with CRITFC, NOAA-SWFSC, IPSEG-UW, currently uses a 96-SNP panel for genotyping steelhead samples.  We continue to work with IPSEG-UW, using non-BPA funds, to develop hundreds of additional SNPs and plan to design a standard 96-SNP panel for parentage analysis.  Coupling this planned SNP parentage panel with analytical methods current under development at NOAA-SWFSC (Eric Anderson, personal communication), we plan to test the use of SNPs for relative reproductive success studies such as this project (again, using funds other than BPA).  If successful, this SNP method may be used as an alternative to or in addition to the microsatellites described above.  The use of SNPs only may reduced the overall cost of genotyping data and if they provide sufficient statistical power for parentage, SNPs would be the marker of choice

PCR Amplification

The 15 microsatellite loci (SPAN 13 plus 2) will be assembled into six multiplex reactions thereby enabling us to genotype all 15 loci in only six assays.  We will conduct polymerase chain reaction (PCR) amplification using fluorescently end-labeled primers (except primer Oki10 which is fluorescently labeled with a vector tail) and either AB 9700 or MJ-200 thermal cyclers.  All reverse primers will include a seven-nucleotide base extension (GTTTCTT) to the 5’ end to promote the incorporation of a non-templated adenosine to the 3’ end of the PCR product (Brownstein et al, 1996).  Currently, our standard PCR protocols for these steelhead SNPs use 384 well plates, total PCR volume of 5 μl of which 1 μl is DNA template, and with final concentrations of 1.5 mM MgCl2, 200μM of each dNTP, 0.05 μl Promega GoTaq and 1X Promega PCR buffer.  The thermal profile for these standard protocols is: 

two minute initial DNA denature at 94°C, 37 cycles of denature at 94°C for 30 seconds, annealing (temperatures vary among multiplexes) for 30 seconds, extension at 72°C for 60 seconds with a final 10-minute extension at 72°C, and then held at 10°C until placed at 4°C refrigeration.  Currently, we visualize microsatellites using an ABI 3730 automated DNA Analyzer, and alleles are sized to numbers of basepairs and binned using an internal lane size standard (GS500Liz from Applied Biosystems) and GeneMapper software (Applied Biosystems).  Although many individuals are genotyped at all 15 loci, various factors may prevent specific loci from amplifying in some individuals.  We will accept genotypes for parentage analyses when a minimum of 10 loci have been amplified for an individual.  Any individual with fewer than 10 loci amplified will be removed from the analysis.

Table 5.  Microsatellite loci to be used in this project.  SPAN loci are part of the standardized set of Microsatellite markers described in Stephenson et al. (2009).

	Multiplex
	Locus
	SPAN
	Reference

	OmyL
	One102
	No
	Olsen et al. 2000

	
	Oke4
	Yes
	Buchholz et al. 1999

	
	Ots100 
	Yes
	Nelson and Beacham 1999

	OmyM
	Oki23MMBL 
	Yes
	Smith et al. 1998

	
	Omy7iNRA 
	Yes
	K. Gharbi, unpublished

	
	Ssa408 
	Yes
	Cairney et al. 2000

	OmyN
	Ots4 
	Yes
	Banks et al. 1999

	
	Omy1011 
	Yes
	Spies et al. 2005

	OmyO
	Omy1001 
	Yes
	Spies et al. 2005

	
	Ots3M 
	Yes
	Greig and Banks 1999

	OmyP
	Ssa407 
	Yes
	Cairney et al. 2000

	
	Ogo4 
	Yes
	Olsen et al. 1998

	
	One14 
	Yes
	Scribner et al. 1996

	OmyQ
	Ssa289 
	Yes
	McConnell et al. 1995

	 
	Oki10
	No
	Smith et al. 1998


Task 4 – Data analysis

Parentage Analysis

In essence there are two broad categories for parentage inference, 1) exclusion and 2) maximum likelihood methods.  Exclusion is conceptually the simplest method, whereby Mendelian inheritance rules are used to determine incompatibilities between a candidate parent-offspring pair.  If all but two parents are excluded as possible parents (given all parents are sampled), then by definition, parentage has been assigned.  Yet, this method is extremely sensitive to sampling issues and the reality of genotyping errors (e.gs, process error, null alleles, allele drop-out, or mutation) that may contribute to false exclusion (Wang 2004; Kalinowski et al. 2007).  In contrast, maximum likelihood approaches take the form of log-likelihood ratios and determine the most likely parent-offspring relationship from a pool of non-excluded parents, and formulate a likelihood for alternative hypothesized relationships of multiple genotypes.  The methods explicitly account for genotyping error and have been shown to be robust in the presence of error and more accurate than exclusion (Marshall et al. 1998; Wang 2004; Kalinowski et al. 2007).  

