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Abstract

We used genotypic data from frbcrosatellite locto characterize the stock structure of
Oncorhynchusnykissin the upper Willamett®iver basin. We then used two analytical
approaches, implemented in the programs ONCOR and STRUCTURE, to assign (prgsumabl
naturatorigin, unmarked fish to their most likely reporting group or hybrid class. We
investigated sibling relationshipsnong unknown samples with the program RELATE. In

the upper Willamette Rive). mykisgyenetic structure can be characteribgdour principal

groups: summer steelhead of Skamania stock ancestry, eastern tributaries winter steelhead,
western tributaries winter steelhead and resident rainbow trout. Wetfatrabout 10% of
unmarked juvenil®. mykissampled at Willamette Halin 20092011 were summer steelhead
and that an additional 10% samplesavere summex winter steelheadhybrids. MostO. mykiss
sampled from the McKenzie River were either summer steelheadronerx winter steelhead
hybrids. Natural production of peisummer steelhead appeared todrg lowin the North and
South Santiam rivers, thougnmmer steelheduybrids represented 11.1% and 14.8% of
samples.Results from MLRELATE analyses appeared unreliable and inconclusiveqmayd

have been limitedy low genetic diversity among summer steelhead samplegrovide

several recommendations to better understand and reduce potentially negative interactions
between hatchery summer steelhead and native upper WillametteCRivsikisgpopulations.

These inalde reductions in adult steelhead on natural spawning grounds, improved reproductive
isolation between hatchery and native populations and additional research to evaluate genetic
integrity within and amon@. mykisgopulations.
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Introduction

In the upper Willamette River (UWR) basi@ncorhynchus mykiss represented by both
resdent rainbow trout and anadromous steelhddalive winter steelheadypically returnto the
WillametteRiver from the oceametweerFebruaryandMay, thenspawn(March-Jung in the
Molalla, North Santiam, South Santiam, and Calapooia rif@gsirel; ODFW and NMFS
2011). Somewinter steelhead also spawn in vgede tributaries of the Willamette River, such as
theTualatin, Yamhill, and_uckiamuterivers. Winter steelhead are rarely observed in the
McKenzie o Middle Fork Willamette riverandthese shbasins are not considered to be critical
habitat for thdJWR steelhead distinct population segment (DE8YIFS 2012 ODFW and
NMFS 201). Much of the historic spawning habitat for UWR winter steelhead became
inaccessible to the species in the 1H860s with the construction of highead Willamette
Project dams on the North and South Santiam rivk4HS 2008.

In 1966 the Oregon Department of Fish and Wildlife (ODFW) initiated a summer
steelhead hatchery program to mitigate for winter steelhead Halsgats caused by Walnette
Project damsand to provide an enhanced sport fishery in the Willamette River basin. Summer
steelhead are not native to Wallamettebasin, and Skamania stock steelhead from Washington
State were used to found hatchery broockss. Adult summer steelhead typicalbgturn tothe
UWR basinbetweenMiarchandOctober and spawn timing can overlap with native winter
steelheadhat typically spawn in March and Ap(iFirman et al. 2004)

Since 1984, lajuvenile hatchergummer geelhead releasedto the Willamette River
have beemarked byremoving the adipose fito distingush them fronrmatural originsteelhead.
Marked summer steelhead have been observed on spawning grounds (Schroeder et al. 2006),
raising concerns about neiy& ecological interactions and genetic introgression with native
winter steelheadh the upper Willamette River Evolutionarily Significant Umithich are listed
asThreatenedinder the Federal Endangered SpecieqdWBtFS 1999). These concerns
prompteddevelopment oReasonable and Prudent Alternative (RPA) 9.5RNIFS 2008),
which recommended mp | e me nt at i deatermonk theaextent ofl sirpmet steelliead
reproductioninthewild by c otissueesanipiesnfrgm jéivenile steelhead for genet
analysis to determine if offspring are of winter summeirun origin. 0 I n addition,
(Future Summer Steelhead Management Actions) dtadg$iThe Action Agencies, in
cooperation with ODFW, will implement future management actions ainredading the
impacts of the summer steelhead hatchery program orliEi8A species. Finally, the
WillametteRiver Conservation and Recovery Plan @minookSalmon and Steelhead (ODFW
and NOAA 2011) listed interbreeding with summer steelheadkay threat for winter steelhead
in the North and South Santiam rivers (among others) and noted that the impact of genetic
introgression and past or current hatchery pracitscksgely unknown.
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Figure 1. The Willamette River and designated habifatssoupper Willamette River steelhead
distinct population segment.



To evaluate the level of natural production by summer steelhead in the upper Willamette
River basin, ODFW collected tissue samples from unmarked juv@nieykissn 20092011.
Thesetissuesamplesand others that had beeollected in previous yeavgere providedo the
NOAA Fisheries Manchester Research Laboratorygenetic analyses. Results from those
analyses indicated that naturally produced upper Willamette Riverykiscouldbe described
as fourgeneticallydistinct groups: 1) Skamania stock summer steelfep@) eastsidéributary
Willamettewinter steelhea(EW); 3) westsiddributaryWillamettewinter steelhea@VVW); and
4) resident rainow trout(RB) (Figure 2;Van Doanik and TeeP010). Moreover, significant
genetic structure among these gro(ieble 1)conferedhigh accuracyor genetic stock
identification GSI), which was used to assign samples of unknown origin to their mostly likely
source population compldke., reporting groupVan Doornik and Te€2010.

UsingGSl, Van Doornik and Teel (2010, 2011, 20&8)imatedhat5.4-13.26 of
unmarkeduvenile steelheadsampled at Willamette Falls (20@®11)were Skamania summer
steelhead However, samples collectat Willamette Falls could not be used to identifyich
subbasifs) supported natural production of summer steelh&ad011, ODFW collected
samples of unmarked juveni® mykisfrom sites inthe McKenzie,North Santiam, South
Santiam andarious loations of the mainsteiillametteriversto addresshis information
need. Analyses of these samples suggested that the stock structnegaraily produce®.
mykissdiffered amongdVillamette Riversubbasis, explainedn partthroughhighernatural
productionof summer steelhead in the McKenzie Rijan Doornik and Tee2012).

