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Executive Summary 
 
Our overall goal is to determine the natural reproductive success and mean relative 

fitness of hatchery-origin (HOR) and natural-origin (NOR) steelhead in Abernathy Creek, 
WA, and to assess the overall demographic effects of hatchery fish supplementation in 
Abernathy Creek relative to two adjacent control streams, Germany and Mill Creeks.  
The long-term contribution of stocked fish to recruitment and harvest of steelhead 
populations is unknown.  Because stocking is only one of several management options 
for this species, it is critical to learn additional information about factors limiting 
hatchery production and natural recruitment processes.  In addition, information on the 
effect of rearing technique, size and physiological status of stocked fish, propensity of 
stocked fish to residualize, and genetic contribution is needed to optimize use of hatchery 
produced fish while simultaneously conserving wild stocks. 

In Objective 1, our results demonstrate that a “native” or “endemic” hatchery 
broodstock of steelhead can be obtained by capturing age 0+ NOR juvenile steelhead and 
rearing them to sexual maturity.  NOR juveniles collected from Abernathy Creek in 1999, 
2000, and 2001 reached sexual maturity and were spawned as three-year olds.  Since 
2003, we have successfully produced, reared, and released over 20,000 HOR steelhead 
smolts annually that were progeny of the captively-reared NOR juveniles. 

In Objective 2, our data suggests that HOR steelhead released within Abernathy 
Creek emigrate rapidly to the Columbia River and presumably the estuary and ocean.  
HOR emigration patterns were similar to that of NOR fish.  The majority of HOR and 
NOR fish emigrate at similar dates and times.  NOR smolt production varied little 
between creeks.  This suggests that there are no initial or direct negative effects 
associated with removing juveniles from the population for brood stock in 1999 to 2001 
or the PIT tagging of individuals from 2001 to 2008.  Equally important is that our results 
suggest that smolt production within Abernathy Creek has not increased or decreased 
relative to controls since supplementation was initiated.   
 In Objective 3, our results suggest that steelhead produced from and integrated 
program differ morphologically and physiologically from emigrating wild fish.  HOR 
steelhead were significantly larger, but had similar condition factors as NOR fish.  HOR 
steelhead expressed significantly lower levels of Na+, K+ ATPase activity than NOR 
steelhead.  This suggests that HOR smolts consistently displayed a reduced readiness to 
transition to the seawater environment.  Improper synchrony of HOR physiological 
processes associated with smolt transformation may increase the percent of HOR fish that 
elect to remain in fresh water or reduce survival.  Furthermore the observed 
characteristics of NOR smolts may provide a baseline measure for producing HOR 
smolts with more wild-like characteristics, thereby reducing residuals in HOR fish.  
Although the physiological differences we have observed have a significant effect on 
NOR and HOR smolt survival it is still unknown how this may be related to adult return 
rates.  As a result, future work will focus on continuing to monitor indicators of seawater 
readiness in migrating HOR and NOR fish as well as examining how these indicators 
relate to smolt to adult survival and the relative reproductive success of HOR and NOR 
adults. 
 In Objective 4, our results suggest that a proportion of HOR steelhead did not 
emigrate and residualized.  The number of released fish that remained in Abernathy 



 6

Creek increased since the initial stocking in 2003 from 1% to 6% in 2005 but decreased 
to 1% in 2006 and 2007 increasing in 2008 (3%).  In all years most HOR residuals 
distribution was localized to areas close to their release site.  This pattern indicates that 
the greatest potential for HOR residuals to contribute to overall reproductive success and 
negative demographic effects occurs in a small section of stream close to the release 
location.  Thus far, there has been some evidence of relatively high rates of aggressive 
behavior and feeding in large HOR residuals as compared to sympatric NOR fish.  There 
also appears to be a fair amount of dietary overlap between HOR residuals and NOR fish.  
Despite this overlap, the stomachs of HOR fish contained less food relative to NOR fish 
and fry predation was low in both groups.  Residuals are a relatively small portion of the 
HOR steelhead released, and since winter survival may be low and their distribution is 
locally concentrated, it currently appears that any adverse effects on NOR fish by HOR 
residuals may thus far be minimal.  However, a notable portion of HOR residuals that do 
survive winter probably have undergone early sexual maturation.  What effect these 
precocious spawners may have on the reproductive success of the HOR and NOR 
populations appears to be significant.  We will continue to monitor the effect of 
residualized steelhead on succeeding generations. 

In Objective 5, we show that there is an increasing degree of family structure in 
the HOR population in recent years.  Increased departures from Hardy-Weinberg 
equilibrium and genotypic linkage disequilibrium observed in recent HOR samples 
suggest that the number of effective breeders contributing to the HOR population has 
decreased, relative to the 2004 HOR population and to the NOR population.  Reduction 
in the number of effective breeders in the HOR population relative to the NOR 
population would also lead one to predict greater impacts of genetic drift in the HOR 
population, and to greater divergence among annual collections as was illustrated by the 
FSTs and the correspondence analysis.  This increase in the magnitude of genetic drift in 
the HOR population would also lead one to predict lower allelic richness in that 
population relative to the NOR population, as was observed in more recent HOR 
collections.  Increased family structure and concomitant effects of increased genetic drift 
are common, if not universal, in HOR populations.  Limited availability of returning 
adults to use as broodstock has lead to a decreasing number of crosses contributing to 
HOR smolts that may have lead to acceleration of genetic drift in the HOR population.  
Unequal representation of the crosses by returning adults based on selection or stochastic 
forces may have intensified this effect.  Additionally, a substantial contribution of 
resident fish to the anadromous NOR population may allow that population to maintain a 
larger effective size than would be maintained by the anadromous individuals returning to 
the portion of Abernathy Creek above the electric weir and fish trap.  In addition to 
monitoring genetic variation in the HOR and NOR anadromous populations, genetic 
characterization of the resident population and a clearer understanding of resident 
contributions to diversity in the NOR anadromous population will be critical in 
understanding genetic divergence between HOR and NOR populations in Abernathy 
Creek.  

The results detailed in Objective 6 suggest that in Abernathy Creek, the majority 
of fish have an anadromous maternal parent.  Of the fish found with a resident parent, all 
but one were located in or near a small tributary near the confluence of Abernathy Creek 
and Columbia River.  The fish classified as residents had core Sr/Ca ratios similar to 
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those of anadromous fish.  This pattern may be explained by differences in ambient water 
chemistry in Cameron Creek.  The one remaining fish with a resident maternal parent 
was found upstream of Abernathy Fish Technology Center and could have come from a 
female resident spawner.  However, this one fish out of the other fish sampled above 
Abernathy Fish Technology Center suggests that resident female spawners contribute few 
progeny to the production of fish in Abernathy Creek.  This suggests that prior steelhead 
sampled for parentage that did not match adult steelhead genotypes (see Objective 8) 
were unlikely caused by resident female spawners.  Additional sampling in 2009 will 
clarify this observation.  

A 12-week feeding trial was conducted to determine how rapidly fatty acid 
concentrations were altered in first-feeding steelhead fed different dietary lipids.  After 
two weeks of feeding, differences in carcass fatty acid concentrations between fish fed 
the two dietary treatments were readily distinguishable.  Carcass total n-3 fatty acid 
concentrations and n-3:n-6 fatty acid ratio declined significantly during the feeding trial 
in fish fed both dietary treatments, although the final concentrations were significantly 
higher in steelhead fed the marine fish oil diet.  Results of this study indicate that changes 
in dietary lipids significantly affect carcass fatty acid concentrations in as little as 14 days 
in first-feeding steelhead.  Thus, a change in feeding location from a marine to a 
freshwater environment and vice versa could be detected readily using tissue fatty acid 
analysis.   
 In Objective 7, we monitored up-stream migration of steelhead past AFTC.  
Percent survival of smolt to adult return was estimated at 0.32%.  Adult return was 
estimated using the age composition derived from the recovered coded-wire tags in 2006, 
2007, and 2008. . From the adults captured in 2006, 2007, and 2008 it was estimated that 
62 adults (three age one-salt, 39 age two-salt, and 20 age three-salt) returned.  Combining 
data from 2006, 2007 and 2008, NOR steelhead returned as two-salt and three-salt adults 
in roughly equal proportions, 51% and 48% respectively.  Conversely, the majority of the 
HOR steelhead returned as two-salt adults (80%).  In addition 6% of the returning HOR 
males were age one-salt males compared to 1% found in returning NOR males. With 
HOR adults returning at a younger age and therefore smaller size, natural spawning 
success may be reduced.  With a majority of HOR adults returning at age two-salt, the 
opportunity to spawn with another year class (which is less likely to be related) is 
reduced.  This loss of spawning between year classes may also reduce natural spawning 
success.  We will continue to assess the effectiveness of the hatchery program in 
succeeding years and monitor adult to adult return rates. 
 In Objective 8, we examined integrated hatchery procedures such as incorporating 
sufficient number of NOR spawning fish, collecting and spawning adults randomly, and 
equalizing parental genetic contributions in order to minimize negative HOR effects on 
NOR spawning populations.  Although hatchery steelhead returns were better in 2007-
2008 we could not incorporated sufficient numbers of NOR spawning fish into our 
hatchery broodstock.  Two hundred and five families were produced by spawning 
females with multiple males.  Eighty HOR females and 1 NOR females were spawned.  
These females were crossed with 50 HOR males and 1 NOR male.  The families resulted 
in the production of approximately 25,000 F3 HOR juveniles.  We will continue to 
attempt too incorporate sufficient number of NOR spawning fish, collect and spawn 



 8

adults randomly, and equalize parental genetic contributions in subsequent generations to 
examine HOR fish’s effect on NOR fish populations.   
 In Objective 9, our goal was to evaluate relative reproductive success between HOR 
and NOR steelhead trout spawning in Abernathy Creek.  Our most meaningful measure 
of relative reproductive success will be based on the number of naturally produced 
progeny parented by NOR and HOR steelhead that return to Abernathy Creek as adult 
fish (Araki et al. 2007).  However, the information necessary for a complete evaluation of 
adult-to-adult survival for the 2004/2005 run year will not be available until all F2’s have 
returned in the 2009/2010 run year.  Nevertheless, our results suggest that there is 
geneflow among Mill, Germany, and Abernathy Creek steelhead populations with Mill 
Creek having the least geneflow among the other two creeks.  The progeny assigned in 
2008 represented 20 families.  The number of progeny per family was quite variable with 
the majority (13) of families represented by fewer than 10 progeny.  However, one family 
was composed of 43 progeny.  Many half-sib family clusters, both maternal and paternal, 
were observed.  Forty-two percent of anadromous NOR fish released upstream parented 
age 1+ progeny evaluated in the 2008 analysis, and one anadromous female was 
responsible for parenting at least 62 offspring.  Our findings this year regarding 
production by NOR anadromous individuals (mean production 8.5 per spawner) are 
comparable to the results for NOR production provided in the 2005 report (mean 
production 5.83 per spawner).  In 2008, as in the 2007 analysis, there was a smaller 
proportion of parent/progeny matches overall among residualized fish and lower mean 
production compared to anadromous steelhead.  Conversely in 2008 HOR fish had lower 
relative reproductive success than NOR fish for both anadromous and residual life 
histories compared to our 2007 results.  Collectively given the 2007 and 2008 data our 
results do not support the suggestion that there is a possible selective advantage for 
residualizing (against anadromy) among hatchery fish, but again there are relatively few 
data for comparison.  Nevertheless, because productivity of resident fish appears to be 
occurring, we will continue to monitor the relative contribution made by this group of 
fish to overall production in Abernathy Creek.  We expect to see the largest pulse of F2 
progeny from the 1999 broodstock returning in 2008 (as age 2-salt).  Our continued plan 
for parentage analysis as part of this overall project is to conduct comprehensive analyses 
over the next 2-3 years.  This will entail consideration of all categories of potential 
(candidate) parents in Abernathy Creek including: out-of-basin strays, fish intercepted at 
the WDFW weir, and hatchery broodstocks from 2005 to the present, as well as 
production in two control steams. 

In Objective 10, we detail our submittal of quarterly reports, Statement of Work and 
contract renewal to BPA.  In addition, we have published several manuscripts in peer-
reviewed scientific journals.  We were also able to convey preliminary findings at 
professional scientific meetings across the nation.  We will continue to highlight research 
funded by Bonneville Power Administration (BPA) being conducted by AFTC at future 
scientific meetings and through additional peer reviewed manuscripts.   
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Introduction 
 

Many hatchery programs for steelhead pose genetic or ecological risks to natural 
populations because those programs release or outplant fish from non-native stocks.  The 
goal of many steelhead programs has been to simply provide “fishing opportunities” with 
little consideration given to conservation concerns.  For example, the Washington 
Department of Fish and Wildlife (WDFW) has widely propagated and outplanted one 
stock of winter-run steelhead (Chambers Creek stock) and one stock of summer-run 
steelhead (Skamania stock) throughout western Washington.  Biologists and managers 
now recognize potential negative effects can occur when non-native hatchery fish interact 
biologically with native populations (Hindar et al. 1991, Waples 1991, Campton 1995).  
Not only do non-native stocks pose genetic and ecological risks to naturally spawning 
populations, but non-native fish stray as returning adults at a much higher rate than do 
native fish (Quinn 1993).  Biologists and managers also recognize the need to (a) 
maintain the genetic resources associated with naturally spawning populations and (b) 
restore or recover natural populations wherever possible.  As a consequence, the U.S. 
Fish & Wildlife Service (USFWS) and the NOAA Fisheries have been recommending a 
general policy that discourages the use of non-native hatchery stocks and encourages 
development of native broodstocks.  There are two primary motivations for these 
recommendations: (1) reduce or minimize potential negative biological effects resulting 
from genetic or ecological interactions between hatchery-origin and native-origin fish and 
(2) use native broodstocks as genetic repositories to potentially assist with recovery of 
naturally spawning populations. 

A major motivation for the captive-rearing work described in this report resulted 
from NOAA’s 1998 Biological Opinion on Artificial Propagation in the Columbia River 
Basin.  In that biological opinion (BO), NOAA concluded that non-native hatchery stocks 
of steelhead jeopardize the continued existence of U.S. Endangered Species Act (ESA)-
listed, naturally spawning populations in the Columbia River Basin.  As a consequence of 
that BO, NOAA recommended - as a reasonable and prudent alternative (RPA) - that 
federal and state agencies phase out non-native broodstocks of steelhead and replace 
them with native broodstocks.  However, NOAA provided no guidance on how to 
achieve that RPA. 

The development of native broodstocks of hatchery steelhead can potentially pose 
unacceptable biological risks to naturally spawning populations, particularly those that 
are already listed as threatened or endangered under the ESA.   The traditional method of 
initiating new hatchery broodstocks of anadromous salmonid fishes is by trapping adults 
during their upstream, spawning migration.  However, removing natural-origin adults 
from ESA listed populations may not be biologically acceptable because such activities 
may further depress those populations via “broodstock mining”.  In addition, trapping 
adult steelhead may be logistically unfeasible in many subbasins due to high water flows 
in the spring, when steelhead are moving upstream to spawn, that will often “blow out” 
temporary weirs.   Additional risks associated with trapping adults include genetic 
founder effects and difficulties meeting minimum, genetic effective number of breeders 
without “mining” the wild population to potential extinction.  As a result, alternative 
methods for developing native broodstocks are highly desired. 
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 One alternative for developing native broodstocks, particularly when the 
collection of adults is logistically unfeasible or biologically unacceptable, is captive 
rearing of natural-origin juveniles to sexual maturity.  In this approach, pre-smolt 
juveniles are collected from the stream or watershed for which a native broodstock is 
desired, and those juveniles are raised to sexual maturity in a hatchery.  Those hatchery-
reared adults then become the broodstock source for gametes and initial progeny releases.   
 Such a captive rearing program offers many genetic advantages over traditional 
adult-trapping programs for developing native broodstocks: 

• Large numbers of juveniles can be collected from the wild with only minimal 
impacts to naturally spawning populations because juvenile (age 0+parr)-to-adult 
survivals are typically very small (<1%) under natural conditions.  

• The genetic base of the broodstock (i.e. genetic effective population size) can be 
substantially larger for juveniles than adults because juveniles can theoretically 
represent the offspring of all adults that spawned successfully within a stream or 
watershed, as opposed to trapping only a small portion of returning adults for 
broodstock.  

• Collecting juveniles for broodstock can substantially reduce the risk of genetically 
“swamping” naturally spawning populations with hatchery-origin fish (i.e. via a 
“Ryman-Laikre effect”) as occurs when hatchery-released fish represent the 
progeny of a relatively small number of trapped adults (Ryman and Laikre 1991, 
Ryman et al. 1995).  

 
 The ability of hatchery-origin adults to reproduce successfully and contribute 
genetically, via supplementation, to the recovery of naturally spawning populations is a 
major uncertainty confronting salmon co-managers in the Pacific Northwest.  Much of 
the uncertainty associated with supplementation is due to the absence of detailed small 
scale studies with adequate control populations.  Virtually all evaluations to date have 
either been at large watershed levels (i.e. on a production scale) or have failed to 
incorporate appropriate control populations to which the supplemented populations could 
be directly compared (IMST 2000).  Determining the relative reproductive success of 
individual hatchery- and natural-origin adults, coupled with monitoring demographic 
changes in population abundance with appropriate natural population controls, are critical 
to (a) determining whether supplementation is successful and (b) understanding how 
and/or why supplementation succeeded or failed.  Thus, the overall goal of the project 
described here is to determine the natural reproductive success and mean relative fitness 
of hatchery-origin and natural-origin steelhead in Abernathy Creek, WA, and to assess 
the overall demographic effects of hatchery fish supplementation in Abernathy Creek 
relative to two adjacent control streams, Germany and Mill Creeks while demonstrating 
the usefulness of natural origin juveniles as hatchery origin broodstock.  This work 
responds directly to the FCRPS1, RPA Action No. 1822.  This work was first approved 
for funding by BPA in fiscal year 2004. 

                                                 
1 Federal Columbia River Power System 
2 Reasonable and Prudent Alternative Action No. 182 of NOAA-Fisheries in response to their Biological 
Opinion. 
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Study Area 
 

The USFWS’s Abernathy Fish Technology Center (AFTC) and Abernathy Creek 
offer a unique opportunity to investigate new hatchery methodologies designed to assist 
with recovery of naturally spawning populations via natural population supplementation.  
The AFTC is located at stream km 5.4 on Abernathy Creek, a tributary to the lower 
Columbia River (Figure 1), approximately 16 km west of Longview, Washington.  AFTC 
is a research hatchery and science center that investigates new propagation strategies and 
technologies used for the recovery of anadromous fishes in the Columbia River Basin.  
AFTC is equipped with all the components necessary for a self-sufficient 
salmon/steelhead hatchery including an electric weir and holding pond for trapping and 
enumerating upstream-migrating adults.  Abernathy Creek is a small, 3rd order stream 
with a drainage area of approximately 110 km2 that is particularly amenable to intensive, 
scientific study of salmonid fishes.  One of the major advantages of Abernathy Creek as a 
“treatment” stream is the proximity of two neighboring streams, Germany and Mill 
Creeks that can serve as natural population controls for assessing demographic responses 
in Abernathy Creek.  All three streams are approximately the same drainage area (91-110 
km2) and enter the Columbia River within 4.8 to 6.4 km of each other; Germany Creek 
enters the Columbia River approximately two miles upstream and Mill Creek enters the 
Columbia River approximately one mile downstream, from the mouth of Abernathy 
Creek.  Lastly, Abernathy Creek and the two adjacent streams are located approximately 
160km downstream from Bonneville Dam in a rural area of Cowlitz County.  The 
opportunity of the AFTC to test new culture and recovery strategies in a natural stream 
without the constraints imposed by dams, mitigation responsibilities, and urban impacts 
is unique among artificial propagation facilities in the Pacific Northwest. 
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Figure 1-Sites of interest on Abernathy Creek:  AFTC, stationary PIT tag antenna arrays, 
and HOR steelhead release point.  Electrofishing locations are denoted as L (lower), M 
(middle), and U (upper), TR (tributary), and DB (downstream of AFTC).   
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Objective 1:  Develop a “native” or “endemic” hatchery broodstock of steelhead by 
producing hatchery-origin (HOR) progeny of natural-origin (NOR) captively-reared 
adults from Abernathy Creek. 
 
Introduction:  The use of hatcheries is a critical tool to the recovery and conservation of 
steelhead and salmon in the Pacific Northwest.  However their usefulness has been 
hampered by improper hatchery practices, management policy, and lack of or 
inconsistent monitoring (Campton 1995, Brannon et al. 2004).  Hypotheses as to why 
traditional hatchery practices have been ineffective include that they promoted and 
suffered from a low effective number of breeders and high amounts of introgression, 
artificial selection, and domestication.  Fishery management policies may have increased 
these problems by encouraging stock transfers among watersheds and encouraging 
certain life history types (e.g., larger fish).  Unfortunately, much of the data supporting or 
refuting these hypotheses remains equivocal due to poor monitoring particularly the lack 
of baseline data on populations before stocking. 

Recently, researchers have proposed that many problems of traditional hatchery 
practices may be alleviated by developing a local native broodstock through the rearing 
of randomly selected NOR juveniles (Ryman and Laikre 1991, Ryman et al. 1995).  In 
addition to reducing the impact on the returning adult fish population, using juveniles to 
create a broodstock would increase genetic variation by increasing the effective number 
of breeders.  It is easier to randomly select juveniles thereby minimizing the amount of 
artificial selection and since fish are taken directly from the wild, domestication may be 
reduced.  Lastly, since fish are caught locally, introgression may be minimized. 
 One objective of our study was to create a native hatchery broodstock of steelhead 
by captively rearing wild juveniles from Abernathy Creek using techniques to minimize 
the negative effects of traditional practices. 

 
Methods:  During the falls of 1999, 2000, and 2001 young-of-the-year (age 0+) NOR 
steelhead parr (N = 500) were collected from an 11.3 km reach of Abernathy Creek.  
These fish were transferred to three separate 2.4m x 24.4m raceways that were supplied 
with water from Abernathy Creek and fitted with a series of low-hanging covers to 
provide shade and partial refuge from direct human interaction.  Raceway covers roofed 
40% of the rearing area at approximately two feet above the water surface.  Age 0+ 
steelhead were fed a starter diet coated with krill hydrolysate to stimulate initial feeding 
on artificial salmonid feeds.  Feeding levels were adjusted according to total biomass and 
water temperature.  Raceway populations were monitored for survival and growth.  
Rearing continued until sexual maturity and spawning as three-year old fish. 
 AFTC produced 100 full-sib families from 100 pairwise matings (1 male x 1 
female) of captively-reared adults (collected as NOR juveniles in 1999 and 2000) in 2002 
and 2003 and 70 families from pairwise matings of captively-reared adults (collected as 
NOR juveniles in 2001) in 2004.  From January through April, adults were checked 
weekly for maturation.  Mature females were euthanized, bled, and stripped of eggs via 
an incision of the abdominal wall.  A single randomly selected male was used to fertilize 
the eggs from a single female.  Fin clips from each spawned adult were retained for DNA 
genotyping and later determination of progeny pedigrees.   
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Individual families were separately incubated and hatched in flow through trays 
maintained on well water (12.5oC) and a natural photoperiod.  Families were treated as 
necessary with formalin for fungus control.  Family size was reduced at the eyed-egg 
stage to 300 to 350 eggs producing 25,000 to 35,000 HOR steelhead fry for each 
collection year (2002, 2003, and 2004).  Fry were started on a semi-moist commercial 
salmonid starter diet within the hatchery and transferred to 2.4m x 24.4m raceways 
supplied with creek water when fry size ranged from 0.5 to 1.0 g.  Diet was transitioned 
from a semi-moist to a dry commercial salmonid ration with pellet size adjusted to fish 
size.  Fish from each raceway were measured monthly to monitor growth and allow 
rations to be adjusted.  HOR steelhead produced from the 1999 collection-year captively-
reared NOR juveniles and released in 2003 were reared at 9,500 to 10,500 per raceway, 
steelhead produced from the 2000 collection-year NOR juveniles and released in 2004 
were reared at 6,300 to 7,200 per raceway, and steelhead produced from the 2001 
collection-year NOR juveniles and released in 2005 were reared at 6,300 to 6,700 per 
raceway.  These densities were 30 to 70% lower than the guideline set by WDFW for 
juvenile steelhead reared in raceways (Tipping et al. 2004). 
 In January 2003, the HOR juvenile steelhead (N ~ 30,000) produced from the 
1999 collection-year NOR adults were all tagged with a coded-wire tag (CWT) and 1400 
also received a 23mm passive-integrated transponder (PIT) tag.  In January 2004, the 
HOR juvenile steelhead (N ~ 20,000) produced from the 2000 collection-year NOR 
adults were given a CWT and an adipose clip with 1000 also receiving a PIT tag.  In 
November 2004, the HOR juvenile steelhead (N ~ 20,000) produced from the 2001 
collection-year NOR adults were given a CWT and an adipose clip, with 1000 also 
receiving a PIT tag in January 2005.  In November 2005, 2006, 2007 and 2008, the HOR 
juvenile steelhead (N ~ 20,000) produced from the NOR, F1, and F2 HOR returning 
adults were given a CWT and a adipose clip, with 1000 also receiving a PIT tag in 
January 2006, 2007, 2008 and 2009.  From 2003 through 2008 tagged HOR steelhead 
smolts were released into Abernathy Creek from AFTC in three forced releases.  The first 
third of the spawning production was released in mid-April, the second third in early-
May, and the last third in mid-May.  
 
Results:  We were successful in rearing steelhead collected as NOR juveniles from 
Abernathy Creek to sexual maturity.  Survival of age 0+ steelhead was similarly high 
ranging from 79 to 97% for the 3 collection years; growth of the age 0+ steelhead and 
average female fecundity at sexual maturity was also similar for all collection years.  
Females were on average smaller than males, regardless of the year (Table 1.1). 
 Egg mortality to the eyed-egg stage was 18, 26, and 19% for HOR families 
produced from collection years 1999, 2000, and 2001, respectively.  
 HOR steelhead smolt (produced from captively-reared adults collected as NOR 
juveniles in 1999, 2000, and 2001) size was strongly correlated with release timing.  Fish 
that had the longest rearing time were released in April and early-May and averaged 64 to 
99 g; fish having a shorter rearing time were released in mid-May and averaged 47 to 64g 
(Table 1.2). 
 
Discussion:  Results demonstrate that a “native” or “endemic” hatchery broodstock of 
steelhead can be obtained by capturing age 0+ NOR juvenile steelhead and rearing them 
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to sexual maturity.  NOR juveniles accepted commercial salmonid rations and survival to 
sexual maturity at age-3 was high for the three collection years.  We were not able to 
produce 100 full-sib families from the NOR juvenile steelhead collected in 2001 because 
of the low number of age 0+ juveniles collected (N = 240).  In 1999 and 2000, 427 and 
439 NOR juvenile steelhead were collected, respectively.  Twenty-seven, 29, and 30% of 
captively-reared NOR juveniles became sexually mature female steelhead in collection 
years 1999, 2000, and 2001, respectively.  We recommend that at a minimum of 380 age-
0+ NOR juveniles be collected to ensure production of 100 full-sib families. 
 Although egg mortality to the eyed-egg stage was higher than expected, the 
fecundity of the captively-reared broodstock from NOR juveniles was more than 
adequate to supply the 300 to 350 eyed eggs needed per family.  One explanation for the 
high egg mortality was potential nutritional effects of the commercial salmonid ration fed 
to the captive broodstock.  We will continue to produce and monitor sequential 
generations of steelhead and associated hatchery practices.   
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Table 1.1-Average (standard deviation, SD) fork length and fecundity of age-3 NOR 
steelhead reared in captivity from age 0+ NOR steelhead collected from Abernathy Creek 
in 1999, 2000, and 2001. 
 

  1999  2000  2001 

    Mean SD   Mean SD   Mean SD 

      Adult Steelhead         

 Male Length (mm) 410 52  420 62  447 50 

 Female Length (mm) 402 58  403 60  424 55 

  Fecundity 1313 522   1425 569   1711 626 
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Table 1.2-Average HOR juvenile steelhead weight (g) and rearing density (kg/m3) at time 
of release from AFTC in 2003 - 2008. Averages were determined from a subsample (N = 
100) of fish each release. 
 
 
Release Year  Average Weight (Rearing Density) at Time of Release 
    Mid-April Early-May Mid-May 
 
       2003   75.6 (21.7) 75.6 (21.7) 50.4 (15.5) 

       2004   87.1 (16.0) 63.6 (12.2) 47.5 (10.0) 

       2005   99.5 (19.6) 74.5 (13.9) 63.8 (12.4) 

       2006   86.2 (13.3) 99.3 (10.3) 76.5 (18.0) 

       2007   85.7 (22.1) 56.7 (14.8) 55.4 (13.6) 

       2008   81.6 (16.9) 66.8 (14.6) 42.7 (  8.3) 
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Objective 2:  Estimate total annual smolt out-migration of steelhead, coho salmon, and 
cutthroat trout in Abernathy, Germany, and Mill Creeks. 
 
Introduction:  Many fish species are cultured in hatcheries (HOR) for stocking efforts 
that aim to establish new, supplement existing, or help conserve threatened and 
endangered fish populations.  However, the natural reproductive success of stocked HOR 
fish and demographic effects of stocked HOR fish on naturally reared (NOR) fish 
remains poorly understood (Waples 1991, Campton 1995).  After a stocking event, it is 
sometimes assumed that subsequent natural population increases are the direct result of 
cultured fish reproducing successfully in the wild, and that any negative demographic 
effects on the NOR population that result are minimal.   

Data gathered by researchers suggests that traditionally cultured HOR steelhead 
(Oncorhynchus mykiss) stocked as smolts have reduced natural reproductive success 
relative to sympatric NOR fish (McLean et al. 2003, Berejikian and Ford 2004, Araki et 
al. 2007a), but results on the demographic effects of such stockings is debated (Hilborn 
and Eggers 2000, Brannon et al. 2004, Morita et al. 2006).  Traditional HOR steelhead 
stockings largely suffer from using fish introduced from non-native brood stocks which 
are often less fit than NOR fish due to genetic differences (Campton 1995), domestication 
(Berejikian 1995, Berejikian et al. 1996, Araki et al. 2008), or ecological differences 
(Kostow et al. 2003, Kostow and Zhou 2006).  When returning to freshwater, adult HOR 
steelhead stray more commonly from natal streams and often return earlier to spawn than 
NOR steelhead (Quinn 1993, Mackey et al. 2001).  HOR steelhead may not compete 
successfully with NOR steelhead for optimal spawning sites or may simply make poor 
choices in selecting spawning sites (in sensu Fleming and Gross 1993, Fleming et al. 
2000). 

It has been proposed that stocking HOR steelhead created from natural origin 
broodstocks may significantly increase the reproductive success of HOR fish, 
theoretically resulting in increased natural production while simultaneously minimizing 
the demographic effects of stocking on NOR fish.  Recently Araki et al. (2007a, 2007b) 
determined that first generation HOR steelhead derived from natural origin broodstocks 
can be as fit as sympatric NOR fish after one generation of captive rearing; however fish 
with an additional half of their genome experiencing several generations of captive 
rearing had a 30-40% drop in relative fitness compared to fish experiencing a single 
generation of captive rearing.  Nevertheless, these studies did not address changes 
through time in, or covariance between, underlying ecological mechanisms required to 
determine why reproductive success decreased, nor did they directly address any long 
term demographic effects HOR fish with reduced relative fitness may have on NOR fish 
(Araki et al. 2008).  In a nine year study that evaluated demographic effects of HOR coho 
raised from natural broodstocks on NOR coho, Sharma et al. (2006) found that HOR 
coho smolts can have higher reproductive efficiency (spawner to spawner returns) than 
NOR fish.  During the supplementation period, overall spawner returns were higher and 
productivity was similar to other healthy systems.  Unfortunately this study did not 
directly measure the reproductive success of the mixed supplemental-natural spawning 
population, nor did it compare spawning escapement and juvenile production to control 
streams.  Berejikian et al. (2008) has shown that integrated hatchery programs can 
increase the overall number of adults that spawn in the wild by comparing supplemented 
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streams to unsupplemented control streams.  This strategy did not affect the number of 
wild spawning fish, as most of the increases in redd production were due to hatchery fish 
raised to adulthood and released, rather than adults that had been released as hatchery 
smolts.  Spawners released as adults and smolts expressed assortative pairing, probably 
due to differences in run timing.  It is questionable if raising fish for extended periods of 
time in hatchery environments can result in substantial matings with NOR fish, and this 
method raises genetic concerns about domestication selection (Berejikian et al. 2008).  
Because juvenile production was not monitored in this study, these uncertainties were not 
addressed.  The limited evidence presented by these two studies suggest that 
supplementation may impart some positive demographic effects to populations.  Whether 
these effects remain as successive generations are subjected to hatchery practices, 
especially where HOR fish have reduced relative fitness, remains to be determined 
(McClure et al. 2008).  