The maximum likelihood methods can be further subdivided into pairwise (Kalinowski et al. 2007; Riester et al. 2009) and group approaches (Wang 2004; Wang and Santure 2009).  Pairwise methods estimate the relationship between two individuals, ignoring any other relationships present in the data.  Pairwise methods are well established and have been shown to be statistically powerful (Jones and Arden 2003; Kalinowski et al. 2007).  We will be using pairwise methods following the forms developed by Kalinowski et al. (2007) (i.e., CERVUS 3) and Riester et al. (2009) (i.e., FRANz) for parentage analysis.  While few methods exist for simultaneously estimating parentage (or sibships) among any number of individuals, enormous power gains of group methods have been shown, because i) assignment errors may be nullified and ii) reductions of statistical power caused by background relationships in the data are counteracted by inferring relationships among multiple individuals (Wang 2004; Wang 2007).  We will use the group method developed by Wang and Santure (2009) to reconstruct pedigrees, comparing this method with pairwise methods described above, and to estimate sibships and variance in family structure among sampled smolts. Sibship analysis is conceptually the same as parentage, except that the relationship being inferred is full-sib, half-sib, or unrelated rather than parent-offspring or unrelated.

An important topic to consider is the precision of genotyping efforts and the reliability of inferred relationships.  For the purposes of this proposal, genotyping accuracy pertains to the correct identification of the true parents and exclusion of non parents.  Wang (2004) found that for simulated data with known relationships, 10 microsatellite loci or 160 SNP loci were sufficiently powerful to almost perfectly reconstruct various sibling and parentage-offspring configurations under weak family structure (i.e., dataset composed of 0.75% full-sibs, 4% half-sibs, and 95.25 non-sib dyads).  For datasets with stronger family structure, fewer loci were required to correctly infer relationships.  Anderson and Garza (2006) reported a similar finding, with an estimate of < 2 of 1000 offspring incorrectly assigned to their parents using 100 SNP loci.  Wang (2004) showed that relatedness among parents does affect assignment accuracy, but the reduction is modest.  For example, full sib matings lead to a decrease in assignment accuracy of 1% and 4% for parentage and sibships, respectively, when compared to matings between unrelated parents.  Yet, the small decrease in accuracy can be compensated for by increasing the number of loci used for analysis.  Wang (2004) also analyzed empirical datasets containing known pedigrees, and reported that when age and sex was known, only five microsatellite loci were required to perfectly reconstruct both parent-offspring and sibling relationships.  If age and sex were unknown, 10 microsatellite loci recovered 100% of full-sib relationships, and 97.5% of the parent-offspring relationships.  In this study, we are using 13 microsatellite loci; therefore, published literature suggests we will have sufficient power to reliably reconstruct the necessary pedigree information.  

We will determine the accuracy of pedigree reconstruction using simulation.  Multiple sets of individuals will be created of known relationship by resampling actual genetic data obtained from Twisp River adult steelhead.  Multiple sets of smolts will be created from simulated parents using the rules of Mendelian segregation.  Following the generation of these new simulated datasets the accuracy of pedigree reconstruction can be measured at the dyad, family, or entire sample level.  We will measure accuracy by the statistic P (a | b), the frequency of dyads assigned the relationship a when the actual relationship is b (Wang 2004).  For sibship inference among smolt offspring, accuracy is measured by P(FS|FS), P(HS|HS), and P(UR|UR), where FS, HS, and UR are full-sib, half-sib, and unrelated, respectively.  For parentage inference, accuracy is measured by the frequencies that parentage is correctly assigned, P(PO|PO), or correctly unassigned, P(XO|XO), when the actual parent is included in and excluded from the candidate pool, respectively.   By evaluating the accuracy of pedigree reconstruction as described above both the presence of inaccuracy (or lack of) is obtained and also the cause.  Regardless of the specific method we will use to establish pedigrees, the result from the parentage analyses will be number of offspring produced by each adult from parental and F1 generations.  