In this report, we haveummarized andxpanded upon the work of Van Doornik and
Teel (2010, 2011, 2012) by addressihg followingresearclobjectives:(1) further explore th
genotypicdata for evidence of introgression and relatedagssngindividuals (2) identify
which upper Willamette River subbasins support the natural production of summer ste&head; (
determine the proportion of natural steelhead production theypiegented by summain stock
within eachsubbasin(4) describe differences in the proportion of naturgiigduced summer
steelhead among subbasiasd (5)summarize the resulte datefrom recentWillamette basin
steelhead geneticesearch

Our findngs provide novel information relatedttoe natural productiomf nonnative
summer steelhead in the Willamette Rilzasinandintrogressiorof summer steelheaalith
nativeO. mykisgpopulations. We discussir findings in thecontext of previous restsl and
provide recommendatiorier management.



Summer-run

5. Santiam H.

Clackamas H.

Winter-run
eastern tributaries

Molalla Su &8

Clackamas R. Su 86 Resident

N. Santiam R. 5u 87

00 Willamette, N. Fork of the
Middle Fork

M. Santiam K. Su 86

N. Santaim, Marion Forks H.

N, g
an fiam, Mintg r
."ap

5 ) m, B,
sﬂnr.aam' Foss E“nergam
er T‘rdp

Winter-run
western tributaries

EagleCr. H.

Luckiamute

Willamina

Canyon

Figure 2. Neighbejoining dendrogram of Cavalforza Edwards genetic distances among

Willamette River steelhead populations. Bootstrap values (%) greater than 50% are shown. The last
two digits of the bood year for the earliest samples are included in the sample names. Major
groupings, which also correspond to the reporting groups used for GSI analyses, are circled. Figure
is from Van Doornik and Teel (2010).



Table 1. Pairwisé values (Weir and Cockerham 1984) amomagjor Willamette RiverO.
mykissgroups. All values are significar®® €0.01).

Resident Summer Western winter
rainbow trout steelheac steelheac
Eastern winter steelhee 0.06727 0.03922 0.03697
Resident rainbe trout ~ -----—--- 0.10294 0.12737
Summer steelhea - meeeee 0.04257
Western winter steelnee - e e
Methods

We performedstatisticalanalyses with existing genotypic déba WillametteO. mykiss
andsynthesizedesuls from previous reportsVe analyzed datafroffk nown o, sampl es
obtainedprimarily from adult fish that had been classifiedhe field(S, EW, WW, RB)rom
morphology.collection date and locatioand mark status. Data from these samples were used
to establish baseline allele frequencies for each group and evaluate the accuracy of results from
GSI and other analyseSome of the baseline genetic data used in this study were compiled from
Blankenship et al. (2011) and supplemented with additional esmapld microsatellite locMWe
also analyzeddatafromunk nowno sampl es c olralgpadeaetiadult om uni
and juvenildish. Detailed nethods for ample collectios, DNA isolation microsatellite
genotyping and GSI analyses are descriné/an Doornik and Teel (2010, 2011, 2012).

Genetic introgression and relatedness
Genetic introgression STRUCTUREanalyses

Using thesoftware ONCOR (Kalinowski 20070 perform GSI, Van Doornik and Teel
(2010, 2011, 2012) found thatostof theWillamette O. mykisghat they examined could be
assignedvith high probabilityto one of fourreporting group (S, EW, WW, and RB) Yet some
samples assigned with low probabilipossibly becaustey werehybrids. AlthoughONCOR
is widely recognized as a pewul GSI tool, itis notparticularly well suited to quantifgenetic
introgression.However, he methods of Pritchard et al. (2000), implemented iptbgram
STRUCTURE were developed to detect cryptic genetic structureestichate the ancestral
lineages of individual genomedhis programhasbeen used to describe patterns of
hybridization betweefall and spring rurChinook salmon (Kinziger et al. 20p8nd several
trout speciege.g, Boyer et al. 2008Pritchard et al. 200 Rritchard et al. 200%anz et al. 2009;
Simmons et al. 2009).



In brief, STRUCTURHEPritchard et al. 2008mploysBayesian clustering algorithsmo
allow the user tinfer the most likely number afroups(K) presentvithin a set ofgenotypic
data and the proportion of eaabnstituent genomegf descended from eadtfi theK groups
Threshold values fag can then beised toclassifyindividuals agpure or hybrid samplgsee
Sanz et al. 2009)

A critical first step when performing STRUCTURE analyses is to identify an apai@pr
value for the parameté&t, the maximum number of populatiopgesenin the data. Samples
will be partitioned among too few populationsifs set too low, ignoring real population
structure, and the model will effectively overfit the dati i§ st too high. Pritchard et al.
(2000) suggested that STRUCTURE analyses should be performed with a range of vadues for
The optimal value could then be selected through examination of posterior probabilities for the
data under models that differed Ky However, Evanno et al. (2005) found that the value of
posterior probabilities often increased slightly (yet with greater variance) e¥eexasededhe
real number of groups present in the data. They recommendédtibatelected through
examinatom f an ad hKpwhichsigbased or thd second guder rate of change in
posterior probabilitiefor models with successive valuesko{Evanno et al. 2005). In
hi erarchically st r udc&iwlidentdy the nuenket of groupatghe pul at i on
highest level of the hierarchy, and subsequent analyses may be required to resolve population
substructure.

