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Summary

In this study, v used multilocumicrosatellitegenotypedatafrom 813spring Chinook
salmonOncorhynchus tsawytschato investigate patterns of genetic diversity within and among
wild and hatcheryopulations from the Willamette Rivand Catherine Cregksrande Ronde
River, Oregon. We found that hatchery populations from the Willamette River presented higher
heterozygosities than local wild populations, though no pattes found for allelic richness.

An analysis ofyenetic divergenceal) revealed little or no differentiation between hatchery and
local wild populations within Willamette River subbasins. However, we observed weak but
statistically significant structur@mong most Willamette River subbasins.

Phylogenetic analyses of Willamette Riyapulations further indicated that hatchery
populations are most similar to local wild populations, though no inference could be made for
wild Middle Fork Willamette Chinooklue toaninadequate samphize. Genetigpopulation
structure did not closely reflect geographic structirthe Willamette Riveras North Santiam
River populations clustered with McKenzie River populations and South Santiam River
populationdormed aclade with hatchery Chinook from the Middle Fork Willamette River
Structurewasparticularly weak among populations from the Middle Fork Willamette and South
Santiam rivers.

We evaluated the accuracygdnetic stock identificatiofor Willamette Riverspring
Chinook, based on 13 GARGenetic Analysis of Pacific Salmomjicrosatellite markers. We
found that withthe GAPSbaselineindividualscould be assigned to their population of origin
(subbasinwith 43%- 64% accuracy. WestimatedL00% assignmnt accuracy to the Catherine
Creek Hatchery population, reflecting the distinctiveness of Willamette River Chialative to
thatpopulation. We observed no measurable increase in assignment accuracy by adding four
genelinked markers to the GAPS basel.

We tested for signals giositiveselection on both GAPS microsatellites and fgeme
linked markersby examining intetocus patterns of genetic differentiatioAlthough we found
no evidence folocusspecificselection among Willamette Rivpopulationsone GAPS
microsatellite and an immusrelevant markepresented@berrantly larggenetic diversity index
(Fs7) values between Willamette River populations and the Catherine Creek population. This
result suggests that these loci may be linkegenesinder positive selection that has generated
markedly different allele frequencies@atherine Creek and Willamette Rivaaring Chinook.

Lastlywe used our empirical genotypic data from the McKenzie River hatchery and wild
populations to perfon forwardtime simulationsmodelng changes i, mean heterozygosity
and total allele count over 30 generatiolde use t he term Amigrationo



interaction of hatchery and wild fish in these simulatior@snelythe proportion of naturadrigin

fish spawned in the hatchery as broodstock and the proportion of hatchery fish present on natural
spawning groundsOur findingsindicatedthatmigration rates of at least 5% resain <2%

decline in heterozygosity arah asymptoti¢-st value of 0005 or less. No migrationfrom one

or both populationsesulted in markedly higher rates of population diverggioss of
heterozygosityandreduction inalleles presentThe meannumber of alleles prese(ger locus)

in the hatcherandwild populatiors wasmore sensitive to differences in migration rate than
heterozygosity, wherelpw levels of hatchery straying anaaturatorigin broodstock

integrationbest conservedenetic diversity.
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Introduction

The Willamette Project Biological Opinion (NMFS 2008) identified the risk of genetic
introgression between hatchery and natural origin spring Chinook s@mmmrhynchus
tshawytschaas a key limiting factor to species recovery in all major Willamette Ruwebasins.
The Biological Opiniorm| s o recommended présae andl cebuildgenetid g e nc i e
resources through conservation and supplementation objectives to reduce extinction risk and
promoterecovey ( RPA 6. 2) t hr ou g hryGengtit Mamegemerd Plan® n o f
(HGMPs) basirwide (RPA 6.2.1), and the use of locally founded broodstocks, integrated with
natural origin populations (RPA 6.2.MFS 2008) Accordingly, ODFW has periodically
integrated locally collected, natural oridish into (locally foundedd UWR spring Chinook
hatcherybroodstocks.Draft HGMPs provide detailed plans for continued integragioan
average pNOB of 5%yherever possible and in a manner thatms to providenaximum genetic
benefit to hatchery broodstaxWith the least risk to wild populationgHowever,anassessment
of geneticbenefit,risk and effectiveness of measures aimeshémage genetic characteristics of
hatchery and wild populatiomsquires empirical genetic information.

Some genetimformation of Willamette River spring Chinook was provided by Myers et
al. (2006), who examined microsatellite genotype data from sqy@palationssampled in
1998 including wild Chinook from the Clackamas, North Santiam, and McKenzie rivers, and
hatclery fish from Clackamas, McKenzie, Marion Forks (North Santiam River), and Dexter
(Middle Fork Willamette River) hatcheries. The authors reported that genetic relationships
among Willamette spring Chinook populations did not reflect geographic relapisndhistead,
they found that hatchery fish appeared less similar to local wild fish than to wild fish from other
subbasins. The authors acknowledged that this peculiar finding might be attributed to their use
of juvenile samples (Myers et al. 2006), whan produce highly distorted and often
exaggerated patterns of genetic divergence (Allendorf and Phelps 1981; Waples 1998).

However, microsatellitanalyses of appropriate samptesmprovide reliable and
informative population genetic information. 8fly, microsatellites are regions of the genome
that consist of short nucleotide sequence repeats (typically 2 to 4 bp motifs), prone to relatively
high mutation rates. Common polymerase slippage mutations increase or decrease the length of
the microsatdite repeat region through additions or deletions of the repeat motif (Figure 1).
Microsatellites typically occur in intergenic DNA and therefore are not translated into proteins.
As such, they do not typically affect the phenotype and are not subjaetéoolutionary force
of selection. l nstead, they are considered i
neutrality and high mutation rate make microsatellites ideal markers for inferring demographic
processes, such as migration or etifes population size, since new variants can appear (through
mutation or immigration) and accumulate within a population without fithess consequences or
removal through selection.



On the other handhecause microsatellite variation does not translatepimemotypic
variation,data from microsatellites cannot be used to infer the adaptive potential of individuals
or populations. An exception occurs when a microsatellite is tightly linked to a gene that is
actually or potentially subject to selection. reasingly populaFst outlier detection approaches
aim to identify gendinked markers under selection, which exhibit unusual patterns of
population divergence relative to those of ubiquitous neutral markers (reviewed by Luikart et al.
2003). Analysesof both marker typegeutral and nomeutral)can be used to infer the effects
of selection and demography on the distribution of population genetic diversity.
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Figurel. (Top) Excerpts of th®ts212microsatellite sequenc&(eiget al. 2003 for two alleles ofa hypothetical
heterozygous Chinook salmo&cale indicates number of basepairs from an arbitrary sequence starijtieiles
for this | ocus vary tmbtfrepeagsh (BeloweElectropmdrgiamsfar theO6ZLZ T T 6
microsatellitefrom a heterozygusWillamette River spring Chinookalmon. The lengths of the PCR amplicons
(155 and 163x-axis) reflect the number of motif repeats for each allele. y¥dpas indicates fluorescence intensity.

Given previously identifiecuncertainties related to the extent of genetic structure among
Willamette River spring Chinook populations and the effectsatt@tnate broodstock
management practicesuld have over Chinook genetic diversity, our research daire
following objectives:

1. Collect tissue samples from natural and hatchery origin adult spring Chinook from
major eastern subbasins of the Willamette River.
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2. Genotype a representative sample of each hatchery and wild population using a suite
of pdymorphic microsatellite loci.

3. Estimate genetic diversity within and among sampled populations, using conventional
population genetics measures

4. Evaluate poterl genetic effects ahanagement actionscluding integration of
naturatorigin broodstock.

More specifically, by usingutatively neutral microsatellite markers from the GAPS
baseline (Seeb et al. 2007) and four microsatellites thought to be linked to genes initblved
immune response dftlantic salmonSalmo salarwe genotypethatchery and naturalrigin
spring Chinookrom the Willamette River. Wthen usedhesegenotypic data to:

1 Estimate observed and expected heterozygosities, and allelic richness for hatchery
and wild spring Chinook populations

1 Describe patterns of genetlivergence among populations, as measured bysthe

estimatord (Weir and Cockerham 1984)

Infer genetic relationships among hatchery andraktrigin populations

Evaluatethe accuracy oS|I methods for Willamette River spring Chinook

PerformFst outlier tests to detect loctspecific signatures of selection

Explore relationships between migration, heterozygosityFamndas they relate to
spring Chinook broodstock management
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Figure2. Polished otoliths from wild (left) and thermally marked hatchery (right) Willamette River spring Chinook.
White lines overlayed on the otolith at right indicate thermal events (marks) and converge at the otolith core.
Images are 200x magnification,guided courtesy of WDFW.
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Methods

Study area and tissue sampling

For this study, we collected spring Chinook samples from major subbasins of the
Willamette Riverjncludingthe Calapooia and Molalla rivergo allow comparisonsvith an
out-of-basinspringChinook populationwe also obtained a small number of samples from
Catherine Creek Hatche(rande Ronde RiveOregon; a tributary of the lower Snake River)
With infrequent exceptions of experimental release groups, all spring Chinook produced by
hatcteries in the Willamette River receive two marks. First, juvenile fish are intentionally
exposed to thermal oscillations during incubation, which generate distinct otolith bands (Figure
2). Then, the adipose fin is removed (clipped) from juvenile hatcieiryook prior to
|l i beration, providing a permanent and readily
marking allows confident identification of Willamette River hatchery spring Chinook, despite
imperfect adipose fin clip rates (Cannon et al. 2011).

Sampling was conducted from Ju@etober2011. Field technicians collected fin tissue
samples from adipose fieclipped, adult hatchery spring Chinook at Clackamas Hatchery
(Clackamas River), Bennett fishway (North Santiam River), Foster Dam (South SRy
McKenzie Hatchery (McKenzie River), Dexter Dam (Middle Fork Willamette River) and
Catherine Creek Hatchery (Grande Ronde River). Samples were preserved in 95% ethanol and
scales were collected from a subsample of fish. Otoliths, scales amdstigsples were
collected from unclipped adult Chinook carcasses during spawning ground surveys of the
Clackamas, Molalla, Calapooia, North Santiam, South Santiam, McKenzie and Middle Fork
Willamette rivers Figure 3. Otolith and fin tissue samples wetersd in individually labeled
vials containing 95% ethanol, and scales were placed in labeled envelopes. Biologists recorded
the date, collection location, fork length, sex and mark status (clipped or unclipped) for each
sample.

Sample processing andata collection

Determination of origin

We considerednultiple approachew® infer the origin (hatchery or wild) afnclipped
Chinook Using scales from fish of known origin, we performed blind tests to assess the utility
of scale analyseer hatcherywild assignment Albeit informal, these tests revealed that scale
analysedailed toreliably discriminate between wild and hatcherygin spring Chinookrom
the Willamette River

In contrastVolk et al. (1999) demonstratélat otolith analyses providehighly
accurate means identifying (thermally marked)atchery spring ChinookAccordingly, we
sent otoliths from unclipped spring Chinook to WashingtorDepartment of Fish and Wildlife



Otolith Lab where the presence of thermal event bands wastosdesignate hatchery or wild

origin status. Only unclipped fish without otolith thermal marks were classified as wild for our
study. Only adipose fialipped fish were classified as hatchery origin Chinoaker we had
determinedheorigins of oursampleswe subsampled our tissue collection and initiated genetic
anal yses at Oregon State Universityds Marine
Oregon. For all analyses, samples were groupgiori into putativepopulationsbased on

hatcheryor wild origin and subbasin samplecollection.