Understanding HOR reproductive success and demographic effects of stocking will 
require detailed analyses of migration behavior and fish abundance across multiple life 
stages.  For example, if HOR smolt migration behavior is much different than NOR 
behavior, HOR fish may not be migrating during optimal environmental conditions, 
resulting in greater risk of predation or reduced availability of important ocean food 
sources.  In this case, improper smolt migration would be the mechanism for a decrease 
in HOR reproductive success.  Moreover, if HOR releases cause decreases in NOR smolt 
production, negative demographic effects may result.   

Our objective was to monitor the migration behavior and age of HOR and NOR 
steelhead smolts during their migration out of Abernathy Creek as well as monitor the 
production of NOR coho and sea-run cutthroat trout (O. clarkii).  AFTC and WDFW are 
monitoring the production of steelhead, cutthroat trout, and coho salmon smolts 
migrating out of Abernathy Creek (treatment), Mill Creek (control), and Germany Creek 
(control).  The proximity of the creeks, their similarity in size and relatively similar 
historic smolt production make them ideal streams to conduct long-term monitoring of 
anadromous salmonid fishes (Dave Seilor, WDFW, pers. comm.).  We hypothesize that 
the number of salmonid smolts in Abernathy Creek will increase as a result of 
supplemental stocking.  If stocking has a null effect we expect production in the three 
creeks to respond similarly, and the relative decrease in smolt production in the treatment 
stream should be significant if there is a negative effect. 
 
Methods:  We compared migration patterns between NOR and HOR steelhead by 
marking and aging fish within Abernathy Creek.  We collected juvenile NOR (N2002 = 
1,349, N2003 = 2,683, N2004 = 1,048, N2005 = 1,094, N2006 = 1,171, and N2007 = 809) 
steelhead during annual fall electrofishing efforts.  Individuals (> 90 mm Fork Length, 
FL) were marked with a PIT tag, weighed (g), measured (mm, FL), had scales collected 
for aging, and then were immediately released.  Likewise, HOR juvenile steelhead were 
also marked with a PIT tag (N2003 = 873, N2004 = 1,298, N2005 = 1,139, N2006 = 1,063, 
N2007 = 1,204, and N2008 = 1,089), weighed (g), and measured (mm, FL).  HOR steelhead 
were force released into Abernathy Creek from AFTC in mid-April, early-May, or mid-
May.    
 Scales from juvenile NOR steelhead (N2002 = 643, N2003 = 2,555, N2004 = 1,060, 
and N2005 = 1,094) were collected annually during fall electrofishing and PIT tagging 
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efforts.  Scale impressions were made by pressing a fish’s scales upon acetate sheets.  
Annuli were counted from scale impressions one time by two independent readers.  The 
cumulative annuli count of each fish was determined by each reader.  To prevent bias, 
scales were examined in random order and no two counts of the same scale were 
consecutive (Miller and Storck 1982).  Annuli counts from both readers for each fish 
were then compared.  If the annuli counts from the two readers did not differ they were 
accepted (occurred 51%).  When age estimates differed by one annuli count, a third 
consensus read occurred.  In 71% of consensus reads, the scale was determined to be 
unreadable and its annuli count was omitted from analysis. 
 As PIT-tagged NOR and HOR steelhead migrated downstream within Abernathy 
Creek they passed through fixed stream-width PIT tag antenna arrays.  The PIT tag 
antenna arrays were located 4.5 km and 5 km upstream from Abernathy Creek’s 
confluence with the Columbia River (Figure 1).  Antennas were operated continuously 
and tuned regularly maximizing PIT tag detection efficiencies (88-99.6% during spring 
emigration).  Seasonal, diel, and directional migration patterns of PIT-tagged NOR and 
HOR steelhead were determined from their PIT tag detections at the PIT tag antenna 
arrays.  When a fishes’ PIT tag was detected at the furthest downstream PIT tag antenna 
array it was deemed emigrating from Abernathy Creek.   
 The number of salmonid smolts migrating out of Abernathy, Mill, and Germany 
Creeks between 2002 and 2008 were estimated in collaboration with WDFW.  During 
each year, WDFW placed a screw trap near the mouth of Abernathy, Mill and Germany 
Creeks at the beginning of fish out-migration (early April).  Fish were collected until 
June (the end of out-migration; Table 2.1).  Creek specific trap efficiencies were 
estimated throughout the season by releasing groups of fish with unique fin clips 
upstream of the trap and determining the proportion of fish recaptured.  Final creek 
estimates were calculated by dividing the actual number of fish caught by date specific 
trap efficiencies.  A few dates within this time period were not sampled and estimates for 
these days were interpolated from catch rates from the previous and following trapping 
periods.  If information from only a certain time period was missing (e.g., night), 
estimates were interpolated from catch rates from the previous and following trapping 
periods within the same diel stratum.  Final estimates for 2005 and 2008 are still being 
evaluated and are considered preliminary. 
 
Results:  The majority of NOR steelhead collected during our fall electrofishing efforts 
were age-1 fish (Figure 2.1).  Most age-1 fish were between 100 and 150 mm (FL).  Few 
two year old fish were collected within Abernathy Creek.  The majority of age-2 fish 
were larger (> 150 mm, FL) than age-1 fish but more similar in size to HOR fish (see 
Objective 3).   
 The majority of HOR steelhead moved downstream after being released.  In 2003, 
64% of the HOR fish that emigrated out of Abernathy Creek were detected at the furthest 
downstream array.  The percentage of out-migrating fish detected decreased 56% in 
2004.  Subsequent to 2004, the annual percentage of emigrating fish detected increased 
markedly, ranging between 90 and 96% of fish detected.  Only 7% of the HOR steelhead 
released in 2003 and 9% released in 2004 migrated upstream after their release.  After the 
construction of the electric weir, this number decreased in 2005 (5%) and 2006 (2%), but 
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increased again to 7% in 2007 and 10% in 2008 under new weir operating procedures 
detailed in objective 6.   

The seasonal migration of NOR fish was more protracted than for HOR smolts, 
although the median emigration date was similar in most years.  In the winter of each 
year, the downstream movement of NOR PIT-tagged fish was punctuated by pulses of 
small numbers of fish (Figure 2.2).  After mid-March, NOR steelhead downstream 
migrations began to increase peaking in mid-May before precipitously declining by the 
end of June.  Conversely, HOR steelhead migrated downstream in large pulses within the 
first two days of being released, except for the first hatchery releases in 2005 and 2006.  
The majority of fish in the first release in 2005 did not emigrate until the second hatchery 
group was released. The majority of fish in the first release in 2006 did not emigrate until 
a week after initial release.  After June 20th, few fish of either origin emigrated until the 
following fall and winter.  Despite different migration patterns, the median date of 
migration in most years was similar between HOR and NOR fish and usually occurred 
during the last week of April or first week of May (Figure 2.3). 

Diel timing of downstream migration was generally similar between origin types and 
year with most HOR and NOR steelhead moving at night.  In all years, the highest 
numbers of HOR fish were detected at the downstream antenna between 1900 and 0000 
and lowest numbers were detected between 1000 and 1700 (Figure 2.4).   

From 2002 to 2008, the total number of salmonid smolts migrating out of Abernathy, 
Mill, and Germany Creeks was generally consistent for steelhead and cutthroat trout 
among the creeks.  Annual out-migration of steelhead appears to have decreased in all 
creeks during 2005 and 2006, regardless of creek (Figure 2.5), and decreased only in 
Abernathy during 2007.  The abundance of steelhead smolts migrating out of the three 
creeks was generally consistent among years with Germany Creek having the highest 
number of steelhead migrating followed closely by Abernathy Creek then Mill Creek.  
Although in 2008 the estimated steelhead production in Abernathy Creek fell below the 
production of Mill Creek.  Additionally, the number of cutthroat trout migrating was 
similar among creeks and years except in 2002 where numbers were slightly higher for 
all creeks and in 2006 and 2008 where numbers were higher in Mill Creek.  In contrast to 
steelhead and cutthroat trout, the number of coho salmon migrating out of these systems 
was variable and differed yearly, but was usually consistent between creeks.  The number 
of out-migrating coho was usually highest in Mill Creek, followed by Abernathy and then 
Germany Creek (Figure 2.5).  Yearly trap efficiencies varied among the creeks and 
generally increased with year for steelhead and cutthroat with a few exceptions (Table 
2.1).  Trapping efficiency for steelhead and coho was relatively low in Abernathy and 
Germany Creeks for 2005 and 2007, and trapping efficiency was low for Abernathy and 
Mill Creeks 2008.  Coho trap efficiency on all creeks was variable between years but 
high compared to steelhead trap efficiencies.   
 
Discussion:  Our data suggests that NOR steelhead reside within Abernathy Creek for 
over a year prior to emigrating to the Columbia River.  Since there was a high incidence 
of age-1 fish collected during fall electrofishing, the age at migration of NOR fish has 
presumably been one year later than HOR fish force released from AFTC; however, 
additional age analysis of fishes collected at the screw trap will be required to support 
this hypothesis.   
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 The population dynamics of steelhead and cutthroat trout migrating out of 
Abernathy, Mill, and Germany Creeks varied little between creeks.  This suggests that 
there are no initial or direct negative effects associated with removing juveniles (N ~500) 
from the population for brood stock in 1999 to 2001 or the PIT tagging of individuals for 
behavioral studies from 2001 to 2007.  Our results suggest that local and regional factors 
affecting populations of steelhead and cutthroat trout among the creeks have been 
consistent over the last six years.  In contrast, coho salmon varied in the number of fish 
migrating, creating a very inconsistent pattern of creek and year specific changes.  This 
result indicates that local and regional factors may act differently in relation to coho 
salmon in the three creeks.  

During smolt emigration, the majority of HOR steelhead moved downstream at 
night and left Abernathy Creek soon after release.  The diel migration pattern suggests 
that HOR fish, like NOR fish, are traveling at night thus minimizing exposure to 
predators in Abernathy Creek.  Additionally, the HOR smolts released during the second 
and third releases are migrating during peak NOR migration, which suggests that 
downstream survival is maximized.  Conversely, the HOR smolts from the first release 
group that emigrate immediately after release will be leaving Abernathy Creek before the 
majority of NOR smolts.  This emigration maybe too early and could result in poor 
survival, reduced adult returns, and limited reproductive success for those individuals.  
As estimates of HOR reproductive success become available we will be able to examine 
factors such as release group to help determine underlying ecological mechanisms for 
reproductive success.  Additionally, as future HOR adults spawn and offspring migrate 
will be able to integrate migration behavior with genetic data to determine the migration 
behavior of HOR versus NOR offspring.  This information will help determine 
mechanisms of survival and reproductive success of naturally reared steelhead with HOR 
parents.  In addition to insights into reproductive success, HOR migration behavior 
suggests that the highest potential for negative demographic effects by stocked hatchery 
fish on NOR fish occurs downstream of the release location and within the first few days 
after release.  The potential for significant ecological interactions increases because 
hatchery releases coincide with NOR fish emigration.  Possible interactions could arise 
during nighttime hours when migration is peaking or could take place during daytime 
resting and feeding periods.  Such interactions could include predation, behavioral 
displacement, or premature emigration of NOR fish (i.e. pied piper effect).  Additional 
data are needed to determine possible nighttime interactions in addition to determining 
what growth conditions exist for migrants throughout the season. 

Typically, salmonid population numbers vary considerably from year to year and 
across creeks due to year and creek specific variation in habitat conditions, adult returns, 
and changes in abundances of other species (Lichatowich 1999).  However, since year to 
year variation was low for the number of steelhead and cutthroat trout migrating out of 
these creeks, our ability to detect a change in these populations after supplementation 
should be high.  In contrast, our ability to detect a change in coho salmon may be lower 
or may require additional years of data.  Measuring additional covariates in each creek 
including annual flow regimes, temperature regimes, and number of pools could further 
increase our ability to separate out the effect of supplementation versus other 
confounding factors.  Despite the promising work done so far, additional monitoring will 
be required to determine the effect of supplementation due to the long life cycle 



 25

associated with anadromous salmonids.  We will continue to monitor these populations 
and evaluate the effect of steelhead supplementation within Abernathy Creek. 
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Table 2.1-Dates of operation and efficiencies of screw traps used in Abernathy, Mill, 
and Germany Creeks during salmonid outmigration. 
 

 

   Estimated Yearly Efficiency 
Stream  Year Dates of Operation Steelhead Cutthroat trout Coho 

      
Abernathy Creek 2002 04/02 – 06/21 15% 15% 29% 

 2003 04/04 – 06/19 15% 15% 24% 
 2004 04/03 – 06/30 25% 25% 40% 
 2005a 02/15 – 06/25 18% 18% 27% 
 2006a 01/26 – 06/24 26% 26% 33% 
 2007a 01/25-06/21 20% 20% 31% 
 2008a 02/7-06/22 12% 12% 24% 
      

Mill Creek 2002 04/02 – 06/21 8% 8% 28% 
 2003 04/04 – 06/19 24% 24% 46% 
 2004 04/03 – 06/30 30% 30% 60% 
 2005a 02/15 – 06/25 32% 32% 50% 
 2006a 01/26 – 06/24 32% 32% 57% 
 2007a 01/25-06/21 34% 34% 47% 
 2008a 02/7-06/23 29% 29% 46% 
      

Germany Creek 2002 04/02 – 06/21 15% 15% 33% 
 2003 04/04 – 06/19 31% 31% 49% 

 2004 04/03 – 06/30 38% 38% 55% 
 2005a 02/15 – 06/25 28% 28% 31% 
 2006a 01/26 – 06/24 40% 40% 52% 
 2007a 01/25 – 06/21 37% 37% 43% 
 2008a 02/7-06/22 50% 50% 58% 
      

Note: a = preliminary estimates    
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Figure 2.1 – Length distributions of age 1 and 2 NOR steelhead parr (N = 3,156) 
collected from Abernathy Creek, WA during fall electrofishing 2002 to 2004. 
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Figure 2.2 - Seasonal downstream migration timing of HOR and NOR steelhead in 
Abernathy Creek, WA.  Data are the percent of PIT-tagged fish crossing an antenna array 
on a given day. The array is located within 3 downstream km from Abernathy Fish 
Technology Center.
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Figure 2.3 - Yearly migration timing of HOR and NOR steelhead in Abernathy Creek, WA.
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Figure 2.5 - The number of salmonid smolts leaving Abernathy, Mill, and Germany Creeks
during fish out-migration (early April to late June) as estimated by screw traps 2002-2008.  
Data from 2005 to 2008 are prelimnary.
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Objective 3:  Assess physiological status of HOR and NOR steelhead smolts out-
migrating from Abernathy Creek. 
 
Introduction:  Juvenile salmonid migration is preceded by the initiation of the parr-smolt 
transformation called smoltification (Folmar and Dickhoff 1980).  Smoltification occurs 
when juveniles, residing in freshwater environments, undergo a series of morphological, 
behavioral, and physiological changes that enable them to survive in the hyperosmotic 
ocean environment (Hoar 1988).  This transformation is visible as the fish’s body shape 
becomes more streamlined and silvery in color (Hoar 1988).  Behaviorally, the fish 
undergo several changes.  Prior to smoltification, the fish are territorial bottom dwellers 
that exhibit positive rheotaxis (Thorpe and Morgan 1978) and maintain their position in 
the river.  Upon smoltification, fish are less prone to hold position against the current, 
become less territorial, and are more surface oriented (Gibson 1983).  Accompanying 
these morphological and behavioral changes are physiological changes such as elevated 
levels of gill Na+, K+ ATPase and increased salinity tolerance (Hoar 1988).   

Although HOR steelhead produced at AFTC are genetically similar to NOR 
steelhead within Abernathy Creek, different rearing conditions may result in disparate 
physiology, such as parr-smolt transformation (Folmar and Dickhoff 1980, Shrimpton et 
al. 1994), phenotypes (Kostow 2004), or behavior (Symons 1969, Kostow 2004).  For 
example, the physiological status of hatchery and wild fish has been shown to differ.  
Hatchery fish commonly have lower gill Na+, K+ ATPase activity (Shrimpton et al. 
1994).  Furthermore, gill Na+, K+ ATPase activity is inversely related to the mortality 
associated with saltwater stress (Flagg and Smith 1982).  Some species of salmonids may 
revert back to a freshwater adapted state (i.e. residualize) if they are not physiologically 
ready for the saltwater environment or do not reach saltwater within a certain time frame 
(Hoar 1976).  Since the release of HOR steelhead are generally used to mitigate for the 
deleterious effects of habitat loss and over-fishing, production strategies for steelhead 
need to ensure that juveniles are ready to undergo downstream migration, maximizing 
survival and minimizing residualism.  This goal of this objective is to determine if smolt 
physiology and morphology of HOR juveniles produced from a recently founded NOR 
broodstock differ from their NOR counterparts.  This information will be used to help us 
better understand the factors that determine survival to adulthood of HOR and NOR fish, 
and the subsequent reproductive fitness of HOR and NOR spawners.  Specifically, we 
hypothesize that emigrating HOR smolts will have similar gill Na+, K+ ATPase activity, 
seawater tolerance, and morphology as NOR smolts in Abernathy Creek.  If HOR gill 
Na+, K+ ATPase activity, seawater tolerance, and morphology is similar to NOR 
steelhead the number of spawners and thus smolt production should increase.   

 
 

Methods:  To determine whether HOR fish were undergoing smoltification we measured 
their gill Na+, K+ ATPase activities during the hatchery rearing period.  HOR fish (N ≥ 
46) from AFTC raceways were collected and non-lethally sampled for gill tissue once 
during the fall (September to November), in the early spring (February and/or March), 
and on their release date (May).  As a reference point, NOR steelhead (N ≥ 17) were 
captured from Abernathy creek by electro-fishing and non-lethally sampled for gill tissue 
in the fall.   
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During the smolt migration period gill Na+, K+ ATPase activity from migrating 
steelhead was determined to contrast the parr-smolt transformation of HOR and NOR 
juveniles.  Migrants were captured at a rotary screw trap located near the mouth of 
Abernathy creek.  Fish were captured throughout the migration season, weighed (g), 
measured (FL, mm), and non-lethally sampled for gill tissue.  Condition factor (K) was 
determined for each fish.  Gill Na+, K+, ATPase activity was determined from gill 
biopsies using the method of McCormick (1993).   
 In all of the release years except 2003 we collected HOR and NOR steelhead for 
salt water challenge trials.  Trials were conducted one to five days after each AFTC 
hatchery release (N = 2-4).  Due to a lack of fish captured in the screw trap we were 
unable to conduct a trial from the first 2008 release block.  HOR and NOR fish were 
transferred from the Abernathy screwtrap to AFTC and subjected to salt water (32 ppt) 
for 24 hr.  After salt water exposure, blood was collected from the caudal vein to 
determine plasma [Na+] (mM) and plasma osmolality (mOsm x Kg H2O-1) levels.  We 
employed a completely randomized design and used Kruskal-Wallis tests to compare 
differences between NOR and HOR steelhead Na+, K+, ATPase activity, plasma [Na+], 
and plasma osmolality among sampling dates.  Significant ANOVAs (P < 0.05) were 
followed by Tukey-type mean separation for pairwise comparisons. 
 In addition, all NOR and HOR steelhead captured at the screwtrap in 2004, 2005, 
2006, and 2007 were photographed (with metric scale) in lateral projection.  
Morphological measurements were obtained by digitizing coordinates of 15 anatomical 
landmarks judged to be homologous from form to form (Brookstein et al. 1985).  
Dimorphism in morphology was assessed using interlandmark distances.  Interlandmark 
distances were estimated as linear (Euclidean) distances among selected pairs of 
landmarks and were selected to form triangles and trusses (Strauss and Brookstein 1982), 
geometric arrangements that are highly sensitive to changes in size and shape among 
forms.  A generalized procrustes superimposition method was used to remove the effects 
of size variation.  Principal components of shape and multivariate regression were used to 
determine shape differences between HOR and NOR outmigrating steelhead.  Kruskal-
Wallis tests were used to compare differences among sampling dates and between NOR 
and HOR steelhead FL and K.  Significant ANOVAs (P < 0.05) were followed by Tukey-
type mean separation for pairwise comparisons. 
 
Results:  In all of the study years HOR and NOR steelhead initiated smoltification.  HOR 
steelhead median gill Na+, K+ ATPase activity increased (Kruskal-Wallis: F = 59.7, df = 
1740, P < 0.01) prior to their release from AFTC (Figure 3.1).  Gill Na+, K+ ATPase 
activity of HOR individuals at the time of release were more heterogeneous (Levene’s: P 
< 0.05) than earlier sampling dates regardless of year (Figure 3.1).  Median gill Na+, K+ 
ATPase activity was lower (Kruskal-Wallis: F = 77.1, df = 812, P < 0.01) in NOR fish 
collected during fall electrofishing (mean ± 1SE = 1.0 ± 0.1 µmol-ADP x mg-prot-1 x h-1) 
compared to NOR fish captured in the screwtrap (mean ± 1SE = 4.7 ± 0.1 µmol-ADP x 
mg-prot-1 x h-1).   

During spring emigration HOR migrants captured at the Abernathy screwtrap had 
lower gill ATPase activity than NOR migrants in four of the five release years (Figure 
3.2).  Median gill Na+, K+ ATPase activities were greater (Kruskal-Wallis: F = 14.6, df = 
1522, P < 0.01) for NOR than HOR fish collected during emigration at the screw trap in 
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2003, 2004, and 2006 (Figure 3.2).  Conversely in 2005, HOR and NOR steelhead 
median gill Na+, K+ ATPase activity did not differ during the first two of the three 
hatchery release blocks, and in 2007 and 2008 HOR and NOR fish had similar gill Na+, 
K+ ATPase activities regardless of release block. 

HOR emigrants had higher plasma osmolality (Kruskal-Wallis: F = 14.7, df = 
609, P < 0.01) and [Na+] (Kruskal-Wallis: F = 26.7, df = 607, P < 0.01) following 
exposure to saltwater challenges (Figure 3.3, 3.4).  In 2004 HOR emigrants had 
significantly higher plasma osmolality and plasma [Na+] than NOR emigrants for all 
three of the salt water challenges.  Plasma osmolality was significantly higher in only one 
of the three 2005 saltwater challenges, however plasma [Na+] differed in two of the three 
2005 salt water challenges.  In 2006 and 2007, plasma osmolality and plasma [Na+] was 
significantly higher in HOR emigrants for two of three and three of four salt water 
challenges respectively.  In 2008 plasma osmolality was significantly higher in HOR and 
in both of the salt water challenges, whereas plasma [Na+] was higher in only the second 
of the two salt water challenges in 2008.    
 HOR and NOR steelhead K was similar (Kruskal-Wallis: F = 2.8, df = 1588, P < 
0.01) regardless of hatchery release block in three  (2005, 2006 and 2008) of the six 
release years (Table 3.1).  In 2003, the K of HOR and NOR migrants was similar in the 
first two but not the last release block.  Conversely, NOR migrants in 2004 had 
significantly higher K’s than HOR migrants for all three release blocks.   In 2007 the K of 
NOR fish had significantly higher K’s than HOR migrants in the first and last release 
blocks but not the second release block.  Nevertheless, HOR emigrants were consistently 
longer than NOR fish in all years and release blocks (Kruskal-Wallis: F = 47.8, df = 
1599, P < 0.01; Table 3.1) with the exception of the last release block in 2008.  
Morphometric analysis suggest that HOR emigrants at a given size had significantly 
smaller heads and were smaller in body depth than NOR emigrants (Figure 3.5).   
 
Discussion:  HOR and NOR steelhead of similar genetic parentage were found to differ 
in physiological and morphological characteristics.  Emigrating HOR fish had lower 
levels of gill Na+, K+ ATPase activity than the NOR fish caught at the same time.  
Twenty-four hour salt water challenges confirmed the gill Na+, K+ ATPase sampling 
results suggesting that NOR fish performed better in saltwater when compared to HOR 
fish as indicated by better regulation of plasma osmolality and [Na+].  In addition, 
morphometric data on the released fish reveal that HOR fish were larger and shaped 
differently than NOR fish.  These results are consistent with other studies that found 
HOR salmonids were larger, shaped differently (Swain et al. 1991) and had reduced 
levels of gill Na+, K+ ATPase activity (McCormick and Björnsson 1994).   

HOR smolts consistently displayed a reduced readiness to transition to the seawater 
environment as evidenced by lower gill Na+, K+ ATPase activities and higher plasma 
osmolality and [Na+] levels after seawater challenges.  Gill Na+, K+ ATPase activity has 
long been recognized as a key indicator of migratory readiness and smolt to adult 
survival.  This enzyme is located in the gill epithelium and works in concert with other 
transport enzymes to regulate salt extrusion in the marine environment (see review by 
Evans et al. 2005).  The activity of this enzyme increases prior to and during freshwater 
migration, and its importance to smoltification was first described in coho salmon by 
Zaugg and McLain (1970).  Later work demonstrated that the increasing activity of gill 
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Na+, K+ ATPase during the parr - smolt transformation is critical to survival and growth 
in the marine environment (Zaugg et al. 1985, Zaugg 1989) and is a key indicator of 
smolt to adult return rates (Zaugg 1989, Beckman et al.1999).   

The differences in seawater readiness observed between HOR and NOR migrants 
may result in critical differences in smolt survival.  Indeed, in our latest examination of 
avian predation (data from 2003-2006 migration years) of HOR and NOR fish as they 
travel through the Columbia river estuary has shown that gill Na+, K+ ATPase activity (at 
the Abernathy screw trap) and migration date are significantly related to the probability 
of predation (Kennedy et al. 2007).  Steelhead smolts having relatively lower gill Na+, K+ 
ATPase activity were more likely to be eaten by avian predators presumably because they 
migrate more slowly and at shallower depths than those better able to osmoregulate 
during the transition from fresh to the ocean environment.  Although the physiological 
differences we have observed have a significant effect on NOR and HOR smolt survival 
it is still unknown how this may be related to adult return rates.  As a result, future work 
will focus on continuing to monitor indicators of seawater readiness in migrating HOR 
and NOR fish as well as examining how these indicators relate to smolt to adult survival 
and the relative reproductive success of HOR and NOR adults. 

Thorpe describes juvenile salmon development as a “developmental conflict” 
between competing life histories in which smolt development only occurs when the 
resources needed for maturation are not present (Thorpe 1994, Thorpe et al. 1998).  In 
this scenario parr are faced with three distinct possibilities every year: 1) undergo 
smoltification, followed by outmigration to the ocean, 2) begin maturation and attempt to 
spawn as a resident fish in the following winter, and 3) remain in the creek as a parr and 
revisit these options in the following year.  In Abernathy Creek the contribution of 
current HOR and NOR juveniles to subsequent generations will be determined not only 
by the number of fish returning as adults but by the proportion of individuals choosing 
between these separate life history patterns.  In objective four we have estimated the 
number of residual HOR fish and describe some of the potential impacts of these fish on 
NOR fish.  In addition to this we are beginning (work started in 2007) to describe the  
physiological and morphological differences between HOR migrants and HOR residual 
fish so that we can better understand the factors that direct individuals into these separate 
life history patterns and better predict how these differences in life history influence 
reproductive success.  

In summary NOR fish expressed smolt-related characteristics that may provide a 
survival advantage over that expressed by HOR fish.  NOR emigrants displayed an 
enhanced ability to tolerate seawater which may increase survival in the estuary and 
ocean.  Improper synchrony of HOR physiological processes associated with smolt 
transformation may increase the percent of HOR fish that elect to remain in fresh water 
or reduce survival.  Furthermore the observed characteristics of NOR smolts may provide 
a baseline measure for producing HOR smolts with more wild-like characteristics, 
thereby reducing residualism in HOR fish.  We will continue to monitor physiological 
differences between HOR and NOR steelhead to determine if they affect adult return 
rates and reproductive success. 
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Table 3.1- Mean (± SE) fork length (FL) and condition factor (K) of migrating juvenile hatchery origin (HOR) and natural origin 
(NOR) steelhead captured in a rotary screw trap near the mouth of Abernathy Creek.   
 
  HOR NOR HOR NOR 

Year Release 

Block 

N FL (mm) N FL (mm) N K (g/mm3x 10-5) N K (g/mm3x 10-5) 

2003 1 10 199 ± 5 10 169 ± 6 10 0.88 ± 0.04 10 0.90 ± 0.02 

 2 90 193 ± 2 20 168 ± 3 90 0.90 ± 0.01 20 0.89 ± 0.01 

 3 20 191 ± 3 21 162 ± 2 20 0.89 ± 0.01 21 0.94 ± 0.02 

2004 1 87 214 ± 2 64 167 ± 2 87 0.92 ± 0.01 64 0.94 ± 0.01 

 2 61 199 ± 2 146 166 ± 1 61 0.86 ± 0.01 143 0.91 ± 0.01 

 3 99 186 ± 2 94 155 ± 3 99 0.86 ± 0.01 94 0.94 ± 0.01 

2005 1 14 216 ± 5 26 165 ± 4 14 0.92 ± 0.01 26 1.11 ± 0.18 

 2 45 199 ± 2 45 163 ± 3 45 0.90 ± 0.01 45 0.92 ± 0.01 

 3 65 194 ± 2 25 158 ± 4 54 0.93 ± 0.01 25 0.94 ± 0.02 

2006 1 45 197 ± 2 24 164 ± 3 45 1.00 ± 0.01 24 1.01 ± 0.02 

 2 90 207 ± 2 44 166 ± 3 90 1.03 ± 0.05 44 0.95 ± 0.01 

 3 95 198 ± 2 50 165 ± 2 95 0.92 ± 0.01 50 0.96 ± 0.04 

2007 1 44 206  ± 3 31 168 ± 3 44 0.92 ± 0.02 31 0.98 ± 0.02 

 2 53 189 ± 2 32 167 ± 2 53 0.91 ± 0.01 32 0.90 ± 0.01 

 3 44 178 ± 2 18 162 ± 4 44 0.87 ± 0.01 18 0.97 ± 0.04 

2008 1 3 178 ± 4 NA NA 3 1.00± 0.02 NA NA 

 2 6 192± 6 7 156± 10 6 0.92± 0.01 7 1.0± 0.03 

 3 48 178± 2 24 171± 3 48 0.92± 0.01 24 0.94± 0.01 
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Figure 3.1- Box plots of gill Na+, K+ ATPase activity in HOR and NOR steelhead prior to and at 
hatchery releases during 2003, 2004, 2005, 2006, and 2007.  HOR fish were released from three 
raceways each year (2003: April 17, May 1, and 12; 2004: April 13,  27, and May 1; 2005: April 
19, May 4, and 17; 2006: April 20, May 2, and 16; 2007:  April 17, May 1, and 15; 2008: April 
15, 29, and May 13).  Numbers below each box plot denote its sample size, and the letters above 
denote significant (P < 0.05) differences among the seasonal groups. 
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Figure 3.2- Box plots of gill Na+, K+ ATPase activity for HOR and NOR steelhead migrants 
captured at the Abernathy screwtrap.  Numbers below each box plot denote its sample size and 
the letters above denote significant (P < 0.05) differences between HOR and NOR groups within 
a release block. 
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Figure 3.3- Box plots of plasma osmolality levels for NOR and HOR steelhead migrants 
captured at the Abernathy screwtrap and subjected to a 24 hour seawater challenge.  A seawater 
challenge was conducted for each of the three hatchery release blocks in 2004, 2005, 2006 and 
2007.  Trials 2 & 3 in 2007 were from the second release block.  Due to lack of fish trials 1&2 
in2008 are from the second and third release blocks respectively.     Numbers below each box 
plot denote its sample size and the letters above denote significant (P < 0.05) differences 
between HOR and NOR groups within a release block. 
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Figure 3.4- Box plots of plasma Na+ levels for NOR and HOR steelhead migrants captured at the 
Abernathy screwtrap and subjected to a 24 hour seawater challenge.  A seawater challenge was 
conducted for each of the three hatchery release blocks in 2004, 2005, 2006 and 2007.  Trials 2 
& 3 in 2007 were from the second release block.  Due to lack of fish trials 1&2 in2008 are from 
the second and third release blocks respectively.     Numbers below each box plot denote its 
sample size and the letters above denote significant (P < 0.05) differences between HOR and 
NOR groups within a release block. 
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Figure 3.5-  Schematic line diagram of morphometric truss networks for an average 
2004 HOR and NOR migrant steelhead adjusted for body size.  The dotted line 
represents HOR steelhead smolt and the solid line represents NOR smolt.   
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Objective 4:  Monitor and evaluate potential residualism, behavioral displacement, and 
ecological interactions (competition, predation) between yearling HOR steelhead released from 
the AFTC and NOR salmonids in Abernathy Creek. 
 