We used STRUCTURE to analyze genotypic data for 15 microsatellites from 2,082
Willamette River basi©®. mykissamples. Of these samplesQ¥erefrom knowngroups
(e.g, summer steelhead) and werged by Van Doornik and Teel (2010, 2011, 2012) as baseline
samples to perform G@ksignmentfor unknownsamplegsee Tabl®). By including these
baseline samples in our analyseswege abld 0 e v al u at ®abilityhteeparfitiono gr a mo
samplesamongknowngroups while providingthe software witladditionallinkage
disequilibrium informatiorto improveaccuracy ofssignmentor unknown samplesWe used
STRUCTUREto examinghe data under adels that containea wide range oK values {-8),
with three replicates performed for each value. pa&¢ormedl00,000Markov chainMonte
Carlorepetitions (initial burn in of 20,000)sedan admixture model witkampling locations
specifiedas a prio* (Hubisz et al. 2009)nferredUfrom the dat assumedFsrto be different
among subpopulatiar(prior for meanFst = 0.01)and maintainea-constantt oné. Detailed
parametedescriptionsare provided in Pritchard et al. (20@&)d theSTRUCTURESoftware

! This prior provided information of ancestry for some samples (e.g. adult hatchery summer steelhead) included in
our analysis and thereby assisted with clustering of unknown samples

2 Here,Urepresers the degree of admixture, which can be set by the user or inferred from the data

% Under this parameter setting, the model specifies that allele frequencies are expected to be different among
populations, thereby reducing the risk of overestimating



documentatiorfPritchard et al. 2000 We usedSTRUCTURE HARVESTER (Earl and
vonHoldt 2012) to examine STRUCTURE output and asskdernatenodellikelihoods
t hrough anK(@Evamobetd i2005).0f @

After establishinghe mostappropria¢ value forK, we usedan approach similar to that
of Burgarella et al. (2009), whereimdividual samples were classified Qyalues into the
following generalcategories:

1) Pure: g > 0.50 for a single population and 0.20 for all other populations
2) Two-way hybrid: 0.20 <q< 0.80 for exactly two populations
3) Three-way hybrid: 0.20 <q < 0.80 for exactly three populations

We thenevaluatedconsistencyf ourresults across replicate simulations aattulated the
proportion of individuals that assigneddachclassfor each collection site and yea®eeVaha
and Primmer (208) and Sanz et al. (2009) for more informationgewalue criteria in
hybridization studies.

Relatedness ML RELATEanalyses

Information on the relatedness amgugenile steelheadould help to characterize the
demographics of naturally reproducisgmmer steelhead in the upper Willamette River. For
example, ifa high proportion of juvenilsummer steelhead wei@ind to be full siblings, we
might infer that natural productiomasthe result ofarelatively smalinumber of highly
successful parents. Inversely, if juvenile summer steelhead were found to have very low
pairwisegenetic relatedness, we might infeatnatural productionvassupported by greater
numberof parents witHow reproductive success

We used the program ML RELATE (Kalinowski et al. 2006) to ipf@irwise
relationshipsetween aljuvenile O. mykisssamples identified as summem steelhead with the
program ONCOR (Van Doornik and Teel 2010, 2011, 20¥2¢ performed 1,000 random
genotype simulationfor likelihood ratio test andidentified plausiblerelationships (fullsibling,
half-sibling, parenoffspring, unrelated) from a 99% confidence interval (see Kalinowski et al.
2006). We estimated the perceraj sample pairs identifietd be plausibly related as full
siblings, halfsiblings or(ambiguously either. We included aduummersteelheadamples
collected in 19861988 tgether with juvenil®. mykissamples collected in 20@5Hd2009
2011for our analyseso evaluatethe logical accuracy of results, recognizing that sibling
relationships between these adult and juvenile samples would be impossible.

Natural production of summer steelhead by subbasin

To identify which upper Willamette River sublb@ssupport the natural production of
summer steelhead, we firglviewedGSI results provided by Van Doornik and Teel (2012) that
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relatal the percentage of unmarked juvenile samples from the McKenzie, North Santiam, South
Santiam ananainstemWillamette ivers that assigned as sumrnen steelhead. We then
compared those results to our classifications matteSTRUCTURE analyses of the same data.

Differences among subbasins for summer steelhead production

Weusedtwes i ded Fi sher 6s thafequencids efsumser steelhead mp ar e
present among juvenile samples collected from the McKenzie, North Santiam and South Santiam
subbasis in 2011. We performed pairwise tests between the ONCOR class assignment counts
for eachsubbasirand used a Bonferonorrected critical value dfi= 0.017 to assess statistical
significance(Holm 1979)

We repeated these tests using class assignment counts from STRUCTURE analyses. For
this analysis we considered EW, S, WW, 88ssesand all hybrid classes that invels S,
pooled. That is, counts for SXEW, SXWW, SxRB were pooled for each subbasin and counts of
other hybrid classes.(e, EWxWW) were ignored. Thiapproachgnored few samples and
provided a contingency table of acceptable size for pairwise exact fesstsefore, we used=
0.017 to assess significance.

11



Table2. The number of adult and juveni® mykisssamples, collected in different years from various locations of the Willamette
River basin, genotyped at 15 microsatellite loci and analyzed with the program STRUCTHUEa(® et al. 2000)Groupis
indicatedfor baseline samples usedtire GSlanalyses of Van Daaik and Teel (2010, 2011, 2012) and for samfiies were
classifiedin the field Baseline samples are indicated by an astafsk hatchery.

Subbasiror river Collection locatiofs)  Group Life stage Collecton year n
Clackamas Clackamas H. Summerfrun* Adult 2006 50
South Santiam South Santiam H. Summerfrun* Adult 2007 47
Calapooia various Winter-run East tributaries*  Juvenile 1997 38
Clackamas North Fork Dam Winter-run East tributaries*  Adult 2005 42
Clackamas various Winter-run East tributaries*  Juvenile 2000 80
Eagle Creek various(wild) Winter-run East tributaries*  Adult 2000 63
Molalla North Fork Winter-run East tributaries*  Juvenile 1996 50
North Santiam BennettDam Winter-run East tributaries*  Adult 2005 45
North Santiam various Winter-run East tributaries*  Juvenile 1998 45
South Santiam Foster Dam Winter-run East tributaries*  Adult 2005 49
South Santiam Wiley Creek Winter-run East tributaries*  Juvenile 1997 39
Canyon Creek Canyon Creek Winter-run West tributaries* Juvenile 1997 34
Eagle Creek Eagle Creek H. Winter-run West tributaries* Juvenile 2000 62
Luckiamute various Winter-run West tributaries* Juvenile 1997 31
Willamina various Winter-run West tributaries* Juvenile 1997 34
Deer Creek various Resident rainbow* Juvenile 1998 40
Willamette N. Fork of Middle Fork Resident rainbow* Juvenile 1998 31
Clackamas various Summerrun Adult 1986 84
Molalla varnous Summefrun Adult 1988 46
North Santiam various Summerrun Adult 1986 23
Clackamas various Winter-run Adult 1986 40
Molalla various Winter-run Adult 1986 65
North Santiam various Winter-run Adult 1986 39
North Santiam various Summefrun Adult 1987 16
Willamette Upper Mainstem Unknown Juvenile 2010 6
Willamette Upper Mainstem Unknown Juvenile 2011 30

12



Table2 (continued.