DNA isolation and microsatellite genotyping

We used a glass fiber filtratieglution protocol (Ivanova et al. 2006) to isolate whole
genomic DNA fran spring Chinook tissue samples, and included a singiative control on
each 96well DNA plate.

We used touchdown PCR thermocycling profiles (Korbie and Mattick 2008) to amplify
the following13 GAPS microsatellite marker8ts208 Ots213 Ots9 Ots211 Ogo4 OtsG474
Ssa4080go3 Ots3 Ots212 Oki10Q Ots201 Oki10Q Ots201andOmm1080 Primer sequences
for these markers are provided by references of Seeb et al. (2007). Individual reactions were
performed in &L volumes that containedel. of template DNA and reagent volumes as
provided in Appendix 1 PCR products were doaded with a 50®p DNA standard, then
separated and visualized by capillary gel electrophoresis on an ABI 3730XL DNA Analyzer.
We used GeneMapper software to score and record microsatellite genotypes.

We then genotyped all saneglat four microsatellite loci found to be immenedéevant in
Atlantic salmon:SsalRO03TKUSsalRAOTKU, SsalROBTKU, andSsalR015KU (Tonteri et al.
2008). In this report, we abbreviate the names of these 18dikdd, 10TKU, 13TKUand
15TKU, respectivel. For these loci we used PCR protocols similar to those of GAPS markers,
though reactions were carried out inl5volumes as detailed in Appendix 1. We visualized,
scored and recorded genotype data as before.
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Data analysis

Prior to analyses, we removed all samples that provided genotypioda&b% of loci
(minimum 11 of 17 loci scored) from our dataset. This step was performed to reduce bias from
genotype errors that caccur fromlow quality DNA samples (Pompanon et al. 2005).

Heterozygosity, pairwisd and allelic richness
We used gengpic data for all loci and the program GENETIX (Belkhir et al. 2004) to
produce estimates of observed and expected heterozygosity for all spring Chinook populations.
We used the program GENEPOP (Rousset 2008) to perform Méethberg equilibrium exact
tests (Haldane 1954andU tests tadetectiocusspecificheterozygosity excegasanddeficits
(Rousset and Raymond 1995) witleach populationWe also used GENEPOP perform
exact tests for linkage disequilibrium between all locus pairs within popudatie assessed
the statistical significancef results from these tests agaiagtlse discovery rate (FDR)
adjusted critical value (Benjamini and Hochberg 199%) unadjusted)= 0.05.

Wethen used the GAPS loci data and GENETIX to calculate values féetfestimator
d (Weir and Cockerham 1984) between all pairs of populationsnith 3 0 .perforiéel
permutation tests with 1,000 iteratiomspairwised estimates, andssessd statistcal
significanceagainst affrDR adjusedcritical value(unadjusted)= 0.05.

Briefly, heterozygosity provides a measure of genetic diveiaitindividuals of a
population Individual heterozygosities cére used t@stimatemean population heteroggsity.
Theta €l) describes the proportion of total genetic variance attributable to among population
differences (Weir and Cockerham 198%&pr most analysesenapplieda minimum population
sizecriterionof n = 30 to avoid severe sampling bias on gergistance estimates, which can
arise fromallele frequency data from small or undepresented populations (Kalinowski 2005).

Because sample sizddéferedamong populations, we used the program FSTAT (Goudet
et al. 1995) to estimate allelic richndesall loci in each population. This approach uses
rarefaction to account and correct for the effedititrentsample sizeon the number of alles
observed within populations, and provi@esindex of diversitghatcan be directly compared
among populations with different sample sizes.

Genetic structure among populations

We used allele frequency data from the GAPS microsatellite loci and the maximum
likelihood program CONTML from the PHYLIP 3.69 software packagdgénstein 2009) to
infer the phylogeny of all spring Chinook populations with 3 0 . We visualized
dendrogram with the program TREEVIEW (Page 1996). To assess node confidence, we
bootstrapped the GAPS microsatellite allele frequency(d2080 resamples) with the program
SEQBOQOT, inferred phylogenies as before (for all 1,000 datasets), constructed a consensus tree
with the program CONSENSE, then examined bootstrap values for each node.



The resulting bootstrapped phylogeny relates sizdistupport for a graphic
representation of genetic relationships among hatchery and wild spring Chinook populations
from the Willamette River. We then included the Catherine Creek Hatchery outgroup to this
anal ysis to 0fAr ooatbwaetdgearapghiscale to thepthylogenyo vi d e

Evaluation of GSI

Genetic stock identification is a widelised application of population genetics data,
whereby baseline allele frequency data are used to assign individuals of unknown population
origin to their mat likely source populationlf sufficient genetic structure currently exists
among UWR Chinook populations allow accurate G$Juvenile or adult fish could be sampled
at Willamette Falls or other locations and assigned to their most likely popudatoigin,
providing a valuable tool for research and management.

The program ONCOR (Kalinowski 2007) can be used to perform geietsesi mixed
stock analyses, individual population assignmants assignment accuracy tests. We used this
programtoimpg ment t-bneo it eae®t 06 (Anderson et al. 200
for Willamette River spring Chinook. Briefly, this test removes an individual from the genotype
baseline, performs a population assignment with that individual to the basefilaees that
individual (more accurately, its multilocus genotype) to the baselineptiréorms a series of
repetitions othis sampling and assignment procedure. Ultimately, percent scores are generated
that reflect the assignment accuracy of indmal$ back to their popuian of origin in the
baseline.We performed this test with ontyAPS microsatellitelata, then repeated the test with
baseline data fdsoth GAPS and KU markers Onlypopulations ohO  @dre included irthe
baseline file. V& then used th@ APSgenotype baseline to perform population assignments for
individuals from populations of < 30.

Evidence ofoci underselection

We used~stoutlier tests to investigate for signals of selection on GAPS and immune
relevant microsatellite markers. We first performed these tests using data from hatchery and
wild UWR Chinook populationsin this casethe presence of an outlieould suggest tht
selectiorhad markedly favoredifferent allelesn hatcheryand wildpopulationdrom UWR
subbasins We then performeBst outlier tests with data from UWR Chinook (hatchery and
wild populations pooled) and the Catherine Creek population. Thigresd #0 detect locus
specific signals of selection between these geographically distant Chinook populettawsild
provide clues toward the molecular bases of local adaptafimused the program LOSITAN
(Antao et al. 2008) to execute ther outlier detection methods described by Beaumont and
Nichols (1996).We used the infinite alleles model goerformed50,000 simulations to
constructFst distributions across the full range of possible heterozygosities. We used a highly
conservative false discewy rate (0.05) and evaluatEdy for each locus against a 99.5%
confidence interval ofFst values constructed from the simulated data. We chose to use the
Aneutr Bstbame aff oFsde opegarmns of LOSI TAN, whi ch i



removeFst outliers when calculating the global distributionFgf. These options are
recommended by the program developers.

Genetic aspects of broodstock management

Natural origin fish spawned in the hatchery as broodstockatuthery fishthat spawn
on natual spawning groundsontribute taimigratioro between hatchery and wild spring
Chinook populationsTo investigatepotentialgeneticeffectsfrom integration ohaturatorigin
fish into the hatchery broodstock (Objective 4§ used our microsatellite genotype data and the
program NEMO 2.2.0 (Guillaume and Rougemont 200@)a@del changes in genetic diversity
in context ofvarious migratiorscenarios.These analyses predict how alterrat®OS and
pNOB rates could influendeeterozygosityd, and allele courf hatchery and wild Willamette
River spring Chinook populations.

To perform these simulations, we first gen
of sizen = 3,000 by resampling our genotyplata(17 loci)with the software WHICHLOCI
(Banks et al. 2003). We then ugkd forwardtime simulation progralNEMO 2.2.0 to filltwo
habitat fApatcheso of specified carrying capac
replacement) from the source populations. Bhisep const i tuted the fAseed
simulations then proceeded as individuals within patches first mated and died, their offspring
dispersed (migrated), aged to maturity and the cycle repeated. Adult statistics were recorded
immediately aftereachener ati ondés mating event. We speci
values through INIT files, as required by the software. An annotated INIT file example is
provided in Appendix 2.

For all simulations, we usethta fromthe McKenzie River hatcherynd wild
populationswith patch sizes that allowed a maximams 650 anch = 800 for the hatchery and
wild populations. V& performedb replicate simulations fagachof four migration rats (m; the
proportion of offspring that emigrate to the neighboriatch)underthreemigration scenarios:

Scenario 1symmetrical migration ratésMigration ratefrom the hatchery population
equaled migratiomatefrom the wild populationEffects ofmigrationwereevaluated at
valuesm=0.00, 0.3, 0.10and 030.

Scenario 2variable pNOB' migration from the hatchery population was constant at 0.05
andmigration from the wild populatiowas modeled ah = 0.00,0.05, 0.10 and 0.30.

Scenario 3variable pHOS migration from the wild population was constant at 08
migration from the hatchery populatisras modeled ah= 0.00, 0.05, 0.10 and 0.30.

For all simulations wuseda stepping stone migration model anghlonogamous mating
system, reflecting the 1:1 mating protocol used in UWR spring Chinook hath@iber
parameter valuegre providedn Appendix 2. Simulations were run f@30 generationand at
every third generatiowe recordedhe meanvalues ford, heterozygosity antbtal number of
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alleles present in the combined hatcherlg populationconmplex and in the separabtatchery
and wild populations (demic allele count)/e thenplottedmeanvaluesfor these metricagainst
generatiorfor all migration rategand scenarios

Results

Characterization of samplesand data quality

We collected 1,797 tissue samples from unclipped spring Chinook throughout the
Willamette River Basin. Of these, 1,506 lacked otolith thermal marks and were classified as
wild spring Chinook. No carcasses were recovered from the Calapooia River. \a&texiBP1
of these wild samples, from five UWR subbasins and the Clackamas River, to genetic analyses,
together with 559 hatchery origin samples. Overall PCR success across all indendtukmlsi
was 87.5%. We excluded 18 hatchery samples and 11%aviigles from statistical analyses
due to insufficient genotype data (Table 1). Approximately 80% of the remaining 813 samples
provided genotypic data for at least 16 of the 17 loci examined, and all loci were successfully
amplified and scored for 530 salep (65% of samples included in statistical analysékg
PCR success rateas generallyower for wild samples than hatchery sampl&sis wadikely a
function of tissue quality, sinagild samples were primarily collected from carcasses in various
states of decomposition.

Table 1 Collection location and origin of spring Chinook subjected to genetic and statistical analyses. All samples
werecollected in 2011.

Number Numberusedin

Collection Location Origin genotyped statistical analyses)
Catherine Creek Hatchery 34 33
Clackamas Hatchery 95 80
North Santiam Hatchery 95 95
South Santiam Hatchery 95 94
McKenzie Hatchery 95 95
Middle Fork Willamette Hatchery 145 144
Clackamas Wild 70 51
Molalla Wild 11 8
South Santiam Wild 95 62
North Santiam Wild 95 72
McKenzie Wild 95 67
Middle Fork Willamette Wild 25 12
Total 950 813
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Genetic diversity

Heterozygosity

Within Willamette River subbasins, hatchery populations had higher observed
heterozygosities than wild populations (TableT2)e four immune relevant loci included in our
study presented fewer alleles and lower heterozygosities than most GAPS miareetstest
resulsindicatedthat all populations except the Catherine Creek hatdkRery0.0542)and
Molalla wild (P = 0.8083)populations weraot in Hardy Weinberg equilibriurgall othersP <
0.0001). Subsequebttestsrevealedhatthis result was largely driven by lower than expected
heterozygotieat three lociOmMmM10800ts213and10TKU. That is, all populations excebiet
Catherine Creek hatchepppulationand the smallputativewild populations from the Mollala
and Middle Fork Willamette Rivergrovidedsignificant evidence for heterozygateficiencyat
one or moref these loci.Only spurious departures from HWE were obsemaather loci. For
most hatcherild population pairs (within subbasins), feweci were out oHWE in the
hatcherypopulatiors than inwild counterparts We consistently found that mdieus pairs
werein linkage disequilibrium in hatchery populations than in wild populatif@able 2).