We anticipate that some offspring will be assigned to no parent, or one parent only.  This may result from incomplete sampling of parents or genotyping error.  We will attempt to minimize the number of un-sampled parents by operating the weir 24 hours a day, 7 days a week, between March 1 and June 1, and by DNA sampling resident O. mykiss adults captured during the summer parr collection.  Since we will be conducting single parent analyses (mother- or father-offspring pairs), we will be able to determine if there is a bias in sex of the missing parent, which may suggest that the incomplete assignment for the offspring is due to an un-sampled parent rather than genotyping error.  

Relative reproductive success analysis

We will calculate the number of offspring produced from matings between hatchery and natural origin fish in the parental generation and determine RRS using Araki and Blouin (2005) Equation 14 for the HxH, HxN, and NxN matings at three different life stages (parr, smolt, and adult), where H = hatchery-origin and H = natural-origin.  

We will also test the null hypothesis that mating occurs randomly with respect to the hatchery- or natural-origin of a fish using a chi-square test of independence of the number of parr assigned to each category of parent-pairs.  For this analysis, the number of hatchery- and natural-origin parents is based on counts of individuals trapped at the Twisp River weir.  This analysis assumes that there is equal survival from capture to spawning between hatchery- and natural-origin adults, that mating success is similar among the four categories of parent-pairs, and that fecundity is the same between hatchery- and natural-origin females.  This test can be modified to include a fitness differential.  For all tests we will also calculate power, the probability of rejecting the null hypothesis when it is in fact false; the greater the power the lower the type II error. 

An important point to note is that there may not be differences in reproductive success between hatchery- and natural-origin steelhead in the Twisp River because long term planting of hatchery fish in the Methow Basin has resulted in natural fish being hatchery descendants (Ford et al. 2006).  Yet, we will rapidly obtain RRS information (i.e., first project year), which will allow us to modify the project from determining the parameters that contribute to RRS being hatchery and natural fish to determining the parameters that contribute to RRS in general.  In essence, if origin does not matter, we would then determine which environmental variables are important for fitness and productivity.     

Objective 2 – Determine the degree to which differences in fitness between hatchery and natural steelhead can be explained by measurable biological or life history traits that differ between hatchery and natural fish.

Task 5 – Estimate selection gradients on biological traits using genetic markers.  

We will measure the strength of selection on a phenotypic or behavioral trait (e.g., length, run-timing) by regressing fitness (here, the relative number of offspring produced) against that trait (Lande and Arnold 1983, Conner 2001).  To remove the indirect effects caused by correlation among the traits, we will use a multiple regression analysis and determine if bias is present when environmental traits are correlated with fitness (Rausher 1992).  The trait effects on the multiple regressions are called selection gradients (Conner 2001).  For each potential spawner sampled at the Twisp weir we will measure age, sex, origin, length, and run time, and use these biological traits to calculate selection gradients.  A comparison of selection gradients for traits from wild fish to those of hatchery fish may explain potential differences in fitness.  Identifying which traits are correlated with fitness may elucidate a mechanism by which domestication selection or hatchery operations contributes to variance in reproductive success (See Task 6).            

Task 6 – Estimate the influence of biological or life history traits on the ability of steelhead to produce offspring

H0:8 -- Variation in traits have no effect on the number of offspring produced

In order to address Objective 1 (fitness of hatchery compared to natural fish), we will initially conduct our analysis using only a single trait:  hatchery versus natural origin.  This will provide an estimate of the relative fitness of naturally spawning hatchery fish without attempting to factor out any biological differences between the two groups.  After obtaining this initial estimate, we will address Objective 2 by conducting a multiple regression analysis adding the traits such as run timing, length, weight and morphology to the analysis in order to determine to what degree variation in these traits can explain any observed difference in fitness between hatchery and natural fish.  This analysis will be conducted separately for the juvenile and adult samples.