Subbasiror river Collection location Group Life stage Collecion year n
Willamette Willamette Falls Unknown Juvenile 2009 240
Willamette Willamette Falls Unknown Juvenile 2010 287
Willamette Willamette Falls Unknown Juvenile 2011 56
McKenzie Leaburg bypass Unknown Juvenile 2005 72
McKenzie Leaburg bypass Unknown Juvenile 2011 91
North Santiam Upper North Santiam Unknown Juvenile 2011 36
Santiam Mouth of Santiam Unknown Juvenile 2011 11
South Santiam Upper South Santiam Unknown Juvenile 2011 27
South Santiam Foster Trap Unknown Adult 2009 50
North Santiam Minto Ponds Unknown Adult 2009 11
North Santiam BennettTrap Unknown Adult 2003 28
North Santiam Minto Ponds Unknown Adult 2010 1
Willamette Mainstem Unknown Adult 2005 1
McKenzie Mohawk River Unknown Adult 2005 1
McKenzie Leaburg bypass Unknown Adult 2011 6
Middle Fork Willamette Fall Creek Unknown Adult 2010 19
Middle Fork Willamette Fall Creek Unknown Adult 2011 16

Total 2,082

13



Results

Genetic introgression and relatedness
Genetic introgression STRUCTUR results

We found that the posterior probability of the data increased sharhlg asodel
paraneterK was increased from 1 to 3, and continued to incrédbeitat a lesserate) until
reaching a plateau aboutK = 7 (Figure3). However, examination afK suggested that only
two groupsK, were present in our data (Figuhe We suspected thdteseqK resultswere
strongly influenced by the nested structurewf datd. To address this issuge examined
individual STRUCTURE assignmerisr samplegincluding baseline sampleshder models
with differentK values as suggested by Evanno kt(2005).

We found that foK = 4, strongpartitioning ofq values could be observed between
samples of knowiife history type corroborating the four reporting grogpneticstructure
identified by Van Doornik and Teel (2010figure5 presents an exgat of graphicallydepicted
g values for samples of known typadall g valuesfor K = 4 are providedn the Appendix
WhenK was increased tfive, results among replicate runs wémeonsistertand ro evidence
for additionalsubstructure was apparemhenthe data werenodeled withK values greater than
four.

STRUCTURE results were highly consistent among replicate simulation&wit; the
difference between individuaampleq valueswas amean0.003 between runs angaeeded
0.05 foronly 25 of 2,082 samples. For 21 of these, differences between replivatae
estimats had no inflence on sample classificatiodVe used theonsensuslassification for the
four ambiguous sampl¢samples 412, 1452810 and 208)1 provided inthe Appendix

By parsing result$or replicatemodels withK = 4 by collection year and locatipmwe
found that STRUCTURE identifieal mean 10.5% of the juveni® mykissampled at
Willamette Falls (2002011)asipur e 0 s u mmArmrraddéional enéah HO®% of
juveniles sampled at this location appeared to be the offspring of summer steelhead that
hybridized with a nativ®. mykissmost frequently eastern tributary winter steelhead (T3ble

Although sample sizes were smalk Wound no evidend®r pure juvenilesummer
steelheadn the North, South or lowenainstem Santiam riverddowever,hybrids ofsummer

* WillametteO. mykisopulation structure is nested af.fnykisgnative Willamette{Eastern tributaries{resident
rainbow trout}}}}

® Results from on& = 5 run suggested that some EW samples from the Clackamas comprised a distinct group,
whereas in anothé¢ = 5 run all EW samples formed a single group but WW samples parsed into two groups.

14
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Figure 3. Posterior probabilities of Willame@®e mykisggenotypic data in function of model
values forK, the maimum number of groups assumed to occur within the data (Pritchard et al.
2000). Data are mean values + SD over 3 replicates.
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Figure 5. Graphical representationgofalues, the proportions of the genomegsag to each

of K = 4 groups, for 350 Willamette Riv&r. mykissamples analyzed with the program

STRUCTURE (Pritchard et al. 2000). Each numbered bar represents an individual fish. Colors
represent the proportions of the genome that assign to et folir groups. These 350

samples were from Aknownd groups and were use
as GSI baseline data for Willamette eastern tributaries winter steelhead (sampi&4 401

resident rainbow trout (samples 4522), sumtmer steelhead (52819) and western tributaries

winter steelhead (62050). Note that distinct delineations can be seen among groups (yellow =

EW, red = RB, blue = S and green = WW) and that samples 412, 644 and 732 are likely hybrids.
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andeasterrtributaries winter(SXEW) steelhead comprised 91%.8% of juvenile sampledrom
theseocations. In the McKenzie River, most juvenile samp(@8.0%) were pure summer
steelhead and sevemalmmerybrid classesvere presentPure summer steelheadmprised
10.0% of juvenile samples from the mainstem Willamette Rigad twosamples from the
mainstem wersummersteelheadhybrids. JuvenileO. mykisSTRUCTUREresults are
summarized in Tabla.