Pai r wvakies d

Among populations from the Willamette Rivaoove Willamette Fallpairwised values
ranged from zero to 0.009 (Table 3). Pairwdsalues betweethe Catherine Creek hatchery
population and upper Willamette River populations were at least an order of magnitude greater
than observed between Clackamas ath@rupper WillametteRiver populations, where pairwise
dvalues ranged from 0.001 to 0.013 (TeaB). The Clackamas hatchery population appeared to
be more diverged from UWR populatioalsove Willamette Fallhan the Clackamas wild
population. Wild Chinook from the Molalla and Middle Fork Willamette rivers were not
included in this analysis due small sample sizes (Table 1).

We found that values for hatchery and wild populatipairs within UWR subbasins
above Willamette Falle/ere not significantly different from zerdl¢rth SantiampP = 0.047,;
South Santianm? = 0.535; McKenzieP = 0.317. With a single exception, both hatchery and
wild populations from all UWR subbasins were significantly diverged from hatchery and wild
populations from other subbasins. Interestingly, we found no evidence that hatchery or wild
Chinook from the South Saain River were distinct from wild Clackamas River spring
Chinook.

Allelic richness

Although per locus allele counts varied considerably among populations, we observed
similar levels of allelic richness among populations when sample sizes were nornabzegth t
rarefaction to a minimum of 22 diploid individuals. Among Willamette River populations, wild
fish from the Clackamas River presented the highest allelic richness and hatchery fish from the
same subbasin presented the lowest allelic richness (@gablhe Catherine Creek hatchery
population presented the lowest allelic richness of any population examined. Overall, we
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observed no clear pattern for differences in allelic richness between hatchery and wild spring
Chinook populations from the WillantetRiver.

Table 2 Observed and expected heterozygositigsadH,) for hatchery and wild spring Chinook populations
from Catherine Creek (Grande Ronde River) and major subbzfsins Willamette River, as estimated from GAPS
microsatellite data and four immune relevélR) loci. Also, the number of loci not in HareW/einberg equilibrium
(HWE) and number of locus paiiis linkage disequilibrium (LD in eachpopulation.

GAPS loci IR Loci HWE LD
Collection Location Origin He H, He H,
Catherine Creek Hatchery 0.744 0.735  0.494 0.405 0 0
Clackamas Hatchery 0.806 0.815 0.550 0.558 3 35
North Santiam Hatchery 0.819 0.820 0.564 0.470 4 9
South Santiam Hatchery 0.814 0.813 0.572 0.520 3 5
McKenzie Hatchery 0.821 0.805 0.557 0.550 3 12
Middle Fork Willamette Hatchery 0.819 0.818  0.571 0.493 4 11
Clackamas Wild 0.828 0.752  0.573 0.398 8 7
Molalla Wild 0.753 0.823  0.532 0.310 0 0
North Santiam Wild 0.796 0.777 0.556 0.454 4 1
South Santiam wild 0.808 0.746  0.553 0.347 8 3
McKenzie Wild 0.824 0.788  0.560 0.459 7 1
Middle Fork Willamette Wild 0.706 0.620 0.485 0.353 1 0
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Table 3. Pairwised values (Weir and Cockerham 1984) among hatctiéyyandwild (W) origin spring Chinook populations from the Willamette River and
Catherine Creek Hatche(rande Ronde Rivergstimated from genotypic data for 13 GAPS microsatellite loci. Values not significantly different from zero
(FDR adjusted)= 0.001i 0.050)are indicatedn bold.

Clackamas Clackamas Willamette McKenzie McKenzie N.Santiam N. Santiam S. Santiam S. Santiam

Hatchery wild Hatchery  Hatchery Wild Hatchery Wild Hatchery Wild
Catherine Cr. H 0.111 0.106 0.106 0.107 0.102 0.100 0.110 0.099 0.104
Clackamas H 0.007 0.012 0.013 0.013 0.010 0.012 0.010 0.009
Clackamas W 0.004 0.003 0.003 0.004 0.005 0.002 0.001
Willamette H 0.007 0.006 0.008 0.009 0.003 0.004
McKenzie H 0.000 0.003 0.006 0.004 0.005
McKenzie W 0.004 0.006 0.004 0.003
N. SantiamH 0.002 0.005 0.005
N. Santiam W 0.005 0.005
S. Santiam H 0.000
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Genetic structure among populations

Using genotypic data from the GAPS microsatellite, lae inferred the phylogeny of
Willamette River spring Chinook through a maximum likelihood approach (Figure 3). Results
from this analysis suggested that within the Willamette River, hatchery populations are
genetically most similar to wild Chinook frothe same subbasirin most caseshese subbasin
level hatcherywild pairings received bootstrap support approaching or exceeding 70%. An
exception to this pattern involved the hatchery and wild populations from the South Santiam
River, and hatchery fiscollected from the Middle Fork Willamette River. These three groups
formed a polytomy, with internal branch lengths that did not differ significantly from zero (95%
CI) and with < 50% bootstrap node support.

Clackamas H

Clackamas W

South Santiam H
South Santiam W

North Santiam W

MF Willamette H

North Santiam H
McKenzie H

0.001 McKenzie W

Figure 3 Unrooted maximum likelihootteedepicting genetic relationships among hatchery (H) and wild origin
(W) spring Chinook populations from the WillarteeRiver. Phylogeny inferred from genotypic data for 13
microsatellite loci.Branchlengths repesent CavalliSforza chord measures of génealistances (Cavatsforza and
Edwards 1967)Bootstrap values are indicated for nodes witb%Support. Branch lengths of the South Santiam
H-South Santiam \WWMF Willamette H clade are not significantly different from zero (95% confidence interval).

To provide a broader sense of scale to the Willamette River spring Chinook population
phylogeny, we repeated our analysis but included th@f®b&sin Catherine Creek hatchery
population. This phylogeny providan illustrative example of the distinotiness of Willamette
River Chinook from other Columbia River Chinook populations (Figure 4). Bootstrap support
for the bifurcation between Catherine Creek and Willamette River populatasi00%.
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— South Santiam H

Catherine Creek H

South Santiam W

MF Willamette H

— Clackamas H

—— Clackamas W

North Santiam W

North Santiam H

—— McKenzie W

— McKenzie H
0.01

Figure 4 Maximum likelihoodtree depicting genetic relationships among hatchery (H) and wild origin (W) spring
Chinook populations from the WillanetRiverand theCatherine Creek hatchery population (Grande Ronde River).
Phylogeny inferred from genotypic data for 13 microsageliti. Branchlengths repesentCavalli-Sforza chord
measures ofenetic distancelCavalli-Sforza and Edwards 1957
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Table 4 Allele counts and allelic richness for GAPS and immune relgWgit) loci in spring Chinook

populations from the WillamettRiver and Catherine Creek Hatchery, Grande Ronde R#zlic richness
normalized on a minimum of 22 diploid individuals.

(@) X
2> £ 5> §» 2> 88> 2 5 0§ g
Locus ze g2 g2 g2 2 ecl ¢ g 5 g
£ 8 S e wg XL ZELg Yn vz nT X3T
SE of Zzf wf SEf 5S2f 02 Z2 sz =32
Ots208 24 23 28 30 27 29 22 27 23 27
Ots213 16 24 25 23 29 27 24 22 24 26
Ots9 4 3 4 4 4 4 3 2 2 4
Ots211 18 19 20 19 17 18 22 21 17 16
Ogo4 7 8 8 10 8 9 9 9 8 7
OtsG47 3 12 9 10 9 10 10 9 11 8
5’5’ Ssa408 12 18 18 21 23 25 21 19 15 16
3 0Ogo2 8 14 11 12 12 13 11 11 9 11
O Ots3 3 9 7 9 7 8 9 8 8 7
% Ots212 16 15 17 14 14 16 16 16 14 18
< Oki100 15 24 24 26 23 25 23 23 24 21
Ots201 16 17 19 18 17 17 18 17 17 15
Omm1080 24 24 35 35 35 35 26 26 22 28
3TKU 2 2 2 2 2 2 2 2 2 2
10TKU 4 3 5 4 6 4 4 5 4 4
13TKU 4 5 5 5 5 5 5 5 4 5
15TKU 2 3 3 4 3 3 6 3 3 5
Ots208 20 16 18 19 18 17 18 19 18 19
Ots213 15 16 16 16 18 15 18 16 16 17
Ots9 4 3 3 3 4 3 3 2 2 3
Ots211 15 15 14 16 14 15 17 15 14 14
Ogo4 7 6 6 7 7 6 7 7 7 6
@ OtsG47 3 10 6 7 7 7 8 7 8 6
g Ssa408 11 15 15 16 16 17 16 14 14 14
.5;:) Ogo2 7 10 9 9 9 9 9 8 9 9
o Ofts3 3 6 6 7 5 7 7 6 7 6
o Ots212 14 12 12 11 11 11 15 13 14 14
< Oki100 13 16 17 17 15 16 18 17 17 15
Ots201 14 13 14 13 13 13 15 13 14 13
Omm1080 21 17 23 20 22 21 21 19 18 21
3TKU 2 2 2 2 2 2 2 2 2 2
10TKU 4 3 4 4 4 4 4 4 4 4
13TKU 4 4 5 5 5 5 5 5 4 5
15TKU 2 3 2 3 3 3 5 2 2 4
Mean Richness 9 9 10 10 10 10 10 11 10 10



Accuracy of genetic stock identification

Becauseave found little or no evidence fgeneticdivergence between hatchery and wild
populations within Willamette River subbasifi@ble 3), we could not reasonably expect useful
GSI power for hatchery and wild populations within subbasins. We therefore pooled hatchery
and wild samples from each subbasin to generate a GAPS microsatellite genotype baseline for
ONCOR analyses. We diwt include wild Chinook from the Middle Fork Willamette or
Molalla rivers in this baseline.

Usi ng t-bneo uitl gfnslersbroet al. 2008), we found that accuracy of GSI to
Willamette River subbasin populations ranged fror64%o (Table 5). Disemination between
Catherine Creek hatchery and Willamette River spring Chinook was 100% accurate.
Assignment accuracy was higher betwpepulations from th€lackamas River and
populationsabove Willamette FallsAmongpopulationsabove Willamette Fad| assignment
accuracy was highest for the Middle Fork Willamette (hatchery) populafibe.addition of
TKU markerdata to the baselirdid not provideconsistentmprovement tassignment accuracy,
with only aminorincreasan assignment accuracy foorae populations (49.1% accuracy for
McKenzie) offset bygreaterassignment error for other populations (61.5% accuracy for
Clackamas).

Table 5 Percent assignment accuracy for Willamette River and Catherine Creek (Grande Ronde River) spring
Chinook, usinghaseline data from 13 GAPS microsatellite loci.