Biological data collected from fish trapped at the weir will be analyzed initially to include estimated fecundity derived from relationships developed at the hatchery for both hatchery and naturally produced fish.  Spawning grounds surveys will be conducted twice a week on all available spawning habitat upstream of the Twisp weir.  During spawning grounds surveys will attempt to identify the origin (wild and three hatchery types [H x H, H x W, W]) of females on as many redds as possible using colored floy tags or individual females using PIT tags that were deposited in redds.  Life history traits to be included in the analysis will include, but not limited to:

· Run timing at the Twisp weir (Julian date)

· Spawn timing (Julian date)

· Redd location (river kilometer)

· Spawner density

· Redd morphology and location 

· Dimensions (bowl and tailspill)

· Water depth (multiple locations)

· Water velocity (multiple locations)

· Substrate composition (visual estimation)

· Habitat type (pool, riffle, glide)

· Channel type (pool-riffle, plane-bed, step-pool)

· Location in channel (distance to bank in meters)



Araki et al. (2008) reviewed similar studies of anadromous salmonids and they reported that the role of hatchery operation protocols (i.e., rearing strategies and release location) have not been addressed in the literature.  The exception would be the study conducted in the Wenatchee River where Ford et al. (2009) reported that spawning location explained a significant proportion of the variation in reproductive success of spring Chinook salmon.  Understanding how changes in nonselective trait distributions, as a result of improper hatchery practices, effect fitness would be beneficial in identifying all the mechanisms involved in the observed declines in fitness of both hatchery and wild fish.      

Objective 3 – Estimate the relative fitness of hatchery-lineage steelhead after they have experienced one or more generations in the natural environment.

Task 7 – Estimate the rate of relative spawning success and survival of hatchery origin fish after one full generation in the natural environment

This analysis is essentially the same as that of the parental generation described in Task 4: relative reproductive success analysis, except instead of matings between hatchery- and natural-origin fish , we now have H spawners (hatchery-origin as in Task 4), and natural origin fish produced from a spawning event between 0, 1, or 2  hatchery-origin parents (i.e., NWxW, NHxW, and NHxH ).  The increased level of complexity in the F2 generation must be accounted for if RRS is to be properly documented.  Please note that other RRS studies may use different nomenclature.  For example Araki et al. (2009) used W (i.e., wild) instead of this study’s N (i.e., natural), and C x C (i.e., two hatchery parents) instead of this study’s H x H, but the categories being tracked are identical.  The four spawner types from the F1 generation will interact to produce 16 categories in the F2 generation to which we will calculate relative reproductive success, provided there is a sufficient sample size and power for any particular category.  Comparisons among these RRS values will enable us to evaluate changes in fitness following a full generation in the natural environment.  

Task 8 – Estimate changes in fitness of naturally produced fish in the presence of little to no hatchery origin fish on the spawning grounds.
During the first three years of the study, we will attempt to maintain a constant proportion of hatchery fish on the spawning grounds (~ 50%) while allowing variation in escapement.  Given the extensive history of artificial propagation coupled with the observed low productivity, we feel this is the prudent approach until comparisons of fitness (i.e., F1 generation) are complete.  More simply, we want to maximize the probability of collecting progeny from both hatchery and wild parents.  Until we can estimate the relative reproductive success of both naturally spawning components, an equal proportion on the spawning ground is required.  

A possible result from the proposed project could be similar, but extremely low productivity estimates of both hatchery and wild steelhead as was the case for Minter Creek coho (Ford et al. 2006).  However, during the evaluation of the F2 generation (i.e., naturally produced fish only), we can reduce the proportion of hatchery fish on the spawning grounds and conduct consecutive experiments on 1) progeny of hatchery fish with one generation in the natural environment (i.e., F2 generation) and 2) a longer term experiment estimating fitness using similar methods with little to no hatchery fish on the spawning grounds.  Reductions in the proportion of hatchery fish on the spawning grounds would allow the evaluation of hatchery under lower levels of competition (i.e., lower spawner densities) and also assess changes in overall productivity of the population (i.e., test of the AHA model).  
Based on results from a study conducted with coho salmon in Minter Creek, WA (Ford et al. 2006), WDFW currently manages for unmarked coho salmon upstream of the weir.  Of those, it is estimated that an average 16% are unmarked hatchery fish based on scale samples (A. Marshall, WDFW, personal communication).  This change in management began in 2003 and adult return data have not been analyzed yet.  Such changes in the Twisp steelhead hatchery program would be dependent on agreement among the fishery managers, but would be an appropriate experiment considering the low productivity levels observed throughout the Methow Basin and be comparable to the ongoing research with coho salmon in Minter Creek, WA.     