Most juvenile samples from all locations, except the McKenzierRinaal lowq values (<
0.10) for the summer steelhead (S) group (FigreMoreover, samples classified as S hybrids
from the North and South Santiam rivers tended to have suste®head) values less than
0.30. In contrast, most juvenile samples fiitvea McKenzie had high summsteelhead values
(> 0.80) and most summesteelheadhybrids from that subbasin presented sumsteelhead)
values greater than 0.40 (Figue

In addition to juvenile samples, we analyzed 133 genotypesunonarkedadultO.
mykiss sampled avarious locations of the Willamette Rive¥lany of these samplegere
classified in the field as winter steelhead, rainbow trout, etc., baggiteoatypeanddate of
collection Overall our STRUCTURE analyses suggested that purerser steelheadere
amongadultsamples fronthe North Santiam and McKenzie rivers, but not the South Santiam or
Middle ForkWillamette rivers (Tabld).

Although mostSouth SantianRiver adult steelheadamples appeared to pere EW
steelheadfive fish (10%)appeared to be SXEW hybridSimilarly, most samples collected from
the Middle Fork Willamette River were pure EW steelh@it?b),althougha singlefish
appeared to bea EWxRB hybrid. Adult samples collected in 2009 and 2010 at the Minto Ponds
Cadllection Facility on the North Santiam Rivancluded no pure summer steelhead,bof 12
samplesvereclassified asSXEW hybrids. Most of thadultsamples collected at tiBennett
fish trap on the North SantiaRiverand at the Leaburfish trap on te McKenzie River
appeared to be either summer steelhead or SXEW hyliatte4). We emphasize that these
adult samples were collected opportunisticalliysome cases because tleahibited peculiar run
timing (e.g. November arrivalandshould nobe considered representative of lo€al mykiss
stock structuresAdult O. mykisSSTRUCTUREresults are summarized in Taldle

Relatedness ML RELATEresults

We used the program ML RELATE to infer all plausible pairwise relationshi@&sior
samples; 196 penile samples (collected in 2005, 268®11) and 171 adult samples (collected
in 19861988), all of which assigned as summer steelhead through ONCOR ané&ysks.
67,162 possible pairwise relations$)iML RELATE identified35 as strictly fullsibling pairs,
788 as strictly halkibling pairs and 691 as either futlr halfsibling pairs P < 0.01). However,
4 of 35 (11.4%) fullsibling relationships identified by ML RELATE were not logicgtlgssible;
as they paired samplésat had been collected @alesapart(adultsidentified as full siblings of
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Table 3. Genetic composition of juven@e mykisssampled from various locations of the upper Willamette River, as determined by
STRUCTURE (Pritchard et al. 2000) analyses of genotypic data for 15gatelide loci. Individual samples were classified as
summer steelhead (S), eastside tributary Willamette winter steelhead (EW), resident rainbow trout (RB), westside ttlaotatie\Wi
winter steelhead (WW) or hybrids of these groups. Data are pedssemtounts and percent of total counts for each location.

Year Location n S EW RB WW SxXWW SxEW SxRB WWxEW WWxRB EWxRB 3x Hybrid
2009 Willamette Falls 240 19 126 1 34 1 23 1 31 0 1 3
2010 Willamette Falls 287 39 144 1 37 4 29 0 25 0 3 5
2011 WillametteFalls 56 3 29 0 13 1 3 0 5 0 0 2
Percent of Total 105 51.3 03 144 1.0 9.4 0.2 10.5 0.0 0.7 1.7
2005 McKenzie R., Leaburg 72 56 1 0 0 1 11 1 1 0 0 1
2011 McKenzie R., Leaburg 91 63 2 4 0 1 11 6 0 0 2 2
Percent of Total 730 18 25 0.0 1.2 135 4.3 0.6 0.0 1.2 1.8
2010 MainstemWillametteR. 30 3 10 10 0 1 1 0 0 0 5 0
Percent of Total 10.0 333 33.3 0.0 33 33 0.0 0.0 0.0 16.7 0.0
2011 N. Santiam R 36 0 25 0 1 0 4 0 4 0 1 1
Percent of Total 0.0 694 00 28 0.0 111 0.0 11.1 0.0 2.8 2.8
2011 Santiam R Mouth 11 0 6 2 0 0 1 0 1 0 0 1
Percent of Total 0.0 545 182 0.0 0.0 9.1 0.0 9.1 0.0 0.0 9.1
2011 S. Santiam R 27 0 20 0 1 0 4 0 2 0 0 0
Percent of Tota 0.0 741 0.0 37 0.0 148 0.0 7.4 0.0 0.0 0.0
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Figure 6. The proportion of juvenif@. mykissamplesy-axis) with various levels of summer
steelhead ancestry-éxis) bysample location and year. The proportiptescribes the fraction
of each genome descended from the summer steelhead group.
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Table4. Genetic composition of adull. mykissampled from various location§ the upper Willamette River, as determined by
STRUCTURE (Pritchard et al. 2000) analyses of genotypic data for 15 microsatellite loci. Individual saegiesifiedas

summer steelhead (S), eastdideutary Willamettewinter steelhead (EW), resart rainbow trout (RB), westsideibutary Willamette
winter steelhead (WW) or hybrids of these groups. Data are presented as counts and percent of total counts for each location

Year Location n S EW RB WW SxWW SxEW SxRB WWxEW WWxRB EWxRB 3x Hybrid
2009 S. Santiam R., Foster 50 0O 42 0 0 0 5 0 2 0 1 0

Percent of Total 0.0 840 0.0 0.0 0.0 10.0 0.0 4.0 0.0 2.0 0.0
20083 N. Santiam R.Bennett 28 2 7 0 0 0 16 0 1 0 1 1
2009 N. Santiam R., MintdPonds 11 0 8 0 0 0 2 0 1 0 0 0
2010 N. Sariam R., MintoPonds 1 0 1 0 0 0 0 0 0 0 0 0

Percent of Total 50 40.0 00 0.0 0.0 450 0.0 5.0 0.0 2.5 2.5
2005 Mainstem Willamette R. 1 0 1 0 0 0 0 0 0 0 0 0
2010 Willamette R., Fall Cr. 19 0 16 0 0 0 0 0 0 0 3 0
2011 Willamette R.Fall Cr. 16 0O 16 0 0 0 0 0 0 0 0 0

Percent of Total 0.0 91.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.3 0.0
2005 McKenzie R., Mohawk R. 1 0 1 0 0 0 0 0 0 0 0 0
2011 McKenzie R., Leaburg 6 3 0 1 0 0 1 1 0 0 0 0

Percent of Total 429 14.3 14.3 0.0 0.0 14.3 14.3 0.0 0.0 0.0 0.0
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juveniles). Many (378 of 788; 48%) hadibling relationships identified by ML RELATE were
illogical pairings, and may have occurred as a result of low genetic diversity among summer
steelhead samples. Results frons tmalysis therefore appeared to be unreliable, precluding
further inference.