Percent Most Common Percent
Population n Accuracy Misidentification Error
Catherine Creek 31 100.0%
Clackamas 44 63.6% Middle Fork Willamette 18.2%
Middle Fork Willamette 124 58.1% South Santiam 15.3%
South Santiam 94 42.6% Middle Fork Willamette 22.3%
McKenzie 116 46.6% North Santiam 20.7%
North Santiam 135 54.1% McKenzie 17.8%

Despite low assignment accuracy, we performed an exploratory analysis of the
composition of wild Chinook collected from the Molalla and Middle Fork Willamette rivers. We
found that most wild fish collected from the Middle Fork Willamette assigned ta #ithe
Middle Fork Willamette or South Santiam populations, and that wild fish from the Molalla
assigned at nearly equal ratios to the South Santiam, North Santiam and Middle Fork Willamette
Rivers (Table 6). However, these results must be interpretedtavitton, given our findings
from t hoeeofultedame st and multiple | ow assignment
(Table 6). Interestingly, though, one wild Chinook collected from the Middle Fork Willamette
assigned with high probability (98%) the Catherine Creek population. Although this fish may
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be from a population not included in our baseline (i.e. not Catherine Creek), it is likely not from
the Willamette River. We also performed individual assignments for wild Clackamas River
Chinook and found that over half (53%) assigned to either the North or South Santiam rivers.
Again, these results should be interpreted with caution.

Table 6 Individual population assignments for wild spring Chinook sampled from the Molalla and Middle Fork
Willamette rivers.

Individual Best Estimate Probability Second Best Estimat Probability
MFWILL_20 Catherine Creel 0.98  Middle Fork Willamette 0.02
MFWILL_18 McKenzie 0.97  Middle Fork Willamette 0.03
MFWILL_7 McKenzie 0.77 South Santian 0.20
MFWILL_17 Middle Fork Willamette 0.62 South Santiar 0.35
MFWILL_21 Middle Fork Willamette 0.65 South Santian 0.21
MFWILL_34 Middle Fork Willamette 0.98 McKenzie 0.02
MFWILL_5 North Santiam 0.62 South Santian 0.37
MFWILL_2 South Santianr 0.82  Middle ForkWillamette 0.18
MFWILL_22 South Santiarn 0.98 McKenzie 0.02
MFWILL_32 South Santianr 0.81  Middle Fork Willamette 0.13
MFWILL_66 South Santiarn 0.39 McKenzie 0.23
MFWILL_8 South Santianr 0.83  Middle Fork Willamette 0.16
MOLALLA_ W34 McKenzie 0.36 South Santiarr 0.27
MOLALLA W51 Middle Fork Willamette 0.71 South Santian 0.22
MOLALLA_W61  Middle Fork Willamette 0.63 North Santiam 0.27
MOLALLA W6 North Santiam 0.97 McKenzie 0.02
MOLALLA_W46 North Santiam 0.41 McKenzie 0.34
MOLALLA W23 South Santian 0.94 North Santiam 0.03
MOLALLA_ W26 South Santian 0.89  Middle Fork Willamette 0.08
MOLALLA W40 South Santian 0.51 McKenzie 0.21

Evidence of bci under selection

Among Willamette River spring Chinook populations, we found no evidence for
selection having driven tH&st value for any locus beyond what might be expected under a
model of random genetic drift. That is, all loci provided evidence for similar levelspoflation
divergenceRst), none appearing as outliers against a 99.5% confidence intefugl vdlues
simulated from our data (Figure 5).

When we included the Catherine Creek hatchery populatiarsimilar analysis (all
analysis parameters held ctargt) we found that two loci,0TKU (SsalRQA0TKU) andOtsG474
presented exceptionally higir values,indicating locusspecific positive selection (Figure 6).
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Our results also suggested that balancing selection might be elevating heterozygQGsag I@r
andOmm1080though this evidence was less compelling sikgevalues for these markers fell
just outside the bounds of the 99.5% confidence inteWaldid not include vid fish from the
Middle Fork Willamette or Molalla rivers due to small sampizes.
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Figure 5 OverallFst values for 1#nicrosatelliteloci (markers)plotted against heterozygosity, as characterized
from nine Willamette River spring Chinook populatior@Gray areadefinesthe 99.5%Cl of expected-sr under
neutrality Other $iaded areas indicate reggassociatedvith positive(red)and balancindyellow) selection
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Figure 6 OverallFst values for 1/microsatelliteloci (markers)plotted against heterozygosity, as characterized
from the Catherine Creek hatchery amide Willamette River spring Chinook population&ray areadefinesthe
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Migration and the genetic management of hathery broodstocks

Using resampled genotypic data for 17 microsatdtite(GAPS andlr KU marker$ from
theMcKenzie River hatchery and wikpring Chinookpopulations, we performed a series of
forward time simulations to mod#ie effectghat various ngration ratesr(i) hadon mean
heterozygosityd andthe number of alleles present in tbembined and separdtatchery and
wild populations.Due to computational constraints, simatpopulation sizes were smaller
than typically observed in the McKenzie RibBatcheryn = 650, wild n = 800), thoughroughly
equivalent to observeathtchery:wild populatiosizeratios (see Appendix 4)

We found thatinder all scenarios amdigration rate examinedthere was some decline
in meanheterozygosity. Howevetptal declineafter 30 generationsas typically little more
than 1% ananigration rate did not appear to have a strong effeth®magnitude of
heterozygosity losghoughm = 0 from ane or both populations resultedsignificantlygreater
decline under alinigrationscenariogFigures 8a, 8b, 8.

Underall migrationscenariosg appeared tgtabilizeat a value less thah005afternine
generationsvhenevem was greater than zero from both populations. Theta stabilized at higher
values under asymmetrical migration scenarios with no migration from either thenegahd =
0.005 at generation 36jgure 8b) or hatcheryrieand = 0.007 at generation 3Bjgure8c)
populations. Thetaontinued tancreasesteadilyover30 generatios underasymmetrical, no
migration scenarigFigure8a).

We observed some interesting patterns for change in allele count in response to different
migration scenarios. First, vieund that allele loss was always greaté@hin hatchery and wild
populationg(i.e. allele counts calculated separatéty each populationthanin the combined
hatcherywild populationcomplex Our resultsalsosuggested thaven low level®f migration
(5%) greatlymitigatedwithin-population allele lossFurthermore, when wild migration rates
were held constant at 5%, optimal allele conservation was achieved with hatchery migration
(stray) rates 05-10% (Figure 8c). Under this scenario, a hatcineigration rate of 0% resulted
in the greatest loss of alleles within populations and a 30% rate of hatchery migrataned
thegreatestossof alleles in the combined hatchenyild population complex.

We emphasize that these results reflect chapggictedfor neutral microsatellite loci,
andsimulations dichotincorporate potentiaffectsfrom selection on allele frequencies and
overall population genetic diversity.
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Figure & Simulated change inean heterozygositfupper left), theta (upper righihdmeanper locushumber of allelespresent irthe combined(lower left)
and separate (lower rightatchery and wild populations bfcKenzie Riverspring ChinookThe percent of offspring that migratem each populatigmm, is
modeled at 880% The model was seeded with genotypic data from 17 microsatelfftes text for additional mdel parametet
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Figure &. Simulated change in mean heterozygogipper left), theta (upper righindmeanper locusnumber of allelegpresent irthecombined (lower left)
and separate (lower rightatchery and wild populations bfcKenzie Riverspring Chinook The percent of offspring that migrgte) is 5% for the hatchery
populationand @ 30% forthewild population The model was seedwith genotypic data from 17 microsatellteSee text for additional adel parametet
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Figure &. Simulated change in mean heterozygosity (upper left), theta (upper rightheamper locusnumber of allelespresent irthe combined (lower left)
and separate (lower right) hatchery and wild populations of McKenzie River spring Chinook. The dastfepting that migrater() is 0-30% for the hatchery
population and% for the wild population. The model was seeded with genotypidaatqd microsatellites. See text for additional madiedcriptions
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Discussion

Overview

Population genetic informatiacanserve as &aluableresourceo fisheries managers,
providinga nexus between past processes and future directions. In this study, we have examined
genetic diversity for 17 microsated#itoci in 813 spring Chinook from six Willamette River
subbasins and the Catherine Creek hatcpepylation(Grande Ronde River)Jsing genotypic
data from these lociye have inferred mean population heterozygosities, allelic richlessts
of populaton genetic divergence amgnetic relationshipsmong populhons We have
evaluated the accuracy of GSI for Willamette River spring Chinook and exathastock
structureof two small wildspringChinook populationsin our final analysesve used-st
outlier tests to detect locispecific signals of selectiomeng spring Chinook populatiorend
modeledthe effecs thatvarious levels omigrationcan have omatcherywild population
genetic divergencenean heterozygosignd allelic diversitythrough time.

Our analyses have provided the following reswitsichwe discuss$n detailin following
sectiors:

1) Heterozygosity and allelic richnes§Vithin subbasins of the Willamette River,
heterozygosities are higher for hatcherpylations than wilghopulations, though no
clearpattern of differencevas detectetbr allelic richness.

2) Genetic divergencd) - Geneticdivergence between hatchery and wild populations
within UWR subbasinsvas either insignificantr very low We found evidence for
weakbut significantgenetic divergencamongall UWR subbasinsexceptfor South
Santiampopulations, which wergeneticallysimilar tothe ClackamadRiver wild
population

3) Geneticstructureamong hatchery andild populations

a. Hatchery poplations are mossimilar to wild founde) populations fromthe
same subbasin

b. TheNorth Santiamand South Santiamver populationsgdo notform a
monophyletic group Insteadthe North SantiamRiver population appears to be
moresimilar to theMcKenzieRiver population than to the South Santiam River
population.

c. Geneticstructure is very weak among Chingadpulationdrom the South
Santiam and Middle Fork Willamette rivers.

d. WillametteRiver spring Chinook areery distinct from Catherine Creek hatchery
spring Chinook.
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4) Accuracy of GSI methods for Willamette River spring Chineok

a. Using GAPS microsatellite loci, we observewlpopulation assignmemiccuracy

b.

C.

to subbasins othe Willamette River

We observed higlsSI accuracy between Willamette River populasi@and the
Catherine Creek hatchery population.

A singleout-of-basin unmarked spring Chinook wagtected with high
probabilityamong unmarked Chinook sampled in the Middle Fork Willamette
River.

5) Locusspecific signatures of selecti@st outlier test$-

a.

b.

We found m evidencdor locusspecific selectiommong hatchergndwild

spring Chinook populations frothe WillametteRiver.

We found the Catherine Creek hatchery population to be exceptionally diverged
from Willamette Riverspring Chinook populations at two microsatellite loci

6) Relationshig between migration anglenetic diversityn the context ofpring Chinook

broodstock management

a.

b.

Absence of migration from either the hatchery, wild or both populations resulted
in thehighest rates of genetic divergence and erosion of diversity for most
metrics.

When migration from the wild population to the hatchery population wagtsb,
rate of alleldoss was highest in the hatchewid population complexinder a
high migrationrate (30%) from the hatchery population.

Greatest conservation of allelic diversias achieved with low levels of
reciprocal migratiorbetweerthe hatchery and wild populations at 5816 10%.
Minor changes in heterozygosity and allelic richness were siarildgrthese
migration rates, thougtireached a higher valwath 5% migration than with
10% migration.

Heterozygosity and allelic richness

Genetic diversity is fundamental to both skherm population resilience and lotgrm

adaptive potentialAllendorf 2005; Waples et al. 1990Roth heterozygosity and allelic richness
areimportant componentsf genetic diversity that can be directly compared among populations.

