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Abstract

California’s Central Valleycontains an abundancerofers withhistorical and potential
productivityfor anadromous salmonidisat are currently limitetdy impactssuch aslams water
diversions, and high temperaturese $drveyedyenetic variation irRainbow Trout
Oncor hynchus'mykiss within the upper Tuolumne and Merced Rivers in and around Yosemite
National Parko evaluatdooth population originGancestry) anthe evolutionary response to
natural and artificial barriers to migratigadaptation)This analysigevealedhatdespite
extensive stockingith hatchery rainbow trout straitisroughout the study areapst
populationgetainlargely indigenous ancestry. Adaptive genomic variation associated with
anadromy.was.distributed throughout the study area, with higher frequencies observed in
populationsseonnected to reservoirs known to support adfluvial life history vafféstian
southern Central Vallegvers experience temperaturesar the upper thermal limit for
salmonids and represent an important reservoir of genomic diversity for adaptatiorate
change. Theseesultshighlight the importance of local adaptatias well aghe potential for
resident trout populations above barrier damsadwtribute to theecovery of anadromous.
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mykiss oncemigratory connectivitys restoredetween upstream spawning and rearing habitats
and the ocean.

I ntroduction

The Central*'Valleyof California isboth a productivagriculturalregion and ammportant
ecosystenmn'western North Americthat encompasséwo large riversystems— the
Sacramento Riyver to the North and the San Joaquin River to the South. Tdgethetvers and
their tributariesare hane tothe southernmost native populati@i<hinook Salmon
Oncor hynchus tshawytscha as well aghe resident and anadromous foroi&ainbow TroutO.
mykiss, known againbow trout andsteelhead, respectively(Fisher 1994; Busby et al. 1996;
Yoshiyama eal. 1998 2001 McEwan 2001). However, the constructiorbafrierdams and
water diversionsasgreatlyrestricted migratory connectivitgn many rivers, resulting in
extremelyreduced anadromous salmonid populations throughout the Central Valley (Lindley et
al. 2006;Mayand Brown 2002NMFS 2006, 2014; Yoshiyama et al. 1998, 20Ratz et al.
2013. Large barrier damis particularprevent upstream migration of adult salmondaheir
spawinng.habitatsas well as downstream juvenile migratisaverely impacting anadromous
speciesAs a result, there is an increasing focus enaenecting migratory anadromous
salmonid populations with their historical spawning grounds above impassable dams through
dam remoyval;raddition of volitional passageways, or through fish passage programs known as
trap-andhaulk@nderson et al. 2014; NMFS 2014ysardiandMoyle 2017).

TheTuolumne andMercedRivers are tributaries of the San Joaquin Riverdhain a
large portion of Yosemite National Pafkrosemité) in the central Sierra Nevada, as well as
Stanislaug\ational Forest and other lasm@Figure 1). Both spring-run Chinook Salmon and
anadromous,steelhead historically udessewaterway to access the cool refugestbé High
Sierra, where'they and theiifspring could escape the summertime reeat dwindling river
flows of thetlower elevations. Both speclé®ly spawredin the Merced Rivethroughout
Yosemite Valley up to the bases of Half Dome and the spectacular Vernal and Yosemite Falls
and in the Tuolumne River up to Preston Falls, just downstream of the Park bodmRlFy (
Figure 1). Howeverthe full extent of theihistoricalmigratiors is uncleafYoshiyama et al.
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2001; Lindley et al. 2006). Beginning in the mid-180@'s happened in many Geal Valley

rivers,a series of dams have blocked access between the ocean and the headwaters of the
Tuolumne and Merced rivers for anadromous salmonids. Currently, La Grange Dam (1883) and
CrockerHuffman Dam 1906 creat the upper limi$ to anadromous migration, and above these
dams the mueh larger New Don PedralNew Exchequer Bms formmajor reservoiren the
Tuolumne ‘andMerced rivers, respectivgdyoviding flood controlyater storage, recreation,