Natural production of summer steelhead by subbasin
ONCOR

In their GSlanalyses of WillamettRiver steelhead, Van Doornik and Teel (2010, 2011,
2012) used the program ONCOR t@rform population assignments for juvenile and a@ult
mykisssampled at various locations of thasin They found that in 2009, 2010 and 2011,
summersteelhead comprised 7.5%, 1%.2nd 5.4%of juveniles sampled at Willamette Falls.
Analyses of samptecollectedwithin major subbasinsf the upper Willamette Rivearovided
evidence for substantial natural production of summer steelhead in the McKenzie River,
contrasted witlscant evidence for natural summer steelhead production in the $&ntiam
Riverandno evidence from thBouthSantiam Rive(Table5; Van Doornik and Teel 2012).
Summer steelhead wefeundat several locations along theinsemWillamette River (Table
5), thoughthe subbasin of origin for thesemmersteelheademaineduncertan and could
include the McKenzie River.

Table5. Estimated percentage of Willamette River basuenile O. mykissamples assigned to
eachreporting grougdEW = eastern tributaries winter steelhead, S = summer steelhead, WW =
western tributaries wintesteelhead, RB = resident rainbow trowidh the program ONCOR
(Kalinowski 2007. Table adapted from Van Doornik and Tex10, 20112012).

Location Year N EW S WW RB
Willamette Falls 2009 240 883% 7.5% 4.2% 0.0%
Willamette Falls 2010 287 78.0% 132% 8.7% 0.0%
Willamette Falls 2011 56 89.3% 5.4% 5.4% 0.0%
Willamette R., TOTAL of 8 samples belon 2011 29 58.6% 13.8% 0.0% 27.6%
Willamette R., Buena Vista 2011 3 66.7% 0.0% 0.0% 33.3%
Willamette R., Harrisburg 2011 14 357% 21.4% 0.0% 42.9%
Willamette R., Marshall downstream 2011 1 100.0% 0.0% 0.0% 0.0%
Willamette R., Marshall Island 2011 2 100.0% 0.0% 0.0% 0.0%
Willamette R., McCartney 2011 4 50.0% 25.0% 0.0% 25.0%
Willamette R., McKenzie to Marshall 2011 1 100.0% 0.0% 0.0% 0.0%
Willamette R., Mouth of Santiam 2011 1 100.0% 0.0% 0.0% 0.0%
Willamette R., Salem 2011 3 100.0% 0.0% 0.0% 0.0%
Upper Willamette R., Blue Ruin Island 2011 1 0.0% 0.0% 0.0% 100.0%
Santiam R., Mouth 2011 11 90.9% 9.1% 0.0% 0.0%
North Santiam R. 2011 36 94.4% 2.8% 0.0% 2.8%
South Santiam R. 2011 27 100.0% 0.0% 0.0% 0.0%
McKenzie R., Leaburg Bypass 2005 72 25.0% 75.0% 0.0% 0.0%
McKenzieR., Leaburg Bypass 2011 91 27.5% 68.1% 0.0% 4.4%
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STRUCTURE

In several respectsgsultsfrom our STRUCTURE analyses @iivenile WillametteO.
mykissgenotypes corroborate tfiadings of Van Doornik and Teel (2012). For examplath
STRUCTUREand ONCORanalysegrovided strong evidence for substantial natural production
of summer steelhead in the McKenzie River and no evidence of pure summer steelhead among
juveniles sampled in the South Santiam River (T8blEable5). Most of thejuveniles that
assigned as summsteelhead by ONCOB0%)were found to be pure summer steelhead with
STRUCTURE(Appendiy.

However, ONCOR and STRUCTURE employ different population assignment
algorithms and provide differefdrms ofinformation Whereas ONCOR assig individuals to
their most likely population of origin (and provides a second best population estimate),
STRUCTURE estimates the proportion of each d i v getama thai assigns to clusters
inferred to bepresent in the datdt is therefore not surjsing that we observed some
noteworthydifferences between results from these two programs.

First, STRUCTURE provided compelling evidenceltaw levels of SXEW hybridization
in the South Santiam River (Tal8g where no juvenile summer steelhead watected with
ONCOR (Tablé). For thefour putativeSXEW hybrid samplesollected from the South
Santiam Rivefsamples 2052060, 2079n Appendiy, an estimated mean 27.6% ofithe
genoms assigned to the summer steelhead group, suggélsiihthesevere not kr hybrids, but
insteadoffspring ofhybrids (F, hybrids)

STRUCTUREresultsalso indicated that four SXEW hybrids (samples 2009, 2013, 2024,
2038in Appendiy) were among th&6 juvenile samples from the North Santiam River. Only
one of these appeed to be aFhybrid (sample 20080 Appendiy, as all others presentgdk
25% for the summesteelhead (Sgroup. Interestinglythe single juvenile sample assigned by
ONCOR asasummersteelhead from this subbasiada 90% WWgenomeaccording to
STRUCTURE results.