Introduction:  Fisheries biologists and government agencies have recommended implementing 
new integrated hatchery programs that use NOR fish as broodstock (Flagg et al. 2000; HSRG 
2004, NPCC 2004).  These recommendations are viewed as a means to reduce genetic and 
ecological risks that may result from employing HOR fish as broodstock (e.g. Carmichael and 
Messmer 1995; Fast and Craig 1997).  However, recent evidence indicates that integrated 
hatchery programs that reduce genetic risk, and as a consequence minimize phenotypic and 
behavioral differences between hatchery and wild fish, may also increase the potential for 
substantial negative ecological effects on wild populations (Kostow 2008).  This is particularly 
true because such programs appear to result in the production of significantly more residual fish 
than traditional hatchery programs (Sharpe et al. 2007).  Since residual HOR fish may directly or 
indirectly compete (McMichael et al. 1997), consume (Sholes and Hallock 1979; Martin et al. 
1993; Jonasson et al. 1995), or reproduce with (Viola and Schuck 1995; McMillan et al. 2007) 
NOR stocks, they are commonly considered to have negative impacts on wild populations 
(Kostow 2008).  Despite this assertion, there is limited information regarding how a captively 
reared broodstock program may affect the number of residual fish or their impacts on sympatric 
NOR populations. 

In order for residual fish to significantly affect reproductive success and demographic 
processes, they must occupy similar freshwater areas and habitat types as NOR fish.  HOR fish 
produced by traditional hatchery programs primarily use pools, whereas NOR fish typically use 
both riffles and pools (Allee 1974, Dickson and MacCrimmon 1982, Berejikian 1995).  These 
HOR salmonids often congregate at higher densities near release sites, and display less territory 
fidelity than NOR fish (Bachman 1984, McMichael and Pearson 2001).  Fish reared in hatcheries 
may lack the swimming skills and stamina needed to escape predators.  HOR steelhead also 
spend more time than sympatric NOR fish engaging in high-risk feeding and aggressive 
behaviors (Fenderson et al. 1968, Swain and Riddell 1990).  This behavior may increase their 
risk of predation and decrease time spent foraging.  By engaging in risky behavior and spending 
extra energy defending their territories, HOR fish may ultimately decrease their survival and 
reproductive success.  It has been hypothesized that by using NOR broodstock, like the program 
employed by AFTC, the resulting offspring will be genetically indistinguishable from their wild 
counterparts.  Although the physical advantages of hatchery fish resulting from the divergence 
from their native wild state will be minimized, the result could be increased interactions between 
behaviorally and phenotypically similar HOR and NOR steelhead.  However, to date there is 
limited evidence to suggest that the supplementation program employed at AFTC will affect 
these patterns. 
 Hatchery programs that minimize this divergence may increase the potential of direct 
competition and the frequency of predation with conspecifics and other species via increased 
dietary overlap and improved predatory behavior.  HOR salmon produced by traditional hatchery 
programs are often ineffective foragers immediately after release into novel stream environments 
(Sosiak et al. 1979, Ersbak and Haase 1983, Bachman 1984, Johnsen and Ugedal 1986), and 
their feeding is more surface oriented than salmonids reared in the wild (Mason et al. 1967, 
Sosiak et al. 1979, Uchida et al. 1989).  As a consequence, the potential for food competition 
with NOR fish or fry predation may initially be relatively low.  However, HOR steelhead 
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produced at AFTC that ultimately residualize after release may quickly learn efficient feeding 
techniques through exposure to native prey (Sundström and Johnsson 2001).  This could result in 
a disproportionate amount of predation or competition carried out by these larger, but less 
numerous HOR steelhead (Fresh and Schroder 1987, Abbot and Dill 1989, Beauchamp 1990, 
Martin et al. 1993, McMichael et al. 1997).  Whether or not HOR fish learn to feed on natural 
prey items that could result in competition with or predation on NOR fish are confounded by a 
number of factors (e.g. river flow, habitat area, density dependence effects of the natural 
population, rearing density) that vary annually, requiring multiple years of detailed observation.  

Residuals that survive to the following spring may also directly affect the reproductive 
success of returning NOR steelhead by becoming precociously mature and spawning with 
returning fish (Viola and Schuck 1995, McMillian et al. 2007).  The degree to which these 
residuals contribute to reproduction and differ in this respect from naturally occurring precocious 
NOR parr in the system is unknown (Seamons et al. 2004), but there is indirect evidence that 
they may contribute to a sizable number of matings (Araki et al. 2007).  Furthermore, 
Kuligowski et al. (2005) have demonstrated that the reproductive success in male steelhead is 
variable and that the presence of nests with offspring from multiple male parents is common.  
They suggest that this is likely due in part to the contribution of residual male spawners.  Work 
done on salmonids by Vladić and Järvi (2001) and Hoysak et al. (2004) show that in controlled 
sperm competition studies with early maturing males and anadromous adults, that precocious 
males are able to fertilize a significant proportion of eggs.  Vladić and Järvi (2001) also provide 
evidence that early maturing males may compensate for their behavioral subordinance by 
producing physiologically superior sperm.  Few studies have documented the proportion of 
residual hatchery fish that remain in freshwater to smolt in subsequent years, though these fish 
are thought to be both smaller than and have lower energy reserves than either their early 
maturing or smolting counterparts.  Understanding what proportion of HOR fish residualize and 
how they affect NOR populations are integral to determine potential mechanisms for the success 
or failure of the hatchery program being explored at AFTC.   

Our three goals were to 1) document the in-stream number and distribution of HOR 
residuals after their release from AFTC, 2) compare feeding and aggressive behavior of HOR 
residuals and NOR fish in areas of geographic overlap, 3) compare diet differences among HOR 
and NOR steelhead, and 4) identify the morphological and physiological differences between 
HOR residuals and migrant fish.  This information is needed to determine the presence and 
magnitude of negative ecological interactions (and subsequent reproductive success) between 
HOR residuals and the recipient NOR population.  For example, high HOR densities and 
widespread distribution in combination with aggressive behavior, high food consumption, dietary 
overlap, and predation by HOR residuals would suggest that there is a high probability of 
residual impacts on NOR reproductive success and demographics.  Conversely, if HOR residuals 
are confined to the area around the release site and exhibited low aggression, poor feeding, low 
dietary overlap, and little predation, it is unlikely that these fish will impact  the NOR 
population.   
 
Methods:   
 
Number and Distribution 

The number of residual HOR steelhead remaining in Abernathy Creek was estimated by 
surveying seven stream reaches.  Residual fish were defined as those that failed to pass the 
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furthest downstream PIT tag antenna array by June 20th each year.  Stream reaches were 
surveyed for residual fish with two portable PIT tag detection systems (PIT packs).  PIT-packed 
stream reaches were located below (N = 3) and above (N = 3) AFTC.  The seventh stream reach 
was located adjacent to AFTC.  Two biologists, each outfitted with a PIT pack, proceeded slowly 
in an upstream direction scanning all available habitats for PIT tags.  PIT tags detected were 
classified as either moving (within a living fish) or stationary (expelled tag).  The total number of 
moving PIT tags was corrected for the PIT pack detection efficiency (38%; Hill et al. 2006a).  
Based on PIT-pack and snorkeling surveys, we know that the distribution of HOR fish is unequal 
throughout the stream, with the majority of fish residing near the AFTC hatchery release site.  
We calculated an estimate for the total number of HOR residuals in Abernathy Creek by 
expanding the amount of fish detected by the proportion of unsurveyed creek (16.8 km) to 
surveyed creek (2.8 km), and by assuming unequal distribution of fish in remaining unsurveyed 
portion of Abernathy Creek (1-3% of the density of HOR steelhead found near AFTC).  The 
density of HOR fish in surveyed versus unsurveyed areas of the creek was calculated by the 
capture of HOR residuals with five pass electrofishing in both areas.  The number of HOR fish 
caught in each of the reaches surveyed was adjusted for stream length.  The yearly percent of 
residual fish was determined by dividing the estimate of HOR fish in Abernathy Creek by the 
number of PIT tagged HOR fish released and multiplying by the total number of HOR fish 
released from AFTC for a given year.  In addition, the number of fish succumbing to mortality 
was also estimated.  Mortality was estimated by determining the efficiency-corrected number of 
hatchery steelhead smolts detected leaving the creek on the downstream antenna array and the 
number of hatchery residuals estimated to be in the creek via pit-packing.  This total was then 
subtracted from the total number of hatchery steelhead released to calculate the apparent post-
release mortality of hatchery steelhead.  Apparent mortality includes possible tag loss by 
steelhead. 

The longitudinal distribution and behavior of residual HOR and NOR steelhead were 
estimated between 2004 and 2008 by snorkel surveys conducted at eight reaches within 
Abernathy Creek (N = 4 reaches upstream and N = 4 downstream of AFTC).  Stream reaches 
were selected on the basis of accessibility and were chosen to provide a broad spatial coverage of 
the stream basin.  All snorkel reaches had a variety of habitats and a similar species composition.  
Within each stream reach snorkeled, the mean width and length of each habitat unit (pool, riffle, 
run, and pocket water) was estimated (nearest 0.1 m).  Snorkel surveys were conducted in 
August between 0800 and 1730, when visibility was greater than 3 m.  Surveys were made in an 
upstream direction, and all fish encountered were identified to species and origin (NOR or HOR) 
and enumerated.  Salmonids too small (< 90 mm) to be accurately identified to species were 
categorized as fry.  Fish densities(m2) in upstream and downstream snorkel reaches and among 
habitat units were made between HOR and NOR fish using ANOVAs.  Differences were 
considered significant at the 0.05 alpha level and the data were log-transformed to meet 
assumptions of normality. 

 
 

Foraging and Aggressive Behavior 
In the snorkel reach nearest the release site of HOR steelhead, we examined foraging and 

aggressive behavior among HOR residuals and NOR steelhead.  In this reach individual fish 
were selected and the total number of feeding strikes and aggressive acts during 5 minute 
intervals were recorded.  Additionally, fork length of the focal fish and the number of other fish 
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present within a 1m2 area was also recorded.  Fork length, feeding strikes, aggressive acts, and 
surrounding fish density were compared each year between HOR and NOR fish using t-tests.   
 
Diet 

We examined the diets of emigrating HOR and NOR steelhead caught in the Abernathy 
screwtrap (April to June) and from residual HOR and NOR parr captured by electrofishing and 
angling (June to August) between 2005 and 2007.  Steelhead stomach contents were collected 
using gastric lavage (Foster 1977) and preserved in 75% ethanol.  The majority of emigrant 
steelhead were sampled the morning after screw trap capture.  We characterized dietary overlap 
between hatchery and wild fish as both smolts and non-migratory summer juveniles by using the 
percent dietary overlap index (% overlap = Σ[minimum(Pij,Pik)], where Pij and Pik are the mean 
percent abundance by number of prey item i in the stomach of group j and k; Schoener 1970).  
During the second and third HOR steelhead release blocks of 2007, we examined a subset of 
steelhead stomachs immediately after capture to account for any trapping bias that may 
overestimate fry predation (Tomaro 2006). 
 
Physiological and Morphological Differences between HOR Residuals and Migrants 

We examined the morphological and physiological differences between HOR residual and 
HOR out-migrants in 2007 by determining the sex, gonad size, and gill Na+, K+ ATPase activity 
of a subsample of HOR steelhead.  HOR fish were collected from the raceway (N = 300) on the 
day of each release, and HOR out-migrants on Abernathy Creek were captured during the 
migration season in a screwtrap (N = 98).  HOR residual parr were captured by electrofishing the 
area of Abernathy creek adjacent to the AFTC.  Residual sampling occurred two weeks after 
each hatchery release (N = 100) and once monthly in June, July, and August (N ≥ 42 
fish/month).  All fish were anesthetized in MS-222 and euthanized.  A small gill biopsy was 
collected into ice cold SEI (100 µl) and rapidly frozen in liquid N2.  The sex of each fish was 
determined by visual examination of their gonads.  The gonadosomatic index (GSI) was 
determined as a percentage of gonad weight to body weight.  Gill Na+, K+ ATPase activity was 
determined using methods described by McCormick (1993).  Kruskal-Wallis tests were used to 
compare differences between HOR fish at release, HOR migrants, and HOR residual parr GSI 
and gill Na+, K+ ATPase activity.  Significant ANOVAs (P < 0.05) were followed by Tukey-type 
mean separation for pairwise comparisons.  The sex ratio of HOR fish at release, HOR migrants, 
and HOR residual parr were compared to a theoretical 1:1 ratio using standard Chi squared tests. 

 
 
Results:   

 
Number and Distribution 

The number of HOR residuals estimated to occupy Abernathy Creek in the summer varied 
among years, but this variation occurred in an inconsistent pattern.  In 2003, less than 119 (< 
0.4%) HOR steelhead were estimated to remain in the creek over summer, this number increased 
to 431 (2.1%) in 2004 (Table 4.1).  The number of estimated HOR residuals then almost tripled 
to 1128 (5.9%) in 2005 until decreasing to 213 (1.2%) in 2006 and 333 (1.1%) in 2007.  Lastly, 
the number of residuals doubled to 673 (3.4%) in 2008.  Across the entire study, between 0.2% 
and 1% of HOR residuals migrated the following spring after spending the year in the creek.  
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In most years, HOR and NOR steelhead had summer longitudinal distributions where HOR 
fish were generally only abundant in the reach nearest the release site at AFTC whereas NOR 
fish were more evenly distribution throughout the creek (Table 4.2).  However, in 2007 HOR 
residual abundance was more evenly distributed between the release site and the sites just 
downstream and upstream of the release site.  Although NOR steelhead were also most abundant 
in the reach just below AFTC, their densities were high and relatively homogeneous among all 
reaches surveyed except the very lowest reaches.  In the lower reaches abundance of all 
salmonids was low (Table 4.2).  The highest densities of trout fry were found just upstream of 
AFTC.  When all four downstream reaches were pooled and compared to the four upstream 
reaches we found no statistical differences in the density of NOR steelhead, HOR steelhead, or 
trout fry (Table 4.3).  NOR and HOR steelhead and trout fry densities did not differ among years. 

Steelhead and trout fry densities across habitat types both varied greatly among years in no 
consistent pattern.  In 2004 and 2008, HOR and NOR steelhead had highest densities in pools but 
not in other years NOR steelhead were found in a variety of habitats whereas HOR fish were 
found mostly in pools (Table 4.4).  In 2005, NOR steelhead densities were highest in pocket 
waters.  In 2006, NOR steelhead densities were highest in riffles.  In 2007, NOR steelhead 
densities were highest in pools, pocket waters, and runs. 
 
Foraging and Aggressive Behavior   

We observed differences in fish behavior between NOR and HOR residuals in only two out 
of five years.  In 2004, NOR and HOR residuals did not differ in fork length, aggressive behavior 
or foraging attempts and both groups occupied habitats with similar overall densities of other fish 
(Table 4.4).  In 2005, HOR were significantly larger, more aggressive, observed at higher 
densities, and occupied habitats with higher overall densities of other fish (Table 4.5).  In 2006, 
HOR were again significantly larger and more aggressive than NOR fish, but unlike 2005, HOR 
and NOR fish occupied habitats with similar overall densities of other fish.  In 2007 and 2008, 
residual HOR steelhead were larger than NOR fish, but aggressiveness and fish density did not 
differ.  Residual NOR and HOR steelhead foraged at similar rates in 2004, 2005, 2007, and 2008 
but not in 2006, where NOR fish foraged at a higher rate than HOR fish. 
 
Diet  

Trap confinement did not change steelhead smolt predation upon salmonid fry.  There were 
no differences between the proportion of steelhead stomachs that contained fry immediately after 
capture (hatchery smolts 0%, wild smolts 4.2%) and those confined inside the screw trap < 24 hr 
(hatchery smolts 4.6%, P=0.11; wild smolts 5.0%, P=1.00). 

The frequency of food occurrence in wild and hatchery steelhead stomachs was not 
significantly different, and appeared to change in a similar manner seasonally.  The percent of 
steelhead stomachs containing invertebrates was high, but the percent of stomachs containing 
salmonid fry was low (Figure 4.1).  Salmonid fry were found significantly more often in the 
stomachs of spring steelhead smolts (10.7%) than in the stomachs of summer parr (2.5%, Table 
4.6).  Conversely, invertebrates were found significantly more often in the stomachs of summer 
parr (90.7%) than in the stomachs of smolts (52.4%).  There was no significant difference in the 
percentage of empty stomachs between seasons or hatchery and wild steelhead (Table 4.6).     

The number of prey per steelhead stomach differed between seasons for both invertebrates 
and salmonid fry.  Significantly more invertebrates were consumed by summer parr 
(6.4/stomach) than by smolts (0.4/stomach, Table 4.6).  There was no significant difference in 
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the number of invertebrates eaten by wild (2.8/stomach) and hatchery steelhead (2.2/stomach).  
Conversely, spring steelhead smolts ate significantly more salmonid fry (0.33/stomach) than did 
summer parr (0.04/stomach), and wild steelhead ate notably more salmonid fry (0.41/stomach) 
than did hatchery steelhead (0.11/stomach).  The difference in number of fry consumed between 
hatchery and wild steelhead was greater for smolts than for summer parr (Figure 4.2). 

The release timing of hatchery smolts influenced the number of prey eaten by hatchery 
smolts but emigration delay did not.  The hatchery steelhead from the earliest release (mid-April) 
consumed significantly more salmonid fry (0.41/stomach) than did steelhead from either of the 
latter two releases (0.03 and 0.07/stomach, Table 4.7).  The number of salmonid fry eaten by 
hatchery steelhead from the first release block was similar for smolts that did (0.41/stomach) and 
did not delay (0.42/stomach) emigration from Abernathy Creek (Release block × delay P=0.634, 
Table 4.7).  The number of invertebrates eaten was not affected by release block or delayed 
emigration.   

During finer scale sampling there was strong dietary overlap between hatchery and wild 
steelhead as smolts (73.7%) and as summer parr (73.6%, Table 4.8).  The diet of hatchery and 
wild smolts were predominately composed of the same four taxonomic groups: salmonid fry, 
Diptera, Tricoptera, and Ephemeroptera.  Salmonid fry were proportionally more important, and 
Diptera less important, in the diet of hatchery smolts as compared to wild smolts.  Wild smolts 
consistently ate more food than hatchery smolts (Fig. 4.3), mostly because they ate more fish 
eggs.  Wild smolts emigrating in late April ate substantially more food from each category than 
did hatchery smolts from the first release and all steelhead smolts collected in May and June 
(Fig. 4.3).   The diets of wild parr and hatchery residual steelhead were both overwhelmingly 
dominated by Diptera, followed by a minor component of Ephemeroptera (Table 4.8).  The main 
difference between wild parr and hatchery residuals was the relatively large numbers of 
Hemiptera in the diet of hatchery residuals and the larger percentage of hatchery residuals 
consuming Arachnida. 
 
Physiological and Morphological Differences between HOR Residuals and Migrants 

Residual HOR steelhead collected in 2007 differed physiologically and morphologically 
from HOR fish sampled prior to hatchery release and from their out-migrating counterparts.  Gill 
Na+, K+ ATPase activity differed between HOR residuals, HOR migrants, and fish sampled prior 
to hatchery release (Kruskal-Wallis F = 69.3, df = 482, P < 0.01).  HOR residual steelhead had a 
significantly lower median gill Na+, K+ ATPase activity than either HOR out-migrants or fish 
sampled prior to hatchery release (Figure 4.5).  The sex ratio of HOR steelhead differed between 
out-migrating fish, residual fish, and fish sampled prior to hatchery release (Table 4.9).  Migrants 
and fish sampled at release had similar sex ratios and were not significantly different from a 
theoretical 1:1 ratio of males to females (χ2

migrants = 0.2, df = 1, P = 0.69; χ2
release = 0.5, df = 1, P = 

0.49).  The sex ratio of residual HOR steelhead was skewed towards males and differed from a 
theoretical 1:1 ratio (χ2 = 13.1, df = 1, P < 0.01).  Furthermore the GSI of both male and female 
HOR steelhead varied between residual fish, out-migrants, and fish sampled prior to hatchery 
release (Kruskal - Wallis Fmales = 49.5, df = 264, P < 0.01; Kruskal – Wallis Ffemales = 10.6, df = 
242, P < 0.01).  The median GSI of female out-migrants and female fish sampled prior to 
hatchery release were similar but both groups had significantly lower median GSI’s than residual 
HOR females (Table 4.6).  Similarly male HOR out-migrants and males sampled at release from 
the hatchery had equivalent median GSI’s and both were significantly lower than residual males 
(Table 4.7).  The frequency distribution of GSI data from male residual parr was positively 
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skewed, whereas migrant male GSI’s were normally distributed around a single peak with 95 % 
of the individuals having a GSI ≤ 0.2% (Figure 4.6).  
 
Discussion:  A proportion of HOR steelhead in Abernathy Creek did not emigrate and 
residualized during summer, like many other lotic systems where HOR anadromous fish are 
released (Viola and Schuck 1995, McMichael and Pearsons 2001).  The proportion of hatchery 
fish that remain in Abernathy Creek increased since the initial stocking in 2003 was variable, and 
ranged from 1% to 6%.  In all years most HOR residuals remained within 1.5 km downstream of 
the release point.  Unlike HOR fish, NOR steelhead were found in relatively high densities 
throughout the creek except close to the confluence with the Columbia River.  This pattern 
indicates that the greatest potential for HOR residuals to contribute to overall reproductive 
success and negative demographic effects occurs in a small section of stream close to the release 
location.  Few HOR residuals that were detected had successfully overwintered in Abernathy 
Creek, suggesting that summer residuals had poor winter survival and few individuals would 
have the opportunity to mature early and interbreed with returning adults. 

Although, longitudinal zonation in species density from headwater to downstream 
reaches is one of the most commonly observed patterns in streamfishes (Horwitz 1978, Schlosser 
1982, Oberdorff et al. 1993), we found no difference in the densities of NOR steelhead, HOR 
steelhead, or trout fry between upstream and downstream reaches.  The greatest differences in 
species density occurred between upstream- and downstream sites closest to AFTC and those at 
greater distances away from the facility.  In addition, our results suggest that NOR steelhead, 
HOR steelhead, or trout fry density patterns associated with specific habitat types within 
Abernathy Creek change yearly.  The lack of longitudinal patterns among NOR and HOR 
steelhead and fry may be attributable to stochastically operating spatial heterogeneity in 
environmental conditions.  These differences in habitat specific assemblage composition and 
density may largely reflect local differences in environmental conditions among sites as opposed 
to any overall longitudinal trend.  Consequently, Abernathy Creek must be viewed as a dynamic 
mosaic of interspersed habitats that vary in environmental conditions annually.   
 After number and distribution were accounted for, behavioral examination found that 
HOR residuals were only significantly more aggressive in two years even though they were 
significantly larger than NOR steelhead in four of the five years.  The outcome of direct 
competition between individual salmonids can be influenced by factors such as prior territorial 
residency, size, and aggressive behavior (Rhodes and Quinn 1998) resulting from differences in 
fish density and food availability, rearing environment, and genetic composition (Swain and 
Riddell 1990, Berejikian et al. 1996).  Although it is currently uncertain which rearing type 
(NOR or HOR) has a competitive advantage when fish are similarly sized (Mesa 1991, 
Berejikian et al. 1996, Rhodes and Quinn 1998, Peery and Bjornn 2004), several authors have 
observed that HOR salmonids are dominant over NOR conspecifics because they are usually 
large enough to overcome the prior residency advantage of NOR fish (Berejikian et al. 1996, 
Rhodes and Quinn 1998, McMichael et al. 1999, Peery and Bjornn 2004).  There is also 
evidence that NOR steelhead may also suppress agonistic behavior in the presence of larger 
HOR fish (McMichael et al. 1999, Peery and Bjornn 2004).  Across all years these findings are 
inconsistent with our behavioral observations because although  NOR steelhead aggression 
decreased in the presence of larger HOR fish in 2005 and 2006, NOR fish aggression in 2007 
and 2008 increased to rates observed in HOR fish.  This may be due to NOR fish now having 
potential HOR fish as parents.  This is one change in demographics that will be important to 
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monitor in the future as increased aggression could have impacts on the NOR population.  It is 
possible that an increase in the aggression of NOR residuals may result in reduced growth and 
survival of NOR fish due to increased energy expenditure for preferred feeding microhabitats 
(Abbot and Dill 1989, Nielsen 1992, McMichael et al. 1997, McMichael et al. 1999), but this is 
unlikely because the feeding rate of NOR steelhead did not decrease with increased aggression.  
 Additionally, residual residual HOR steelhead appeared to move more than NOR 
steelhead parr in 2003, 2004, 2006, and 2007, but they did not in 2005.  Conversely, NOR 
steelhead parr tended to remain at a single focal point for the duration of our observations.  This 
is similar to the ‘agonistic roaming’ behavior observed by McMichael et al. (1999) in HOR 
steelhead.  McMichael et al. (1999) hypothesized that such behavior was energy inefficient 
because when opponents were displaced, the roaming HOR steelhead often failed to occupy the 
vacated microhabitat.  Although we did not find that feeding rates were negatively correlated 
with aggressive acts, inefficient energy use by residual HOR steelhead may result in increased 
energy usage and reduced growth and reproductive success.  Further investigation of the relative 
movement rates and behavioral displacement of NOR and residual HOR steelhead in Abernathy 
Creek would be beneficial. 

Concurrent with similar summer feeding rates in most years, our results suggest that the 
diet patterns of steelhead produced from an integrated hatchery program are more strongly 
influenced by seasonal variability in prey abundance and presence than by their rearing 
environment or migratory delay.  Hatchery steelhead from such programs can consume similar 
types and amounts of prey as wild steelhead, both shortly after release from hatchery 
environments and after a small portion of these residual steelhead.  Consequently, hatchery 
steelhead from integrated hatchery programs may be more adept at feeding than those from 
traditional programs. 

The success of conservation programs that use hatchery steelhead can hinge upon fish 
successfully feeding after release (Massee et al. 2007).  The condition of most hatchery 
salmonids have been shown to deteriorate after release, and may be accompanied by acute post-
release mortality (Miller 1952; Vincent 1960; Reimers 1963; Suboski and Templeton 1989) due 
to an inability to recognize available food (Sosiak et al. 1979; Maynard et al. 1996; Massee et al. 
2007), decreases in foraging time (Bachman 1984), and poor feeding efficiency (Ersbak and 
Hasse 1983; Maynard et al. 1996; Sundstrom and Johnsson 2001).  Hatchery steelhead smolts 
produced from AFTC were adept at recognizing and capturing prey shortly after release, 
consuming both salmonid fry and invertebrates <2 d after their release.  Hatchery steelhead that 
did not emigrate and residualized were in similar condition to hatchery smolts shortly after 
release.  Thus hatchery steelhead that ultimately residualize appear to be as successful at 
capturing prey as their wild counterparts.  However, an unaccounted portion of hatchery 
steelhead did not emigrate after release and may have died before residual sampling.  Any post-
release mortality may be due to hatchery steelhead that are unable to consume native prey 
(Paszkowski and Olla 1985).  We surmise that this proportion of hatchery steelhead was high (16 
to 30%, Ostrand et al. 2007) relative to the proportion of hatchery steelhead that residualized.  
Additional sampling is needed to directly account for the fate of these fish. 

In our study salmonid fry were most frequently consumed by hatchery and wild steelhead 
smolts after the first hatchery release in mid-April.  The rate of salmonid fry consumption by 
hatchery and wild smolts in Abernathy Creek was similar to those reported for another lower 
Columbia River tributary (Hawkins and Tipping 1999).  Salmonid fry consumption rates were 
positively related to peak emigration of Chinook salmon fry that usually ends between early and 
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mid-April in Abernathy Creek (WDFW, unpublished data).  The overlap in migration timing 
observed during our study may allow steelhead smolts access to a relatively large number of 
emigrating Chinook fry that apparently are vulnerable to predation (Beauchamp 1995).  In 
contrast, summer invertebrate consumption was high for hatchery residual steelhead and wild 
parr, coinciding with invertebrate inputs peaking (Romero et al. 2005; Rundio and Lindley 
2008), whereas fry predation was uncommon.  The annual and seasonal similarity in diets 
between rearing types suggest that the diets of juvenile steelhead may be more influenced by 
temporally variable factors such as prey abundance and presence than by rearing environment. 

Despite evidence for similar prey recognition and microhabitat use (Hill et al. 2006b), the 
diets of wild and hatchery steelhead showed subtle but important differences.  Hatchery smolts 
after the first release in late-April consumed less prey items than wild smolts.  The difference in 
the number of fry consumed by wild and hatchery smolts was highest at this time, when Chinook 
fry were abundant and probably vulnerable to predation.  This may be a result of hatchery smolts 
spending less time foraging for fry or being less efficient at consuming fry than wild smolts.  
Comparisons of fry consumption between rearing types may be confounded by seasonal 
differences, since the strongest difference in the number of salmonid fry eaten between rearing 
types occurred for emigrating smolts.  Additionally, wild smolts consistently consumed more 
fish eggs than did hatchery smolts, and water striders (hemiptera) composed a substantially 
larger proportion (22.6%) of the diet of hatchery residuals than did wild steelhead parr (3.5%).  
This suggests hatchery residuals that were reared by surface feeding may retain a strong surface 
feeding orientation similar to that of steelhead raised by some traditional hatchery programs 
(Maynard et al. 1996) despite up to 4 mo experience with native prey.   

Hatchery steelhead smolts emigrated from Abernathy Creek shortly after their release 
(median 3 d).  Consequently, we suggest that in this case the release of hatchery steelhead 
produced from an integrated program may have minimal effects on the foraging of wild fish, 
even when hatchery and wild steelhead have a high degree of dietary overlap.  Because the 
magnitude of the any effect on native salmonids from dietary overlap with hatchery fish depends 
on the number of hatchery fish released into the creek and their residence time relative to the 
system’s carrying capacity (Kostow 2008), large integrated hatchery programs would have a 
greater potential for adverse ecological effects on wild salmonids. 

Lastly, despite behavior and diet similarities among HOR and NOR steelhead, we found 
residual HOR fish differed both physiologically and morphologically from their migrating HOR 
counterparts.  Residual fish had lower gill Na+, K+ ATPase activities and higher GSI values than 
either emigrants or the hatchery population at the time of release.  Furthermore the sex ratio of 
residualizing parr is significantly skewed towards males whereas the sex ratio of HOR migrants 
and HOR fish before release was equivalent to a theoretical 1:1 ratio of males to females.  
Examination of the frequency distribution of residual male GSI’s reveals a distribution that is 
highly positively skewed, suggesting the presence of a notable proportion of male residuals that 
are undergoing early maturation.  Collectively these results suggest that HOR fish that elect to 
residualize are 1) not ready to undergo the smolt transformation, and 2) a large proportion of 
HOR males are electing to undergo early maturation instead of smoltification.  Since few HOR 
steelhead emigrate in years subsequent to their release, presumably residuals forego 
smoltification and either die or become obligate resident fish.   

In conclusion, most geographic overlap between HOR residuals and NOR fish occurred 
near the AFTC hatchery release site.  Also, high rates of aggressive behavior in large HOR 
residuals compared to sympatric NOR fish has only been shown in two out of five years.  
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Moreover, there appears to be a strong amount of dietary overlap between HOR residuals and 
NOR fish, but fry predation was low in both groups and largely restricted to smolts.  Residuals 
are a relatively small portion of the HOR steelhead released, and since winter survival may be 
low and their distribution is locally concentrated, it currently appears that any adverse affects on 
NOR fish by HOR residuals may thus far be minimal.  However, a notable portion of HOR 
residuals that do survive winter probably have undergone early sexual maturation.  What effect 
these precocious spawners may have on the reproductive success of the HOR and NOR 
populations has yet to be assessed. 
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Table 4.1 – Number of HOR residuals estimated to remain in Abernathy Creek, WA after the 
migration season based on PIT tags surveys of sample reaches. 
 

 

  Year      

  2003 2004 2005 2006 2007 2008 

Number of live HOR PIT-tagged 
fish detected  0 9 22 4 3 13 

Efficiency corrected number of 
live HOR PIT-tagged fish  <3 24 58 11 8 35 

Expanded number of live HOR 
PIT-tagged fish in entire creek  <4 28 68 13 10 38 

Number HOR PIT-tagged 
fish released  873 1298 1139 1063 1204 1089 

Percent of fish residualized  <0.4% 2.1% 5.9% 1.2% 1.1% 3.4% 

Number of HOR fish released  29,724 20,009 19,049 17,660 24,190 19,657 

Estimated number of 
HOR residuals in creek  <119 431 1128 213 333 673 
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Table 4.2 – Reach-specific mean densities of trout fry (salmonids < 90 mm FL; not identified to species), NOR and HOR steelhead in 
Abernathy Creek WA in July 2004, August 2005, August 2006, August 2007, and August 2008.  Densities were determined by 
counting the numbers of fish while snorkeling. 