G. Monitoring and evaluation

The proposed project is research and has no monitoring and evaluation component.

H. Facilities and equipment

WDFW Hatchery/Wild Interactions Unit, Supplementation Research Team: Existing Facilities, Equipment, & Personnel Resources

The WDFW Hatchery/Wild Interaction Unit is comprised of six research teams located throughout the Columbia Basin consisting of over 57 FTEs.  The proposed project will be conducted from the Methow Research Office located in Twisp, WA.  The project leader, Andrew Murdoch, works out of the research team located in Wenatchee, WA.  The Methow Research Team occupies 2,500 sq. ft of office space and approximately 2,300 sq. ft. of shop/storage space.  The Methow Research Team is comprised of both permanent (3 biologists, 1 technician) and temporary employees (7 – 12 technicians).  We have all the necessary equipment to conduct all the tasks identified in the proposal (e.g., computers, GPS, PIT tag equipment, smolt traps, boats, field equipment). 

WDFW Genetics Laboratory: Existing Facilities, Equipment, & Personnel Resources

The WDFW Genetics Laboratory presently occupies approximately 3,100 sq. ft. of space in the Natural Resources Building in Olympia, WA.  DNA data collection and processing (microsatellite analysis and sequencing) are done using computer-controlled, semiautomated DNA sequencers.  We presently have both an ABI-377 (96-lane, gel-based) sequencer and an ABI-3100 (16-capillary) genetic analyzer.  We use ABI Collection, GeneScan, and Genotyper software and Sequencher (Gene Codes Corp.) software for data collection and processing.  DNA amplification and fluorescent labeling via the polymerase chain reaction (PCR) are accomplished using 6 thermal cyclers (5 M-J Research model 200s and one M-J Research model 100).  The lab is equipped with 2 high-capacity refrigerated centrifuges (one Eppendorf 5810R and one Sigma 4-15C), an incubator, two water baths, agarose gel apparatus, a GeneQuant spectrophotometer, a Dark Reader transilluminator, and a heat block.  We have multiple sets of individual and multichannel Eppendorf pipettors for sample handling.  The lab also is equipped with a pH meter, 2 electronic balances, a large-capacity refrigerated chamber, refrigerators, freezers, and other common pieces of laboratory equipment.  We have 4 networked Apple Macintosh computers and 2 Win-NT PCs dedicated to DNA data collection, processing and analysis in the laboratory.  We also have four networked PCs available at biologists desks outside the laboratory for statistical analysis and other computer tasks.  DNA laboratory staff dedicated to genetic analysis include three fishery biologists, and 2-2/3 scientific technician FTEs.  

I. References

Araki, H., and M.S. Blouin.  2005. Unbiased estimation of relative reproductive success of different groups: evaluation and correction of bias caused by parentage assignment errors.  Molecular Ecology 14:4097–4109.

Araki, H., W. Ardren, E. Olsen, B. Cooper, and M. Blouin. 2007a. Reproductive success of captive-bred steelhead trout in the wild: evaluation of three hatchery programs in the Hood River. Conservation Biology 21:181-190.

Araki, H., B. Cooper, and M. S. Blouin. 2007b. Genetic effects of captive breeding cause a rapid, cumulative fitness decline in the wild. Science 318:100-103.

Araki H, B.A. Berejikian, M.J. Ford, and M.S. Blouin.  2008.   Fitness of hatchery-reared salmonids in the wild. Evolutionary Applications 1, 342-355.

Araki H, C. Cooper, and M. Blouin.  2009.  Carry-over effect of captive breeding reduces reproductive fitness of wild-born descendants in the wild.  Biology Letters doi: 10.1098/rsbl.2009.0315  

Banks, M.A., M.S. Blouin, B.A. Baldwin, V.K. Rashbrook, H.A. Fitzgerald, S.M. Blankenship, and D. Hedgecock. 1999. Isolation and inheritance of novel microsatellites in chinook salmon. Journal of Heredity 90: 281-288. 