Overall,ourresults suggestthat naturallyproducedO. mykissampledn the
McKenzie Riverwerepredominately summesteelheagand thavery fewpuresummer
steelhead wereaturally produceth the Santiam rivers. HoweveomeSxEW hybrids were
found inthe McKenzie, South Santiam and North Santiam rivers

Differences among subbasins for summer steelhead production

Both ONCOR and STRUCTURE analyses indicated that the majority of jus@nile
mykisssamples from the North and Soutm8am rivers were EW steelhead (Tab)e In
contrast, most samples from the McKenzie River assigned as S stedResaits frorONCOR
and STRUCTURHenerally agreedhough STRUCTURE resultiggestedhat some
individualsthatassigned as EW by ONCO#ere insteadbxEW or othehybrids. Such
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classificationdifferences wereparticularlycommonamongsamples from th&cKenzie River,
where all but 2 of 25 samples that assidas EW by ONCOR wedeterminedo be S hybrid
classedy STRUCTURE analysed éble 6; Appendix.

Table6. Counts of juvenil®©. mykissaccording ta@roup or hybricclass (EW = eastern

tributaries winter steelhead, S = summer steelhead, WW = western tributaries winter steelhead,
RB = resident rainbow trout) asferredthroughONCORand STRUCTURE analyses of

genotypic data from 15 microsatellite loci. Samples were collected in 2011 from the McKenzie,
North Santiam and SduSantiam rivers. The S hybritas®s includeSxEW, SxXWW and

SxRB. See Appendifor other hybrid classes

Class McKenzie R. N. Santiam R. S. Santiam R

ONCOR

S 62 1 0
EW 25 34 27
RB 4 1 0
Www 0 0 0

STRUCTURE
S 63 0 0
EW 2 25 20
RB 4 0 0
WW 0 1 1
S hybrids 18 4 4
Other hybrids 4 6 2

PairwiseFi s her 6 s e atad od sigiifieasttdifferenc® @ 1.00) between the
proportions ofish assigned to differerdlasses for the North and South Santiam rivers,
regardless of assignment method (ONCOR or STRUCTURE). Proportions for class assignment
counts were significantldifferent between the McKenzie River and both Santiam rivess (
0.001), asamples from the McKenzie River includedetatively high proportion cfummer
steelhead
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Discussion

Overview

Observations made during spawning sunaygestecthatlow levels of natural
productionby summer steelhead may ocauthe UWR basin, as well gossiblehybridization
with winter steelhea@irman et al. 2004 Qur findingssubstantiate these reports wiitie first
guantitativeevidence for natural production agenetic introgression frosummersteelheadn
the UWR basin

The UWR Conservation and Recovery Plan for Chinook Salmon and Steelhead (ODFW
and NMFS 2011) established that the proportion of hatchery origin spawners (pHOS) should be
< 0.05 total spawners imost subbasins of the UWR steelhead DPS, so as to allow threatened
native populations to meet desired population status goals. Although our results do not provide
direct estimates for pHOS, they do sugdkat about 10% of unmarked juven@e mykiss
sanpled at Willamette Falls in 2068011 were summer steelhead and that an additional 10% of
these were summer steelhdgdbrids. MosiO. mykissampled from the McKenzie River were
either summer steelhead or SXEW hybrids. Natural production of pure ssteeléead
appeared to be minimal or absent in the North and South Santiam rivers, though SXEW hybrids
represented 11.1% and 14.8% of samples. We emphasize that these estimates of hybrid fraction
likely represent cumulative effects from multiple generatiof natural production by hatchery
summer steelhead in the basin and may therefore exceed pHOS of any single generation.

Results from STRUCTURE and ONCOR analyses were genaralyreementthough
we observed some minor differenc&¥e found no evidere for natural production of pure
summer steelhead in the Santiam rivfessn STRUCTURE analyseshough summer steelhead
hybrids were detectad these subbasindPrevious GSI results suggested #hainglegjuvenile
samplecollectedfrom the North Sanéim River(n = 36)was a summer steelhead and that no
summer steelhead were among thgu®énile samples collected from the South Santiam River
in 2011. ONCOR and STRUCTURE results agreed thastjuvenileO. mykissampled from
the McKenzie Riveweresummer steelheaand that everal summer steelheagre among
samples collected fromme mainstem WillametteiRer.

Natural production and hybridization from summer steelhead

By examining genetic and count data from adult and juvenile steelhead, Kostow et a
(2003) found that natural production by hatchery summer steelhead accounted for one third to
one half of the naturally produced smolts in the Clackamas River (lower Willamette River
basin), but contributed little to adult returns. o authors foundttle evidence for
hybridization between native winter steelhead and introduced summer steelhead, but concluded
that competition with naturallproduced summer steelhead likely posed a serious ecological risk
to juvenile winter steelhead.
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Similar to resu from the ClackamaRiver, we found ahigh proportion of summer
steelheaddmongunmarked juvenil®. mykissamplesrom the McKenzie Rivemwhichcleaty
demonstratethat natural productioaof steelheadh this subbasinvasdominated by either
naturalzed or stray hatchery fislHowever, unlike the Clackam&sver, winter steelhead are
not native to the McKenzie Riveinteractions between summer and winter steelhretuds
subbasirhave likely beetimited by low localabundance ahe latter However, summer
steelhead may negatiyeaffectother native forms od. mykisssuch as resident rainbow trout,
as suggested lpur observatiorof SXRB hybridsamong McKenzie River sampl€Bable3).
Thelow proportion ofpureresident rainbow trout amongrsples from the McKenzie River is
likely due to sampling bias (only fish wigmoltlike appearance were sampled) and not a
reflection of tke true O. mykissstock structurén thatsulbasin

In contrast witHfindings fromthe ClackamasRiver (Kostow et al2003)andMcKenzie
River (this study) we found ittle evidence fonatural production bgummer steelhead in the
North, Southor mainstenBantiam rivers Results fromONCOR suggested thahly a single
juvenile from the North Santiam Rivar = 36) andanother from the lower mainstem Santiam
River (n = 11)were fromthe summer steelhead reporting group. No juveBilenykissrom the
South Santiam Riven(= 27) wadoundto be a summer steelheathe STRUCTURE results
from the same da&milarly suggsted low levels of natural production by summer steelhead in
Santiam River subbasingiowever STRUCTUREprovidedevidenceof hybridizationbetween
summer steelhead andtive winter steelhead.