 
 
 

   
Mean fish density (fish / m2) 

 
 

  
Trout fry NOR steelhead 

 
HOR steelhead 

 

Reach 

Upstream or 
Downstream 

of AFTC 
weir 

2004 2005 2006 2007 2008 2004 2005 2006 2007 2008 2004 2005 2006 2007 2008 

 
1 Ds 0.028 0.002 0.021 0.048 0.033 0.008 0.009 0.000 0.008 0.006 0.001 0.000 0.000 0.000 0.000 
 
2 Ds 0.192 0.076 0.123 0.083 0.126 0.055 0.068 0.031 0.028 0.028 0.002 0.004 0.005 0.003 0.000 
 
3 Ds 0.302 0.134 0.189 0.222 0.152 0.057 0.085 0.037 0.044 0.032 0.010 0.003 0.007 0.027 0.007 
 
4 Ds 0.330 0.132 0.233 0.268 0.197 0.139 0.104 0.069 0.046 0.017 0.130 0.140 0.098 0.026 0.069 
 
5 Up 0.185 0.052 0.147 0.324 0.319 0.093 0.010 0.029 0.032 0.029 0.091 0.011 0.032 0.022 0.087 
 
6 Up 0.486 0.305 0.114 0.144 0.322 0.059 0.056 0.166 0.056 0.086 0.004 0.001 0.005 0.008 0.023 
 
7 Up 0.071 0.017 0.085 0.070 0.241 0.035 0.084 0.168 0.078 0.059 0.002 0.001 0.006 0.027 0.005 
 
8 

 
Up 0.222 0.079 0.025 0.100 0.097 0.087 0.031 0.068 0.040 0.058 0.012 0.000 0.000 0.000 0.000 
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Table 4.3 – Results of ANOVA analysis comparing the density of trout fry, NOR, and HOR  
steelhead downstream of the electric weir at Abernathy Fish Technology Center  to the density 
upstream of the weir (Up_down) and across 2004, 2005, 2006, 2007 and 2008 (Year). 

Group Variable d.f. F-statistic P 

Trout fry Up_down 1 0.54 0.46 

 Year 4 1.74 0.17 

 Up_down x Year 4 0.59 0.67 

NOR Up_down 1 3.80 0.06 

 Year 4 1.22 0.32 

 Up_down x Year 4 1.90 0.14 

HOR Up_down 1 0.75 0.39 

 Year 4 0.27 0.89 

 Up_down x Year 4 0.31 0.87 
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Table 4.4 – Habitat type-specific mean densities of trout fry, NOR, and HOR steelhead in Abernathy Creek, WA in July 2004 and 
August 2005, 2006, 2007, 2008.  Standard deviations appear in italics below means.  Densities determined by counting fish while 
snorkeling. 
 

 Mean density (fish / m2) 

 Trout fry NOR 1+ steelhead HOR steelhead 

Habitat 
type 

2004 2005 2006 2007 2008 2004 2005 2006 2007 2008 2004 2005 2006 2007 2008 

Pocket 
water 

0.138 0.160 0.060 0.116 0.033 0.046 0.130 0.052 0.024 0.003 0.011 0.004 0.009 0.001 0.004 

 0.068 0.166 0.088 0.122 0.097 0.030 0.200 0.100 0.024 0.020 0.012 0.012 0.017 0.002 0.012 
                

Pool 0.318 0.066 0.144 0.294 0.056 0.108 0.052 0.057 0.095 0.022 0.059 0.029 0.035 0.057 0.011 

 0.377 0.062 0.141 0.474 0.121 0.153 0.050 0.053 0.078 0.051 0.144 0.072 0.052 0.087 0.080 

                

Riffle 0.091 0.105 0.166 0.051 0.065 0.012 0.026 0.082 0.001 0.004 0.001 0.007 0.009 0.000 0.001 

 0.090 0.135 0.162 0.098 0.276 0.010 0.028 0.095 0.004 0.010 0.001 0.016 0.018 0.000 0.010 

                

Run 0.250 0.347 0.089 0.084 0.029 0.059 0.078 0.074 0.031 0.009 0.018 0.021 0.023 0.007 0.011 

  
0.225 0.710 0.047 0.116 0.090 0.051 0.201 0.085 0.024 0.093 0.042 0.050 0.053 0.013 0.080 
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Table 4.5 – Mean lengths, number of feeding strikes, number of aggressive acts, and fish density for HOR and NOR steelhead in 
Abernathy Creek, WA in August 2004, 2005, 2006, 2007, and 2008.  Standard deviations appear below each mean in italics.  
Significant levels of (P) of t-tests comparing means of HOR and NOR fish appear in bold. 

 
Fork Length (mm) Feeding strikes per minute Aggressive acts per minute Density (fish/m2) 

Rearing 
type 2004 2005 2006 2007 2008 2004 2005 2006 2007 2008 2004 2005 2006 2007 2008 2004 2005 2006 2007 2008 

HOR 152 242 208 221 179 1.58 3.05 2.97 2.43 3.81 0.22 0.50 0.63 0.66 0.63 9.67 5.89 5.67 8.93 2.28 

 9 10 45 48 50 0.51 0.41 2.25 1.86 1.76 0.08 0.15 0.84 0.82 0.60 1.87 0.88 5.26 7.07 4.07 

                     

NOR 139 172 129 176 135 1.35 1.90 4.81 3.79 5.56 0.35 0.14 0.03 0.20 0.34 9.17 3.20 4.4 5.87 2.61 

 5 11 21 22 24 0.41 0.46 2.62 2.27 2.26 0.12 0.06 0.10 0.34 0.56 1.22 0.84 4.85 4.60 3.69 

                     
P 0.22 0.01 0.01 0.01 0.01 0.72 0.08 0.04 0.08 0.07 0.38 0.03 0.01 0.06 0.18 0.83 0.04 0.49 0.17 0.92 
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Table 4.6 – Results of a two-way analyses of variance used to determine if rearing 
environment and season influence differences in the number of prey per stomach 
(prey/stomach) and the frequency of prey occurrence (%O) in the diets of O. mykiss. 
Factor Sum of squares df Mean square F P 

Salmon fry (%O) 
Rearing type 0.007 1 0.007 1.01 0.344 
Season 0.124 1 0.124 17.59 0.003 
Rearing type × Season 0.003 1 0.003 0.49 0.502 
Error 0.056 8 0.007   

Invertebrates (%O) 
Rearing type 0.017 1 0.017 0.37 0.562 
Season 0.105 1 0.105 8.58 0.019 
Rearing type × Season 0.000 1 0.000 0.00 0.946 
Error 0.378 8 0.047   

Empty stomach (%O) 
Rearing type 0.006 1 0.006 0.13 0.733 
Season 0.232 1 0.232 4.95 0.057 
Rearing type × Season 0.001 1 0.001 0.03 0.868 
Error 0.374 8 0.047   

Salmonid fry (fry/stomach) 
Rearing type 0.018 1 0.018 5.17 0.053 
Season 0.049 1 0.049 14.06 0.006 
Rearing type × Season 0.015 1 0.015 4.24 0.073 
Error 0.028 8 0.003   

Invertebrates (invertebrates/stomach) 
Rearing type 0.011 1 0.011 0.18 0.686 
Season 0.624 1 0.624 10.24 0.013 
Rearing type × Season 0.034 1 0.034 0.57 0.474 
Error 0.488 8 0.061   
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Table 4.7 – Results of two-way analyses of variance used to determine if the timing of 
hatchery releases (releases block) and migrational delay (smolts emigrating >6 d after 
release) influence differences in the number of prey per stomach (prey/stomach) in the 
diets of hatchery-reared O. mykiss. 
Factor Sum of squares df Mean square F P 

Salmonid fry (fry/stomach) 
Release block 0.054 2 0.027 6.16 0.015 
Delay 0.008 1 0.008 1.89 0.194 
Release block × delay 0.004 2 0.002 0.47 0.634 
Error 0.053 12 0.004   

Invertebrates (invertebrates/stomach) 
Release block 0.004 2 0.002 0.95 0.413 
Delay 0.001 1 0.001 0.53 0.480 
Release block × delay 0.004 2 0.002 0.92 0.424 
Error 0.023 12 0.002   
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Table 4.8 – Taxonomy of steelhead stomach contents in 2007.  Prey categories are listed 
by their frequency of prey occurrence (%O) and their percent abundance by number 
(%N) in steelhead stomachs. 
 
Prey category Wild smolts Hatchery 

smolts  Wild parr  Hatchery 
residuals 

   %O %N %O  %N    %O  %N  %O   %N 
Collembola 0.0 0.0  0.0 0.0  4.9 0.6  8.8 1.0 
Coleoptera 7.7 5.3  0.9 1.9  16.5 3.0  28.8 5.5 
Diptera 20.0 33.9  7.3 15.1  76.7 76.4  88.0 53.1 
Ephemeroptera 13.8 9.4  3.6 7.5  26.2 6.4  29.6 5.4 
Hemiptera 0.0 0.0  0.0 0.0  1.9 3.5  8.8 22.6 
Hymenoptera 3.1 1.8  0.0 0.0  4.9 0.7  2.4 0.3 
Lepidoptera 0.0 0.0  0.0 0.0  2.9 0.3  0.8 0.1 
Orthoptera 0.0 0.0  0.0 0.0  1.0 0.1  4.0 0.4 
Plecoptera 6.2 3.5  1.8 3.8  7.8 0.9  12.0 1.5 
Trichoptera 13.8 9.4  3.6 9.4  15.5 2.5  15.2 1.8 
Arachnida 0.0 0.0  0.0 0.0  11.7 4.4  27.2 6.9 
Nematoda 1.5 0.6  0.0 0.0  1.0 0.1  0.0 0.0 
Molusca 0.0 0.0  0.9 1.9  1.0 0.1  1.6 0.4 
Other invert. 0.0 0.0  0.0 0.0  0.0 0.0  0.4 0.4 
Salmonid fry 20.0 36.3  17.1 60.4  4.9 1.0  3.2 0.3 
Unidentified 0.0 0.0  0.0 0.0  0.0 0.0  0.1 0.1 
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Table 4.9 – Sex ratio and median gonado-somatic index (GSI; range given in parenthesis) 
of HOR juveniles sampled at the hatchery on the day of release (At Release), at the 
Abernathy screwtrap (Migrants), and captured by electro-fishing in Abernathy creek two 
weeks after each hatchery release (Residuals). 
Group Females Males Sex 

Ratio 
(%-
male) 

Male GSI Female GSI 

At Release 156 144 48 0.049 (0.005 – 
2.165) 

0.190 (0.106 - 0.418) 

Migrants 51 47 48 0.045 (0.027 – 
0.230) 

0.199 (0.025 – 0.260) 

Residuals 36 74 67 0.177 (0.002 – 
3.392) 

0.251 (0.063 – 0.349) 
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Figure 4.1 – Percent of hatchery (closed circles) and wild steelhead stomachs (open circles) containing invertebrates, salmonid fry, or 
no food items in 2005, 2006, and 2007.  The stomachs of steelhead were collected from emigrating smolts or resident parr (wild or 
hatchery-reared residuals). 
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Figure 4.2 – Number of invertebrates and salmonid fry consumed per stomach by 
hatchery (closed circles) and wild steelhead (open circles) in 2005, 2006, and 2007.  The 
stomachs of steelhead were collected from emigrating smolts or resident parr (wild or 
hatchery-reared residuals). 
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Figure 4.3 – Number of invertebrates (black bars), salmonid fry (white bars), and fish 
eggs (hatched bars) per steelhead stomach between 2005 and 2007.  Diets are separated 
by dates of capture, and the number of wild (W) and hatchery (H) steelhead stomachs 
collected per sample period are listed above each bar.  The first three sample periods 
represent emigrating smolts and the last two resident parr (wild fish or hatchery-reared 
residuals). 
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Figure 4.4  –  Comparison of the January (pre-release) size distribution of all hatchery 
fish to the size of fish that later residualize.  Box plots represent the pre-release size 
distribution of all hatchery fish, with circles representing the 5th and 95th percentiles.  The 
size distribution of individuals that later residualized are marked with X symbols. 
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Figure 4.5 – Box plots of gill Na+, K+ ATPase activity from HOR fish collected in the 
hatchery on the day of release, HOR migrants captured at the Abernathy screwtrap, and 
HOR residuals captured by electro-fishing two weeks after each hatchery release.  All 
samples were collected during the 2007 release year.  Symbols represent the 5th and 95th 
percentiles of the data. Data was analyzed using a Kruskal – Wallis test followed by 
Tukey type multiple comparisons.  Letters denote significant differences between the 
groups, and numbers below each box are the sample size.   
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Figure 4.6 – Frequency distribution of 2007 gonadosomatic index (log scale) data from 
male HOR migrants (A), HOR residual male parr sampled two weeks after hatchery 
release (B), and HOR residual male parr sampled in June (C), July (D), and August (E) 
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Objective 5:  Use selectively-neutral, DNA markers to determine the amount of genetic 
change associated with captive rearing and spawning of wild-caught NOR steelhead, and 
subsequent hatchery rearing of their progeny prior to release as yearlings. 

 
Introduction:  Maintaining similar genetic resources between hatchery origin (HOR) and 
natural origin (NOR) fish is an overarching goal of supplementation programs associated 
with imperiled populations.  Genetic hazards associated with hatchery activities can be 
grouped into four types (Busack and Currens 1995): (1) extinction, (2) loss of within-
population genetic variation, (3) loss of among population variation (population identity), 
and (4) domestication selection.  In this objective we assess the second and third genetic 
hazards in the Abernathy Creek supplementation program for steelhead.   

Loss of within-population genetic variation is a common hazard associated with 
hatchery programs (Allendorf and Ryman 1987).  Genetic drift is a major force causing 
loss of genetic variability in hatcheries, and the rate of loss is inversely related to the 
number of broodfish mated.  Quantifying allelic diversity and allele frequencies at neutral 
loci provides indirect estimates of the rate of genetic drift, and levels of gene flow within 
and among HOR and NOR groups.  With a well constructed mating scheme and 
appropriately sized broodstock, the allelic diversity in the HOR and NOR groups should 
be relatively identical (Campton 2004).  However, because the HOR and NOR are 
separate mating populations, it is expected that allele frequency differences will occur 
between the HOR and NOR fish each broodyear (BY) due to random genetic drift.  The 
supplementation program on Abernathy Creek began with broodstock comprised of 
captive reared NOR juveniles taken from a seven mile stretch of Abernathy Creek (See 
2004 BPA report, Project No. 2003-063-00).  Each year approximately 100 unique pairs 
(100 females with 100 males) were mated to minimize genetic drift during the spawning 
process.  This collection of broodstock, along with the mating approach were 
implemented with the intent of yielding HOR fish whose genetic diversity is similar to 
NOR fish in Abernathy Creek (Campton 2004).   

Loss of population identity, resulting from a population admixture, can occur in 
hatcheries when out-of-basin HOR or NOR fish are used for broodstock.  In previous 
years this hazard has been avoided in the Abernathy supplementation program through 
the use of broodstock derived from NOR Abernathy Creek steelhead.  This practice not 
only minimizes the potential to create or exacerbate genetic differences within the 
hatchery but also between HOR and NOR steelhead in the system.    

Beginning with the 2004/2005 run year (RY), the broodstock for the 
supplementation program were collected from returning adult HOR and NOR Abernathy 
Creek fish, rather than from reared juveniles.  In addition, some returning adults were 
allowed to spawn naturally in Abernathy Creek above the weir at Abernathy Fish 
Technology Center (AFTC).  This objective provides an opportunity to gauge the efforts 
initiated to minimize the genetic hazards associated with a hatchery supplementation 
program, and to identify temporal changes or trends in genetic variability that may occur 
within and among the HOR and NOR populations in Abernathy Creek. 

 
Methods: 
Sample collection and preparation 
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The samples for this portion of the study consisted of 96 BY07 HOR yearlings 
(32 individuals drawn from each of three raceways at AFTC), 29 NOR steelhead 
collected at the screw trap during out-migration, and 64 NOR steelhead detected leaving 
Abernathy Creek via the PIT tag array, but not sampled at the screw trap (Work Element 
3b).  The present analysis also included HOR samples collected in 2004-2007 and NOR 
samples collected in 2005-2007, giving a total of 486 HOR and 339 NOR steelhead 
(Table 5.1).  DNA was extracted by boiling fin tissue in a resin solution (Chelex 100, 
Sigma Chemical Co.) following the methods of Miller and Kapuscinski (1994).  
 
Molecular genetic techniques 

We used the polymerase chain reaction (PCR) to amplify ten microsatellite loci: 
OMM1231 , OMM1220, OMM1295 (Rexroad et al. 2003), Omy1001UW, Omy1011UW 
(Spies et al. 2005), Ssa407 (Cairney et al. 2000), OtsG85, OtsG253, OtsG401 
(Williamson et al. 2002), and One13 (Scribner et al. 1996).  Amplification conditions and 
scoring of polymorphisms followed the methods of Ardren et al. (1999).  Amplification 
products were size-fractionated on an Applied Biosystems 3130xl DNA sequencer.  
Electrophoretic data were analyzed and archived using GENEMAPPER 4.0. 

All data were screened for the presence of genotypes that suggested possible 
hybrid origin (O. mykiss by O. clarki) using six diagnostic markers (Occ34, Occ35, 
Occ36, Occ37, Occ42, Om55 Ostberg et al. 2002, 2004).  One individual in the 2008 
NOR screw trap collection (1163-024) appeared to be an F1 hybrid and was excluded 
from further analysis. 

 
Genetic analysis 

Several test were conducted on each collection to look for evidence of reduced 
variability or increased family structure in HOR compared to NOR collections.  In all 
cases tests were carried out independently with the 2008 NOR collections (from the 
screw trap and detected leaving) separate (10 collection) and pooled (9 collection).  Tests 
for departures from Hardy-Weinberg equilibrium (HWE) expectations (i.e. random 
mating) and for genotypic disequilibrium were performed using GENEPOP v 3.4 
(Raymond and Rousset 1995).  Critical values for both tests were adjusted for the number 
of simultaneous tests k (α/k for α = 0.05) using a Bonferroni correction (Rice 1989).  
Allelic richness, the number of observed alleles corrected for variable sample sizes, was 
calculated for each collection for each locus using FSTAT v 2.9.3.2 (Goudet 1995). 

Correspondence analysis was used to compress the genetic variance into three 
dimensions using the program GENETIX (Belkhir et al. 2004), allowing graphical 
visualization of the genetic distances among collections.  The genetic divergence between 
each pair of collections was estimated as FST (Weir and Cockerham 1984).  
Bootstrapping across loci was used to determine whether or not each pairwise FST 
estimate was significant (i.e. whether or not the 95% CI included zero).  We also 
calculated FST for the three NOR collections combined and for the three HOR collections 
combined.  In order to test whether divergence among NOR samples was different than 
divergence among HOR samples we calculated 99% CIs around each estimate to test for 
overlap.  Another method used to compare divergence among years to that between the 
two populations (HOR and NOR) was analysis of molecular variance AMOVA 
(Excoffier et al. 1992) as implemented in ARLEQUIN 3.1 (Excoffier et al. 2005).  The 
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proportion of genetic variance accounted for by population was compared to that 
accounted for by out-migration year. 
 
Results and Discussion:  In general, we observed more deviations from Hardy-Weinberg 
equilibrium in the HOR collections than in NOR collections (Table 5.1).  Further, several 
(8/18) of the deviations in the HOR collections were associated with heterozygote excess 
whereas all of the deviations in NOR collections were associated with heterozygote 
deficit.  Genotypic disequilibrium tests also revealed more deviations in HOR than in 
NOR collections with the exception of the pooled 2008 NOR collection (Table 5.1).  No 
pair of loci exhibited disequilibrium in all collections, suggesting that the linkage in HOR 
collections was due to family structure rather than to physical linkage of the 
microsatellites.  The number of collections within each group limited our ability to make 
strong statistical inferences, however the observed patterns are expected outcomes of 
strong family structure (i.e. the condition where the sampled HOR individuals are all 
descended from a small number of crosses; see Balloux (2004) for discussion).  The 
increase in linkage disequilibrium in the NOR collection detected leaving and 
subsequently in the pooled 2008 NOR collection is a likely indication that the 2008 NOR 
detected leaving collection is an admixed collection, or that the collection of fish detected 
leaving represents a small number of families.    

For every microsatellite locus, the lowest value of allelic richness observed was 
found in an HOR collection.  For both the 9 and 10 collection results, the HOR 
collections from 2006, 2007, and 2008 had nearly equal numbers of loci with the lowest 
richness values.  This result is in contrast to the 2004 HOR sample, which appeared to 
exhibit allelic richness comparable to the NOR samples (Table 5.2).  The 2005 HOR 
collection was intermediate, exhibiting a few loci with low allelic richness values, but 
over all loci not significantly lower than the NOR collections.  These results suggest a 
decrease in genetic diversity in the HOR population in recent years.  The pooled 2008 
NOR collection demonstrated an increase in relative allelic richness, compared to the two 
separate 2008 NOR collections, in relation to the other NOR collections, another 
suggestion that these two collections are not genetically identical. 

Regarding the question of whether or not the HOR population is substantially 
different than the NOR population it is important to remember that allele frequencies in 
both of these populations will vary year to year due to differences among brood years.  
An appropriate question to ask is thus “Is the divergence between HOR and NOR 
populations greater than the divergences among years within each of these populations?”  
Correspondence analysis suggested that divergence among the HOR 2004-2008 
collections was large relative to divergence among NOR collections for 2005-2008 
(Figure 5.1).  The 2008 NOR screw trap collection is more similar to the other NOR 
collections, while the 2008 NOR detected leaving collection is the most divergent of the 
NOR collections (Figure 5.1A).  Therefore, the 2008 NOR pooled collection is the most 
divergent NOR collection in Figure 5.1B.  The HOR 2004 sample appeared most similar 
to the NOR samples.  Estimates of pairwise FST were generally low (Table 5.3) and were 
in all cases higher among HOR collections than among NOR collections.  The FST results 
mirrored the correspondence analysis in regards to the relationships between the 2008 
NOR collections separate and pooled.  The only pairwise FST that was not significantly 
different from zero involving the 2008 NOR detected leaving collection was that between 
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the two 2008 NOR collections (Table 5.3A).  Furthermore, the 2008 NOR pooled 
collection FST values between all other collections were significantly different from zero 
(Table 5.3B).  The FST estimate among the five NOR collections (2005, 2006, 2007, 2008 
screw trap, and 2008 detected leaving) was 0.004 (99% CI 0.003-0.005) while that 
among the five corresponding HOR collections (2005, 2006, 2007, and 2008) was 0.013 
(99% CI 0.01-0.0195).  Lack of overlap between 99% CIs indicated that divergence 
among years in the HOR population was significantly greater than that in the NOR 
population.   

Analysis of molecular variance revealed that neither grouping the collections by 
year (i.e. pooling HOR and NOR from each year), nor by origin (NOR in one group and 
HOR in the other) explained significant proportions of the genetic variance (Table 5.4).  
However, the proportion of variance explained by origin was significant indicating a 
significant difference between the HOR and NOR populations.  In light of the relatively 
large proportion of divergence observed among the HOR collections (Figure 5.1, Table 
5.3), AMOVA was rerun with four groups: NOR years pooled and HOR years separate 
(Table 5.4).  For this run the total proportion of variance among groups was still small, 
but larger than that with the HOR collections pooled.  This suggested that the amount of 
variation among years was greater for HOR than for NOR populations.  AMOVA results 
were similar with the 2008 NOR collections separate or pooled. 

In previous years, all of the NOR smolt samples used for monitoring genetic 
differences between the NOR and HOR populations were collected from the screw trap.  
However, in 2008 not enough samples were collected from the screw trap, so samples of 
fish detected leaving Abernathy Creek via the PIT tag array were collected to increase the 
sample size of the 2008 NOR collection.  It was presumed that these two groups would 
represent the same population.  The results presented here indicate that these two 
collections are genetically different.  Furthermore, the 2008 NOR detected leaving 
collection has increased numbers of loci pairs in linkage disequilibrium and is more 
different from the other NOR collections.  It is possible that this collection is an admixed 
collection, possibly representing fish that spawn below the weir or contributions from 
resident fish not previously sampled, or that it represents only a few families and is thus 
different by chance.  Further analysis of these fish not captured in the screw trap would 
be beneficial.   

Overall the results described here suggest an increasing degree of family structure 
in the HOR population in recent years.  Increased departures from Hardy-Weinberg 
equilibrium and genotypic linkage disequilibrium observed in recent HOR samples 
suggest that the number of effective breeders contributing to the HOR population has 
decreased, relative to the 2004 HOR population and to the NOR population.  Reduction 
in the number of effective breeders in the HOR population relative to the NOR 
population would also lead one to predict greater impacts of genetic drift in the HOR 
population, and to greater divergence among annual collections as was illustrated by the 
FSTs and the correspondence analysis (Figure 5.1).  This increase in the magnitude of 
genetic drift in the HOR population would also lead one to predict lower allelic richness 
in that population relative to the NOR population, as was observed in more recent HOR 
collections. 

Increased family structure and concomitant effects of increased genetic drift are 
common, if not universal, in HOR populations (e.g. Withler et al. 2007).  Limited 
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availability of returning adults to use as broodstock has lead to a decreasing number of 
crosses contributing to HOR smolts (129 families produced the 2004 smolts, 73 families 
produced the 2005 smolts, 67 families produced the 2006 smolts, 54 families produced 
the 2007 smolts, and 48 families produced the 2008 smolts) which may have lead to 
acceleration of genetic drift in the HOR population.  Unequal representation of the 
crosses by returning adults based on selection or stochastic forces may have intensified 
this effect.  Additionally, a substantial contribution of resident fish to the anadromous 
NOR population may allow that population to maintain a larger effective size than would 
be maintained by the anadromous individuals returning to the portion of Abernathy Creek 
above the electric weir and fish trap.  In addition to monitoring genetic variation in the 
HOR and NOR anadromous populations, genetic characterization of the resident 
population and a clearer understanding of resident contributions to diversity in the NOR 
anadromous population will be critical in understanding genetic divergence between 
HOR and NOR populations in Abernathy Creek.  
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Table 5.1-Origin, collection year and numbers of individuals for steelhead collections 
used to compare hatchery origin (HOR) to natural origin (NOR) smolts. The last row 
represents information for a combined collection of both 2008 NOR collections.  
Numbers of loci that exhibited significant departures from Hardy-Weinberg equilibrium 
(HWE) and numbers of pairs of loci exhibiting genotypic disequilibrium (GD) are listed 
for each collection.  Significance determined using a Bonferonni correction of P values. 
 
 
 

Origin Year Number HWE1 GD2 
HOR 2004        92 0  3 
HOR 2005        95 3     16 
HOR 2006      107 6     34 
HOR 2007        96 4     37 
HOR 2008      96 5 28 

     
NOR 2005        89 2  5 
NOR 2006        81 0  2 
NOR 2007        77 0  5 
NOR 
screw 
trap 2008        28 1 0 

NOR 
detected 
leaving 2008        64 0 18 
NOR 

pooled 2008        92 1 29 
 

1. Statistical significance 0.05/10 = 0.005 
2. Statistical significance 0.05/45 = 0.0011 
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Table 5.2-Allelic Richness observed in hatchery origin (HOR) and natural origin (NOR) steelhead collections at ten microsatellite 
loci: Table A based on 10 collections and a minimum sample size of 27 individuals, Table B based on 9 collections (2008 NOR 
pooled) and a minimum sample size of 71 individuals.  An asterisk (*) marks the collection with the lowest allelic richness for each 
microsatellite. 
A. 

Locus 
HOR 
2004 

HOR 
2005 

HOR 
2006 

HOR 
2007 

 
HOR 
2008 

NOR 
2005 

NOR 
2006 

NOR 
2007 

NOR 
2008 

screw trap 

NOR 
2008 

detected 
Ssa407 15.04 14.43 11.36* 11.40 13.74 14.91 16.64 15.07 17.00 13.66 
Omy1011 14.39 10.49 16.36 12.32 9.59* 13.75 14.53 12.02 13.79 11.24 
Omy1001 15.34 14.12 13.58 11.88* 11.93 15.23 17.68 17.23 16.71 13.91 
OMM1220 13.59 10.81 9.14* 11.24 10.69 12.66 12.21 11.70 12.82 11.56 
OMM1231 17.23 14.64 12.45* 14.83 13.27 17.68 14.94 15.42 15.78 15.30 
OMM1295 15.03 13.57 14.00 11.69* 13.70 14.12 13.11 14.60 13.93 12.38 
OtsG401 16.44 14.33 13.54* 14.08 14.93 17.19 14.33 17.67 16.82 14.12 
OtsG253 16.36 16.41 15.22 15.47 14.60* 17.43 16.73 16.67 17.86 14.53 
OtsG85 18.02 17.14 15.68* 16.52 17.06 17.96 16.65 17.96 18.75 16.38 
One13 10.80 9.90 9.30 8.20* 10.35 10.07 11.38 11.41 10.89 10.15 

 
B. 

Locus 
HOR 
2004 

HOR 
2005 

HOR 
2006 

HOR 
2007 

 
HOR 
2008 

NOR 
2005 

NOR 
2006 

NOR 
2007 

NOR 
2008 

pooled 
Ssa407 18.07 16.88 12.74 12.72* 16.67 18.37 20.00 18.69 19.19 
Omy1011 18.78 12.63 21.27 13.91 10.72* 18.06 20.21 14.83 16.64 
Omy1001 19.22 17.31 16.56 14.20 14.19* 19.92 22.00 22.60 18.79 
OMM1220 17.02 12.74 10.58* 12.72 12.41 13.81 13.93 12.92 15.16 
OMM1231 21.43 18.18 15.82 17.72 14.86* 22.19 21.46 19.74 20.13 
OMM1295 17.57 15.90 17.13 13.47* 16.53 17.65 16.86 16.84 16.60 
OtsG401 21.67 18.60 15.56* 17.27 18.06 22.10 17.50 21.61 18.21 
OtsG253 20.19 20.16 17.57 16.98 16.70* 20.41 20.67 20.74 18.48 
OtsG85 21.42 21.14 18.91* 19.53 20.18 20.58 20.64 22.60 22.15 
One13 15.53 13.52 10.94 10.20* 12.63 13.15 15.52 13.83 14.11 
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Table 5.3A-Pairwise FST estimates for all collections of hatchery origin (HOR) and natural origin (NOR) steelhead with 2008 NOR 
collections separate (5.3A).  Asterisks (*) indicate values significantly greater than zero (α = 0.05/45 tests = 0.0011). 
 
 

 HOR 2004 HOR 2005 HOR 2006 HOR 2007

 
 

HOR 2008 NOR 2005 NOR 2006 NOR 2007

 
NOR 2008 
screw trap 

 
NOR 2008 

detected 

HOR 2004 -    
 

   
  

HOR 2005 0.004* -   
 

   
  

HOR 2006 0.007* 0.014* -  
 

   
  

HOR 2007 0.009* 0.011* 0.012* - 
 

   
  

HOR 2008 0.009* 0.009* 0.016* 0.016* 
 
-    

  

NOR 2005 0.000 0.007* 0.007* 0.012* 0.011* -   
  

NOR 2006 0.000 0.005* 0.012* 0.010* 0.011* -0.001 -  
  

NOR 2007 0.002 0.005* 0.007* 0.011* 0.013* 0.001 0.002 - 
  

NOR 2008 
screw trap 0.003 0.009* 0.012* 0.012* 0.011* 0.002 0.002 0.002 

 
- 

 

NOR 2008 
detected 0.012* 0.014* 0.016* 0.020* 0.025* 0.009* 0.008* 0.006* 

 
0.004 

 
- 
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Table 5.3B-Pairwise FST estimates for all collections of hatchery origin (HOR) and natural origin (NOR) steelhead with 2008 NOR 
collections pooled (5.3B).  Asterisks (*) indicate values significantly greater than zero (α = 0.05/36 tests = 0.0014). 
 