J. Key personnel

Andrew Murdoch will be the project leader and oversee all aspects of the study.  Charlie Snow will lead the collection of field data in the Twisp River Basin, including hiring a full-time field biologist dedicated to the project.  Kenneth Warheit (Director, WDFW Molecular Genetics Laboratory) will lead the genotyping and analysis of all the DNA samples collected as part of the project. 
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RECENT PREVIOUS EMPLOYMENT

FISHERIES RESEARCH SCIENTIST 2, WDFW, 07/08 – Present

FISH AND WILDLIFE BIOLOGIST 4, WDFW, 10/01 – 06/08

FISH AND WILDLIFE BIOLOGIST 3, WDFW, 01/99 – 09/01

FISH AND WILDLIFE BIOLOGIST 2, WDFW, 04/96 – 12/98

FISH AND WILDLIFE BIOLOGIST 1, WDFW, 12/95 – 03/96

CURRENT RESPONSIBILITIES – Leader of the Hatchery/Wild Interactions Unit for the Washington Department of Fish and Wildlife. This Unit is a long-term, multi-disciplinary research program that investigates the benefits, costs, and approaches of artificial production programs. Research teams in the Unit are located in Wenatchee, Twisp, Ellensburg, Cle Elum, Kelso, Dayton, and Clarkston. 

EXPERTISE – Over 13 years of experience investigating salmonid freshwater ecology and the methodologies used to estimate juvenile and adult survival.  Co-authored numerous WDFW and BPA technical reports, and peer reviewed journal articles.  Research has focused on species interactions, hatchery effectiveness monitoring, relative reproductive success, sampling techniques, and designing monitoring programs.    
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RESOURCE PROGRAM MANAGER, Habitat Program WDFW 11/93 – 08/94.

CURRENT RESPONSIBILITIES – I coordinate, direct, and supervise fish and wildlife genetics research statewide, and am responsible for contract and budget management.  I supervise seven employees and am also responsible for providing technical advice and recommendations to policy makers in the areas of harvest and hatchery management, and conservation genetics and ecology, for a variety of marine, anadromous, and freshwater fish.

EXPERTISE – During the past five years, in addition to authoring many reports on the population genetics of fish and wildlife species, I have (1) designed computer simulations that model hatchery-supplemented salmonid populations; (2) developed new statistics for the genetic management of fish populations, and have written computer programs that implement these new statistical procedures, (3) co-authored five peer-reviewed or submitted publications, and (4) authored or co-authored ten successfully-funded competitive research grants.  
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CURRENT RESPONSIBILITIES – Supervisory biologist of the Methow Field Office for the Washington Department of Fish and Wildlife. This office encompasses a research team implementing long-term, multi-disciplinary research programs that investigate the benefits, costs, and approaches of artificial production programs. 

EXPERTISE – Over 10 years of experience investigating salmonid freshwater ecology and the methodologies used to estimate juvenile and adult survival.  Authored or co-authored numerous WDFW technical reports on a variety of species and subjects.  Most recent research has focused on species interactions, hatchery effectiveness monitoring, long-term monitoring and evaluation data gathering and analysis, and developing and implementing sampling techniques at local dams, weirs, and traps.    
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J.  Environmental Compliance and Permitting

	Permit Name
	Date
	Reference #
	Link to online Permit

	Section 10(a)(1)(A) enhancement permits 1395 steelhead programs in the upper Columbia River
	Oct 2, 2003
	1395
	http://www.nwr.noaa.gov/Salmon-Harvest-Hatcheries/Hatcheries/Sec-10-Hatchery-Current.cfm

	Section 10(a)(1)(A) enhancement permit for spring Chinook artificial propagation programs in the upper Columbia River
	Jan 20, 2004
	1196
	http://www.nwr.noaa.gov/Salmon-Harvest-Hatcheries/Hatcheries/Sec-10-Hatchery-Current.cfm

	Section 6 Cooperative agreement between Washington Department of Fish and Wildlife and U.S. Fish and Wildlife Service for Endangered and Threatened Fish and Wildlife Program in Washington
	May 4, 1995
	NA
	NA
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