Our findings of genetic introgression suggest thatporopatial overlapcan occur
betweematurally spawningummer and winter steelheadUilVR subbasinsand that
assortative matingnd current managememvenot entirelyprevenedhybridization between
native and introduce®. mykissstocks. Interbreedingvith hatchery summer steelhezmlld
lowerthe fitness of nativ&lWR winter steelhead, dstcheryrearedSkamaniastock summer
steelheadhavelow fitness in the wild Chilcote et al. 1986; Kostow et al. 20Qider et al.
1990. Notwithstandingour findings the proportion osummer steelheduybrids amongur
samples wagenerallylower thanhas beemlescribedn hybrid zones obthertrout ard salmon
speciesBoyer et al. 2008Kinziger et al. 20080stberg et al. 2004immons et al. 2009
Rubidge and &ylor 2004, thoughour ability toprovideconclusions regarding interannual
variability and sitespecific patternsvaslimited bythe smallnumber of samples collecteadthin
subbasinsluringa single year.

Management Implications

Our findings of naturgbroductionby summer steelheahd genetic introgression
between summer amnvdinter steelhead provide empirical evidence of ecological and genetic risks
from upper Willamettd&River hatchery steelhead programansd have implications for current and
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future fisheries managemen#lthough the magnitude of risk appears to be low within the
winter steelhea®PS, we recommend sevesationsto furtherunderstand anceduce riskrom
UWR hatchery steelhead

1) We recommend that managers consider strategies to réwucecurrence of
hatchery steelhead on natural spawning grouMisdifications to trap operations
(opening and closure dates), recycling programs, acclimation and release protocols
and harvest regulations shoualllibe considered.

2) We recommend that magers investigate and appheasure$o promote
reproductive isolation between hatchery steelhead and native winter steelhead.
Opportunities for spatial and temporal segregation, (@ityl fish sanctuaries and
selection on spawn timingy hatchery fishshould be exploited while novel
approaches amonsidered for development

3) We recommend that additional sampling and genetic analyses be perforiueideio
evaluate the genetstructure andhtegrity of both juvenile and adult steelhead from
UWR subbams. This effort should include sampling of adult steelhead released into
wild fish sanctuariegcurrently, onlyabove Foster Damjyvhich could be coupled
with other research efforts and used to plan and improve reintroduction programs on
the North and Sath Santiam riversFor example, a suite of phenotypic traits might
be identified as characteristic of SXEW hybrids that would allow screening aimed to
promote genetic integrity of the winter steelhead population.

In addition to these actions, managdrsdd define acceptable levels of natural
production and introgression from hatchery steelhead in UWR subbasins, such that the
effectiveness of management actions may be evaluated in the context of objective and clearly
identified goals.
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Appendix

Location anccollection yearfor WillametteO. myksssamples analyzed with the program STRUCTURE. The reporting group (RG)
or identification number (IDis provided for samples included in basel{Bd) or mixture files ofONCORanalyses by Van Doornik
and Teel (2010, 2011, 2012pNCOR assignmentreprovidedfor mixture samplesFor each sample, the proportswf the

genome @) assigning to the groups sumnséeelhead (Skeastributarieswinter steelhead (EW)esident rainbovrout (RB)and west
tributarieswinter steelhead (WW)vere used talassify genome ancestridybrids indicated age.g) SXEW.

STRUCTUREQ Values STRUCTURE ~ ONCOR  ONCOR

Sample Location, Year RGor ID S EW RB  WW Classification Assignment Probability
1 Calapooia, 1997 EW 0.005 0.986 0.007 0.001 EW BL NA
2 Calapooia, 197 EW 0.003 0.986 0.010 0.001 EW BL NA
3 Calapooia, 1997 EW 0.059 0.931 0.008 0.003 EW BL NA
4 Calapooia, 1997 EW 0.004 0.978 0.017 0.002 EW BL NA
5 Calapooia, 1997 EW 0.003 0.986 0.008 0.003 EW BL NA
6 Calapooia, 1997 EW 0.005 0.979 0.014 0.001 EW BL NA
7 Calapooia, 1997 EW 0.021 0.962 0.014 0.003 EW BL NA
8 Calapooia, 1997 EW 0.002 0.973 0.023 0.001 EW BL NA
9 Calapooia, 1997 EW 0.009 0.951 0.039 0.001 EW BL NA
10 Calapooia, 1997 EW 0.002 0.989 0.007 0.002 EW BL NA
11 Calapooia, 1997 EW 0.018 0.934 0.045 0.002 EW BL NA
12 Calapooia, 1997 EW 0.006 0.980 0.013 0.001 EW BL NA
13 Calapooia, 1997 EW 0.006 0.972 0.018 0.003 EW BL NA
14 Calapooia, 1997 EW 0.003 0.957 0.020 0.020 EW BL NA
15 Calapooia, 1997 EW 0.006 0.976 0.015 0.003 EW BL NA
16 Calgooia, 1997 EW 0.006 0.957 0.036 0.002 EW BL NA
17 Calapooia, 1997 EW 0.003 0.982 0.014 o0.001 EW BL NA
18 Calapooia, 1997 EW 0.028 0.965 0.006 0.002 EW BL NA
19 Calapooia, 1997 EW 0.004 0.976 0.017 0.003 EW BL NA
20 Calapooia, 1997 EW 0.005 0.982 0.011 0.002 EW BL NA
21 Calapooia, 1997 EW 0.003 0.979 0.017 0.001 EW BL NA
22 Calapooia, 1997 EW 0.002 0.981 0.013 0.003 EW BL NA
23 Calapooia, 1997 EW 0.011 0.976 0.010 0.002 EW BL NA
24 Calapooia, 1997 EW 0.007 0.886 0.102 0.005 EW BL NA
25 Calapooia, 297 EW 0.005 0.979 0.011 0.004 EW BL NA
26 Calapooia, 1997 EW 0.003 0.983 0.013 0.002 EW BL NA
27 Calapooia, 1997 EW 0.002 0.984 0.012 0.001 EW BL NA
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