and power‘generation (Figure Qollectively these damend their predecessors harevented
nativesalmonand steelhead from accessing theseric spawninghabitatsfor more than a
century.However, &en prior to the construction of theajor barriedams, the activities of the
California &ld-Rushin the 1850’sand subsequent development of agricultural infrastructure in
the CentralValley had a hugéfecton the native fauna, particularly the migratory salmonids
(Yoshiyama et al. 1998, 2001), and few naturally spawning anadromous salmonids exist in the
reaches below these dams today (Ford and Kirihara 2010; Cuthbert et al. 2012; NMFS 2014).
This situation is further exacerbated by guor quality of downstream habitat in the the
SacramentesSan Joaquin Delta for both migratory and nagratorynativefishes (Moyle et

al. 2018). Today, intenge management and hatchery supplementation maintain many salmonid
populations,in the Central Valleycluding theCalifornia Central Valley steelhead distinct
populationssegment (DPS)-sted as ‘threatened’ under the Endangered Species Act (NMFS
2006)— but inability to access more than 80% of their historical spawning habitahseanai

critical issue foitheir recovery(Yoshiyama et al. 2001; Lindley et al. 2006). The National

Marine Fisheries Service’s Central Valley Recovery Plan identifies the upper Tuolumne River
(UTR) and'the‘upper Merced River (UMR) as candidate areas for reintroductiothof b
steelhead and sprirmgn Chinook Salmon to support recovernyttog southern Sierra Nevada
steelhead diversity group through upstream passage of adults and downstream movement of
juveniles over.the dams (NMFS 2014).

With few exceptions, Chinook Salmon are strictly anadromous (but see Sard et al. 2016
Brenkman.et/al. 201 7)yhile self-sustaining populations of freshwatesidentrainbow trout
commonlypersistabove barrier dambat blocktheir ability to access the oceg@fendall et al.
2015).Individuals inabovedampopulationgnmay exhibit severdife-history strategies,
including a migratory adfluvial lifdnistory utilizing a reservoir as an alternative to a fully

anadromous marine migration and returning to spawn in upstream tributaries (e.gkHolec
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Scarnecchia 2013; Leitwein et al. 2017). These populations are typicallly ckelaged to the
remainingO. mykiss found belowbarriersin the same watersheNgrum et al. 2008; Clemento

et al. 2009put seePearse and Garza 2015), although stocking of non-native hatchery rainbow
trout strainsnto abovebarrier habitatfiasresuledin partial or complete replacement of the
indigenousancestryin some case®(g. Abadiacardoso et al. 2016)mportantly, only the
anadromous steelhead life history is listed under the ESA, while even cloaédy rgbove-

barrier rainbow'trout populations are not protected by the ESA (NMFS 2006). Thus, in
consideringefforts to reconnect migratstgelheagbopulations below damaith their historical
upriver spawning habitatsnamportantfirst step is taevaluate the genetic ancestry and adaptive
potential of:itheyrainbow trowtapped abovéhe damgWinans et al2010, 20172018).

Ancestry of Yosemite Trout

There is a rich history dfsh stocking in and aroundosemitethat has undoubtédinfluenced

the distribution and genetic composition of its rainbow trout. Baslijorstook a strong interest

in increasingrthe trout populations, both for food resources and recreation (Caton 18&9; Pavl
1987). Fishi planting likely began the arean the 1870sinitially by settlers movindpcally
capturedish,up into the previously fishless waters above waterfalls and in high alpine lakes.
Stocking.records of imported trofitst occurred in the 1890and ly 1895 there was a fish
hatchery operating on the South Fork Merced Ratéf/awonehat distributed both indigenous
and imported trout throughout the area (Pavlik 1987). A subsequent hataseegtablisheinh
1918at Happyulsle®n the main stem Merced River in Yosemite Vall@yd the importation of
eggs from oether hatcheries ensured a steady supply of rainbow trout, as well asveon-nati
speciesuch as Lahontan Cutthroat Trdtclarkii henshawi, European Brown Troualmo

trutta L., and Brook Trougalvelinus fontinalis (Leitritz 1970). Although most of the eggs reared
at the Happy.lsles hatchery were imported from outgmsemite some were collected at an
egg-taking station on Frog Creek, a historiciiyess tributary othe UTR abové.ake Eleanor

in thenorthernpart ofYosemite(Figure 1;Pavlik 1987). Thus, over the yeardigersemixture