 

 HOR 2004 HOR 2005 HOR 2006 HOR 2007

 
 

HOR 2008 NOR 2005 NOR 2006 NOR 2007

 
NOR 2008 

pooled 

HOR 2004 -    
 

   
 

HOR 2005 0.004* -   
 

   
 

HOR 2006 0.007* 0.014* -  
 

   
 

HOR 2007 0.009* 0.011* 0.012* - 
 

   
 

HOR 2008 0.009* 0.009* 0.016* 0.016* 
 
-    

 

NOR 2005 0.000 0.007* 0.007* 0.012* 0.011* -   
 

NOR 2006 0.000 0.005* 0.012* 0.010* 0.011* -0.001 -  
 

NOR 2007 0.002* 0.005* 0.007* 0.011* 0.013* 0.001 0.002 - 
 

NOR 2008 
pooled 0.008* 0.011* 0.013* 0.017* 0.020* 0.006* 0.005* 0.004* 

 
- 
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Table 5.4-Analysis of molecular variance (AMOVA) of microsatellite data in hatchery 
origin (HOR) and natural origin (NOR) steelhead from Abernathy Creek.  For three 
different group partitions considered, the proportion of variance explained and the 
corresponding p-value (based on 104 permutations) are listed.   
 

A. 2008 NOR collections separate 
 

Groups % Variance explained by 
groups 

P-value 

Run year: 
1) 2005 HOR + 2005 NOR 
2) 2006 HOR + 2006 NOR 
3) 2007 HOR + 2007 NOR 
4) 2008 HOR + 2008 NOR screw trap + 

2008 NOR detected leaving 
 

 
0.00 

 
 0.976 

HOR vs. NOR: 
1) 2004 HOR + 2005 HOR + 2006 HOR + 

2007 HOR + 2008 HOR 
2) 2005 NOR + 2006 NOR + 2007 NOR + 

2008 NOR screw trap + 2008 NOR 
detected leaving 

 

 
0.22 

 
 0.008 

NOR grouped and HOR separate: 
1) 2005 NOR + 2006 NOR + 2007 NOR + 

2008 NOR screw trap + 2008 NOR 
detected leaving 

2) 2004 HOR 
3) 2005 HOR  
4) 2006 HOR  
5) 2007 HOR  
6) 2008 HOR 

 

 
0.65 

 
0.036 
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Table 5.4 (cont.) B. 2008 NOR collections pooled. 

Groups % Variance explained by 
groups 

P-value 

Run year: 
1) 2005 HOR + 2005 NOR 
2) 2006 HOR + 2006 NOR 
3) 2007 HOR + 2007 NOR 
4) 2008 HOR + 2008 NOR pooled 

 

 
0.00 

 
 1.000 

HOR vs. NOR: 
1) 2004 HOR + 2005 HOR + 2006 HOR + 

2007 HOR + 2008 HOR 
2) 2005 NOR + 2006 NOR + 2007 NOR + 

2008 NOR pooled 
 

 
0.22 

 
 0.015 

NOR grouped and HOR separate: 
1) 2005 NOR + 2006 NOR + 2007 NOR + 

2008 NOR pooled 
2) 2004 HOR 
3) 2005 HOR  
4) 2006 HOR  
5) 2007 HOR  
6) 2008 HOR 

 

 
0.69 

 
0.024 

 



 91

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1A.  Correspondence analysis plot of data for ten microsatellite loci in hatchery 
origin (HOR) and natural origin (NOR) steelhead from Abernathy Creek with 2008 NOR 
collections separate. 
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Figure 5.1B.  Correspondence analysis plot of data for ten microsatellite loci in hatchery origin 
(HOR) and natural origin (NOR) steelhead from Abernathy Creek with 2008 NOR collections 
pooled. 
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Objective 6:  Use otolith microchemistry/ tissue fatty acid analysis to distinguish resident from 
anadromous fish 
 
Introduction:  Biochemical techniques such as otolith microchemistry (Kalish 1990, 
Zimmerman and Reeves 2000, 2002) and tissue fatty acid analysis (Ashton et al. 1993) have 
been shown to accurately identify the progeny of anadromous and resident salmonids.  Maternal 
identification through the use of otolith microchemistry relies upon the measurement of the ratio 
of strontium (Sr) to calcium (Ca) within different areas of the otolith.  The Sr/Ca ratio of the 
natal portion (core) of the otolith is compared to the Sr/Ca ratio in the freshwater growth margin 
of the otolith (edge) to determine if the juvenile is anadromous or resident.  Since the Sr/Ca ratio 
in seawater is higher than in freshwater, fish with a higher Sr/Ca ratio in the otolith primordial 
than in edge of the otolith are considered as being of anadromous maternal origin.  Juveniles 
with no difference in Sr/Ca ratios among otolith regions are considered as being of resident 
maternal origin.  Biochemical techniques such as tissue fatty acid analysis may also be useful in 
determining life history strategies of fishes as freshwater and marine species exhibit distinct 
tissue fatty acid profiles.  Specifically, the whole-body n-3:n-6 fatty acid ratio is different in 
marine and freshwater species.  For example, lipids of estuarine and marine prey species of 
Pacific salmon (e.g. aquatic insects, zooplankton, small fishes) generally exhibit higher 
concentrations of n-3 highly unsaturated fatty acids (HUFA) and lower concentrations of n-6 
fatty acids compared with freshwater prey species (Groot et al. 1995).  Thus, the n-3:n-6 fatty 
acid ratio is markedly higher in tissues of marine vs. freshwater prey species (Ashton et al. 1993; 
Groot et al. 1995; Czesny et al., 2000). 
 Determining the reproductive success of HOR and NOR populations and assessing 
demographic consequences of HOR/NOR interbreeding on the natural-spawning populations in 
Abernathy Creek is a primary goal; however, it has been complicated by reproductive 
contributions from resident steelhead.  Productivity of resident fish appears to be prevalent given 
the large number of HOR fish that appear to residualize in the stream and reproduce successfully, 
and that nearly all of the observed parent/progeny assignments were single parent matches, 
despite having sampled all known anadromous fish released upstream.  Equally important, our 
results suggest that HOR and NOR anadromous parents differ in their reproductive success of 
age-one individuals.  Specifically, our results suggest that HOR anadromous parents produce 
fewer age-one fish compared to NOR anadromous parents.  In contrast, residual HOR and 
resident NOR parents were equally successful in producing progeny (in fact mean production for 
HOR was slightly higher).  These circumstances highlight the need to determine the reproductive 
success of life history forms (anadromous or residual) to a more accurate degree in order to 
evaluate the success or failure of AFTC’s integrated hatchery program.  Therefore our goal was 
to determine if otolith microchemistry and/or tissue fatty acid analysis can distinguish resident 
from anadromous steelhead and ultimately determine the reproductive success of not only HOR 
and NOR steelhead but also between the two life history forms. 
 
Methods:   
 
Otolith Microchemistry Methods: 
 
 Otolith microchemistry fish collection-.In summer of 2008, young of the year O. spp. 
were sampled in Abernathy (N = 133), Germany (N = 15), and Mill (N = 84) Creeks along a 
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longitudinal gradient.  Collection sites were chosen in a random spatially balanced sampling 
design to minimize sample bias and maximize longitudinal and habitat type coverage throughout 
each stream (Stevens et al. 2007).  Collected fish were euthanized with MS-222, measured (fork 
length, nearest mm), weighed (nearest gram), and sampled for genetics.  To separate steelhead 
from coastal cutthroat trout (O. clarkii) and hybrid genetics samples were screened using the 
methods described in Objective 5.  Fish with steelhead genotypes were frozen and shipped whole 
to the University of Alaska Fairbanks. 
 Otolith preparation-.Two saggital otoliths were removed from each age-0 steelhead 
sample using an illuminated magnifier.  The left and right otoliths were identified using a Leica 
MZ95 stereoscope, and the right otolith was placed on a glass microscope.  If the right otolith 
was lost or over polished, the left otolith was mounted and used for subsequent analyses.  
Otoliths to be used for elemental analysis were mounted sulcus-side down on glass slides with 
Crystalbond 509 mounting adhesive.  Otoliths were hand polished with Precision Surfaces 
International 5 µm Lapping Film sheets on a glass platform, and were moistened with Nanopure 
Ultrapure water until daily rings were visible on the saggital plane.  Samples were ground with 
PSI 1 µm Lapping Film sheets moistened with nanopure water to expose the core region when 
viewed at 100X through a Leica DM1000 compound microscope.  To reduce bias of sample 
order associated with locality or temporal patterns, all samples were arranged in a random 
configuration prior to laser ablation.   
 Microchemistry laser ablation-.A New Wave UP-213 laser ablation system coupled with 
Agilent 7500 ICP-MS quadrapole was used to detect the masses of Strontium88 (Sr88) and 
Calcium43 (Ca43) in each sample.  Tuning and calibration procedures of ICP-MS were 
completed at the beginning of each laser ablation day.  A continuous transect on a National 
Institute of Standard Technology trace element standard was used to tune the machine until 
tuning procedures were complete (100 µm spot size, 5 µm/sec laser speed, 10 hrz, 5 µm depth, 
30 s warm up, 90% power, 0 s washout, and 2 s dwell time).  The laser parameters were adjusted 
for standard and otolith sample procedures which remained the same for each sample (25 µm 
spot size, 10 µm /sec laser speed, 10 hrz, 5 µm depth, 10 s warm up, 80% power, 0 s washout, 
and 2 s dwell time). 

Otolith microchemistry was sampled for Sr/Ca ratios by first ablating four spots (25 µm 
in size) in the core region and then two spots in the first summer of growth region sampled near 
the edge of the otolith.  Non-overlapping spots of 25 µm size were used instead of transects in 
order to achieve discrete, representative measurements of the natal and first summer freshwater 
growth regions of the otolith.  Fish were determined to be of anadromous maternal origin if the 
mean Sr/Ca ratio of the core region was significantly higher than that in the edge region based on 
unpaired one-tailed t tests (Zimmerman and Reeves 2002).   

The proportion of fish classified as anadromous and resident maternal origin were 
compared between the treatment (Abernathy) and control (Germany and Mill) Creeks using chi-
square tests.  In addition, maternal origin was compared among longitudinal gradients, fork 
length, and weight within the treatment and control creeks using logistic regression.  All 
statistical tests were considered significant at (α = 0.05) 

 
Fatty Acid Methods: 
 Fertilized eggs were obtained from HOR steelhead collected and spawned at AFTC.  
Eggs were hatched and fry held in Heath trays (Heath Tecna Corp., Kent, WA) until their yolk 
sacs were completely absorbed.  At swim-up, 405 fry were randomly stocked into each of 10 
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circular tanks (277.4 L).  Total weight of fish in each tank was not significantly (P<0.05) 
different among treatments.  Mean initial weight was 0.22g/fish.  Constant temperature well 
water (12°C) was provided to each tank at a rate of 7.6 L per minute.  
 The two practical diets included a standard fish meal-based diet top-coated with marine 
fish oil (pollock, Pollachius virens) and a marine product-free diet top-coated with vegetable oil 
(canola and flaxseed oils).  The plant oil diet was formulated to contain a low n-3:n-6 fatty acid 
ratio, whereas the fish oil diet was formulated to contain a high n-3:n-6 fatty acid ratio similar to 
that of marine prey items.  Diet formulations and proximate composition are presented in Table 
6.1.  Both diets were produced at AFTC using a Wenger model X-85 Extruder (Wenger 
Manufacturing, Sabetha KS).  Following extrusion, the two diets were dried and top-coated with 
either marine fish oil or plant oil (Table 6.1).  Each dietary treatment was randomly assigned to 
five replicate tanks of fish.  The first feeding began the day after fish had been stocked and at the 
outset they were fed eight times daily (Fowler 1989) seven days a week.  Rations for fish in each 
tank were weighed daily and feed amounts were determined using the 1/3 method (Buterbaugh 
and Willoughby, 1967) as a guide.  Although a feed guide was used to estimate the total daily 
ration, fish were fed to apparent satiation at each meal during the day.  Following the final daily 
feeding, the remaining food in the feed cups was weighed for each respective tank.  Throughout 
the study, the daily number of feedings decreased and feed size increased according to fish size 
(Fowler 1989).  
 Total weight of fish in each tank was determined initially and biweekly during the 12-
week feeding trial.  All fish were fasted two days prior to each weight sampling.  During each 
sampling, a 20g composite of randomly selected fry was collected from each tank and 
immediately frozen at -80°C for subsequent fatty acid analysis.  Samples of eyed eggs, unfed 
swim-up fry (initial fry), diets and dietary lipids also were analyzed for fatty acid concentrations 
(Table 6.2).  Fatty acid analysis was conducted at Covance Inc (Madison, WI) following 
American Oil Chemists’ Society (AOCS) Official Methods: Ce 1-62 (1997), Ce 1e-91 (1997), 
Ce 1k-07 (2007) and Ce 1i-07 (2007).   
 At the conclusion of the feeding trial, 5 randomly selected fish were sampled from 3 
replicate tanks per treatment for plasma chemistry analyses.  Fish were euthanized in a buffered 
MS-222 (Tricaine-S, Western Chemical) anesthetic bath.  Blood was obtained by severing the 
caudal peduncle and filling either a sodium heparinized capillary tube or a testing cuvette for 
each piece of analytical equipment.  Hematocrits were measured by a modification of the 
standard method (Thrall et al., 2006) with the capillary tubes filled to 50-75%, instead of 70-
90%, of volume.  Plasma protein concentration was analyzed by refractometry following 
standard procedures (Thrall et al., 2006).  Hemoglobin was measured with the HemoCue beta 
hemoglobin analyzer (HemoCue, Mission Viejo, CA) using the Hemiglobincyanide method 
according to manufacturers instructions.  Osmolality was determined with a model 3320 
Osmometer (Advanced Instruments Inc., Norwood, MA) according to the manufacturer's 
instructions.  Lactate concentration was analyzed with an AccuSport portable lactate analyzer 
(Boehringer Mannheim Corp., Indianapolis, IN).  Lactate concentration was determined by 
reflectance photometry of a lactate-oxidase mediator reaction according to the manufacturer's 
instructions.  Remaining fish in each tank (267-271 fish/tank) were placed in plastic freezer bags 
and immediately frozen at -20°C until needed for carcass proximate analysis.  
 Frozen whole-bodies from each tank were prepared for proximate analysis by grinding 
three times with a Kitchen Aid food grinder (St. Joseph, MI) attached to a Hobart food mixer 
(Hobart Manufacturing Corp., Troy, OH).  Total whole-body nitrogen was determined by the 
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Dumas method (AOAC 2005) using an elemental nitrogen analyzer (LECO Corp., St. Joseph, 
MI).  Carcass protein concentration was calculated as total nitrogen x 6.25 (NRC 1982).  Total 
whole-body fat concentration was determined with a Soxtec® HT6 1043 Extraction Unit 
(HÖGANÄS, Sweden) using a 2:1 (vol:vol) mixture of chloroform and methanol, respectively 
(AOAC 2005).  Whole-body moisture was determined by drying samples in a forced air oven for 
2 hours at 125°C (AOAC 2005).  Whole-body ash was determined by combusting samples for 2 
hours at 550°C in a muffle furnace (AOAC 2005).  Samples of each diet were analyzed for 
proximate composition (Table 6.1) following AOAC (2005) methods for animal feed.   
 Data were analyzed in a completely randomized design using the Statistical Analysis 
System (SAS Institute, Cary, NC).  All data comparing fish fed the two dietary treatments, 
including growth responses, carcass proximate composition, whole blood stress responses and 
biweekly carcass fatty acid concentrations, were analyzed using a t-test.  Carcass fatty acid data 
within dietary treatments were subjected to one-way analysis of variance (ANOVA) to determine 
whether significant differences occurred through time.  Student–Neuman–Keuls test was used to 
separate mean values when significant differences were detected by ANOVA (Montgomery, 
1997).  Accepted level of significance was 0.05. 
 
Results:  
 
Otolith Microchemistry Results: 
 A higher frequency of fish collected in Abernathy and Germany Creeks were determined 
by ototlith microchemistry to have a maternal anadromous parent than in Mill Creek (χ2 = 13.14, 
df = 1, P < 0.01).  Of the 98 steelhead collected in Abernathy Creek 87 fish (89%) were found to 
have a maternal anadromous parent and 11 fish (11%) were found to have a resident maternal 
parent.  Of the 15 steelhead collected in Germany Creek all 15 fish were found to have a 
maternal anadromous parent.  Conversely, of the 77 steelhead collected in Mill Creek only 51 
fish (66%) were found to have a maternal anadromous parent and 26 fish (34%) were found to 
have a resident parent. 

Of the 11 steelhead with a maternal resident parent in Abernathy Creek 9 fish (82%) were 
found in Cameron Creek, a small tributary that enters Abernathy less than 2 km upstream from 
the confluence of Abernathy Creek and the Columbia River.  An additional fish with a maternal 
resident parent was found 50 m upstream of the confluence between Abernathy Creek and 
Cameron Creek.  The remaining one fish with a maternal resident parent was found ~5 km 
upstream from Abernathy Fish Technology Center.  Of the 26 fish with a maternal resident 
parent in Mill Creek 17 fish (65%) were found in 4 sites within 5 km upstream from the 
confluence with the Columbia River.  The remainders were found scattered throughout the 
watershed. 

We did not detect significant differences in total length between fish with a resident 
maternal parent and fish with an anadromous maternal parent in Abernathy Creek (t = 1.43, df = 
96, P = 0.15) nor in Mill Creek (t = 0.00, df = 75, P = 0.99).  We did not detect significant 
differences in weight between fish with a resident maternal parent and fish with an anadromous 
maternal parent in Abernathy Creek (t = 1.24, df = 96, P = 0.21) nor in Mill Creek (t = 0.80, df = 
75, P = 0.42). 

The distribution of the mean Sr/Ca ratios measured in the core of otoliths overlapped 
completely among fish determined to have an anadromous maternal parent versus fish 
determined to have a resident maternal parent in both Abernathy Creek and Mill Creek.  The 
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mean core Sr/Ca ratios of Abernathy Creek fry from an anadromous maternal parent ranged from 
0.00092 to 0.00635, with a mean (± 2SE) of  0.0037 ± 0.0002; those from a resident maternal 
parent ranged from 0.0023 to 0.0042 with a mean of 0.0033 ± 0.0004.  These means were not 
significantly different (t = 1.75, df = 96, P = 0.08).  The mean core Sr/Ca ratios of Mill Creek fry 
from an anadromous maternal parent ranged from 0.0033 to 0.0052, with a mean (± 2SE) of  
0.0040 ± 0.0002; those from a resident maternal parent ranged from 0.0021 to 0.0047 with a 
mean of 0.0036 ± 0.0002.  These means were significantly different (t = 3.29, df = 75, P < 0.01). 

 
Fatty Acid Results: 
 After two weeks of feeding, steelhead fed the diet containing marine fish oil exhibited 
significantly higher carcass concentrations of 14:0, 15:0, 16:0, 16:1, 20:1, 20:5n-3, 22:5n-3, 
22:6n-3 and total n-3 fatty acids compared with fish fed the diet containing plant oil (Table 6.3).  
In contrast, fish fed dietary plant oils for two weeks exhibited significantly higher carcass 
concentrations of 18:1, 18:2n-6, γ-18:3n-3, α-18:3n-3, 20:4n-6 and total n-6 fatty acids compared 
with fish fed the diet containing marine fish oil.  These differences in whole-body fatty acid 
concentrations between fish fed the two dietary treatments remained throughout the 12 week 
feeding trial (Table 6.3).  Also after two weeks of feeding, carcass n-3:n-6 ratio was significantly 
higher in whole-bodies of fish fed dietary marine fish oil compared with fish fed dietary plant 
oil.  At the end of the feeding trial, whole-body n-3:n-6 ratio of fish fed the marine fish oil diet 
(2.6) and the plant oil diet (0.9) were nearly identical to the n-3:n-6 ratio of their respective diets 
(2.7 and 0.7, respectively; Table 6.2).   
 In steelhead fed the plant oil diet, carcass concentrations of 18:1, 18:2n-6, γ-18:3n-3, α-
18:3n-3, 20:2n-6 and total n-6 fatty acids increased (P<0.05) between week 2 and week 4 of the 
feeding trial (Table 6.4).  In contrast, carcass concentrations of 18:4n-3, 20:5n-3, 22:5n-3, 22:6n-
3, total n-3 fatty acids and the n-3:n-6 ratio declined (P<0.05) between week 2 and week 4.  
Whether increasing or decreasing, carcass fatty acid concentrations generally reached a plateau 
by week 8 of the feeding trial (Table 6.4).  
 In steelhead fed the marine fish oil diet, carcass concentrations of 14:0, 16:0, 16:1, 17:0, 
18:1, 18:2n-6, γ-18:3n-3, 20:1, 22:1n-9 and total n-6 fatty acids increased (P<0.05) between 
week 2 and week 4 of the feeding trial (Table 6.5).  During the same period, carcass 
concentrations of 18:4n-3, 20:2n-6, 20:4n-6, 20:5n-3, 22:5n-3, 22:6n-3, total n-3 fatty acids and 
the n-3:n-6 ratio declined significantly.  Carcass fatty acid concentrations generally reached a 
plateau by week 8 of the feeding trial (Table 6.5).   
 At the end of the 12-week feeding trial, weight gain and feed efficiency were 
significantly higher in steelhead fed the marine fish oil diet compared with fish fed the plant oil 
diet (Table 6.6).  Survival was not significantly different between fish fed the two dietary 
treatments.  
 Hemoglobin concentration and percent packed cell volume were significantly higher in 
whole blood of fish fed the marine fish oil diet compared with fish fed the diet containing plant 
oil (Table 6.7).  There were no significant differences in total plasma protein concentration, 
whole blood lactic acid concentration or whole blood osmolality between fish fed the two dietary 
treatments. 
 Fish fed the marine fish oil diet exhibited significantly higher carcass crude protein 
concentrations compared with fish fed the plant oil diet (Table 6.8).  There were no significant 
differences in carcass fat, ash or moisture concentrations between fish fed the two dietary 
treatments. 
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Discussion:  
 
Otolith Microchemistry: 
 Overall, the majority of fish sampled in this study had anadromous maternal parents 
versus resident maternal parents.  However, this difference was lower in Mill Creek compared to 
Germany and Abernathy Creeks.  In Germany Creek, sampling for fish was severely reduced to 
the lower few km of the creek due to problems in getting access to upper reaches that were 
located on land owned by private timber companies.  In 2009, we hope to gain access to the 
upper Germany Creek watershed to perform additional sampling.  The differences in the number 
of fish with resident maternal parents between Abernathy Creek and Mill Creek could be due to a 
number of factors including stream size, habitat complexity, or genetic origin of the population 
(Zimmerman and Reeves 2000, 2002).  Mill Creek drains from a smaller watershed with stream 
gradients that are much lower than Abernathy Creek.  This could promote more favorable 
conditions for a resident population of fish or could promote unfavorable conditions for 
anadromous fish.  Either situation could explain the pattern we observed.  Additionally, 
Abernathy Creek has a long history of being stocked with out of basin steelhead (WDFW 
personal communication).  If lasting anadromous genetic influences remain in Abernathy Creek, 
this could explain the pattern.   Additional sampling of genetic as well as habitat differences 
could clarify these hypotheses further.  Lastly, the differences in core Sr/Ca ratios between 
anadromous and resident fish were much lower than have been found by other studies in 
tributaries further up river on the Columbia (Zimmerman and Reeves 2000).  This indicates that 
ambient water chemistry may also explain the differences we observed (sensu Rieman et al. 
1994).  In 2009, we plan to collect water samples in addition to fish samples to gain further 
insight into the relationship between otolith Sr/Ca ratios and ambient water Sr/Ca ratios. 
 In Abernathy Creek, the large majority of fish sampled were found to have an 
anadromous maternal parent.  Of the fish found with a resident parent, all but one were located in 
or near a small tributary near the confluence of Abernathy Creek and Columbia River.  
Moreover, the fish classified as residents had core Sr/Ca ratios similar to those of anadromous 
fish potentially explained by differences in ambient water chemistry.  The one remaining fish 
with a resident maternal parent was found upstream of Abernathy Fish Technology Center and 
could have come from a female resident spawner.  These data collectively suggest that although 
resident spawners may contribute offspring the contribution appears to be minimal and that the 
dominant life history form is that of anadromy.   
 
Fatty Acid: 
 Results of the current study indicate carcass fatty acid concentrations in first-feeding 
steelhead are rapidly altered by changes in dietary fatty acid concentrations.  After two weeks of 
feeding, carcass fatty acid profiles were readily distinguishable between fish fed the two dietary 
treatments.  This rapid change in tissue fatty acid concentrations is likely the result of high feed 
consumption (as a percentage of body weight) and rapid growth rates exhibited by first-feeding 
fry.  In larger fish, however, changes in tissue fatty acid concentrations are likely to occur less 
rapidly due to lower feed consumption and lower growth rates.  More research is needed on the 
effects of altering dietary lipids on tissue fatty acid levels in juvenile and adult steelhead.   
 After 12 weeks of feeding, steelhead fed the plant oil diet exhibited a carcass n-3:n-6 
fatty acid ratio of less than 1, which was characteristic of the lipid fed to those fish.  Similarly, 
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steelhead fed the diet containing pollock liver oil exhibited a carcass n-3:n-6 fatty acid ratio of 
greater than 1.  Carcass n-3:n-6 fatty acid ratios declined throughout the feeding trial in fish fed 
both diets, reflecting the high n-3:n-6 ratio of the egg.  Thus, this research may be useful in 
determining when a particular fish’s diet changed from a freshwater prey to marine prey and vice 
versa.  
 To meet the dietary n-3 fatty acid requirements of salmon and steelhead, commercial 
diets for those species generally contain marine fish oils.  However, fatty acid concentrations in 
prey items consumed by wild salmon parr in freshwater can be different than the fatty acid 
concentrations in commercial salmonid diets.  For example, 10 freshwater invertebrates that are 
natural prey items of Atlantic salmon (Salmo salar) were shown to have different fatty acid 
concentrations than commercial salmon diets (Bell et al. 1994).  In that study, freshwater 
invertebrates contained higher levels of 18:2n-6, 18:3n-3, 20:4n-6 and 20:5n-3, and lower 
concentrations of 22:6n-3 than commercial diets used in smolt production.  In a study comparing 
fatty acid concentrations in wild and hatchery Atlantic salmon parr, higher concentrations of 
arachidonic acid (20:4n-6) were measured in wild salmon compared with hatchery salmon 
(Ackman and Takeuchi, 1986).  The authors speculated that fatty acid imbalances may have been 
the cause of a high incidence of erosion of dorsal, pectoral and caudal fins observed in several 
Atlantic salmon hatcheries in Canada.  Compared with fish fed the marine oil diet for 12 weeks 
in the current study, young of the year steelhead captured from Abernathy Creek appeared to 
exhibit lower carcass fatty acid concentrations of 18:2n-6 and 20:4n-6 and higher concentrations 
of 20:5n-3 and 22:6n-3.  Based on the role of some fatty acids in osmoregulation and immune 
response (Bell et al., 1991; Gatlin, 2002; Van Anholt et al., 2004), it may be beneficial to 
produce hatchery smolts with tissue fatty acid concentrations similar to those of wild salmonids 
(Bell et al. 1994). 
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Table 6.1 - Ingredient and proximate composition of diets fed to first-feeding steelhead. 

______________________________________________________________________________ 

Ingredient        Plant Oil Diet   Fish Oil Diet 

______________________________________________________________________________ 

         %                                         % 
 
Fish meal        0           46.5 
Feather meal        0           10.0 
Poultry Byproduct meal    50.0             0 
Blood meal      10.0             2.5 
Canola       10.0             0 
Corn gluten        6.0             0 
Wheat gluten        6.0             0 
Wheat flour         0             5.0 
Wheat germ         0                  5.0 
Wheat midds        5.7           16.7 
Pollock liver oil        0             12.5 
Canola oil        6.0             0 
Flaxseed oil        4.0             0 
Soy lecithin        1.0             0 
Vitamin premix       0.4             0.4 
Mineral premix       0.1             0.1 
Stay-C         0.1             0.1 
Choline chloride       0.6             0.6 
Ca propionate        0.1             0.1 
 
Proximate Composition 
Crude protein      48.7           50.1 
Fat       18.8           18.0 
Ash       12.5             9.1 
Moisture        7.9             8.3 
____________________________________________________________________________
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Table 6.2 - Fatty acid concentration of diets and dietary lipids fed to first feeding steelhead. 