We found that mean heterozygosities of Willamette River spring Chipopllations

ranged fron62-82% for GAPS microsatellites and-36% forTKU loci. We observed the
lowestmeanheterozygosit in the small wild populations of the Middle Fork WillameReer.
Within subbasins of the Willamette River, hatchery populations preskigfieer
heterozygosities than latwild populations. The larggensussize(N) of hatchery populations
and random, 1:1 spawning protocated by Willamette River hatcheries magdtionto boost
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populationheterozygosieésabovelevels found irsmaller wid populationsin whichthe number
of breedersN) may be significantly less thah Incidentally,our estimates afbserved
heterozygosityor hatchery populations frotme North Santiam and McKenzie riggiTable 2)
differed by less than 1% from those reported by Narum €@&L0, placing them among the top
five of 37 Columbia River spring Chinook populatioesamined Table 7). The lower
heterozygosities observed foKU loci, relative to GAPS markers, may bg&ined by the

small number oélleles found at thessmmune relevant loci. With fewallelespresentthe

number of possible allele combinations declines and the probability for homozygonggpeamn
be expected to increase.

Few Willamette River Chinoogopulations appeared to beHWE at all loci examined
(Table 2) Nearly all populations presented some evidence of heterozygote defiv#catmore
of three loci,Omm10800ts213andTKU10. Moreover,all populations that showed departures
from HWE dso presented some evidence of LD (TableT)is resultcould be interpreted as
evidence of migration, which would disrupt HWE and generate LD. Howewedata violate
otherkeyassumptiosrequiredfor HWE, in addition totheno migrationassumption
Specifically,the assumptionf nonoverlapping generations violated by inclusion of multiple
age classeamong sampleandsome loci may be subject to the effectselection The cause
for ubiquitous departures from HWE and litherefore unclearThe higher frequency of LD
in hatchery populations mayem fromdifferences between UWR hatchery spawmngtocols
(1:1 mating3 and natural, polygamoushinookmating systemsBentzen et al. 2001

Although hatchery populations presented higherrbeygosities than wild populations,
we did not observa similar pattern for allelic chness. Instead, we found tipafpulations
scoredsimilarly for allelic richnessregardless of hatcheoy wild origin. The Clackamas River
wild population presentedl slightly higher mean allelic ridess than all other populations,
perhaps as a result of admixture in this popula@drypothesisupported by the relatively high
number of loci not in HWEor the Clackamas River wild populati¢hable 2)

Taken bgetheyourfindings suggesthat wild and hatcherwillametteRiver spring
Chinook populationsarborsimilar numbersof allelesper capita but thatin wild populations
these alleles more often occur in homozygous states. Demic structure in wildipappich
would be disrupted by random matipgacticesn hatchery populations, could explain this
result.
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Table 7.0bserved and expextheterozygositiesHe andHo) for 37 Columbia River spring Chinook populations
examined by Narurat al. (2010). UWR populatiorsppeatin bold.

Rank Population He Ho

1 Lewis Hatchery (spring) 0.866 0.8
2 Cowlitz Hatchery (spring) 0.861 0.853
3 Klickitat River (spring) 0.864 0.846
4 Kalama Hatchery (spring) 0.865 0.837
5 McKenzie Hatchery (spring) 0.817 0.812
6 North Santiam Hatchery (spring) 0.8 0.812
7 Winthrop Hatchery, Carson stock (spring) 0.792 0.809
8 Wenatchee River (spring) 0.795 0.803
9 Tucannon River (spring)a 0.791 0.803
10 Battle Creek (spring) 0.841 0.801
11 Cle Elum Hatchery (spring) 0.816 0.796
12 Red River (spring)a 0.795 0.795
13 Entiat Hatchery (spring) 0.782 0.793
14 Imnaha River (spring)a 0.783 0.793
15 Sawtooth Hatchery (spring)a 0.790 0.793
16 Dworshak Hatchery (spring)a 0.793 0.792
17 Pahsimeroi River (spring)a 0.780 0.790
18 Lochsa RiveirPowell Trap (spring)a 0.788 0.789
19 Methow River (spring) 0.793 0.788
20 Minam River (spring)a 0.790 0.788
21 South Fork Clearwater (spring)a 0.785 0.782
22 Big Creekb (spring)a 0.760 0.782
23 West Fork Yankee Fork (spring)a 0.758 0.779
24 Marsh Creek (spring) 0.782 0.777
25 Catherine Creek (spring)a 0.775 0.776
26 Johnson Creek supplementation (spring)a 0.779 0.776
27 Johnson Creek (spring)a 0.776 0.775
28 Lolo Creek (spring)a 0.787 0.767
29 Rapid River Hatchery (spring)a 0.762 0.767
30 Big Creeka (spring)a 0.754 0.764
31 Lostine River (spring)a 0.754 0.763
32 Secesh River (spring)a 0.773 0.763
33 Newsome Creek (spring)a 0.765 0.760
34 Shitike Creek (spring) 0.763 0.757
35 East Fork Salmon River (spring)a 0.769 0.757
36 John Day River (spring) 0.780 0.755
37 Warm Springs Hatchery (spring) 0.725 0.728
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Genetic divergenced)

Contrasting with the findings of Myers et al. (2006)r analysis of pairwisd values for
Willamette River spring Chinookdicatedthat hatchery populations are most similar to local
wild populations. Immostcasesd valuesbetween locahatcherywild population pairs were not
significantly different from zerareflecting no measurabggeeneticdifferentiation This finding
wasexpectedbecauseipper Willamette River hatchery populations were founded from local,
wild broodstockin the 1®0s(Johnson and Friesen 2010) and migrabietween hatchery and
local wild populations has continusthce that timehrough pHOSand wild broodstock
integration(Appendix 4) The peculiar genetic relationshipstween hatchery and wild
populationgepated by Myers et al. (2006) were likely influenced by Allene®hielps effects,
as the authoracknowledged

We found thawVillamette River spring Chinook wereeakly structurecdat the subbasin
level. Althoughnearly all betweesubbasird estimatesverestatistically significan{Table 3)
they were lower thamost pairwisevalues reported for spring Chinopkpulationsrom the
Snake(d = 0.0170.045;Narumet al. 2007)Klamath (/= 0.01110.0236;Kinziger et al.2008)
and California Central Valley riversl € 0.0050.026;Garzaet al.2008. Structure between
ClackamagsRiver populations an€hinook fromabove Willamette Fallg/as greater than among
populationsabove the fallswith the exceptionof low divergencéetweenthe Clackamas wild
population andouth Santiam populations. THhisding suggests thatigration between the
wild Clackamas population ar®@buth SantianRiver populationss greater than between the
Clackamas andll other UWR populationsindeed,South Santiam strays into the Clackamas
wild population could also explain the higher allelic richnéss and HWE departuresbserved
in thewild Clackamagpopulation

Genetic structure among populations

The maximum likelihood phylogeny of Willamette Rivagaring Chinook provided
further evidence that hatchery populations are most similar to local wild populatsons,
hatcherywild populations within subbasirfiermed cladesvith compellingbootstrap supporh
all possble cases. This suggests tiiétlamette Riverspring Chinook populatiorere
structured amongubbasis, with little or no measurableeutralgenetic structure between
hatcheryandwild populations witin subbasins

However, like Myers et al. (2006), we found that population genetic struafture
Willamette River Chinooklid not reflect geographic structure in several ways. Although the
Catherine Creek Hatchery population and, towechlesser degree, th@lackamas poulations
separated from UWR populations, North Santiam River populations clustered with McKenzie
River populations and South Santiam River populations formed a weakly structured clade with
hatchery Chinook from the Middle Fork Willamette River. Withandlyses ofrchival
samples, it is difficult to infer whether extdd¥WR Chinookpopulationstructure reflects historic
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structure, or whether stock transfargd local extinctiongntirelyremovedhistoric structure

only to be replaced in recent yearsotilgh subbaskhevel managemeractions The weak
population structureve found, along with itdack of geographic concordanaad thdong

history of stock transfers in thddVR basin(Johnson and Friesen 2010; Myers e2@0Dg favor
the lattethypothess. Regardlesswith continuedmanagement that limitstock transfers among
subbasins, spring Chinook population structure in the Willamette River can be expected to
strengthen and favor the accumulation of locally adapted traits.

GSI accuracy

Using the G\PS baseline data, we found tizdtherine Creek Chinook could be
discriminated from Willamett®iver stocks with 100% accuracyThis result is expected, since
Willamette River spring Chinook have previously beescribedas genetically distinct from
interior Columbia River populations (Waples et al. 200dh high population assignment
accuracy (98.3%) at a multiregional scale (Seeb et al. 260X)ever,weakpopulationgenetic
structurewithin theWillamette Riveraffordedonly low GSlpowerto the level of Willamette
River subbasinsAlthoughmore accuratéhan random assignmenthe43%- 64% GSlI
accuracythat we observed willkely limit the utility of GAPSbased GSéas a research tool
within the basin.However, oulGAPSbaseline data maye usefulin othercontextssuchas to
detect ounof-basin strays (as we found in the Middle Fork Willamette Riaad provide robust
data for the UWR spring Chinook reporting grdabpt is used coastwide.

Althoughthe GAPS microsatellite baselieenpbysa standardized set of marketst
areused by researchettsroughout the regio(Seeb et al. 2007yreaterifferentiation among
some Chinook populatiorigs been found witkelectgenelinked markersatregioral scals
(Heath et al. 200680 6 M a letlale2907)However, wefound thatno more than a 2.5% increase
in assignment accuraeyas achievethy adding foulTKU markers to ouGAPSbaseline, and
assignment error increased by up to iR%omepopulations Therefore, vhile other gendinked
markersmight improveGSI power for Willamette spring Chinook, th&U markes that we
examineddo not appear well suited for this purpose.

Evidence of bci under selection

Among Willamette Rivespring Chinook populations, we found no evidefure
selection having influenced allele frequencies for GAPBKdW microsatellite loci. Instead, all
loci presented similar levels of differentiation once conditioned on heterozygosity, suggesting
that denography and random genetic dhtivedriventhe evolutionof these locamong
WillametteRiver spring Chinookpopulations This result is interestingincewe included
potentially immunerelevant loci amongur markersandexamined both hatchery and wild
populations. Conceivably, hatchery and wild populations have experienced rather different
selective pressures, with respect to pathogen exposure and resultant fithess consequences. Yet,
we found no genetic signal for selection among the loci examined.
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A rather different pattern emerged wheninduded theCatherine Creek hatchery
populatbn in our analysis, as bo8salRA0TKU andOtsG474presented unusually larger
values, indicative of positive selection that has favored different alleles for these loci in the
Catherine Creek hatchery population, relative to Willamette River populations.

Interestingly,Tonteri et al. (2010alsofoundthe SsalRQA0TKU marker to be moutlier
locus for northern European Atlantic salmas,it presentethe highesFst valueof 94 loci
examinedn eight populations. This marker is thought to be linked to the calme2géene
(Tonteri et al. 201Q)whose protein pragtt is involved incalcium modulged regulation of many
downstream gentarges that affectiral penetration, inflammatigreell motility and immune
responsegmong others; see6 Day et al . 2003) . ifflbeaced by h i s
positiveselection at the pojation level in both Chinook and Atlantic salmon suggests that
variationat this locus mayonferimportantlocal adaptation for diverse salmorspecies

Unlike most GAPS markerphenotypicsignificancehasalsobeen described for the
OtsG474ocus, which is thought to discriminate between ocean and stream type Chiomaok
interior Columbia River populatior(®larum et al. 2004)lt is thereforesomewhasurprising
that we found such marked allele frequency differences between Willametiatmatine Creek
populationsat this locus, ince bothhave been described stream typ€hinook(Narum et al.
2007; Waple®t al.2004 but see Moran et al. 201L3Specifically, @er 92% of theDtsG474
alleles in the Catherine Creek population were zg 456 bp (designatesp:2 in Appendix 3),
whereas the mean frequency of thlielein WillametteRiver populations was onl¥3%.
Although multiple juvenile outmigration life histories have been described for wild Catherine
Creek ChinookFavrot et al2010, greaterallelic diversity atOtsG474in WillametteRiver
populations (Appendix Jouldreflectgenetic potential fodiversejuvenilelife histories
Alternatively,absence of distinct oceaand streantype lineages in loweColumbia River
stocks (Moran et al. 2013)such a®Villamette River Chinookwould suggest thahe high
observed-st at this markemay notassociate with juvenile life histomariation, but instead
reflect adaptive differences between interior and lower Columbia Rivieook.