of both locally,sourced rainbow trout and fish imported from throughout California have been
planted withinYosemite potentially creating admixed populationgh bothindigenous and
hatchery ancestryHowever, management of more recent stocking efforts has changed
significantly, and since 2013 most trout planted in California have been sterile triploids, limiting
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further naturalization and spawning by hatchesly. The current distributiorof rainbow trout
within Yosemiteis thereforecomposed o$elfsustaining populationshose ancestry remaits

be evaluatethrough genetic analysis

Adaptation to.Residency

Despite dramatic differences in traits relate@hgsiology, morphology, and behavior, the
diverselife*history forms ofO. mykiss oftenco-exist and interbreedigorming inter-related
populationstin‘natur@uinn 2011). Consequently, anadromous and resident fish within a
drainage basin are typically ckldg related to each other (Olsen et al. 2006; Narum et al. 2008;
Pearse et al.2009Vhile offspring of a particular life history variant may take on an alternative
strategy from that aheir parents (Courter et al. 2013), there ggeat deabf evidence pointing

to heritable influences on life history strategaesl associated phenotyges). Neave 1944;
Berejikian et al. 2014; Phillis et al. 2016).

Surveys of genetic variation have found that rainbow froabovebarrier habitag
undergo spegific genetic changespopulations adapt to residenikeyparticular, me region of
chromosome ©@mybBasshownsa consistenaissocidbn with resident (R) and anadromous (A)
life-histories.although many other genomic regions are akswciated witkariation in this trait
(e.0. Nichelset al. 2008; Hale et al. 2013; Hecht et al. 2013). Howenlkkewvaterfalls which
exert knifeedgeselecion against downstream migratioRdarse et al. 2009; Northcote 2010),
barrier dams create reservaaisove themallowing rainbow trout trapped above them to develop
an adfluvial’migratory lifenistory by utilizing the reservoir as a rearing habaatd spawning in
the tributary.stream@.g. Holecek et al. 2012; Holecek aBdarnecchia 20)3Importantl,
despite the dramatic differe@inosmotic conditions between reservoirs and the ocedection
for anadfluvial migratory lifehistoryappears taffectthesame adaptive genomiariantson
Omy5as true. anadromous migrations (Pearse et al. 2@itein et al. 20T). This suggests
thatadfluvialrainbow trout populations isolated above dams and reservoirs could potentially
contribute tethe recovery of migratory anadromous ecotypes amgeatory access to the ocean
is restoredhrough dam removal @ssistedish passagérhrower et al. 2008yleek et al. 2014,
Winans et al2017).
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Theprimarygoal of this study was tetermine the genetancestry andurrent
population structuref O. mykiss populations in th& TR andUMR (Figure 1). D do sowe
investigatedhe genetic relationships 6f mykiss in theseriversrelative toi) other populations
above and below barriers to anadromyhe Central Valleyii) hatchery rainbow trout strains
commonly used in California, anig coastal steelhegabpulationsin addition we assayed
adaptive genomic variatian the region of chromosome Omy5 known to be associated with
anadromousand adfluvikifle-history traits inO. mykiss to estimatehe frequencies of alleles
associated with'migratory behavior relative to the presence of barriers to fish mi{fPatose
et al. 2014; Leitwein et al. 2017; Apgar et al. 2017). We use this inforntatmraluate the
potential far UTR and UMR populations to contribute to the recovery of anadromouneateel
below barrierssin the southern Central Vall@pgetherthese datg@rovide a baseline to inform
future management @. mykiss populations irthese and other Central Valley watershaad
improve our understanding of the potential to recavexdronoussteelheagopulations by
restoring connectivity witl®. mykiss populations trappeish habitatsupstream othe dams

M ethods

Sampling

Fish were captured in 2015 and 2018asiteghroughout theJTR andUMR watersheds

including bethemigratory reaches (those historically accessible to migratory steelhead; Lindley et
al. 2006 and:those isolated above barriers that were historically fis{Hegse 1; Table 1).

Because othe difficulty of accessing fish in larger rigas well as thextremely low

conductivity of Sierra Nevada streams, many sites were unsuitable to electrofistdngost

fish in the studywere capturethy hook-andine. This ‘Flyfishing for Sciencehad the added

benefit of providing a mechanismatiow volunteer flyfishersto contributeto the project as

citizen scientistsWilliams et al. 2015)All fish weremeasured anfin tissuesamples were

taken from'each individuarior to releasat the site of capturd@issuesamples were dried and

takento the National Marine Fisheries Service laboratory in Santa Cruz, CA, for analysis.