______________________________________________________________________________ 

 

          Plant oil          Fish oil             Pollock             Canola        Linseed 

Fatty acid                               diet                   diet           liver oil               oil                   oil 

______________________________________________________________________________ 

       % of total fatty acids 

14:0      0    5.0    5.0    0.1    0 

15:0      0    0    0.3    0    0 

16:0    13.0  21.0  18.6    4.4    4.7 

16:1      2.7    7.6    9.0    0.2    0 

17:0      0    0    0.1    0    0.1 

18:0      4.1    5.0    4.0    2.1    2.6 

18:1    42.5  27.7  30.3  64.1  17.0 

18:2n-6   21.9    8.4    3.9  19.4  13.9 

γ-18:3n-3     0    0    0.1    0    0 

α-18:3n-3   15.8    0.8    0.8    7.1  61.2 

18:4n-3     0    1.7    2.7    0    0 

20:0      0    0    0.1    0.6    0.1 

20:1      0    2.5    2.7    1.2    0.2 

20:2n-6     0    0    0.3    0.1    0 

20:4n-6     0    0    0.3    0    0 

20:3n-9     0    0    0.1    0    0.1 

20:5n-3     0  10.9  13.6    0    0 

22:1      0    0    0.9    0    0 

22:5n-3     0    0.8    0.6    0    0 

22:6n-3     0    8.4    6.2    0    0 

Total n-3   15.8  22.6  23.9    7.1  61.2 

Total n-6   21.9    8.4    4.6  19.5  13.9 

n-3:n-6 ratio     0.7    2.7    5.2    0.4    4.4 

____________________________________________________________________________
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Table 6.3 - Fatty acid concentrations in whole bodies of steelhead fed diets containing plant oil or marine fish oil.1,2,3 
____________________________________________________________________________________________________________ 

 
    Week 2      Week 4          Week 6              Week 8               Week 10              Week 12 
         ___________         ____________        ____________       __________         __________        __________ 
 
                     Plant      Fish          Plant       Fish         Plant        Fish        Plant      Fish         Plant    Fish         Plant      Fish 
Fatty acid                            Oil        Oil    Oil          Oil            Oil          Oil          Oil        Oil            Oil       Oil           Oil         Oil  
____________________________________________________________________________________________________________ 
                                                                                                      % of total fatty acids 
 
14:0            0.9b        2.6a    0.8b        3.1a  0.5b        3.5a         0.5b        3.6a         0.1b 3.9a         0.5b        3.6a 
15:0            0b           0.3a    0b           0.3a  0b           0.3a         0.1b        0.3a         0.1 0.1          0b           0.3a 
16:0          14.6b      16.8a  14.9b     17.3a          13.5b   7.6a       13.4b      18.5a        13.5b     20.7a       13.4b     19.4a 
16:1             2.5b        5.2a    2.5b        6.7a  2.3b        7.0a         2.4b        6.8a         2.2b 7.6a         2.3b        6.6a 
17:0              0            0     0      0.3a  0b   0.3a         0.2b        0.3a         0.1 0.1          0b           0.2a 
18:0                 5.4         4.6     5.6a        4.7b  5.0a        4.7b         4.9         4.8          5.5 5.3          4.9b        5.3a 
18:1          29.2a      23.4b   32.9a      27.2b           37.2a      27.9b       39.2a      28.8b       44.4a     32.7b       39.6a     28.9b 
18:2n-6        10.5a        5.3b   14.1a        7.7b           16.9a        8.0b       17.0a        8.3b       19.4a 8.7b       17.1a        7.8b 
γ-18:3n-3                  0.6a        0b    0.8a        0.2b  1.2a        0.2b         1.1a        0.2b         0.1 0.1          1.1a         0b 
α-18:3n-3          4.5a        0.8b    5.7a        0.9b  7.4a        1.0b         7.5a        1.3b         9.0a 0.1b         7.9a        1.1b 
18:4n-3          3.7         3.4     2.0a        1.2b  2.9a        1.3b         2.4a        1.2b         2.2a 0.1b         2.4a        1.1b 
20:1            0.7b        1.3a    0.8b        1.6a  0.8b        1.9a         0.8b        1.9a         0.1b 1.9a         0.9b        2.0a 
20:2n-6          0.4         0.6    0.7a        0.4b  0.6a        0.5b         0.7a        0.4b         0.1 0.1          0.8a        0.5b 
20:4n-6          1.8a        1.6b    1.9a        1.1b  1.5a        0.9b         1.3a        0.8b         0.1 0.1          1.4a        0.8b 
20:3n-9          0             0     0.2         0  0.3a        0b            0.3a        0.1b         0.1 0.1          0.2          0 
20:5n-3          4.2b        8.0a     2.5b        7.0a  1.5b        6.6a         1.2b        5.9a         0.1b 5.9a         1.1b        5.5a 
22:1           0             0     0b           0.4a  0b           0.5a         0.1b        0.5a         0.1 0.1     0b          0.5a 
22:5n-3          2.4b        3.0a    1.5b        2.1a  0.7b        1.9a         0.5b        1.7a         0.1 0.1          0.4b        1.5a 
22:6n-3        18.3b      22.9a  13.1b      17.8a  7.4b      15.9a         5.9b      14.5a         4.0b     13.5a         5.7b     14.3a 
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Table 6.3 - continued 
 
Total n-3         33.1b      38.0a  24.9b      29.0a           19.9b      26.7a         7.5b      24.7a       15.4b     19.6a       17.6b     23.5a 
Total n-6         13.4a        7.5b  17.4a        9.3b           20.4a        9.6b       20.0a        9.7b       19.7a 9.0b       20.3a        9.1b 
n-3:n-6 ratio          2.5b        5.1a    1.4b        3.1a  1.0b        2.8a         0.9b        2.5a         0.8b 2.2a         0.9b        2.6a 
___________________________________________________________________________________________________________ 
1Mean initial weight was 0.22 g/fish. 
2Values are means of five replications. 
3For each biweekly sampling period, means in the same row with different superscript letters were significantly different (P<0.05). 
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Table 6.4 - Fatty acid concentrations in eyed steelhead eggs and whole bodies of initial swim-up steelhead fry, wild-caught stream fry 
and steelhead fed diets containing plant oil.1,2,3 

____________________________________________________________________________________________________________ 
 
Fatty                               Initial     Stream                                                                                                                                     Probability 
acid  Egg           fry           fry         Week 2         Week 4    Week 6          Week 8        Week 10        Week 12             (Pr>F)4 
 
       % of total fatty acids 

 
14:0  2.8       2.2  0     0.9a  0.8b        0.5c      0.5c      0.1d  0.5c   0.0001 
15:0   0.5       0.4  0     0b  0b        0b       0.1a      0.1a  0b   0.0001 
16:0           15.0     18.3           21.1   14.6a           14.9a      13.5b    13.4b      13.5b          13.4b   0.0001 
16:1  4.8       4.1  5.7     2.5  2.5        2.3      2.4      2.2  2.3   0.4408 
17:0   0.4       0.4  0     0c  0c        0c       0.2a      0.1b  0c   0.0001 
18:0   5.1       6.6  7.7     5.4abc 5.6a        5.0bc      4.9c      5.5ab  4.9c   0.0010 
18:1            20.2     23.6           17.3   29.2e           32.9d      37.2c    39.2b    44.4a           39.6b   0.0001 
18:2n-6 1.3       2.2  7.7   10.5d           14.1c      16.9b    17.0b    19.4a           17.1b     0.0001 
γ-18:3n-3 0       0  0     0.6d  0.8c        1.2a      1.1b      0.1e  1.1b   0.0001 
α-18:3n-3 0.8       0.6  9.5     4.5d  5.7c        7.4b      7.5b      9.0a  7.9b   0.0001 
18:4n-3 1.9       0.4  0     3.7a  2.0b        2.9b      2.4b        2.2b  2.4b   0.0013 
20:1   2.2       2.1  0     0.7b  0.8ab        0.8ab      0.8ab     0.1c  0.9a   0.0001 
20:2n-6 0.7       0.4  0     0.4c  0.7b        0.6b      0.7b      0.1d  0.8a   0.0001 
20:4n-6 2.0       2.0  0     1.8a  1.9a        1.5b      1.3c      0.1d  1.4c   0.0001 
20:3n-9 0.3       0  0     0b  0.2ab        0.3a      0.3a      0.1ab  0.2ab   0.0116 
20:5n-3          11.9       7.9           11.6     4.2a  2.5b        1.5c      1.2d      0.1e  1.1d   0.0001 
22:1  0       0  0     0b  0b        0b       0.1a      0.1a  0b   0.0001 
22:5n-3 5.4       3.9  0     2.4a  1.5b        0.7c      0.5d      0.1e  0.4d   0.0001 
22:6n-3          24.4     25.0           19.4   18.3a           13.1b        7.4c      5.9d      4.0e  5.7d   0.0001 
Total n-3        44.4     37.8           40.5   33.1a           24.9b      19.9c    17.5d    15.4e           17.6d   0.0001 
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Table 6.4 - continued 
 
 
Total n-6 4.0       4.6  5.3   13.4d           17.4c      20.4a    20.0ab   19.7b           20.3a   0.0001 
n-3:n-6 ratio   11.1       8.2  7.6     2.5a  1.4b        1.0c      0.9cd     0.8d  0.9cd   0.0001 
____________________________________________________________________________________________________________ 
1Mean initial weight was 0.22 g/fish. 
2Values are means of five replications. 
3Means in the same row with different superscript letters were significantly different (P<0.05). Egg, initial fry and stream fry fatty acid 
concentrations were not included in the ANOVA. 
4Probability (Pr>F) of treatment differences as determined by ANOVA. 
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Table 6.5 - Fatty acid concentrations in eyed steelhead eggs and whole bodies of initial swim-up steelhead fry, wild-caught stream fry 
and steelhead fed diets containing marine fish oil.1,2,3 

 

Fatty                               Initial     Stream                                                                                                                                     Probability 
acid                Eggs            fry         fry         Week 2          Week 4       Week 6         Week 8        Week  10        Week 12            (Pr>F)4 

       % of total fatty acids 

____________________________________________________________________________________________________________  

 
14:0  2.8       2.2  0     2.6d  3.1c        3.5b      3.6ab     3.9a  3.6ab   0.0001 
15:0  0.5       0.4  0     0.3a  0.3a        0.3a      0.3a      0.1b  0.3a   0.0001 
16:0           15.0     18.3           21.1   16.8e           17.3d      17.6d    18.5c    20.7a           19.4b   0.0001 
16:1  4.8       4.1  5.7     5.2c  6.7b        7.0b      6.8b      7.6a  6.6b   0.0001 
17:0   0.4       0.4  0     0d  0.3a        0.3a      0.3a      0.1c  0.2b   0.0001 
18:0   5.1       6.6  7.7     4.6  4.7        4.7      4.8      5.3  5.3   0.0989 
18:1            20.2     23.6           17.3   23.4e           27.2d      27.9c    28.8b     32.7a           28.9b   0.0001 
18:2n-6 1.3       2.2  7.7     5.3d  7.7c        8.0bc      8.3ab     8.7a  7.8bc   0.0001 
γ-18:3n-3 0       0  0     0c  0.2a        0.2a      0.2a      0.1b  0c   0.0001 
α-18:3n-3 0.8       0.6  9.5     0.8c  0.9bc        1.0bc      1.3a      0.1d  1.1ab   0.0001 
18:4n-3 1.9       0.4  0     3.4a  1.2b        1.3b      1.2b      0.1b  1.1b   0.0001 
20:1  2.2       2.1  0     1.3c  1.6b        1.9a      1.9a      1.9a  2.0a   0.0001 
20:2n-6 0.7       0.4  0     0.6a  0.4b        0.5b      0.4b      0.1c  0.5b   0.0001 
20:4n-6 2.0       2.0  0     1.6a  1.1b        0.9c      0.8d      0.1e  0.8d   0.0001 
20:3n-9 0.3       0  0     0b  0b        0b       0.1a      0.1a  0b   0.0001 
20:5n-3         11.9       7.9           11.6     8.0a  7.0b        6.6b      5.9c      5.9c  5.5c   0.0001 
22:1n-9 0       0  0     0c  0.4a        0.5a      0.5a      0.1b  0.5a   0.0001 
22:5n-3 5.4       3.9  0     3.0a  2.1b        1.9c      1.7d      0.1f  1.5e   0.0001 
22:6n-3         24.4     25.0           19.4   22.9a           17.8b        15.9c    14.5d    13.5e           14.3d   0.0001 
Total n-3       44.4     37.8           40.5   38.0a           29.0b      26.7c    24.7d    19.6f           23.5e   0.0001 
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Table 6.5 - continued 
 
 
Total n-6 4.0       4.6  7.7     7.5c  9.3ab        9.6a      9.7a      9.0b  9.1b   0.0001 
n-3:n-6 ratio   11.1       8.2  5.3     5.1a  3.1b        2.8c      2.5d      2.2e  2.6cd   0.0001 
____________________________________________________________________________________________________________ 
1Mean initial weight was 0.22 g/fish. 
2Values are means of five replications. 
3Means in the same row with different superscript letters were significantly different (P<0.05). Egg, initial fry and stream fry fatty acid 
concentrations were not included in the ANOVA. 
4Probability (Pr>F) of treatment differences as determined by ANOVA. 
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Table 6.6 - Weight gain, feed efficiency and survival of first-feeding steelhead fed diets 
containing plant oil or marine fish oil. 
_______________________________________________________________________  

         Weight                     Feed    
         
Diet               gain                           efficiency                 Survival       
________________________________________________________________________ 
                 (%)               g gain/g feed                  (%)       
                             
Plant Oil            1462.7b                   0.7b     99.3 
Fish Oil            1857.4a                   1.1a     99.5 
    
Probability (Pr>F)                 0.0001                  0.0001              0.5487
   
1Mean initial weight was 0.22 g/fish. 
2Values are means of five replications. 
3Means in the same column with different superscript letters were significantly different 
(P<0.05). 
4Probability (Pr>F) of treatment differences as determined by t-test.
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Table 6.7 - Whole blood hemoglobin concentration, lactic acid concentration, packed cell volume, total plasma protein concentration 
and blood osmolality in first-feeding steelhead fed diets containing plant oil or marine fish oil. 1,2,3 
____________________________________________________________________________________________________________ 

                             Packed                   Total         
                
Diet               Hemoglobin               Lactic acid      Cell Volume        Plasma Protein        Osmolality 
___________________________________________________________________________________________________________  
                       (g/dl)   (mmol/L)                   (%)       g/dl          (mmol/L)        
                             
Plant Oil                   7.4b       2.4   34b       4.4                      325           
Fish Oil                     8.4a                     1.8              40a                  4.3                          328 
 
Probability (Pr>F)4                  0.0084    0.4326         0.0003               0.8627                      0.5297 
      
1Mean initial weight was 0.22 g/fish. 
2Values are means of three replications. 
3Means in the same column with different superscript letters were significantly different (P<0.05). 
4Probability (Pr>F) of treatment differences as determined by t-test. 
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Table 6.8 - Whole body proximate composition of first-feeding steelhead fed diets containing 
plant oil or marine fish oil.1,2,3 

 
            Crude      
Diet                      Protein          Moisture              Fat                    Ash  
             (%)                      (%)                  (%)                   (%)      
Plant oil                  13.9b             76.2                  9.4                     2.1    
Fish oil                                   14.9a                            76.1                  8.9                      2.2 
 
Probability (Pr>F)4                         0.0078           0.8688             0.4954              0.2415   
1Mean initial weight was 0.22 g/fish. 
2Values are means of five replications. 
3Means in the same column with different superscript letter were significantly different (P<0.05). 
4Probability (Pr>F) of treatment differences as determined by t-test. 
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Objective 7:  Monitor upstream migration and adult returns of steelhead, coho salmon, and 
cutthroat trout past the AFTC in Abernathy Creek.  

Introduction:  In order to fulfill harvest and mitigation roles traditional hatchery programs have 
manipulated run-size and timing, age at maturity, sex ratios, and the size of returning adults 
(Olson et al. 2004, Quinn 2005).  However, these manipulations may pose ecological and genetic 
effects for NOR spawning populations (Brannon et al. 2004, Campton 1995).  As a result 
managers have recognized the need to alter traditional hatchery practices in order to incorporate 
phenotypic traits (i.e. run timing, age at maturity, etc.) that are representative of NOR 
populations.  Recently it has been suggested that many problems, such as broodstock mining and 
reduced genetic variation common among traditional hatchery programs, may be alleviated by 
developing a local native broodstock through the rearing of randomly selected NOR juveniles 
(Ryman and Laikre 1991, Ryman et al. 1995).  However, it is uncertain if this integrated 
hatchery practice will result in minimizing the amount of artificial selection and domestication 
expressed in returning HOR adults. 
 Given the new conservation role that has emerged for hatcheries in Pacific Northwest it 
has become paramount to understand if and how integrated hatchery programs may enable 
successful supplementation while simultaneously minimizing any negative effects on naturally 
reproducing stocks.  Therefore, our objectives were to monitor upstream migration and adult 
returns of coho salmon, steelhead and cutthroat trout past the AFTC and compare the run-size 
and timing, age at maturity, and size and morphology of returning HOR and NOR steelhead in 
Abernathy Creek. 
 
Methods:  An electric barrier (Smith-Root™) was installed at AFTC during the summer of 
2004.  The electric barrier was operated from October 15th through April 16th, 2008 using a 
pulsed DC field that increased in strength proportionally to water flow and depth.  During the 
time of operation we recorded the date that each adult coho salmon, steelhead and cutthroat trout 
entered the AFTC holding pond.  From April 16th through June 30th, 2008 returning adults were 
captured in a V trap installed in a fish ladder 0.4 km upstream from AFTC, transported to AFTC 
and ponded.   
 Ponded fish were anesthetized, identified to species, sexed, measured (fork length, FL; 
mm), and weighed (g).  Each fish was examined for the presence of PIT tag, CWT, and fin clip.  
Fin tissue was taken from all HOR and NOR Abernathy steelhead adults and stored in 70% 
ethanol for later genetic identification.  Each HOR and NOR adult steelhead was also 
photographed (with metric scale) in lateral projection for later morphological comparisons.   
 We also collected scales from all HOR and NOR Abernathy steelhead adults.  Scale 
impressions were made by pressing an individual fishes’ scales upon acetate sheets.  Annuli were 
counted from scale impressions one time by two independent readers using a microfiche 
projector.  Each fishes’ cumulative annuli count was determined for each reader.  To prevent 
bias, scales were examined in random order and no two counts of the same scale were 
consecutive (Miller and Storck 1982).  Annuli counts from both readers for each fish were then 
compared.  If the annuli counts from the two readers did not differ they were accepted (occurred 
55%).  When age estimates differed by more than one annuli count, a third consensus read 
occurred.  In 21% of consensus reads, the scale was determined to be unreadable and its annuli 
count was omitted from analysis. 
 A random subset of HOR and NOR Abernathy steelhead were retained for broodstock to 
produce HOR steelhead.  The remaining collected steelhead were transported 0.4 km upstream 
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from the electric barrier and released to spawn naturally in Abernathy Creek.  Steelhead collected 
at AFTC that were identified, via CWT, PIT tag or fin clip as strays to Abernathy Creek were 
euthanized.  All coho salmon and cutthroat trout were transported 0.4 km upstream from the 
electric barrier and released to spawn naturally. 
 
Results:  Adult coho salmon (N = 114), cutthroat trout (N = 1), and steelhead trout (N = 272) 
were collected at the AFTC holding pond and V trap.  A total of 24 NOR steelhead, 189 HOR 
steelhead, and 60 non-Abernathy stray steelhead were ponded and sampled (Table 7.1).  Coho 
salmon and cutthroat immigrated into Abernathy Creek from October to December (Table 7.2).  
Conversely, NOR and HOR steelhead trout began immigrating into Abernathy Creek during 
December continuing until May.   

Age at maturity differed between HOR and NOR Abernathy steelhead (Table 7.3).  NOR 
steelhead were two (63%) and three-salt (37%) fish.  Conversely, HOR fish had a greater 
proportion of younger adults returning to AFTC.  HOR fish were comprised of one (2%), two 
(86%), three (11%), and four-salt (1%) individuals.   

One hundred thirty coded wire tags were recovered from returning adults in 2008.  One 
tag (1%) came from the 2004 release, fifteen tags (11%) from the 2005 release, one hundred 
twelve tags (86%) from the 2006 release, and two tags (2%) from 2007 release.  The majority of 
returning adults (76%, 2005, 2006, 2007 and 2008 data combined) were released during either 
the mid-April or early-May release block (Table 7.4). 
 Initially two thirds of the NOR steelhead and one third of the HOR steelhead were to be 
released upstream to spawn naturally.  With the low capture rate of NOR adults, twenty two 
NOR steelhead and fifty four HOR steelhead were released upstream (Table 7.5).  

 
Discussion:  Combining data from 2006, 2007 and 2008, NOR steelhead returned as two-salt 
and three-salt adults in roughly equal proportions, 51% and 48% respectively.  Conversely, the 
majority of the HOR steelhead returned as two-salt adults (80%). In addition 6% of the returning 
HOR males were age one-salt males compared to 1% found in returning NOR males. With HOR 
adults returning at a younger age and therefore smaller size, natural spawning success may be 
reduced.  With a majority of HOR adults returning at age two-salt, the opportunity to spawn with 
another year class (which is less likely to be related) is reduced.  This loss of spawning between 
year classes may also reduce natural spawning success.  Culture practices that could replicate 
NOR adult age composition would benefit integrated hatchery programs.  The accelerated 
growth during freshwater rearing in HOR steelhead is a probable cause for the earlier maturation 
age noticed in HOR returning adults.  
 In 2005 a total of 19,000 smolts were released, with an estimated return of 62 adults, 
percent survival of smolt to adult return was estimated at 0.32%.  Adult return was estimated 
using the age composition derived from the recovered coded-wire tags in 2006, 2007, and 2008. . 
From the adults captured in 2006, 2007, and 2008 it was estimated that 62 adults (three age one-
salt, 39 age two-salt, and 20 age three-salt) returned.   
 In 2005 potential “resistance” of steelhead to enter the holding pond may have been a 
factor in the low capture rate of returning adult steelhead.  In 2006 the attraction flow from the 
holding pond was maximized to the limits of the facility and stream flow.  The fish ladder was 
adjusted to provide higher steps, creating more turbulence.  Shade cloth was installed over the 
ladder to provide additional cover for the returning adults.  Returns to the holding pond were still 
low in 2006 and redd counts by WDFW indicated steelhead spawned in higher numbers 
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downstream from the barrier.  Similar to procedures used in 2007, in 2008 from mid October to 
mid April the electric barrier was used to divert adults to the holding pond.  This period was 
during high creek flow and high debris load.  In mid April a V trap was installed in the fish 
ladder located 0.4 km upstream to the electric barrier to trap returning adults through June, 
during this period the electric barrier was turned off.  Although adult returns were still low, after 
the trap was installed 100% of the HOR adults entered the holding pond.  In NOR adults returns, 
45% were captured in the V-trap and 55% entered the holding pond.  
 The change in trapping procedures may account for the increase in percent survival of 
smolt to adult return seen in 2007 and 2008.  In 2009 the same procedures will be followed.  
Future adult runs will provide information on HOR adults migrating upstream past the place of 
origin. 
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Table 7.1- Month, number, origin, and sex of adult steelhead that were captured at AFTC during 
the 2007-2008 immigration. Returning adult steelhead that were produced at hatcheries other 
than AFTC, as determined by coded wire tags or adipose fin clips, were considered stray-HOR.  
 
 
Month Captured     Number of NOR      Number of HOR Number of Stray-HOR 
 
                        Male  Female    Male  Female         Male  Female 
November                 0         0       0         0             0   1 
December                 0       0       0         2             5   7 
  January                 1       2       4         4           10   6 
February                 0       0       8       14             4   2 
  March                 2       2     30       57             7   4 
   April                 6       7     28       39             9   5 
   May                 2       2       2         1             0   0 
   June                 0       0       0         0             0   0 
       
  Total               11     13     72     117           35 25 
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Table 7.2- The month, number, origin, and sex of adult coho salmon and cutthroat trout that were 
captured at AFTC during the 2006-2007 immigration. Adult coho and cutthroat trout were 
released above AFTC immediately after capture. 
 
    Month                   Number of Coho Salmon                    Number of Cutthroat Trout 
                 NOR                            HOR           NOR 
 
            Male  Female     Male  Female      Male  Female 
  October               5     4       13         4          0         0 
November             12     6       14         7          0         0 
December             11     7       16       15          1         0 
  January               0     0         1         1          0         0 
 February               0     0         0         0          0         0 
   March               0     0         0         0          0         0 
    April               0     0         0         0          0         0 
    May               0     0         0         0          0         0 
    June               0     0         0         0          0         0 
       
   Total             28   17       43       26          1         0 
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Table 7.3- Number, origin, and sex of returning adult steelhead that age was determined by scale 
reading or CWT during the 2006-2007 immigration.  
 

 
 

Age  Number of NOR Number of HOR 
 
  Male     Female   Male     Female 
  1     0             0      3             1 
  2     8             6    59           97 
  3     3             5      7           13 
  4     0             0      0             1 
  5     0             0      0             0 
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Table 7.4- Number of coded-wire tags recovered at Abernathy FTC from 2005 to 2007.  
 
          Adult Return Year 
 
Year        Juvenile Release Block 2005 2006 2007 2008 
 
2003      Mid-April to Early May   24     5     1     0 
                            Mid-May     4     2     0     0 
                            Mid-April     3   10     2     1 
2004                   Early- May     0   10     2     0 
                            Mid-May     0     3     0     0 
                            Mid-April     0     2   15     8 
2005                   Early- May     0     1   10     7 
                            Mid-May     0     0     5     0 
                            Mid-April     0     0     2   30 
2006                   Early- May     0     0     2   47 
                            Mid-May     0     0     1   35 
                            Mid-April     0     0     0     1 
2007                   Early- May     0     0     0     1 
                            Mid-May     0     0     0     0 
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Table 7.5- Month, number, origin, and sex of adult steelhead that were released upstream during 
the 2006-2007 immigration. 
  
Month of Capture         Number of NOR Number of HOR 
          Male     Female  Male     Female 
   November             0             0      0             0 
   December             0             0      0             0 
    January             1             2      1             1 
   February             0             0      3             5 
     March             1             1      9           19 
     April             6             7      7             9 
     May             2             2      0             0 
     June             0             0      0             0 
     
    Total           10           12    20           34 
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Objective 8:  Trap and spawn returning HOR and NOR adult steelhead for broodstock to 
produce BY2008 HOR progeny for release into Abernathy Creek as yearlings in 2009. 
 
Introduction:  Managing the risks of HOR fish to NOR fish over subsequent generations while 
simultaneously achieving harvest and mitigation goals is a challenge faced by hatchery 
managers.  In response, hatchery programs are currently undergoing reform measures to reduce 
ecological and genetic risks to naturally spawning populations (Maynard et al. 1995, Flagg and 
Nash 1999).  Integrated hatchery programs reflect these concerns and may offer promise.   
 Integrated hatchery programs attempt to maximize genetic similarity between HOR and 
NOR populations by maintaining local, natural characteristics and minimizing the genetic effects 
of potential domestication.  Although genetic divergence between HOR fish and their wild 
source population may not occur within the F1 HOR progeny, subtle differences in phenotypes 
and survival may negatively influence fitness in succeeding generations, thus limiting the 
usefulness of the HOR stocks for conservation purposes to only the first few generations 
(Kostow 2004).  Theoretically, if integrated hatchery programs utilize explicit operational 
constraints and practices, they may be able to avoid long-term issues such as random genetic 
drift, genetic divergence between NOR and HOR fish, and domestication.  The theoretical 
hatchery practices include: 1) the incorporation of sufficient number of NOR fish into the 
broodstock to overcome random genetic drift, domestication, and divergent natural selection 
between the natural and hatchery environments (Ford 2002), 2) the random collection and 
spawning of adults in regards to return and run-timing, and size such that means and variances of 
phenotypic traits related to fitness are similar to NOR populations, and 3) the minimization of 
domestication and natural selection as a result of hatchery practices by equalizing parental 
genetic contributions.  Therefore, our overall objective was to: incorporate sufficient number of 
NOR spawning fish, collect and spawn adults randomly, and equalize parental genetic 
contributions.  Empirical data from controlled evaluations will be collected to determine whether 
these theoretical practices have the desired effect on HOR populations. 
 
Methods:  Original broodstock were juveniles collected from Abernathy Creek as age 0+ NOR 
parr in 1999, 2000, and 2001 and captively-reared to sexual maturity.  Their F1 HOR progeny 
were released into Abernathy Creek as yearlings in 2003, 2004, and 2005.  Over 20 F1 and 160 
F2 HOR adults returned to Abernathy Creek in 2008.   
 Returning HOR fish that were used for broodstock received a 12 mm PIT tag injected at 
the posterior base of the dorsal fin.  Adults were checked for gonadal maturation three times a 
week.  Eggs from mature HOR females were removed via abdominal incision.  Mature NOR 
females and HOR and NOR males were anesthetized (100 ppm MS-222) and live spawned via 
hand stripping.  After recovery from the anesthesia, spawned NOR male and females were 
released into Abernathy Creek downstream of the electric barrier.  Conversely, spawned HOR 
females and males were killed.  Initially, we crossed one male to one female, always pairing a 
NOR with a HOR.  However, due to low numbers of returning adults we crossed individual 
females with multiple males (2 to 4) in order to maximize the number of families.  A single 
female’s eggs were spawned into a dry plastic bucket.  Ovarian fluid was drained off and a total 
egg weight was obtained.  A small portion of eggs were removed to obtain individual egg 
weights (N = 50 eggs per female).  Eggs were then split into two to four visually equal lots with 
each lot fertilized with a single male.   
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 Fertilization was activated with creek water and eggs were allowed to water harden for 
one hour in creek water.  Family egg lots were transferred to separate flow through trays 
maintained on well water (12.5 C). Due to the occurrence of disease in a few families in 2007 
eggs were given a one hour bath in 100 ppm free iodine.  Family mortality during incubation and 
yolk absorption was recorded at the eyed egg stage, at hatch, and at fry swim up.  Fry were 
started on a commercial salmonid starter diet and raised in well water under a normal 
photoperiod in AFTC’s hatchery building.  Juveniles were transferred to three 2.4m x 24.4m 
raceways supplied with creek water when fish size ranged from two to three grams.  Family size 
was equalized when juveniles were transferred to raceways to a maximum of 125 fry per family.  
Diet was transitioned with pellet size adjusted to fish size.  A subsample of fish from each 
raceway was measured monthly to monitor growth and allow ration adjustment.  Raceway 
mortality and feed consumption were recorded. 
 
Results and Discussion:  Although hatchery steelhead returns were better in 2007-2008 we 
could not incorporated sufficient numbers of NOR spawning fish into our hatchery broodstock.  
Two hundred and five families were produced by spawning females with multiple males.  Eighty 
HOR females and 1 NOR females were spawned.  These females were crossed with 50 HOR 
males and 1 NOR male.  The families resulted in the production of approximately 25,000 F3 
HOR juveniles. 
 NOR and HOR steelhead trout were randomly collected and spawned from throughout 
the run (December to May).  Weight and fork length (FL) for HOR and NOR females spawned 
in 2008 are listed in Table 8.1 with ovum weight listed in Table 8.2. 
 To prevent unequal genetic contributions the size of all families were equalized to 
produce a goal of 25,000 fry.  With a maximum of 125 fry per family a total of 25,000 fry were 
ponded.  Numbers of eggs stripped from each female and egg survival to the eyed stage varied 
among HOR and NOR female steelhead (Table 8.3).  The number of eggs stripped per female 
ranged from 884 (this female probably spawned before capture) to 6,202 eggs.  The number of 
eggs stripped from NOR females is expected to be lower due to live spawning versus the kill 
spawning of HOR females.  Percent survival to the eyed egg stage ranged from 45.8% to 99.4%. 
 In 2007 creek water was used for activation and hardening with no iodine disinfection. 
Due to Cold water disease, Flexibacter psychrophilus, being diagnosed in 2007 steelhead fry 
mortality, eggs were disinfected with iodine after hardening in 2008. Overall percent survival to 
the eyed egg stage did not differ between 2007 and 2008, 94% and 91% respectively. 
 In the attempt to improve trapping of NOR adults in 2009 some modification will be 
made to constrict flow to enhance attraction at the entry to the holding pond channel and the V 
trap fish ladder.  Also returning adults had to push through a metal swing gate to enter the 
holding pond, this swing gate has been replaced with a plastic finger style V trap. 
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Table 8.1- Origin, age, identification number, weight (g), and fork length (mm) of HOR and 
NOR female steelhead used for broodstock at AFTC in 2007-2008.   
  
Origin-age (N) Identification Weight (g)         Fork length (mm)   
    Number Mean (SD)       Mean (SD) 
 
HOR-2 (70)         * 3291 (456)        677 (28) 
    
HOR-3 (9)  2007-0117 4496        783 
  2007-0158 3865        764 
  2007-0168 4566        794 
  2007-0185 4237        762 
  2007-0186 3330        689 
  2007-0220 5038        760 
  2007-0237 4900        753 
  2007-0313 3960        760 
  2007-0324 4873        783 
    
HOR-4 (1)  2007-0146 3520        718 
    
NOR-3 (1)  2007-0230 5268        802 
    
 
*Identification numbers are available from AFTC. 
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Table 8.2-Origin, age, identification number, sample size, and mean and standard deviation (SD) 
of ovum weight (g) of HOR and NOR females used for broodstock at Abernathy FTC in 2007-
2008. 
 
Origin-age Identification    N Mean (SD) 
    Number 
  HOR-2        * 3498 0.108 (0.011) 
     
  HOR-3 2007-0117     50 0.118 (0.003) 
 2007-0158     50 0.134 (0.003) 
 2007-0168     50 0.108 (0.004) 
 2007-0185     50 0.133 (0.005) 
 2007-0186     50 0.131 (0.004) 
 2007-0220     50 0.150 (0.007) 
 2007-0237     50 0.116 (0.004) 
 2007-0313     50 0.175 (0.007) 
 2007-0324     50 0.154 (0.005) 
     
  HOR-4 2007-0146     50 0.128 (0.003) 
     
  NOR-3 2007-0230     50 0.167 (0.006) 
     
*Identification numbers are available from AFTC. 
 



 127

Table 8.3- Origin, age, identification number, number of eggs spawned, number of mortalities at 
the eyed egg stage, and percent survival at the eyed egg stage of HOR and NOR females used for 
broodstock at Abernathy FTC in 2007-2008. 
 
Origin-age (N) Identification  Number of Number of Survival (%)    
     Number     Eggs  Mortalities   Percent  
  Mean (SD) Mean (SD)   Mean (SD) 
 
  HOR-2 (70)         * 3973 (1026) 300 (335) 91.6 (10.6) 
     
  HOR-3 (9) 2007-0117 5922 589 90.1 
 2007-0158 1806 841 53.4 
 2007-0168 5913 155 97.4 
 2007-0185 1572   17 98.9 
 2007-0186 4314 183 95.8 
 2007-0220 3734 193 94.8 
 2007-0237 6202 240 96.1 
 2007-0313   884   47 94.7 
 2007-0324 2265 985 56.5 
     
  HOR-4 (1) 2007-0146 3978                  1397 64.9 
     
  NOR-3 (1) 2007-0230 2565 224 91.3 
     
*Identification numbers are available from AFTC. 
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Objective 9:  Determine the relative, natural reproductive success of hatchery-origin and 
natural-origin steelhead in Abernathy Creek upstream of AFTC. 
 
Introduction:  Evaluating the relative reproductive success (RRS) of hatchery-origin (HOR) and 
natural-origin (NOR) steelhead in Abernathy Creek requires accurate pedigree reconstruction 
using a designated suite of genetic markers (see objective 5) for parentage assignment of 
candidate progeny and parents.  Several factors can influence the accuracy of these assignments.  
Errors may be introduced during field sampling of fish, including failure to sample (i.e. 
undetected weir passage), and in data entry or record keeping.  From a genetics perspective these 
errors are difficult to detect and monitor.  While their relative impacts on parentage assignment 
can be estimated through simulation (Marshal et al. 1998), the effects on estimates of RRS are 
difficult to predict.  

Conversely, biases related to the use of unrealistic pedigree reconstruction models, 
unknown levels of relatedness among parents, and rate of genotyping error are factors that can be 
measured empirically, allowing for compensation in parentage assignment methods (e.g. Jones & 
Ardren 2003; Kalinowski et al. 2006).  Two types of bias fall into this category: exclusion of a 
true parent (type-A error; a), and non-exclusion of an unrelated adult (type-B error; b).  Araki 
and Blouin (2005) proposed a method for reducing bias in estimates of RRS by adjusting for 
type-A and type-B error rates in the analysis.  To evaluate our genotyping error rate and 
parentage analysis methods we previously conducted both quality assessment/ quality control 
(QAQC) and parentage ground-truthing (GT) analyses. 

The overarching goal of the AFTC steelhead hatchery program is to evaluate RRS 
between HOR and NOR steelhead trout spawning in Abernathy Creek.  Our most meaningful 
measure of RRS will be based on the number of naturally produced progeny parented by NOR 
and HOR steelhead that return to Abernathy Creek as adult fish (Araki et al. 2007).  However, 
the information necessary for a complete evaluation of adult-to-adult survival for the 2004/2005 
run year will not be available until all F2’s have returned in the 2009/2010 run year (Figure 9.1). 