Migration and the geneticmanagementof hatchery broodstocks

Using genotypic data from the McKenzie wild and hatchery spring Chinook populations,
we performed genetically explicit, forwatiine simulatiors to evaluate the effects wdrious
migraion scenario®n genetic diversitySome change in genetic diversity can be expected to
occur in any finite population and all simulationsheterozygosity decreasefiincreaseagnd
allele counts decreaseder a 368generation periadHowever, the magtude ofgeneticchange
under most migratiorates andscenariogppeared to be minoSimulated change for
heterozygosity was less pronounced tbhangefor total allele countlikely because
heterozygosity is lagly maintained by common alleleghereas total allele counan decline
quickly asrare allelesare lostthrough drift(Waples et al. 1990).
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The most dramatic changes in genetic diversity occurred when migration was eliminated
from one or both populations. With no migration between #tehtery and wild populations
(scenario 1m= 0), dincreased steadily arallele count declined precipitously within
populations.

The mean number of alleles present in the combined hatahlerpopulation complex
varied little in response to differenc@smigration rate. Only when migration from the hatchery
population was high (30%) and migration from the wild population was low (5%) did we
observe a significantly greater decline in the mean allele count of the combined hatidthery
population complex|t is noteworthy thathese migratiowalues(scenario 3hatcherym= 30%)
most closely resemldeurrent migration patterns (pNOB apHOS between the McKenzie
hatchery and wild populations.

Greatest allele conservation appeared to occur with reapnaigration between the
hatchery and wild populations at rates €f@%. These lowmigrationscenarig may adequately
prevent genetic Aswampingo from t hwouldbel ati vel
more vulnerable to random drift, whigdlowing somegeneflow from the hatchery population
that couldrestorealleles lost from the wild populationNVe found little difference between the
effects from 5% and 10% migration geneticdiversity, suggesting thatild broodintegration
at these ratesrpvides a similar level afieutralgenetic benefifi.e. preventing drift)

We acknowledgehatin somerespect®ur models do not accuratelgflectknown
characteristicef McKenzie River Chinook populationsSpecifically, our model does notal/
for overlapping generations. Alspopulation sizes were significantly smaller than observed in
recent years, and monogamous mating systems were applied to both hatchery and wild
populations.However, each of these discrepandilesly serves to decreasesetleffective
population sizes used in our models below actual values, thierfédiyng the effects of drifon
genetic diversity Therefore, ar model results likely depict greater rates of neutral genetic
change thaganbe expected to occur nreal UWRChinook populations

We againemphasize that the models of genetic change we have presented represent
dynamics that might be expected for neutral loci. Allele frequencies for genes subject to
selection can be expected to respond not only to demograplablea such as migration and
population size, but also to the direction and magnitude of seledtitegration
recommendations that assume selection on loci have been provided by Paquet et al. (2011).
Though we found no evidence for selection havirl@mcedGAPS orTKU microsatellite
allele frequencies among Willamette River spring Chinook populaiioisgyossiblethatother
geneticloci, not considered in this studgould besubjectto disruptive natural or artificial
selection. Finally, our results suggest that allele count may be a more informative metric than
heterozygosity for population genetic monitorjprggrams. [@spitethelimitations and
assumptions of owgenetic modelsesultsfrom these simulationgrovidean empirical basis for
informed discussion andanagement
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Conclusions

Taken together, our results provide evidence for weak but significant genetic structure
among Chinook populations from different Willamette River subbasinslamost no evidence
for genetic diverge between hatchery and wild populations within subbasm$ound
Willamette River Chinook populations to be quite genetically diverse in terms of mean
heterozygosity.We recommend that managers continue to restrict Chinook stock teansfer
among UWR subbasins to promote the evolution of locally adapted tvd#salso suggest that a
small proportion (58L0%) of wild fish be integrated into hatchery broodstocks to prevent loss of
allelic richness andeutraldivergencébetweerhatchery anavild populations within subbasins.
Our findings of strong divergence at two genetic loci suggest that Willamette River populations
may be a particularly informative group for the study of adaptive evolution among Columbia
River Chinook. Finally, we reconmend thathe geneticinformation provided in this repobe
applied in the context afther biological, social anstientific information to guide future
management actions.
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Appendixdt. PCR reagent concentrationglumesand thermocycling temperatures.

Stock Reagen contl::érrll?rlation Reaaclgién .
GAPS Loci
ddH20 1.6530 Ots208b+
25 mM MgCl 1.8000 0.4320 Ots213
10 mM dNTPs 0.1750 0.1050 201b
20x Addative 0.2500 Ots9
10 € MPrimer F* 0.4500 0.5400
10 € MPrimer F* 0.4500 0.5400 Denaturatiors 94 C
10 & MPrimer F* 0.1750 0.2100 High Anneal =58 C
10 € MPrimer F* 0.2000 0.2400 Low Anneal =54 C
5x buffer promega 1.0000 Extend=72C
5 Ulul Taq 0.0250 0.0300
Total reagents volume 5.0000
10 e L DNA | Total volume 6.0000
Fin
Stock Reagen| concen?rlation Resacliicﬁn .
GAPS Loci
ddH20 1.4250 Ots211+
25 mM MgCl 1.6250 0.3900 Ogo4
10 mM dNTPs 0.1750 0.1050 OtsG474
20x Addative 0.2500
10 & MPrimer F* 0.6000 0.7200 Denaturatiorr 94 C
10 & MPrimerF* 0.4000 0.4800 High Anneal =58 C
10 & MPrimer F* 0.2500 0.3000 Low Anneal =54 C
10 & MPrimer F* 0.2500 0.3000 Extend=72C
5x buffer promega 1.0000
5 Ulul Taq 0.0250 0.0300
Total reagents volume 5.0000
10 e L DNA | Total volume 6.0000
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Appendix Xcontinued)

Final e L/
Stock Reagen concentration| Reaction .
GAPS Loci
ddH20 0.0630 SSA408
25 mM MgCl 1.8000 0.4320 0Ogo2
10 mM dNTPs 0.1750 0.1050 Ots3
20x Addative 0.2500 Ots212
10 & MPrimer F* 0.6000 0.7200
10 & MPrimerF* 0.6000 0.7200 Denaturatiors 94 C
10 & MPrimer F* 0.6000 0.7200 High Anneal =58 C
10 & MPrimer F* 0.8000 0.9600 Low Anneal =54 C
5x buffer Promega 1.0000 Extend=72C
5 U/ul Taq 0.0250 0.0300
Total reagents volume 5.0000
10 e L DNA | Total volume 6.0000
6 ¢ LRxn Vol
Stock Reagen) concI::érr]l?rlation Reaaclzién .
GAPS Loci
ddH20 2.4150 Oki100
25 mM MgCl 1.6250 0.3900 Omm1080
10 mM dNTPs 0.1750 0.1050
20x Addative 0.2500 Denaturation= 94 C
10 & MPrimer F* 0.5000 0.6000 High Anneal =52C
10 & MPrimer F* 0.1750 0.2100 Low Anneal =48C
5x buffer Promega 1.0000 Extend=72C
5 U/ul Taq 0.0250 0.0300
Total reagents volume 5.0000
10 e L DNA | Total volume 6.0000
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Appendix Xcontinued)

Stock Reagent Final conc| € L/ Rxn
ddH20 2.0250 10TKU
25 mM MgCI 2.0000 0.4000 Denaturatiors 94 C
10 mM dNTPs 0.2000 0.1000 High Anneal = 63 C
20x Addative 0.2500 Low Anneal =59 C
10 uM Primer F* 0.2000 0.1000 Extend=72C
10 uM Primer R* 0.2000 0.1000
5x buffer promega | 1.0000
5 U/ul Taq 0.0250 0.0250
Total reagentyvolume 4.0000
1.0 eL DNA Total reaction v
Stock Reagent Final conc| € L/ Rxn
ddH20 0.8250 13TKU
25 mM MgCI 2.0000 0.4000 Denaturatiors 94 C
10 mM dNTPs 0.2000 0.1000 High Anneal = 63 C
20x Addative 0.2500 Low Anneal =59 C
10 uM Primer F* 0.4000 0.2000 Extend=72C
10 uM Primer R* 0.4000 0.2000
5x buffer promega | 1.0000
5 U/ul Taq 0.0250 0.0250
Total reagentsolume 3.0000
20 ¢eL DNA Total reaction v
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Appendix Xcontinued)

Stock Reagent Final conc| € L/ Rxn
ddH20 1.8750 15TKU
25 mM MgCI 2.0000 0.4000 Denaturatiors 94 C
10 mM dNTPs 0.2000 0.1000 High Anneal = 63 C
20x Addative 0.2500 Low Anneal =59 C
10 uM Primer F* 0.3500 0.1750 Extend=72C
10 uM Primer R* 0.3500 0.1750
5x buffer promega | 1.0000
5 U/ul Taq 0.0250 0.0250
Total reagentsolume 4.0000
1.0 eL DNA Totalr eacti on vol um
Stock Reagent Final conc| € L/ Rxn
ddH20 2.1250 3TKU
25 mM MgCI 1.5000 0.3000 Denaturatiors 94 C
10 mM dNTPs 0.2000 0.1000 High Anneal = 63 C
20x Addative 0.2500 Low Anneal =59 C
10 uM Primer F* 0.2000 0.1000 Extend=72C
10 uM Primer R* 0.2000 0.1000
5x buffer promega | 1.0000
5 U/ul Taq 0.0250 0.0250
Total reagentsolume 4.0000
1.0 eL DNA Tot al reaction Vv
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Appendix 2. Example NEMO 2.2.0 init file.

logfile logfile_MCKsimO1.log
run_mode overwrite
random_seed 678893

root_dir MCKENZIE_SIM_01

filename MCKsimO1
replicates 10
generations 30
#POPULATION#
patch_number 2
patch_capacity 50, 800}}

# INIT FOR MCKENZIE SOURCE_FILE 062012

## NUMBER OF REPLICATES TO RUN SIM
## NUMBER OF GENERATIONS TOATH L& 30

## TWO POPULATIONS
## OF SIZEBS0ANDS00

source_pop MCKSOURCE/MCK3000%01.d&# USING RESAMPLED GENOTYPE DATA

source_preserve
source_file_typedat
#LIFE CYCLE#
breed 1

save_stats 2
disperse 3

aging 4

save files 5

store 6

## SEEDING WITH EXISTING STRUCTURE
## AT GENERATION O

## THESE ARE THE ORDER
## OF OPERATIONS DURING THE
## SIMULATION

#BREED AND SELECTION PARAMETERS#

mating_system 3
mating_proportion 0.95
mean_fecundity 1500
#extinction parameter#
extinction_rate 0.0001
#disperse parameters#
dispersal_model 3
dispersal_rate 0.10
#save stats parameters#
stat adlt.fstwC
stat_log_time 3

stat_dir MCKsim_da
#store parameters#
store_dir MCKSIM_bin
store_generation 30
#neutral markers#
ntrl_loci 17

ntrl_all 36
ntrl_mutation_rate0.0001
ntrl_mutation_model 1
#output#
ntrl_save_genotype
ntrl_output_dir MCKfstatntrl
ntrl_output_logtime 30

## MONOGAMY, AS IN L:ITTHAMERY MATINGS
## INCLUDE A 5% ERROR RATE IN MONOGAMY
## EACH FEMALE PRODUCING 1500 EGGS

## STOCHASTIC EXTINCTION

## STEPPING STONE, NO MATTER W/2 POPS
## 10% INTEGRATION AND STRAYING

## REQUESTING WEIR & COCKERHAM'S THETA
## CALCULATE AND RECORD STATS EVERY 3 GENS
## RECORD FILE

## SIMULATION GENOTYPE DATA STORAGE

## ALL 17 LOCI, GAPS AND TKU

## MAX ALLELES SET AT 36, FROM DATA

## REASONABLE RATE FOR MICROSATS

## SINGLE STEP MUTATIONS

## INCREASE/DECREASE ALLELES BY 1 SIZE
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Appendix 3. Allele frequencies for GA®®] immuneaelevant (TKU) microsatellite markens

spring Chinook populations (of n > 30 samples) from the Willamette River and Catherine Creek
Hatchery (Grande Ronde River). The first column identifies loci and their alleles (arbitrarily
numbered). Ns the number of individuals per population that provided data per each locus.