Genetic Data Collection
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DNA was extracted from dried fin clips using the &ddy 96 filtetbased nucleic acid extraction
system on a BioRobot 3000 (Qiagen, Inc.), following the manufacturer’s protocols. All DNA
extractions were diluted 2:1 with distilled water and used for polymeraserelaation pre-
amplification prior to TagManr SNPtype genotyping with 96.96 IFC chips. Genotypes were
read and scered using Fluidigm SNP Genotyping Analysis software (Fluidigm, Inc anfdles
were genotyped at total of 92 SNPs for population genetic analysis following AbadiasG et
al. (2013);"a'genddD SNP assay (Brunelli et al. 2008; Rundio et al. 2012) threSNPson
chromosome ‘Omythathave beemssociated with migratory lifkistory traits (Pearse et al.
2014; Pearse ar@arza 2015; Abadi€ardoso et al. 2016; Leitwein et al. 2017

Data Analysis

The SNP genotypdata were combined witbhublisheddata from21 representativevild coastal
andCentral ValleyO. mykiss populationsthree Central Valley steelhead hatcheaied five
hatchery rainbow trout strains commiarCalifornia(Pearseand Garza 2015).he genetic data
were analyzedwith the R statistical analysis program version(®Development Core Team
2017). Genotypes were imported for use iarfd converted to a genind object for subsequent
analyseshrough thepegas package version 0.1@aradis 200). Quality control of individual
fish was. undertaken with the “missingno” functiorpoppr version 2.5.0 (Kamvar et al. 2014)
by specifying that both genotypes and loci were not allowed to have more than 5% missing data.
From these filtered data, two separate approaches were implemented, (1yidoahdpproach
and (2) a population approach, in which fish sampled along contiguous reaches witherg ba
to migrationswere combined intsamping units’, resulting in a total of 20 discrete groaps
individuals based on local geography and barriers to migration (Figure 1, Table 1).

Individual Approach

For the individual approach, prior population assignment based on collection locadiontwa
consideredand individuals were independently assigned to inferred populations. This approach
was used torverify the independence or interrelatedness of sampling locationarfjolee by
including hatchery reference populations, do sampled individhals genetic similarities to

any hatchery population? Both Discriminant Analysis of Principle Components (DasPC)
implemented irR with theadegenet package version 2.0.1 (Jombart 2008; Jombart et al. 2010)
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and STRUCTURE version 2.3.4 (Pritchard et al. 2000; Falush et al. 2@08used as
complementaryndividual analyses

Forthe individual DAPC, we limited our analysis to only new collections from the
Tuolumne_ River and Merced River along with five hatchiewyt strains aseference
populations taletecthatchery introgression. DAPC is not based on a population genetic model,
and relies ‘onite conversion of SNP data into principal componenéecount for linkage
between SNPs"and allow generic methods of individual clustering to be used. As opposed to
finding axes'of'maximal variation as with Principal Component Analysis (PCAPD
maximizes betweepopulation separatiorsd minimizes withifpopulation variationWe
identified inferred populations with DAPC by applying the “find.clusters” functicsuefjenet
followed byPCA and Discriminant Analysis (DA) within the “dapc” functiohadegenet that
utilized the packageades version 2.7-8 (Chessel and Dufour 2004; Dray et al. 2007; Dray and
Dufour 2007) andASSversion 7.3-47 (Venables and Ripley 2002).

Unlike DAPC, STRUCTURE has an explicit population genetics model and uses the
individual genetype data directly. STRUCTURE assifyastional ancestryg(— values) tK
inferred populations based on descent from a common ancestral population. For each individua
theq— values sum to 1.00 and indicate what proportion of ekhinferred populations make
up the individual. Migrants and individuals of mixed ancestry can be identrited
STRUCTUREwithouta priori designation of defined populations (Pritchatcl.2000) We
evaluatedall individuals in the qualitgontrolled dataset witk = {1,...,12} inferred
populations*with four independent runs with an initial burn-in of 100,000 steps followed by a
Markov ChainsMonte Carlo (MCMC) of 1,000,000 steps. For most parameters, default settings
were used. Results from the STRUCTURE runs wiealized withDISTRUCT version 1.1
(Rosenberg 200).