Identifying factors that influence adult to adult survival will ultimately require 
information concerning rates of survival through critical juvenile life history stages.  In 2005 we 
examined age 0+ fish (N = 275) to estimate RRS of NOR (N = 6) and HOR (N = 5) steelhead 
released upstream of AFTC during the 2004/2005 run year.  Parentage assignment of at least one 
progeny was observed for 9 of 11 parent fish, with 17% of the potential progeny assigning to at 
least one parent (USFWS 2005).  No known parental crosses were observed, and the RRS 
estimate for this run year was 0.24 (HOR/NOR; P = 0.079).  In 2007 we expanded our RRS 
estimate for HOR and NOR steelhead from the 2004/2005 run year by evaluating age 1+ progeny 
collected in 2006.  In addition we included a group of potential HOR and NOR parents in our 
analyses that are suspected resident fish (i.e. residual juveniles).  Our results indicated that the 
RRS of HOR and NOR steelhead in Abernathy Creek differs between life history types (e.g., 
anadromous vs. resident). 

This objective details the parentage assignment for 851 potential progeny collected from 
Abernathy Creek in 2007 by electrofishing, 28 smolts collected from the screw trap located near 
the mouth of Abernathy Creek in 2008, and 64 smolts detected leaving Abernathy Creek via the 
PIT tag array located near the mouth of Abernathy Creek.  Additionally we present the results of 
a preliminary analysis of the gene flow among Mill, Germany (the two control populations), and 
Abernathy Creeks. 
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Methods:   
Genetic analyses 

Protocols and methods for DNA extraction, sample processing, and microsatellite 
amplification and scoring are available in the Objective 5 methods section of this report.  In 
addition to the 10 microsatellites described in Objective 5, an additional 9 microsatellites 
(Ots100 (Nelson and Beacham 1999), Ots4 (Banks et al. 1999), Ogo4 (Olsen et al. 1998), Omy7i 
(Gharbi, pers. Comm..), Oki23 (GenBank Acc. #AF272822), Ssa289 (McConnell et al. 1995), 
Ssa408 (Cairney et al. 2000), One14 (Scribner et al. 1996), Oke4 (Buchholz et al. 1999)) were 
added for the parentage analyses.  Twelve of these loci (the above listed nine plus Omy1001, 
Omy1011, and Ssa407) are in the process of standardization among several genetics labs (SPAN 
loci) and will be the basis for a rangewide steelhead microsatellite baseline. 

 
QAQC and ground-truthing 
  Laboratory error rate was determined through random re-sampling and duplicate 
genotypic analyses.  A random sample was chosen (10%) from among all individuals in the data 
set, DNA was re-extracted from tissue, then re-amplified and rescored (genotyped) at 22 loci.  
We then aligned the original sample scores with the scores generated from the duplicate analysis 
and calculated an error rate from the number of mismatches. 
  The GT procedure was previously conducted (USFWS 2007) to determine the accuracy 
and feasibility of our parentage analysis methods.  The procedure consisted of comparing 
genotypes among  known mated pairs from the 2005-2006 brood stock, and 96 randomly 
selected raceway smolts (age 1) in 2007 for match success.  Because parent/progeny pairs are 
known a priori in the GT, we expect match success to be 100%, mismatches therefore indicate 
marker inconsistencies (e.g. null alleles) or sampling errors. 
 
Genetic Relationships 
  A dendrogram was produced based on Cavalli-Sforza and Edwards (1967) genetic 
distances for three annual collections from Mill, Germany, and Abernathy Creeks, in addition to 
three annual collections from stray steelhead collected at AFTC to explore the genetic 
independence of the steelhead populations within these three creeks using PHYLIP (Felsenstein 
1993). 
 
Parentage Analysis 

The candidate parent pool consisted of 41 anadromous steelhead returning to the AFTC 
hatchery in 2004-2005 and released upstream of the hatchery, 66 anadromous steelhead collected 
at the WDFW weir in 2004-2005, 73 stray steelhead collected at AFTC in 2004-2005,  and 168 
PIT-tagged smolts released in 2002-2003 (age 1+) that were recaptured in 2004-2005 and 2005-
2006 (Table 9.1).  These fish are believed to be smolts that residualized and matured in the creek.  
The candidate progeny pool consisted of 943 NOR smolts captured by screwtrap (28) or detected 
leaving by the PIT tag array (64) during outmigration in 2007-2008, and juvenile (age 1+) O. 
mykiss captured by electro-fishing (851) from one reach downstream of the hatchery, and two 
reaches upstream of the hatchery in 2007 (Table 9.1)3.   
                                                 
3 A comprehensive relative reproductive evaluation using parentage will be conducted in 
subsequent years encompassing all samples collected since the inception of the project, and 
including projected sampling efforts in 2008 and 2009 (Table 9.2). 
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  Parentage assignment was performed using the likelihood method of Kalinowski et al. 
(2006) implemented in CERVUS 3.0 (Marshall et al. 1998).  Non-exclusion probabilities for 
assigning the first parent and for assigning the second parent when the first is known were 
generated with an allele frequency analysis using CERVUS 3.0.  The non-exclusion probability 
is the probability of not rejecting an unrelated individual chosen at random.  The likelihood of 
correctly matching progeny with their parents increases with the number of loci used and the 
degree of polymorphism among loci (Bernatchez and Duchesne 2000).  Similarly, the power to 
exclude random assignments (matches) of unrelated individuals is expected to increase 
proportionally with number of loci.  Log odds ratio (LOD) probabilities and relaxed (95%) and 
strict (99%) confidence levels for assignments were generated using CERVUS 3.0. 
  
Results and Discussion: 
 
QAQC and GT analyses  
  We observed 30 mismatch errors among 28,974 total genotypes evaluated, for an overall 
error rate of 0.05%.  The mismatches in the 2008 data set were generally due to missing large 
alleles, and all data were rescored to minimize these errors.  Two samples from the progeny data 
set had data for only 2 loci and were therefore removed from analyses. 

 We observed a combined non-exclusion probability of 7.47 x 10-10 for identifying the 
first parent, and a combined non-exclusion probability of 2.65 x 10-14 for identifying the second 
parent when the first is known.  Based on these values, a randomly chosen unrelated individual 
(parent) that is not a true parent would be assigned to a given progeny in approximately one out 
of 1.3 x 109 pairwise comparisons by chance alone. 
   Parentage GT analysis revealed 8 mismatches due to scoring errors (0.29% error), and 4 
mismatches due to possible null alleles (mutations in DNA primer flanking regions) between 
locus μOMM1220 and μOMM1231 resulting in single-parent assignments.  In addition there was 
evidence of hatchery procedural errors (unrecorded matings or unintended mixing of gametes).  
In assignments of HOR smolts to their known parents we observed a mean mismatch rate of 0.16 
between parents and their offspring.  Hitoshi and Blouin (2005) calculated Type-A (a) and Type-
B (b) error rates of 0.032 and 0.065 respectively using <1 mismatch between hatchery steelhead 
and true parents.  Our observed Type-A error rate (a=0.030) was similar, and there were no 
observed mismatches of progeny and unrelated parent in our GT analysis (Type-B unknown).  
When the mismatch parameter for GT was set to allow for one mismatch (1/20 alleles) 
assignment accuracy was 100% for all categories, and all progeny assigned to correct parent 
pairs, indicating our methods are robust at this stringency level.   
   Based on results of both the QAQC and GT analyses we determined that a balanced 
compensation for both type-A and type-B errors would be best reached by allowing for one 
mismatch (among 44 total alleles) in comparisons of candidate parental and candidate progeny 
genotypes evaluated in the 2007 Abernathy Creek parentage analyses. 
 
Genetic Relationships 
   The preliminary analysis of steelhead collections from Mill, Germany, and Abernathy 
Creeks suggests that there is geneflow among these populations.  The three annual collections 
from each of the three streams are not clustered together on the dendrogram by creek, but are 
dispersed (Figure 9.2).  Clustering of the three samples from Mill Creek with modest (80.7%) 
bootstrap support suggests less geneflow between Mill Creek and the other two creeks.  
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Additionally, the stray steelhead collected at AFTC appear to be genetically distinct from 
steelhead at Mill, Germany and Abernathy.  When the SPAN baseline becomes available 
(expected in 2009) we plan to 1) test whether or not it is possible to identify the source of the 
stray steelhead, and 2) compare divergence among steelhead in Mill, Germany, and Abernathy 
creeks to divergence of other populations at comparable geographic scales in the Columbia River 
watershed.  Analysis of samples collected from each watershed in more recent years (following 
the return of Abernathy hatchery fish) would also be helpful in understanding the relationships 
among steelhead populations in these three creeks. 
 
Parentage from the progeny perspective 
  We exclusively considered assignments with 1 or fewer mismatches among 
parent/progeny genotypes that also had a positive critical LOD score.  Most assignments met a 
strict criterion of 99% confidence (Table 9.3).  Among all progeny genotyped in the 2008 
evaluation (N = 938), a total of 194 individuals (20.7% overall) were matched to a parent pair 
(Table 9.3).  Data for assignment of progeny to each parent type is shown in Table 9.4.  
Assignment of progeny to an anadromous NOR parent (23.7%) exceeded HOR assignments 
(7.7%).  Assignment of progeny to a residual NOR parent (9.6%) exceeded HOR assignments 
(0.2%). Although the sex of the residual parents was not known, it was possible to infer the sex 
of those potential residual parents that received assigned progeny based on the sex of the first 
candidate parent.  It is interesting to note that no progeny were assigned to any female residual 
parents, either HOR or NOR, suggesting that the sex ratio of residual fish is skewed, and that in 
both HOR and NOR anadromous parents the number of females is approximately double that of 
males (Table 9.4). 
 
Parentage from the parent perspective 
  Among anadromous HOR parents genotyped in the 2008 evaluation (N = 88), a total of 4 
(4.5%) matched at least one progeny evaluated in 2008.  Among residual HOR parents (N = 
106), only one male matched a total of 2 progeny.  Eleven out of 26 anadromous NOR parents 
(42%) had assigned progeny, while four of 62 residual NOR parents (6.5%) were assigned 
progeny.  Of the other potential anadromous parents (strays and those collected at the WDFW 
weir), only two fish from the WDFW weir were assigned progeny and these two fish were 
involved in a single cross producing only one assigned offspring.  For those parents assigned 
offspring, the mean number of progeny produced by females was 22, while the mean number of 
progeny per male was 15.  The range in number of progeny produced was 1-62 for both males 
and females.  The most prolific male was a residual male (49508006recapUN) that produced 62 
offspring in matings with three different anadromous females.  The most prolific female was an 
anadromous female (0506release2005-0255FN) that also produced 62 offspring with two 
different residual males and one anadromous male (Table 9.5). 
  The progeny assigned in 2008 represented 20 families (Table 9.6).  The number of 
progeny per family was quite variable with the majority (13) of families represented by fewer 
than 10 progeny.  However, one family was composed of 43 progeny.  Many half-sib family 
clusters, both maternal and paternal, were observed. 
  Determination of the RRS or productivity of HOR vs. NOR steelhead in Abernathy Creek 
is one of the main goals of this study.  RRS can be determined from both a family type and 
individual type perspective.  In this study there are four different family types: HxH, HxN, NxH, 
NxN, where H indicates HOR and N indicates NOR, and the origin of the female is listed first.  
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The RRS of families involving two hatchery origin parents (HxH) is greater than that of either 
mixed family type (HxN or NxH), but less than that of crosses involving two NOR parents 
(Table 9.7).  This would suggest that there is some selective disadvantage to crosses of mixed 
origin.  When comparing RRS of the individual types, HOR parents have reduced RRS 
compared to NOR parents, but this difference is ten times greater in residual parents (HOR/NOR 
= 0.01) than in anadromous parents where RRS of HOR is 10% that of NOR parents (Table 9.8).  
This would suggest that there is a greater disadvantage in HOR parents that exhibit a residual life 
history compared to anadromous HOR.  It is important to note that in calculating RRS, there are 
assumptions made that may not be accurate, especially those involving complete sampling of all 
parents, the representativeness of the progeny sample, and that all potential parents are equally 
likely to be sampled.   
 
Addressing biological relevance 
  A primary goal of conducting long-term monitoring of the AFTC hatchery steelhead 
program is to evaluate natural reproductive success of HOR fish and assess fitness consequences 
of HOR/NOR interbreeding on the natural-spawning population of anadromous and resident 
steelhead in Abernathy Creek.  Parentage assignment and pedigree reconstruction are tools that 
have provided much insight into the RRS of steelhead in other systems (e.g. Araki et al. 2007b).  
Among both anadromous and residual fish we observed pronounced differences in number of 
parent/progeny matches and productivity per parent between HOR and NOR individuals.  Forty-
two percent of anadromous NOR fish released upstream parented age 1+ progeny evaluated in 
the 2008 analysis, and one anadromous female was responsible for parenting at least 62 
offspring.  Our findings this year regarding production by NOR anadromous individuals (mean 
production 8.5 per spawner) are comparable to the results for NOR production provided in the 
2005 report (mean production 5.83 per spawner). 
  In 2008, as in the 2007 analysis, there was a smaller proportion of parent/progeny 
matches overall among residualized fish and lower mean production compared to anadromous 
steelhead.  Conversely in 2008 HOR fish had lower RRS than NOR fish for both anadromous 
and residual life histories compared to our 2007 results.  Data from 2008 do not support the 
suggestion that there is a possible selective advantage for residualizing (against anadromy) 
among hatchery fish, but again there are still few data for comparison.  
  Two factors indicated that resident fish (or a resident population) make a significant 
genetic and reproductive contribution to overall O. mykiss production in Abernathy Creek: 1) a 
substantial number of smolts appear to residualize in the stream and reproduce successfully, one 
male with assigned progeny was recaptured in both 2005 and 2006, and 2) there were many 
progeny that did not assign to parents.  As we continue to sample returning anadromous adult 
steelhead we will be able to determine (by recognizing identical genotypes) which individuals 
that appear to have matured in-stream (i.e. residualized) eventually migrated to sea.  
 
Future direction 
  Our results to-date do not indicate total production from one generation to the next, rather 
the reported values are calculated from among only those parent and progeny fish that were 
genotyped for the 2008 evaluation, providing an estimate of relative productivity between HOR 
and NOR.  Arguably the most effective way to determine overall reproductive success and the 
success of a hatchery program is by quantifying adult-to-adult survival rate or recruitment (i.e. 
“relative reproductive success” sensu Araki et al. 2007).  Although steelhead exhibit a highly 
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plastic life history, the large majority of NOR fish return as 2-fresh, 2-salt (total age 4-year) 
adults.  We expect to see the largest pulse of F2 progeny from the 1999 broodstock returning in 
2008 (as age 2-salt).  Our continued plan for parentage analysis as part of this overall project is 
to conduct comprehensive analyses over the next 2-3 years.  This will entail consideration of all 
categories of potential (candidate) parents in Abernathy Creek including: out-of-basin strays, fish 
intercepted at the WDFW weir, and hatchery broodstocks from 2005 to the present, as well as 
production in two control steams (but see Figure 9.2 indicating gene flow among Abernathy, 
Mill and Germany Creeks).   
  Because productivity of resident fish appears to be occurring, we will continue to monitor 
the relative contribution made by this group of fish to overall production in Abernathy Creek.  
Genetic markers that distinguish the sex of an individual were recently published (Brunelli et al. 
2008).  Beginning in 2009, we plan to use sex markers to determine the male/female ratio among 
our resident fish samples.  Understanding mating schemes and the rate of geneflow among 
resident and anadromous O. mykiss will provide information about interbreeding and population 
structure (e.g. panmixia) that may prove to be invaluable for the management of the hatchery 
program, and how broodstock are selected. 
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Table 9.1-Sample groups evaluated in the 2008 pedigree analysis.  The analysis was conducted 
using two parent groups that encompass individuals that are the anadromous HOR adult returns 
from the AFTC program, and residualized smolts from the 2003 brood year that potentially 
parented NOR juveniles in Abernathy Creek.  The two progeny groups are possible offspring of 
those naturally spawning HOR and NOR parents: electro-fished and pit packed are age 1+ 
juvenile O. mykiss, and screwtrap and detected leaving (see Objective 5 for a full description) are 
age 2+ smolts. Groups are reported in reference to run year of adults. 
 
 

2007 Report 
Groups  Origin (N) Female Male 

 
Unknown 

Collection  
location 

Anadromous parent     
 

 
2005-2006  HOR 15 6 9  AFTC 
2005-2006 NOR 26 8 18  AFTC 
2005-2006 unknown 66 30 36  WDFW weir 
2005-2006 strays HOR 73 29 44  AFTC 

Residual parent       

2005-2006 recaptures HOR 21   21 electro-fish 

2005-2006 recaptures NOR 62   2 electro-fish 
2004-2006 HOR 51   51 electro-fish 
2004-2006 HOR 34   34 pit packing 

Progeny (smolt)       

2007-2008 screw trap NOR 28   28 screwtrap 
2007-2008 detected 
leaving NOR 64    

64 
2006-2007  
electro-fish  

Progeny (juvenile)     
 

 
2007 NOR 851   851 electro-fish 
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Table 9.2-Sample groups for the comprehensive pedigree analyses.  The following parent and 
progeny groups will be included in the comprehensive analysis that will be conducted over the 
next 2-3 years, and will include all sample years since the beginning of the project.  These 
samples will be used to evaluate overall relative reproductive success among HOR and NOR 
steelhead (O. mykiss) in Abernathy Creek.  The evaluation will include progeny from Germany 
and Mill Creeks (₤) in order to detect the incidence of migratory straying and geneflow among 
the three streams.  Upstream and downstream releases are in reference to AFTC. 
 

Comprehensive  
Analysis Groups Origin  (N) Female Male 

Collection  
location 

Fate or 
 release 

Anadromous parent 
(broodstock) 

      

2004-2005  HOR 30 12 18 AFTC weir brstk / killed 
2004-2005 NOR 22 13 9 “ downstream 
2005-2006  HOR 36 20 16 “ brstk / killed 
2005-2006 NOR 7 5 2 “ downstream 
2006-2007  HOR 39 17 21, 1* “ brstk / killed 
2006-2007 NOR 8 2 6 “ downstream 

Anadromous parent 
(released) 

      

2005-2006 HOR 15 6 9 AFTC weir upstream 
2005-2006 NOR 26 8 18 “ upstream 
2006-2007 HOR 14 5 9 “ upstream 
2006-2007 NOR 18 7 11 “ upstream 

Anadromous parent 
(Out-of-basin stray) 

      

2004-2005 HOR 34 12 22 AFTC weir killed 
2005-2006 ? 73 29 44 “ killed 
2006-2007 ? 66 34 31 “ killed 

Anadromous parent 
WDFW weir 

     above 

2005-2006 ? 66 30 36 WDFW weir WDFW weir 

Residual parent       
2005-2006 recaptures HOR 21 ? ? electro-fish @ site 
2005-2006 recaptures NOR 62 ? ? electro-fish @ site 
2004-2006 HOR 51 ? ? electro-fish @ site 

2004-2006 HOR 34 ? ? pit packing @ site 

Progeny (smolt)       
2007-2008 NOR 28 ? ‡ ? ‡ screwtrap @ site 
2007-2008 NOR 64 ? ‡ ? ‡ detected at PIT array @ site 
2008-2009 NOR ? ? ‡ ? ‡ screwtrap @ site 
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Table 9.2 continued. 
       

Comprehensive  
Analysis Groups Origin  (N) Female Male 

Collection  
location 

Fate or 
 release 

Progeny (juvenile)       
2007 NOR 851 ? ‡ ? ‡ electro-fish @ site 
2008 NOR ? ? ‡ ? ‡ electro-fish @ site 
 
Control streams₤ 

(smolt) 
      

2004 NOR 29 ? ‡ ? ‡ screwtrap @ site 
2005  NOR 185 ? ‡ ? ‡ “ @ site 
2006 NOR 145 ? ‡ ? ‡ “ @ site 
‡ Sex markers will be used to determine sex of NOR captured juveniles 
* One individual was used as broodstock and subsequently released into Abernathy Creek. 
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Table 9.3-Pedigree assignment results arranged by progeny ID.  All individuals sharing the same family number constitute a fullsib 
family.  PMM indicates the number of mismatched loci between the progeny and either the first or second parent.  TMM is the 
number of mismatched loci among the trio.  The LOD scores indicate likelihood of assignment verses the next likely parent or trio.  
Assignments meeting a 99% strict confidence criterion are indicated by (*) in the PC (pair) and TC (trio) columns. 
 
 

Family 
Progeny 
ID First candidate ID PMM1

Pair 
LOD 
score PC 

Second candidate 
ID PMM2

Pair 
LOD 
score PC TMM 

Trio 
LOD 
score TC 

1 1111-036 
0506release2005-
0191MN 0

4.07E
+01 * 

0506release2005-
0211FH 1

1.93E
+01 * 1

7.00E
+01 * 

1 1113-012 
0506release2005-
0191MN 1

3.37E
+01 * 

0506release2005-
0211FH 0

2.52E
+01 * 1

6.62E
+01 * 

1 1115-006 
0506release2005-
0191MN 1

2.95E
+01 * 

0506release2005-
0211FH 0

2.31E
+01 * 1

5.85E
+01 * 

1 1127-024 
0506release2005-
0191MN 0

3.61E
+01 * 

0506release2005-
0211FH 0

2.63E
+01 * 0

6.87E
+01 * 

1 1128-043 
0506release2005-
0191MN 0

3.49E
+01 * 

0506release2005-
0211FH 0

2.20E
+01 * 0

6.72E
+01 * 

1 1136-026 
0506release2005-
0191MN 0

4.08E
+01 * 

0506release2005-
0211FH 0

2.16E
+01 * 0

7.45E
+01 * 

2 1106-075 
0506release2005-
0191MN 1

1.84E
+01 * 

0506release2005-
0230FH 0

2.84E
+01 * 1

5.13E
+01 * 

2 1113-003 
0506release2005-
0191MN 0

4.04E
+01 * 

0506release2005-
0230FH 0

2.39E
+01 * 0

7.48E
+01 * 

3 1112-015 
0506release2005-
0207MH 0

3.02E
+01 * 

0506release2005-
0230FH 0

2.69E
+01 * 0

6.80E
+01 * 

3 1113-020 
0506release2005-
0207MH 0

3.14E
+01 * 

0506release2005-
0230FH 0

2.15E
+01 * 0

6.20E
+01 * 

3 1113-028 
0506release2005-
0207MH 0

3.54E
+01 * 

0506release2005-
0230FH 0

2.12E
+01 * 0

6.74E
+01 * 

3 1113-041 
0506release2005-
0207MH 0

3.44E
+01 * 

0506release2005-
0230FH 0

2.35E
+01 * 0

6.66E
+01 * 
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3 1114-022 
0506release2005-
0207MH 1

2.54E
+01 * 

0506release2005-
0230FH 0

2.59E
+01 * 1

5.92E
+01 * 

3 1115-010 
0506release2005-
0207MH 0

2.83E
+01 * 

0506release2005-
0230FH 0

2.44E
+01 * 0

6.40E
+01 * 

3 1119-015 
0506release2005-
0207MH 0

2.70E
+01 * 

0506release2005-
0230FH 0

2.46E
+01 * 0

6.23E
+01 * 

3 1119-028 
0506release2005-
0207MH 1

2.29E
+01 * 

0506release2005-
0230FH 0

2.17E
+01 * 1

5.34E
+01 * 

3 1119-029 
0506release2005-
0207MH 0

3.50E
+01 * 

0506release2005-
0230FH 0

2.40E
+01 * 0

7.03E
+01 * 

3 1120-013 
0506release2005-
0207MH 1

2.81E
+01 * 

0506release2005-
0230FH 0

1.86E
+01 * 1

5.47E
+01 * 

3 1120-015 
0506release2005-
0207MH 0

3.13E
+01 * 

0506release2005-
0230FH 0

2.45E
+01 * 0

6.55E
+01 * 

3 1127-006 
0506release2005-
0207MH 0

3.16E
+01 * 

0506release2005-
0230FH 0

2.80E
+01 * 0

6.85E
+01 * 

3 1127-007 
0506release2005-
0207MH 0

2.85E
+01 * 

0506release2005-
0230FH 0

2.37E
+01 * 0

6.19E
+01 * 

3 1127-020 
0506release2005-
0207MH 1

2.32E
+01 * 

0506release2005-
0230FH 0

1.67E
+01 * 1

4.69E
+01 * 

3 1127-025 
0506release2005-
0207MH 0

2.95E
+01 * 

0506release2005-
0230FH 0

2.13E
+01 * 0

6.18E
+01 * 

3 1128-011 
0506release2005-
0207MH 0

2.84E
+01 * 

0506release2005-
0230FH 0

2.34E
+01 * 0

6.11E
+01 * 

3 1128-024 
0506release2005-
0207MH 0

2.94E
+01 * 

0506release2005-
0230FH 0

2.19E
+01 * 0

5.99E
+01 * 

3 1128-036 
0506release2005-
0207MH 1

2.81E
+01 * 

0506release2005-
0230FH 0

2.65E
+01 * 1

6.35E
+01 * 

4 1113-017 
0506release2005-
0207MH 1

2.92E
+01 * 

0506release2005-
0261FN 0

2.59E
+01 * 1

6.36E
+01 * 

4 1113-033 
0506release2005-
0207MH 0

3.46E
+01 * 

0506release2005-
0261FN 0

2.10E
+01 * 0

6.30E
+01 * 
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4 1114-013 
0506release2005-
0207MH 0

3.37E
+01 * 

0506release2005-
0261FN 0

1.82E
+01 * 0

5.97E
+01 * 

4 1115-008 
0506release2005-
0207MH 1

2.69E
+01 * 

0506release2005-
0261FN 0

2.31E
+01 * 1

5.70E
+01 * 

4 1119-031 
0506release2005-
0207MH 1

3.11E
+01 * 

0506release2005-
0261FN 0

2.51E
+01 * 1

6.35E
+01 * 

4 1128-040 
0506release2005-
0207MH 0

2.94E
+01 * 

0506release2005-
0261FN 0

2.17E
+01 * 0

5.94E
+01 * 

5 1111-032 
0506release2005-
0211FH 0

2.23E
+01 * 49508006recap 0

3.34E
+01 * 0

6.72E
+01 * 

5 1111-047 
0506release2005-
0211FH 0

2.10E
+01 * 49508006recap 0

3.12E
+01 * 0

6.41E
+01 * 

5 1112-001 
0506release2005-
0211FH 0

2.30E
+01 * 49508006recap 0

4.01E
+01 * 0

7.48E
+01 * 

5 1112-020 
0506release2005-
0211FH 1

1.63E
+01 * 49508006recap 0

2.93E
+01 * 1

5.70E
+01 * 

5 1112-024 
0506release2005-
0211FH 1

1.90E
+01 * 49508006recap 0

2.87E
+01 * 1

5.81E
+01 * 

5 1112-025 
0506release2005-
0211FH 1

1.54E
+01 * 49508006recap 0

2.72E
+01 * 1

5.39E
+01 * 

5 1113-004 
0506release2005-
0211FH 0

2.46E
+01 * 49508006recap 0

2.69E
+01 * 0

6.15E
+01 * 

5 1115-016 
0506release2005-
0211FH 0

2.06E
+01 * 49508006recap 0

2.61E
+01 * 0

5.81E
+01 * 

5 1129-013 
0506release2005-
0211FH 0

1.90E
+01 * 49508006recap 0

3.52E
+01 * 0

6.49E
+01 * 

5 1129-014 
0506release2005-
0211FH 0

2.12E
+01 * 49508006recap 0

3.75E
+01 * 0

7.00E
+01 * 

5 1129-022 
0506release2005-
0211FH 0

2.12E
+01 * 49508006recap 0

3.00E
+01 * 0

6.36E
+01 * 

5 1136-009 
0506release2005-
0211FH 0

2.15E
+01 * 49508006recap 0

2.81E
+01 * 0

6.07E
+01 * 
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5 1136-011 
0506release2005-
0211FH 0

2.30E
+01 * 49508006recap 0

3.37E
+01 * 0

7.11E
+01 * 

5 1136-021 
0506release2005-
0211FH 0

2.24E
+01 * 49508006recap 0

3.33E
+01 * 0

6.75E
+01 * 

5 1136-047 
0506release2005-
0211FH 0

2.34E
+01 * 49508006recap 0

3.11E
+01 * 0

6.55E
+01 * 

6 1112-028 
0506release2005-
0211FH 0

2.31E
+01 * 502095recap05 0

3.40E
+01 * 0

6.92E
+01 * 

6 1117-010 
0506release2005-
0211FH 0

1.97E
+01 * 502095recap05 0

3.50E
+01 * 0

6.76E
+01 * 

6 1129-036 
0506release2005-
0211FH 1

1.39E
+01 * 502095recap05 0

2.98E
+01 * 1

5.36E
+01 * 

7 1119-023 
0506release2005-
0230FH 0

1.94E
+01 * 761002HORefish 0

2.29E
+01 * 0

5.13E
+01 * 

7 1127-017 
0506release2005-
0230FH 0

2.53E
+01 * 761002HORefish 0

2.28E
+01 * 0

5.71E
+01 * 

8 1111-031 
0506release2005-
0255FN 1

1.55E
+01 * 

0506release2005-
0256MN 0

2.34E
+01 * 1

5.08E
+01 * 

8 1111-034 
0506release2005-
0255FN 0

2.60E
+01 * 

0506release2005-
0256MN 0

2.35E
+01 * 0

6.13E
+01 * 

8 1111-037 
0506release2005-
0255FN 1

2.20E
+01 * 

0506release2005-
0256MN 0

2.17E
+01 * 1

5.44E
+01 * 

8 1111-038 
0506release2005-
0255FN 0

2.65E
+01 * 

0506release2005-
0256MN 1

1.83E
+01 * 1

5.50E
+01 * 

8 1111-042 
0506release2005-
0255FN 1

1.83E
+01 * 

0506release2005-
0256MN 0

2.15E
+01 * 1

5.10E
+01 * 

8 1112-004 
0506release2005-
0255FN 0

2.69E
+01 * 

0506release2005-
0256MN 0

2.49E
+01 * 0

6.40E
+01 * 

8 1113-039 
0506release2005-
0255FN 1

1.66E
+01 * 

0506release2005-
0256MN 0

2.30E
+01 * 1

5.12E
+01 * 

8 1113-047 
0506release2005-
0255FN 1

2.06E
+01 * 

0506release2005-
0256MN 0

2.07E
+01 * 1

5.30E
+01 * 
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8 1114-031 
0506release2005-
0255FN 0

2.19E
+01 * 

0506release2005-
0256MN 1

1.40E
+01 * 1

4.78E
+01 * 

8 1115-007 
0506release2005-
0255FN 1

1.72E
+01 * 

0506release2005-
0256MN 0

2.81E
+01 * 1

5.65E
+01 * 

8 1115-029 
0506release2005-
0255FN 0

2.63E
+01 * 

0506release2005-
0256MN 0

2.38E
+01 * 0

6.25E
+01 * 

8 1116-007 
0506release2005-
0255FN 0

2.63E
+01 * 

0506release2005-
0256MN 1

1.53E
+01 * 1

5.31E
+01 * 

8 1116-019 
0506release2005-
0255FN 0

1.97E
+01 * 

0506release2005-
0256MN 0

2.55E
+01 * 0

5.81E
+01 * 

8 1128-018 
0506release2005-
0255FN 1

2.00E
+01 * 

0506release2005-
0256MN 0

2.42E
+01 * 1

5.57E
+01 * 

8 1130-028 
0506release2005-
0255FN 0

2.23E
+01 * 

0506release2005-
0256MN 0

2.15E
+01 * 1

5.19E
+01 * 

8 1130-032 
0506release2005-
0255FN 0

2.21E
+01 * 

0506release2005-
0256MN 0

2.17E
+01 * 0

5.66E
+01 * 

8 1130-047 
0506release2005-
0255FN 0

2.22E
+01 * 

0506release2005-
0256MN 0

2.64E
+01 * 0

6.08E
+01 * 

8 1136-037 
0506release2005-
0255FN 0

2.41E
+01 * 

0506release2005-
0256MN 0

2.54E
+01 * 0

6.21E
+01 * 

9 1114-040 
0506release2005-
0255FN 1

1.88E
+01 * 49508006recap 0

3.53E
+01 * 1

6.36E
+01 * 

9 1115-034 
0506release2005-
0255FN 0

2.84E
+01 * 49508006recap 0

2.86E
+01 * 0

6.82E
+01 * 

9 1115-045 
0506release2005-
0255FN 1

1.52E
+01 * 49508006recap 0

2.77E
+01 * 1

5.46E
+01 * 

9 1115-046 
0506release2005-
0255FN 0

2.68E
+01 * 49508006recap 0

3.26E
+01 * 0

7.13E
+01 * 

9 1116-002 
0506release2005-
0255FN 0

2.34E
+01 * 49508006recap 0

2.55E
+01 * 0

6.15E
+01 * 

9 1116-005 
0506release2005-
0255FN 0

2.67E
+01 * 49508006recap 0

3.10E
+01 * 0

6.73E
+01 * 
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9 1116-009 
0506release2005-
0255FN 0