T = T = T =

< @ ® s I 3 = e = =

O o e 2 2 2 T T S =

E g g = ) o S G S T

£ 2 3 L2 % ¥ & & 46 0

O O O == = S pa pa %) N

0OTS208

N 32 74 44 138 94 66 94 70 93 57

p: 1 0.016 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
p: 2 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000
p: 3 0.016 0.000 0.000 0.004 0.000 0.045 0.000 0.000 0.000 0.000
p: 4 0.016 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
p: 5 0.031 0.000 0.000 0.000 0.000 0.008 0.000 0.007 0.000 0.000
p: 6 0.047 0.000 0.000 0.004 0.000 0.008 0.005 0.000 0.005 0.009
p: 7 0.016 0.014 0.034 0.051 0.016 0.008 0.011 0.007 0.027 0.061
p: 8 0.016 0.000 0.011 0.004 0.000 0.015 0.016 0.000 0.005 0.018
p: 9 0.000 0.020 0.023 0.022 0.021 0.015 0.016 0.029 0.016 0.018
p: 10 0.047 0.047 0.102 0.116 0.064 0.045 0.080 0.114 0.059 0.070
p: 11 0.047 0.135 0.114 0.080 0.080 0.159 0.085 0.057 0.081 0.184
p: 12 0.000 0.122 0.091 0.062 0.027 0.030 0.090 0.050 0.038 0.096
p: 13 0.047 0.041 0.091 0.098 0.080 0.106 0.112 0.100 0.032 0.061
p: 14 0.094 0.000 0.000 0.004 0.005 0.008 0.005 0.021 0.016 0.009
p: 15 0.016 0.000 0.023 0.000 0.011 0.015 0.011 0.043 0.005 0.018
p: 16 0.047 0.020 0.045 0.014 0.064 0.023 0.059 0.043 0.070 0.026
p: 17 0.016 0.007 0.000 0.043 0.016 0.045 0.027 0.029 0.011 0.026
p: 18 0.078 0.007 0.080 0.069 0.080 0.045 0.064 0.057 0.086 0.053
p: 19 0.250 0.000 0.023 0.062 0.021 0.076 0.048 0.043 0.086 0.035
p: 20 0.047 0.081 0.068 0.054 0.138 0.098 0.090 0.079 0.086 0.061
p: 21 0.031 0.027 0.045 0.072 0.074 0.015 0.053 0.071 0.048 0.061
p: 22 0.016 0.074 0.034 0.054 0.069 0.053 0.037 0.064 0.065 0.018
p: 23 0.031 0.014 0.011 0.043 0.032 0.045 0.053 0.057 0.043 0.061
p: 24 0.031 0.041 0.068 0.014 0.016 0.038 0.016 0.007 0.011 0.009
p: 25 0.016 0.189 0.045 0.040 0.037 0.008 0.037 0.036 0.043 0.061
p: 26 0.000 0.014 0.023 0.040 0.048 0.023 0.016 0.021 0.059 0.009
p: 27 0.016 0.034 0.034 0.011 0.021 0.008 0.016 0.014 0.032 0.018
p: 28 0.000 0.047 0.011 0.011 0.005 0.000 0.016 0.007 0.011 0.000
p: 29 0.016 0.007 0.000 0.004 0.005 0.000 0.000 0.000 0.000 0.000
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Appendix Jcontinued)

p
p
p
p
p
p:
p
p
p
p:
@)

CTTTVTTVTTCTUTTUTTTTVTTVTTVTT T T TTTTVTTVTTVTTTTTTT

: 30
0 31
. 32
. 33
1 34

35

. 36
1 37
. 38

39

TS213

N

O oOoO~NO UL~ WN PP

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

32

0.000
0.000
0.000
0.000
0.000
0.016
0.031
0.000
0.078
0.078
0.000
0.000
0.047
0.000
0.016
0.125
0.172
0.016
0.047
0.078
0.031
0.063
0.125
0.016
0.000
0.000
0.063
0.000

0.020
0.000
0.027
0.000
0.000
0.000
0.007
0.007
0.000
0.000

79

0.000
0.006
0.019
0.000
0.146
0.006
0.038
0.013
0.019
0.038
0.070
0.013
0.032
0.006
0.013
0.006
0.063
0.082
0.228
0.095
0.000
0.019
0.000
0.006
0.006
0.019
0.000
0.000

0.000
0.000
0.011
0.000
0.000
0.000
0.000
0.011
0.000
0.000

a7

0.021
0.000
0.011
0.032
0.202
0.011
0.085
0.011
0.000
0.032
0.074
0.032
0.032
0.000
0.021
0.000
0.011
0.043
0.138
0.064
0.021
0.032
0.011
0.000
0.000
0.053
0.011
0.000

0.000
0.004
0.007
0.004
0.000
0.000
0.007
0.000
0.000
0.000

142

0.000
0.000
0.007
0.007
0.180
0.025
0.056
0.039
0.000
0.000
0.046
0.021
0.056
0.000
0.018
0.018
0.004
0.056
0.222
0.060
0.004
0.007
0.021
0.004
0.000
0.092
0.007
0.000

0.000
0.027
0.021
0.011
0.005
0.000
0.000
0.000
0.005
0.000

95

0.005
0.000
0.005
0.026
0.147
0.000
0.026
0.026
0.016
0.005
0.016
0.011
0.095
0.011
0.032
0.042
0.021
0.084
0.189
0.053
0.016
0.032
0.016
0.011
0.021
0.032
0.000
0.005

44

0.008
0.030
0.023
0.000
0.000
0.000
0.000
0.000
0.000
0.000

67

0.000
0.015
0.000
0.037
0.119
0.007
0.037
0.082
0.007
0.007
0.030
0.030
0.037
0.007
0.030
0.000
0.022
0.104
0.172
0.082
0.000
0.015
0.037
0.007
0.007
0.052
0.000
0.000

0.005
0.016
0.005
0.005
0.000
0.000
0.000
0.000
0.000
0.005

92

0.000
0.000
0.000
0.011
0.185
0.000
0.033
0.087
0.022
0.005
0.022
0.022
0.054
0.011
0.016
0.000
0.033
0.114
0.201
0.054
0.005
0.016
0.005
0.005
0.005
0.022
0.000
0.000

0.007
0.007
0.007
0.000
0.000
0.007
0.000
0.000
0.000
0.014

69

0.000
0.000
0.000
0.014
0.138
0.014
0.043
0.043
0.000
0.000
0.007
0.058
0.051
0.000
0.014
0.007
0.036
0.065
0.232
0.109
0.014
0.036
0.007
0.000
0.000
0.036
0.007
0.000

0.000
0.022
0.005
0.005
0.005
0.005
0.016
0.000
0.005
0.000

90

0.000
0.000
0.022
0.039
0.167
0.006
0.067
0.067
0.000
0.000
0.006
0.039
0.022
0.006
0.006
0.028
0.039
0.061
0.189
0.100
0.000
0.006
0.017
0.000
0.000
0.017
0.000
0.000

0.018
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

60

0.000
0.008
0.000
0.058
0.183
0.008
0.083
0.025
0.008
0.000
0.025
0.025
0.033
0.008
0.017
0.008
0.000
0.033
0.167
0.092
0.008
0.000
0.017
0.000
0.008
0.025
0.000
0.008



Appendix Jcontinued)

TV TVTTVTTTT

CTTVTTVTTVTTUTTTUTTUTTTVTTVTTVTTVTTTTTTTTTVT

29
30
31
32
33

0.000
0.000
0.000
0.000
0.000
0.000
0.000

33

0.000
0.045
0.667
0.212
0.076
0.000

33

0.000
0.000
0.000
0.000
0.000
0.000
0.030
0.091
0.091
0.015
0.000
0.000
0.000
0.061
0.030
0.015
0.106
0.152
0.076
0.091
0.015
0.045
0.015

0.044
0.000
0.000
0.000
0.000
0.013
0.000

79

0.000
0.000
0.854
0.019
0.127
0.000

76

0.020
0.000
0.000
0.072
0.020
0.053
0.007
0.007
0.066
0.125
0.000
0.053
0.046
0.112
0.020
0.046
0.105
0.066
0.099
0.046
0.020
0.020
0.000

0.000
0.011
0.021
0.000
0.021
0.000
0.000

51

0.000
0.000
0.765
0.039
0.196
0.000

44

0.011
0.023
0.034
0.011
0.023
0.023
0.023
0.023
0.068
0.250
0.023
0.011
0.023
0.080
0.034
0.023
0.114
0.068
0.034
0.068
0.023
0.000
0.000

0.004
0.007
0.028
0.007
0.004
0.000
0.004

144

0.000
0.007
0.816
0.007
0.170
0.000

141

0.046
0.000
0.007
0.014
0.000
0.021
0.000
0.021
0.078
0.188
0.032
0.050
0.043
0.064
0.124
0.106
0.085
0.032
0.032
0.018
0.039
0.000
0.000

0.026
0.011
0.011
0.000
0.000
0.011
0.000

94

0.000
0.021
0.782
0.032
0.165
0.000

92

0.043
0.000
0.000
0.005
0.000
0.000
0.000
0.033
0.065
0.250
0.054
0.027
0.038
0.087
0.049
0.033
0.136
0.022
0.098
0.027
0.005
0.027
0.000

45

0.007
0.000
0.007
0.007
0.000
0.030
0.000

67

0.000
0.000
0.776
0.007
0.209
0.007

63

0.040
0.000
0.000
0.024
0.000
0.000
0.000
0.056
0.063
0.167
0.016
0.087
0.048
0.119
0.048
0.071
0.056
0.063
0.079
0.000
0.048
0.016
0.000

0.022
0.011
0.016
0.000
0.000
0.022
0.000

93

0.000
0.005
0.823
0.022
0.151
0.000

93

0.027
0.000
0.005
0.011
0.005
0.000
0.000
0.032
0.075
0.167
0.016
0.005
0.038
0.134
0.075
0.032
0.167
0.032
0.118
0.011
0.016
0.027
0.000

0.014
0.000
0.014
0.000
0.000
0.036
0.000

71

0.000
0.000
0.937
0.000
0.063
0.000

70

0.007
0.000
0.000
0.007
0.014
0.021
0.000
0.036
0.043
0.229
0.007
0.036
0.021
0.121
0.121
0.071
0.114
0.036
0.043
0.014
0.036
0.007
0.000

0.022
0.000
0.011
0.017
0.000
0.050
0.000

94

0.011
0.000
0.872
0.027
0.090
0.000

92

0.038
0.000
0.000
0.016
0.000
0.022
0.000
0.065
0.060
0.212
0.043
0.027
0.022
0.060
0.065
0.082
0.087
0.027
0.076
0.043
0.033
0.016
0.000

0.083
0.000
0.017
0.000
0.000
0.050
0.000

62

0.000
0.000
0.887
0.000
0.113
0.000

49

0.020
0.000
0.000
0.000
0.000
0.000
0.000
0.041
0.041
0.265
0.031
0.102
0.020
0.051
0.051
0.092
0.082
0.082
0.020
0.010
0.041
0.041
0.000



Appendix Jcontinued)

p: 24
p: 25
p: 26
p: 27
p: 28
0OGO4

pd

O oOoO~NOOULPA~WNPEP

14
o 15
TSG474
N

O©CoOoO~NOOULhA~ WN P

0.000
0.015
0.121
0.015
0.015

32

0.000
0.000
0.031
0.000
0.000
0.000
0.047
0.000
0.000
0.172
0.266
0.344
0.000
0.063
0.078

33

0.000
0.924
0.000
0.045
0.000
0.000
0.000
0.030
0.000
0.000
0.000
0.000
0.000

33
0.030

0.000
0.000
0.000
0.000
0.000

66

0.038
0.008
0.538
0.000
0.008
0.000
0.000
0.295
0.038
0.000
0.045
0.030
0.000
0.000
0.000

67

0.060
0.134
0.000
0.328
0.007
0.022
0.127
0.157
0.082
0.007
0.022
0.022
0.030

74
0.000

0.000
0.011
0.000
0.000
0.000

51

0.098
0.000
0.451
0.010
0.000
0.000
0.020
0.294
0.059
0.010
0.049
0.000
0.010
0.000
0.000

50

0.070
0.150
0.000
0.390
0.000
0.010
0.100
0.210
0.020
0.010
0.030
0.010
0.000

49
0.000

0.000
0.000
0.000
0.000
0.000

143

0.094
0.000
0.465
0.000
0.003
0.007
0.000
0.297
0.042
0.021
0.052
0.017
0.000
0.000
0.000

142

0.018
0.162
0.000
0.338
0.011
0.000
0.102
0.299
0.046
0.014
0.007
0.004
0.000

142
0.000

0.000
0.000
0.000
0.000
0.000

95

0.132
0.000
0.321
0.000
0.000
0.000
0.000
0.342
0.026
0.021
0.068
0.079
0.000
0.011
0.000

94

0.005
0.080
0.000
0.426
0.000
0.005
0.080
0.282
0.080
0.000
0.011
0.032
0.000

92
0.000

46

0.000
0.000
0.000
0.000
0.000

67

0.119
0.000
0.343
0.000
0.007
0.000
0.000
0.358
0.030
0.000
0.082
0.060
0.000
0.000
0.000

66

0.008
0.106
0.000
0.371
0.000
0.008
0.152
0.295
0.053
0.000
0.008
0.000
0.000

47
0.000

0.005
0.000
0.000
0.000
0.000

94

0.117
0.000
0.319
0.000
0.000
0.000
0.000
0.356
0.043
0.005
0.096
0.059
0.000
0.005
0.000

94

0.000
0.117
0.000
0.394
0.005
0.000
0.122
0.213
0.117
0.005
0.005
0.021
0.000

95
0.000

0.007
0.000
0.007
0.000
0.000

72

0.083
0.000
0.368
0.000
0.000
0.000
0.000
0.368
0.056
0.021
0.042
0.035
0.021
0.007
0.000

70

0.050
0.086
0.007
0.393
0.007
0.000
0.100
0.264
0.079
0.000
0.000
0.014
0.000

62
0.000

0.000
0.005
0.000
0.000
0.000

94

0.080
0.000
0.426
0.000
0.011
0.000
0.005
0.346
0.043
0.005
0.053
0.027
0.000
0.005
0.000

93

0.038
0.194
0.000
0.387
0.011
0.000
0.065
0.237
0.054
0.005
0.005
0.005
0.000

94
0.005

0.010
0.000
0.000
0.000
0.000

61

0.107
0.000
0.369
0.000
0.000
0.000
0.016
0.402
0.033
0.016
0.041
0.016
0.000
0.000
0.000

58

0.026
0.172
0.000
0.345
0.009
0.017
0.095
0.276
0.009
0.017
0.026
0.009
0.000

26
0.000
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0.076
0.000
0.258
0.061
0.000
0.045
0.000
0.015
0.015
0.121
0.152
0.000
0.000
0.061
0.030
0.136
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

33

0.000
0.000
0.000
0.227
0.515
0.015
0.015
0.152
0.045
0.000

0.000
0.034
0.095
0.034
0.000
0.149
0.014
0.007
0.000
0.068
0.027
0.088
0.196
0.061
0.000
0.014
0.000
0.047
0.000
0.000
0.047
0.047
0.027
0.027
0.020
0.000
0.000
0.000

78

0.077
0.026
0.026
0.083
0.006
0.051
0.378
0.135
0.006
0.006

0.010
0.000
0.071
0.041
0.020
0.173
0.020
0.031
0.000
0.020
0.051
0.082
0.153
0.133
0.000
0.000
0.000
0.010
0.010
0.010
0.051
0.020
0.041
0.031
0.010
0.000
0.010
0.000

50

0.110
0.030
0.040
0.020
0.010
0.000
0.300
0.170
0.010
0.000

0.004
0.004
0.063
0.049
0.014
0.099
0.046
0.067
0.000
0.046
0.028
0.060
0.165
0.070
0.011
0.032
0.004
0.000
0.000
0.004
0.053
0.028
0.035
0.035
0.032
0.018
0.032
0.004

136

0.195
0.022
0.011
0.011
0.018
0.063
0.235
0.265
0.007
0.007

0.000
0.022
0.082
0.043
0.016
0.201
0.049
0.038
0.000
0.049
0.038
0.092
0.120
0.103
0.000
0.005
0.011
0.000
0.011
0.005
0.011
0.011
0.027
0.022
0.022
0.011
0.011
0.000

90

0.172
0.017
0.017
0.022
0.000
0.044
0.300
0.167
0.006
0.011

47

0.000
0.011
0.074
0.032
0.021
0.223
0.074
0.021
0.000
0.074
0.043
0.085
0.128
0.074
0.000
0.000
0.000
0.000
0.000
0.000
0.053
0.000
0.043
0.021
0.021
0.000
0.000
0.000

a7

0.170
0.011
0.021
0.032
0.021
0.021
0.266
0.149
0.021
0.000

0.000
0.000
0.063
0.063
0.042
0.184
0.037
0.047
0.000
0.058
0.026
0.079
0.142
0.100
0.000
0.000
0.000
0.000
0.000
0.016
0.037
0.032
0.026
0.021
0.016
0.011
0.000
0.000

89

0.096
0.017
0.039
0.017
0.022
0.034
0.326
0.253
0.006
0.000

0.000
0.008
0.161
0.024
0.048
0.202
0.016
0.016
0.000
0.016
0.056
0.056
0.161
0.097
0.000
0.000
0.000
0.024
0.000
0.024
0.032
0.000
0.008
0.016
0.016
0.016
0.000
0.000

64

0.094
0.008
0.008
0.008
0.000
0.031
0.344
0.258
0.008
0.016

0.000
0.000
0.048
0.032
0.021
0.154
0.037
0.032
0.000
0.032
0.069
0.122
0.112
0.128
0.000
0.011
0.000
0.000
0.016
0.000
0.016
0.016
0.037
0.048
0.021
0.005
0.037
0.000

93

0.124
0.000
0.027
0.005
0.070
0.032
0.274
0.199
0.005
0.011

0.000
0.019
0.019
0.096
0.038
0.115
0.000
0.038
0.000
0.019
0.096
0.115
0.154
0.135
0.000
0.000
0.000
0.000
0.000
0.000
0.038
0.000
0.077
0.019
0.000
0.019
0.000
0.000

31

0.145
0.016
0.032
0.000
0.065
0.065
0.290
0.177
0.000
0.000
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0.015
0.000
0.000
0.015
0.000

33

0.000
0.000
0.000
0.121
0.197
0.682
0.000
0.000
0.000
0.000
0.000

32

0.000
0.031
0.063
0.109
0.000
0.156
0.000
0.031
0.000
0.125
0.016
0.000
0.234
0.000
0.063
0.016
0.000
0.000
0.000
0.000

0.141
0.000
0.006
0.051
0.006

76

0.007
0.000
0.007
0.007
0.309
0.289
0.184
0.072
0.000
0.118
0.007

76

0.000
0.059
0.086
0.178
0.000
0.125
0.000
0.204
0.000
0.000
0.046
0.000
0.079
0.000
0.105
0.020
0.000
0.000
0.000
0.020

0.150
0.010
0.000
0.150
0.000

37

0.014
0.014
0.000
0.014
0.270
0.230
0.230
0.122
0.000
0.095
0.014

27

0.019
0.074
0.037
0.148
0.000
0.111
0.000
0.111
0.000
0.019
0.074
0.000
0.111
0.019
0.148
0.037
0.000
0.000
0.000
0.000

0.110
0.000
0.004
0.051
0.000

144

0.000
0.000
0.028
0.056
0.313
0.219
0.149
0.063
0.000
0.170
0.003

137

0.004
0.066
0.095
0.204
0.000
0.157
0.000
0.106
0.000
0.033
0.102
0.000
0.102
0.000
0.055
0.055
0.000
0.000
0.000
0.004

0.183
0.000
0.000
0.056
0.006

93

0.000
0.000
0.005
0.000
0.285
0.328
0.140
0.065
0.000
0.172
0.005

91

0.005
0.077
0.082
0.148
0.000
0.121
0.000
0.143
0.000
0.033
0.115
0.000
0.104
0.000
0.110
0.033
0.000
0.011
0.000
0.000

48

0.202
0.000
0.000
0.085
0.000

51

0.000
0.000
0.000
0.010
0.225
0.333
0.147
0.059
0.020
0.206
0.000

46

0.000
0.120
0.065
0.054
0.011
0.163
0.000
0.120
0.022
0.033
0.043
0.011
0.152
0.000
0.065
0.000
0.000
0.043
0.011
0.000

0.129
0.000
0.000
0.062
0.000

95

0.000
0.000
0.005
0.026
0.237
0.379
0.168
0.079
0.000
0.105
0.000

91

0.011
0.049
0.099
0.203
0.000
0.049
0.000
0.115
0.000
0.011
0.038
0.000
0.225
0.000
0.077
0.011
0.000
0.027
0.000
0.016

0.125
0.000
0.000
0.102
0.000

67

0.000
0.007
0.000
0.037
0.194
0.433
0.187
0.022
0.000
0.112
0.007

57

0.000
0.088
0.114
0.158
0.000
0.035
0.009
0.114
0.000
0.026
0.035
0.000
0.167
0.000
0.088
0.061
0.000
0.009
0.000
0.018

0.161
0.000
0.000
0.081
0.011

94

0.000
0.011
0.005
0.011
0.293
0.282
0.197
0.059
0.000
0.128
0.016

91

0.000
0.055
0.104
0.203
0.000
0.176
0.000
0.093
0.000
0.022
0.055
0.000
0.137
0.000
0.055
0.011
0.000
0.011
0.000
0.000

0.113
0.000
0.000
0.097
0.000

40

0.000
0.000
0.013
0.013
0.263
0.300
0.138
0.063
0.000
0.188
0.025

22

0.000
0.023
0.091
0.205
0.000
0.136
0.000
0.205
0.023
0.000
0.068
0.000
0.091
0.000
0.045
0.023
0.023
0.000
0.000
0.023





