2.40E
+01 * 49508006recap 0

2.86E
+01 * 0

6.53E
+01 * 

9 1116-010 
0506release2005-
0255FN 0

2.56E
+01 * 49508006recap 0

2.69E
+01 * 0

6.28E
+01 * 

9 1116-013 
0506release2005-
0255FN 0

2.38E
+01 * 49508006recap 0

3.52E
+01 * 0

6.99E
+01 * 

9 1116-014 
0506release2005-
0255FN 0

2.51E
+01 * 49508006recap 0

3.02E
+01 * 0

6.71E
+01 * 

9 1116-016 
0506release2005-
0255FN 0

2.20E
+01 * 49508006recap 0

3.08E
+01 * 0

6.57E
+01 * 

9 1117-015 
0506release2005-
0255FN 1

1.45E
+01 * 49508006recap 0

3.47E
+01 * 1

5.74E
+01 * 

9 1117-024 
0506release2005-
0255FN 0

2.44E
+01 * 49508006recap 0

2.84E
+01 * 0

6.59E
+01 * 

9 1117-044 
0506release2005-
0255FN 1

1.78E
+01 * 49508006recap 0

3.05E
+01 * 1

6.01E
+01 * 

9 1119-027 
0506release2005-
0255FN 0

2.57E
+01 * 49508006recap 0

3.20E
+01 * 0

6.87E
+01 * 

9 1126-008 
0506release2005-
0255FN 0

2.67E
+01 * 49508006recap 0

3.01E
+01 * 0

6.90E
+01 * 

9 1129-025 
0506release2005-
0255FN 1

1.51E
+01 * 49508006recap 0

3.02E
+01 * 1

5.70E
+01 * 

9 1129-027 
0506release2005-
0255FN 0

2.64E
+01 * 49508006recap 0

2.94E
+01 * 0

6.69E
+01 * 

9 1129-028 
0506release2005-
0255FN 0

2.82E
+01 * 49508006recap 0

2.85E
+01 * 0

6.72E
+01 * 

9 1129-032 
0506release2005-
0255FN 0

2.58E
+01 * 49508006recap 0

3.46E
+01 * 0

7.16E
+01 * 

9 1129-038 
0506release2005-
0255FN 0

2.53E
+01 * 49508006recap 0

3.67E
+01 * 0

7.36E
+01 * 

9 1129-045 
0506release2005-
0255FN 1

2.10E
+01 * 49508006recap 0

2.64E
+01 * 1

5.71E
+01 * 
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9 1129-046 
0506release2005-
0255FN 0

2.27E
+01 * 49508006recap 0

3.01E
+01 * 0

6.30E
+01 * 

9 1130-007 
0506release2005-
0255FN 0

2.61E
+01 * 49508006recap 0

3.67E
+01 * 0

7.48E
+01 * 

9 1130-008 
0506release2005-
0255FN 0

2.66E
+01 * 49508006recap 0

3.25E
+01 * 0

7.04E
+01 * 

9 1130-011 
0506release2005-
0255FN 0

2.28E
+01 * 49508006recap 0

2.92E
+01 * 0

6.33E
+01 * 

9 1130-018 
0506release2005-
0255FN 0

1.96E
+01 * 49508006recap 0

3.09E
+01 * 0

6.05E
+01 * 

9 1130-037 
0506release2005-
0255FN 0

2.62E
+01 * 49508006recap 0

3.14E
+01 * 0

6.92E
+01 * 

9 1130-038 
0506release2005-
0255FN 0

2.61E
+01 * 49508006recap 0

3.17E
+01 * 0

6.98E
+01 * 

9 1130-046 
0506release2005-
0255FN 0

2.71E
+01 * 49508006recap 0

3.25E
+01 * 0

7.14E
+01 * 

9 1134-003 
0506release2005-
0255FN 0

2.24E
+01 * 49508006recap 0

3.79E
+01 * 0

7.24E
+01 * 

9 1134-009 
0506release2005-
0255FN 0

2.05E
+01 * 49508006recap 0

3.70E
+01 * 0

7.00E
+01 * 

9 1135-019 
0506release2005-
0255FN 0

2.34E
+01 * 49508006recap 0

2.86E
+01 * 0

6.29E
+01 * 

9 1135-026 
0506release2005-
0255FN 0

2.11E
+01 * 49508006recap 0

3.71E
+01 * 0

6.99E
+01 * 

9 1135-028 
0506release2005-
0255FN 0

2.34E
+01 * 49508006recap 0

2.93E
+01 * 0

6.50E
+01 * 

9 1135-044 
0506release2005-
0255FN 0

2.52E
+01 * 49508006recap 0

3.28E
+01 * 0

6.97E
+01 * 

9 1136-010 
0506release2005-
0255FN 1

1.87E
+01 * 49508006recap 0

3.27E
+01 * 1

6.06E
+01 * 

9 1136-012 
0506release2005-
0255FN 1

1.85E
+01 * 49508006recap 0

3.13E
+01 * 1

5.92E
+01 * 
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9 1136-023 
0506release2005-
0255FN 1

1.75E
+01 * 49508006recap 0

3.31E
+01 * 1

6.03E
+01 * 

9 1136-034 
0506release2005-
0255FN 0

2.69E
+01 * 49508006recap 0

2.93E
+01 * 0

6.92E
+01 * 

9 1136-042 
0506release2005-
0255FN 0

2.16E
+01 * 49508006recap 0

2.88E
+01 * 0

6.06E
+01 * 

9 1136-048 
0506release2005-
0255FN 1

1.97E
+01 * 49508006recap 0

3.39E
+01 * 1

6.36E
+01 * 

9 
1163-
026st 

0506release2005-
0255FN 0

2.24E
+01 * 49508006recap 0

3.01E
+01 * 0

6.61E
+01 * 

10 1117-007 
0506release2005-
0255FN 0

2.72E
+01 * G484C06recap 1

2.53E
+01 * 1

6.10E
+01 * 

11 1113-024 
0506release2005-
0256MN 1

1.75E
+01 * 

0506release2005-
0261FN 0

2.64E
+01 * 1

5.48E
+01 * 

11 1114-012 
0506release2005-
0256MN 0

1.96E
+01 * 

0506release2005-
0261FN 1

2.10E
+01 * 1

5.30E
+01 * 

11 1114-023 
0506release2005-
0256MN 1

1.59E
+01 * 

0506release2005-
0261FN 0

1.98E
+01 * 1

4.76E
+01 * 

11 1128-017 
0506release2005-
0256MN 1

2.02E
+01 * 

0506release2005-
0261FN 0

2.05E
+01 * 1

5.26E
+01 * 

11 1128-039 
0506release2005-
0256MN 0

2.69E
+01 * 

0506release2005-
0261FN 1

1.72E
+01 * 1

5.61E
+01 * 

11 1128-048 
0506release2005-
0256MN 0

2.11E
+01 * 

0506release2005-
0261FN 0

2.40E
+01 * 0

5.81E
+01 * 

12 1112-018 
0506release2005-
0267FN 0

3.03E
+01 * 49508006recap 0

2.61E
+01 * 0

6.74E
+01 * 

12 1112-033 
0506release2005-
0267FN 0

2.55E
+01 * 49508006recap 0

2.98E
+01 * 0

6.66E
+01 * 

12 1114-011 
0506release2005-
0267FN 0

2.78E
+01 * 49508006recap 0

3.19E
+01 * 0

7.27E
+01 * 

12 
1163-
040st 

0506release2005-
0267FN 0

2.87E
+01 * 49508006recap 0

3.15E
+01 * 0

7.19E
+01 * 
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13 1111-005 
0506release2005-
0267FN 0

2.41E
+01  498058recap05 0

3.21E
+01  0

6.33E
+01  

13 1111-030 
0506release2005-
0267FN 0

3.92E
+01 * 498058recap05 0

2.97E
+01 * 0

7.65E
+01  

13 1111-035 
0506release2005-
0267FN 0

3.68E
+01 * 498058recap05 0

3.05E
+01 * 0

7.42E
+01  

13 1111-045 
0506release2005-
0267FN 0

3.71E
+01 * 498058recap05 0

2.92E
+01 * 0

7.33E
+01  

13 1111-046 
0506release2005-
0267FN 0

3.50E
+01 * 498058recap05 0

2.17E
+01 * 0

6.33E
+01  

13 1112-002 
0506release2005-
0267FN 0

3.03E
+01 * 498058recap05 0

2.76E
+01 * 0

6.75E
+01  

13 1112-016 
0506release2005-
0267FN 0

3.58E
+01 * 498058recap05 0

3.46E
+01 * 0

7.79E
+01  

13 1112-026 
0506release2005-
0267FN 0

2.81E
+01  498058recap05 0

2.86E
+01  0

6.66E
+01  

13 1112-044 
0506release2005-
0267FN 0

2.53E
+01  498058recap05 0

2.85E
+01  0

6.23E
+01  

13 1112-048 
0506release2005-
0267FN 0

2.44E
+01  498058recap05 0

3.05E
+01  0

6.24E
+01  

13 1113-009 
0506release2005-
0267FN 0

2.99E
+01 * 498058recap05 0

2.88E
+01 * 0

6.58E
+01  

13 1113-029 
0506release2005-
0267FN 0

3.16E
+01 * 498058recap05 0

2.84E
+01 * 0

6.94E
+01  

13 1113-034 
0506release2005-
0267FN 0

3.17E
+01  498058recap05 0

3.61E
+01  0

7.61E
+01  

13 1113-038 
0506release2005-
0267FN 0

2.38E
+01  498058recap05 0

2.56E
+01  0

5.97E
+01  

13 1113-046 
0506release2005-
0267FN 0

3.53E
+01 * 498058recap05 0

2.78E
+01 * 0

7.03E
+01  

13 1114-003 
0506release2005-
0267FN 0

2.89E
+01  498058recap05 0

3.00E
+01  0

6.72E
+01  
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13 1114-010 
0506release2005-
0267FN 0

3.40E
+01 * 498058recap05 0

3.05E
+01 * 0

7.13E
+01  

13 1115-005 
0506release2005-
0267FN 0

3.14E
+01 * 498058recap05 0

3.00E
+01 * 0

7.00E
+01  

13 1119-032 
0506release2005-
0267FN 0

3.22E
+01 * 498058recap05 0

2.83E
+01 * 0

7.07E
+01  

13 1127-045 
0506release2005-
0267FN 0

3.78E
+01 * 498058recap05 0

2.71E
+01 * 0

7.20E
+01  

13 1129-015 
0506release2005-
0267FN 0

3.23E
+01  498058recap05 0

3.30E
+01  0

7.31E
+01  

13 1129-023 
0506release2005-
0267FN 0

3.46E
+01 * 498058recap05 0

2.79E
+01 * 0

7.03E
+01  

13 1136-004 
0506release2005-
0267FN 0

3.04E
+01 * 498058recap05 0

2.62E
+01 * 0

6.24E
+01  

14 1128-044 
0506release2005-
0270FN 1

1.37E
+01  498058recap05 0

3.09E
+01  1

5.24E
+01  

15 1106-027 
0506release2005-
0290MN 0

2.46E
+01 * 

0506release2005-
0297FN 0

2.91E
+01 * 0

6.13E
+01 * 

15 1128-023 
0506release2005-
0290MN 0

2.90E
+01 * 

0506release2005-
0297FN 0

3.42E
+01 * 0

7.32E
+01 * 

15 1128-033 
0506release2005-
0290MN 1

1.37E
+01 * 

0506release2005-
0297FN 0

3.01E
+01 * 1

5.40E
+01 * 

15 1136-025 
0506release2005-
0290MN 1

1.72E
+01 * 

0506release2005-
0297FN 0

2.89E
+01 * 1

5.47E
+01 * 

16 1111-018 
0506release2005-
0295MN 0

2.38E
+01 * 

0506release2005-
0302FN 0

2.81E
+01 * 0

6.02E
+01 * 

16 1111-021 
0506release2005-
0295MN 0

2.37E
+01 * 

0506release2005-
0302FN 0

2.85E
+01 * 0

6.12E
+01 * 

16 1111-044 
0506release2005-
0295MN 0

2.44E
+01 * 

0506release2005-
0302FN 0

2.58E
+01 * 0

5.86E
+01 * 

16 1111-048 
0506release2005-
0295MN 0

2.11E
+01 * 

0506release2005-
0302FN 1

2.07E
+01 * 1

4.94E
+01 * 
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16 1112-045 
0506release2005-
0295MN 0

2.25E
+01 * 

0506release2005-
0302FN 0

3.04E
+01 * 0

6.17E
+01 * 

16 1112-046 
0506release2005-
0295MN 0

2.11E
+01 * 

0506release2005-
0302FN 0

3.48E
+01 * 0

6.50E
+01 * 

16 1113-011 
0506release2005-
0295MN 0

2.38E
+01 * 

0506release2005-
0302FN 0

2.93E
+01 * 0

6.19E
+01 * 

16 1113-018 
0506release2005-
0295MN 0

2.26E
+01 * 

0506release2005-
0302FN 0

2.73E
+01 * 0

5.87E
+01 * 

16 1113-032 
0506release2005-
0295MN 0

2.34E
+01 * 

0506release2005-
0302FN 0

2.57E
+01 * 0

5.78E
+01 * 

16 1113-037 
0506release2005-
0295MN 0

2.35E
+01 * 

0506release2005-
0302FN 0

3.07E
+01 * 0

6.34E
+01 * 

16 1115-001 
0506release2005-
0295MN 0

2.25E
+01 * 

0506release2005-
0302FN 0

2.39E
+01 * 0

5.50E
+01 * 

16 1115-003 
0506release2005-
0295MN 0

2.32E
+01 * 

0506release2005-
0302FN 0

3.04E
+01 * 0

6.25E
+01 * 

16 1115-011 
0506release2005-
0295MN 0

2.34E
+01 * 

0506release2005-
0302FN 0

2.39E
+01 * 0

5.51E
+01 * 

16 1126-005 
0506release2005-
0295MN 0

2.50E
+01 * 

0506release2005-
0302FN 0

2.64E
+01 * 0

6.07E
+01 * 

16 1127-016 
0506release2005-
0295MN 0

2.16E
+01 * 

0506release2005-
0302FN 0

3.03E
+01 * 0

6.06E
+01 * 

16 1127-026 
0506release2005-
0295MN 0

2.58E
+01 * 

0506release2005-
0302FN 0

2.42E
+01 * 0

5.81E
+01 * 

16 1128-014 
0506release2005-
0295MN 0

2.13E
+01 * 

0506release2005-
0302FN 0

3.01E
+01 * 0

6.04E
+01 * 

16 1128-035 
0506release2005-
0295MN 0

2.30E
+01 * 

0506release2005-
0302FN 0

2.68E
+01 * 0

5.81E
+01 * 

16 1128-042 
0506release2005-
0295MN 0

2.10E
+01 * 

0506release2005-
0302FN 0

2.59E
+01 * 0

5.67E
+01 * 

16 1129-010 
0506release2005-
0295MN 0

2.29E
+01 * 

0506release2005-
0302FN 0

3.23E
+01 * 0

6.42E
+01 * 
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16 1129-018 
0506release2005-
0295MN 0

2.13E
+01 * 

0506release2005-
0302FN 0

2.74E
+01 * 0

5.84E
+01 * 

16 1136-005 
0506release2005-
0295MN 0

2.32E
+01 * 

0506release2005-
0302FN 0

2.25E
+01 * 0

5.51E
+01 * 

17 1113-035 
0506release2005-
0297FN 1

2.75E
+01 * 

0506release2005-
0299MH 0

2.67E
+01 * 1

6.66E
+01 * 

18 1127-008 
0506release2005-
0299MH 0

2.89E
+01 * 

0506release2005-
0302FN 0

2.47E
+01 * 0

6.48E
+01 * 

19 1111-040 
0506release2005-
0301MN 0

3.35E
+01 * 

0506release2005-
0302FN 0

2.85E
+01 * 0

6.64E
+01 * 

19 1111-041 
0506release2005-
0301MN 1

2.85E
+01 * 

0506release2005-
0302FN 0

2.78E
+01 * 1

6.36E
+01 * 

19 1112-037 
0506release2005-
0301MN 1

2.75E
+01 * 

0506release2005-
0302FN 0

3.05E
+01 * 1

6.19E
+01 * 

19 1113-025 
0506release2005-
0301MN 1

2.79E
+01 * 

0506release2005-
0302FN 0

2.49E
+01 * 1

5.57E
+01 * 

19 1113-026 
0506release2005-
0301MN 1

2.70E
+01 * 

0506release2005-
0302FN 0

2.05E
+01 * 1

5.61E
+01 * 

19 1114-001 
0506release2005-
0301MN 1

3.29E
+01 * 

0506release2005-
0302FN 0

3.10E
+01 * 1

6.98E
+01 * 

19 1119-038 
0506release2005-
0301MN 1

3.02E
+01 * 

0506release2005-
0302FN 0

3.12E
+01 * 1

6.69E
+01 * 

19 1127-013 
0506release2005-
0301MN 0

3.26E
+01 * 

0506release2005-
0302FN 0

2.94E
+01 * 0

6.49E
+01 * 

19 1127-019 
0506release2005-
0301MN 0

3.04E
+01 * 

0506release2005-
0302FN 0

2.12E
+01 * 0

6.19E
+01 * 

19 1127-022 
0506release2005-
0301MN 0

3.60E
+01 * 

0506release2005-
0302FN 0

2.80E
+01 * 0

7.07E
+01 * 

19 1127-029 
0506release2005-
0301MN 0

3.36E
+01 * 

0506release2005-
0302FN 0

3.01E
+01 * 0

7.12E
+01 * 

19 1127-030 
0506release2005-
0301MN 1

2.68E
+01 * 

0506release2005-
0302FN 0

1.97E
+01 * 1

5.58E
+01 * 
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19 1127-033 
0506release2005-
0301MN 0

3.13E
+01 * 

0506release2005-
0302FN 0

2.66E
+01 * 0

6.48E
+01 * 

19 1128-001 
0506release2005-
0301MN 0

2.96E
+01 * 

0506release2005-
0302FN 0

2.32E
+01 * 0

6.24E
+01 * 

19 1128-004 
0506release2005-
0301MN 1

2.69E
+01 * 

0506release2005-
0302FN 0

3.29E
+01 * 1

6.39E
+01 * 

19 1128-019 
0506release2005-
0301MN 1

2.56E
+01 * 

0506release2005-
0302FN 0

3.16E
+01 * 1

6.27E
+01 * 

19 1128-021 
0506release2005-
0301MN 1

2.36E
+01 * 

0506release2005-
0302FN 0

2.48E
+01 * 1

5.77E
+01 * 

20 1113-030 
522-
009MUWDFWweir 0

3.21E
+01 * 

522-
017FUWDFWweir 0

2.57E
+01 * 0

6.83E
+01 * 
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Table 9.4-Pedigree assignment results showing numbers and proportions of juveniles matching 
parents from all HOR and NOR categories.  Residual parents were not sexed, but sex of parents 
assigned progeny was inferred using sex of first parent. 
 

 
All progeny 
 (N = 938) 

Parent Origin # % 

Residual   

HOR-male 2 0.2 
HOR-female 0 0.0 
total 2 0.2 

NOR-male 90 9.6 
NOR-female 0 0.0 
total 90 9.6 
   

Anadromous   

HOR-male 26 2.8 
HOR-female 46 4.9 
total 72 7.7 

NOR-male 75 8.0 
NOR-female 147 15.7 
total 222 23.7 
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Table 9.5-Number of progeny produced by each female and male with assigned progeny. 
 
Female ID Number of Progeny Male ID Number of Progeny 
    
0506release2005-
0211FH 24 

0506release2005-
0191MN 8 

0506release2005-
0230FH 22 

0506release2005-
0207MH 24 

0506release2005-
0255FN 62 

0506release2005-
0256MN 24 

0506release2005-
0261FN 12 

0506release2005-
0290MN 4 

0506release2005-
0267FN 27 

0506release2005-
0295MN 22 

0506release2005-
0270FN 1 

0506release2005-
0299MH 2 

0506release2005-
0297FN 5 

0506release2005-
0301MN 17 

0506release2005-
0302FN 40 49508006recapUN 62 
522-
017FUWDFWweir 1 498058recap05UN 24 

  502095recap05UN 3 

  522-009MUWDFWweir 1 

  761002HORefish 2 

  G484C06recapUN 1 
    
mean 22  15 
range 1-62  1-62 
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Table 9.6-Number of progeny produced by each family and half-sib relationships. 
 

Family 
Number Female ID Male ID 

Number of 
Progeny 

 Maternal 
Half-sib 
Clusters 

Paternal 
Half-sib 
Clusters 

 Parents     

1 
0506release2005-
0211FH 

0506release2005-
0191MN 6 

 
1,5,6, 1,2 

2 
0506release2005-
0230FH 

0506release2005-
0191MN 2 

 
2,3,7 3,4 

3 
0506release2005-
0230FH 

0506release2005-
0207MH 18 

 
8,9,10 8,11 

4 
0506release2005-
0261FN 

0506release2005-
0207MH 6 

 
4,11 15 

5 
0506release2005-
0211FH 49508006recap?N 15 

 
12,13 16 

6 
0506release2005-
0211FH 502095recap05?N 3 

 
14 17,18 

7 
0506release2005-
0230FH 761002HORefish 2 

 
15,17 19 

8 
0506release2005-
0255FN 

0506release2005-
0256MN 18 

 
16,18,19 5,9,12 

9 
0506release2005-
0255FN 49508006recap?N 43 

 
20 13,14 

10 
0506release2005-
0255FN G484C06recap?N 1 

 
 6 

11 
0506release2005-
0261FN 

0506release2005-
0256MN 6 

 
 20 

12 
0506release2005-
0267FN 49508006recap?N 4 

 
 7 

13 
0506release2005-
0267FN 498058recap05?N 23 

 
 10 

14 
0506release2005-
0270FN 498058recap05?N 1 

   

15 
0506release2005-
0297FN 

0506release2005-
0290MN 4 

   

16 
0506release2005-
0302FN 

0506release2005-
0295MN 22 

   

17 
0506release2005-
0297FN 

0506release2005-
0299MH 1 

   

18 
0506release2005-
0302FN 

0506release2005-
0299MH 1 

   

19 
0506release2005-
0302FN 

0506release2005-
0301MN 17 

   

20 
522-
017FUWDFWweir 

522-
009MUWDFWweir 1 
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Table 9.7-Relative reproductive success among the different family types observed.  In each 
family type, the origin of the female is listed first.  The one family involving two fish from the 
WDFW weir of unknown origin were excluded.  Values in each family category are the observed 
number of families that produced a given number of progeny (e.g. one HxH cross produced two 
progeny).  A zero value for production is indicated by “---“.    
 

        
 Family Production  Summed Production 

Progeny 
(#) HxH HxN NxH NxN  HxH HxN NxH NxN 
1 --- --- 2 2  --- --- 2 2 
2 1 1 --- ---  2 2 --- --- 
3 --- 1 --- ---  --- 3 --- --- 
4 --- --- --- 2  --- --- --- 8 
6 --- 1 1 1  --- 6 6 6 
15 --- 1 --- ---  --- 15 --- --- 
17 --- --- --- 1  --- --- --- 17 
18 1 --- --- 1  18 --- --- 18 
22 --- --- --- 1  --- --- --- 22 
23 --- --- --- 1  --- --- --- 23 
43 --- --- --- 1  --- --- --- 43 

Total  (n) 2 4 3 10  20 26 8 139 
Mean Production/family    10 6.5 2.7 13.9 
Relative Productivity (HxH/other 
family type)         1.5  3.7 0.72 
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Table 9.8-Relative reproductive success among HOR and NOR O. mykiss parents (HA- anadromous HOR, NA- anadromous NOR, HR- 
residual HOR, NR- residual NOR, UnknownA- anadromous of unknown origin).  The number of progeny produced is designated in the 
first column.  Values in each parent category are the observed number of parents that produced a given number of progeny (e.g. 84 
anadromous HOR parents produced 0 progeny).  A zero value for production is indicated by “---“.  
 
  Parent Production   Summed Production 
Progeny 
# HA NA HR NR UnknownA HA NA HR NR UnknownA 

0 84 15 105 58 64  --- --- --- --- --- 
1 --- 1 --- 1 2  --- 1 --- 1 2 
2 1 --- 1 --- ---  2 --- 2 --- --- 
3 --- --- --- 1 ---  --- --- --- 3 --- 
4 --- 1 --- --- ---  --- 4 --- --- --- 
5 --- 1 --- --- ---  --- 5 --- --- --- 
8 --- 1 --- --- ---  --- 8 --- --- --- 
12 --- 1 --- --- ---  --- 12 --- --- --- 
17 --- 1 --- --- ---  --- 17 --- --- --- 
22 1 1 --- --- ---  22 22 --- --- --- 
24 2 1 --- 1 ---  48 24 --- 24 --- 
27 --- 1 --- --- ---  --- 27 --- --- --- 
40 --- 1 ---  ---  --- 40 --- --- --- 
62 --- 1 --- 1 ---  --- 62 --- 62 --- 

Total  
(n) 88 26 106 62 66  72 222 2 90 2 
Mean 
Production/spawner     0.82 8.5 0.02 1.45 0.03 
Relative Productivity (HOR/NOR)         0.10   0.01   
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Brood stock
Collection

Spawning
(Brood Year)

Hatchery 
Release Returning Adult Progeny (HAT)
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3 yr. maturation
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2004         2005         2006         2007         2008        2009

X(2) X(3) X(4) X(5)

NOR juvenile [P] adult smolt

2000 2003 2004

2001 2004 2005

1 yr. maturation

[F1]
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2007
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2008

adult smolt
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1 yr. maturation

X(2) X(3)ŧ X(4)

[F1]

[F2]

X(2) X(3) X(4) X(5)

X(2) X(3) X(4) X(5)

 
 
 
Figure 9.1-Time-line of adult to adult production following the first year of implementation of the AFTC steelhead hatchery program 
(1999).  Based on a predominately age 2-salt life history, the majority of adult F1 progeny will have returned in 2005 and will have 
been included in that year’s broodstock (ŧ the largest proportion of F2 progeny would likewise return after two years; in 2008).  The F2 
progeny that returned as age 1-salt would have been observed during the current (2006-2007) collection year.  Production by HOR 
fish evaluated in the 2007 report is depicted through time and indicated by gray boxes; total age is given in parentheses.  All 
subsequent years evaluations will follow the same pattern for each year of original NOR broodstock collection (i.e. 2000, 2001)
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Figure 9.2-Dendrogram depicting genetic relationships based on Cavalli-Sforza and Edwards distances among collections from Mill 
(M), Germany (G), and Abernathy (A) Creeks, and from strays collected at the AFTC weir (S).  Collections are identified by the 
above one letter abbreviation in addition to the year of collection. 
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Reporting 

 
Objective 10:  Communicate work and results to BPA and the scientific community.   
 
Methods and Results:  We submitted quarterly reports and Statement of Work year and contract 
renewal to BPA. 
 Five scientific papers have been published in peer reviewed journals.  The manuscripts 
under review (N = 2) and published articles are as follows: 
 
Simpson, W. G., B. M. Kennedy, and K. G. Ostrand.  2009.  Seasonal Foraging and Piscivory by 

Sympatric Wild and Hatchery-reared Steelhead from an Integrated Hatchery Program.  
Environmental Biology of Fishes (In Review). 

 
Ostrand, K. G., G. B. Zydlewski, W. L. Gale, and J. D. Zydlewski.  2008.  Long Term Retention, 

Survival, Growth, and Physiological Indicators of Salmonids Marked with Passive 
Integrated Transponder Tags. In: Symposium Proceedings Advances in Fish Tagging and 
Marking Technology. American Fisheries Society, Bethesda, Maryland. (In Review). 

 
Kennedy, B. M., J. Baumsteiger, W. L. Gale, W. R. Ardren, and K. G. Ostrand.  2008.  

Morphological, physiological, and genetic techniques for improving field identification 
of steelhead trout, coastal cutthroat trout, and hybrid smolts.  Marine and Costal Fisheries 
(In Press). 

 
Kennedy, B.M., W.L. Gale, and K.G. Ostrand.  2007. Relationship between smolt gill Na+, K+,  

ATPase activity and migration timing to avian predation risk of steelhead trout  
(Oncorhynchus mykiss) in a large estuary.  Canadian Journal of Fisheries and Aquatic  
Sciences. 64:1506-1516. 

 
Kennedy, B.M., W.L. Gale, and K.G. Ostrand.  2007.  Evaluation of clove oil concentrations for  

use as an anesthetic during field processing and passive integrated transponder (PIT  
tags) implantation of juvenile steelhead.  Northwest Science 81(2):147-154. 

 
Hill, M. S., G. B. Zydlewski, J. D. Zydlewski, and J. M. Gasvoda.  2006.  Development and 

evaluation of portable PIT tag detection units: PITpacks.  Fisheries Research 77:102-109 
 
Hill, M. S., G. B. Zydlewski, and W. L. Gale.  2005.  Comparisons between hatchery and wild 

steelhead trout (Oncorhynchus mykiss) smolts:  Physiology and habitat use.  Canadian 
Journal of. Fisheries and Aquatic Sciences 63:1627-1638. 

 
In addition, preliminary results from data collected from Objectives 1-8 were presented at 
professional scientific meetings across the nation.  Titles of talks given at professional meetings 
are as follows: 
 



 160

Gale, W., Simpson, W., Kennedy, B. and Ostrand, K.  2008.  Gill Na+, K+ ATPase alpha subunit 
isoform expression and migration tendency in juvenile steelhead.  Presented at 
International Congress on the Biology of Fish. Portland, Oregon. 

 
Kennedy, B. M., W. L. Gale, and K. G. Ostrand.  2007.  The relationship between smolt 

development and migration timing to avian predation risk of steelhead (Oncorhynchus 
mykiss) in a large estuary.  Northwest Fish Culture Conference, Portland, Oregon 

 
Ostrand, K. G., Zydlewski G. B., Gale, W. L., and J. D. Zydlewski.  2008. Long Term Retention, 

Survival, Growth, and Physiological Indicators of Salmonids Marked with Passive 
Integrated Transponder Tags Advances in Fish Tagging and Marking Technology.  The 
International Symposium in Auckland, New Zealand.  February 24-28. 

 
Ostrand, K. G.  2007.  Natural reproductive success and demographic effects of hatchery-origin 

steelhead in Abernathy Creek, Washington.  Hatchery Reform: A Paradigm Shift in 
Action Invited Symposium; 37th American Fisheries Society   Annual Meeting.  San 
Francisco, California. 

 
Ostrand, K. G., B. Kennedy, J. Baumsteiger, W. Gale, J. Holmes, W. Ardren, P. Crandell.  2006.  

Natural reproductive success and demographic effects of hatchery-origin steelhead in 
Abernathy Creek, Washington.  Emerging Hatchery Science and Research Symposium, 
Oregon Chapter of the American Fisheries Society 42nd Annual Meeting.  Sunriver, 
Oregon. 

 
Kennedy B., W. Gale, and K. G. Ostrand.  2006.  Relationship between individual fish 

physiology and migration date to predation risk during ocean emigration.  Western 
Division American Fisheries Society Annual Meeting.  

 
Kennedy B., W. Gale, and K. G. Ostrand.  2006.  Linking smolt physiology and migration timing 

to avian predation risk in the Columbia River Estuary.  42nd Oregon Chapter of the 
American Fisheries Society Annual Meeting  

 
Kennedy, B.M., J. Baumsteiger, W.L. Gale, J. Holmes, W.R. Ardren, P. Crandall, and K.G. 

Ostrand. 2006.  Natural Reproductive Success and Demographic Effects of Hatchery-
Origin Steelhead in Abernathy Creek, Washington.  Oregon Chapter of the American 
Fisheries Society Annual Meeting, Mar 1-3, Sunriver, Oregon. 

 
Ostrand, K. G., W. Gale, M., B. Kennedy, and G. Barbin-Zydlewski.  2005.  Behavioral and 

physiological differences between genetically similar hatchery and wild-reared steelhead 
smolts.  135th Annual Meeting of the American Fisheries Society. 

 