Population Approach

Sampe unitstwere treated as populations for identifying population genetic and phylogenetic
relationships with a minimumequired size of 10 individuals psampleunit (Table 1)

Population genetic relationships were evaluated with DAPC usirgathpleunit to predefine
population genetic cluster§hesame sample units were also evaluatedNei@hbor-Joining
population tree generated throygdppr version 2.4.1 using a chord distance metric (Cavalli-
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Sforza and Edwards 1967) and the filling of missing data by the mean of that locus. Confidence

of nodes in the population tree was assessed by 1,000 bootstrap replicates.

Sgnatures of Migratory Adaptation

Of the three.genotyped SNP loci located on chromosome Omy5, one (R04944) is known to
accuratelydentify the“R” and “A” haplotypes surveyed in previous studieearse et ak014;
Leitwein et'al."2017). Based on this locug galculated the frequencies of the “@fele
associated with'migratory behavior in all populatiofisese data were then considered with
respect to the migratory potead of each sampling site relative to historical and current barriers
and reserveirspangbpulations with potential for adfluvial life history variants were identified.

Results

Sample Genotyping and Population Satistics

A totalaf897 O. mykiss samples from the LR and UMRwere genotypecdandafter
filtering for'missing data and loci under selection linked to the Omy5 inversioopthieined
dataset of«20 sampling units and 29 reference populations consisted of 2,370 individuals and 88
bi-allelic. SNP loci(Table 1).Sample sizesor the UTR and UMR populations ranged from 2-
103 individualsper site; sampleanits smaller thari0 were used for individuddased analyses,
but excluded from populatiolevel analysis

Theddstribution ofneutralgenetic diversityamong populations showed typical patterns,
with mostpepulations isolated above barriers having reduced heterozygsiaiiye to
downstream populations (Table 1). Similarly, most hatchery rainbow trout steedngduced
levels of varation, as did populations inferred to be of primarily hatchery origin GR{S.
Conversely, larger populations connected by migration (e.g. TUOL and YOSV) tended to have
high heterozygosities, similar to coastal and Central Valley steelhead fpama{&able 1
Figure 1).

Individual Approach

DAPC ofindividuals fromthe 20UTR and UMRsampling units plus five hatchery
reference strainsupported the inference of eight genetic groups (Figuréizee of these
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inferred clustersire composed of fish of natural genetic origimle the othefive contained fish
of hatchery origin or fish in genetic composition similar to hatchery fish (Figure 2). Most fish
310 from theUTR and UMRsampling locations/erenot placedn clusterswith significant hatchery
trout contributions. However, the Grouse Creek (GROS) sampling location is eptaedd in
inferredgroupfive alongwith the Kamloops Hatchery stranvhile many individuals from the
UNFT sample were grouped with the Coleman stramo(@ 4; Figure 2)Similarly, most
individualsfromthe MercedRiver Hatcherysample(MCDH) wereplaced in grougour with the
315 Coleman strainwhile the restveregrouped with the Mt. Shasta, Eagiad Moccasin hatchery
trout lineagessupporting the mixed hatchery ancestry tiatpreviously been inferred for
lower Mereed:Rive. mykiss (Pearseand Garza 2015).
STRUCTUREresultsshowed strong convergence, verified by the higolysistent
resultsamong all four independent runs (data not shown). The distribut®mRUCTURE(q -
320 values in among individuals supported previous findings of relationships between audstal a
Central ValleyO, mykiss, and weresimilar tothe individual DAPC results and population
genetic analyses (see belowj.low values oK, there were clear patterns of divergence
between coastal steelhead and northern and southern Central Valley-lineageqrspidtadi;
Figure 3).These patterns raamed evidenttshigher values oK, with finer patterns of
325 differentiationconsistent with those seen by Peansé Garza (2015).

Population Approach
DAPC"of samp# units indicated a strong geographical component, with the first and
second axes.of the O#C plot roughly encompassing East-West and North-South geography

330 (Figure 4).This pattern of divergence is concordant with previous studies showing a primary
division between coastal and Central Valley steellaeadan association between geography and
genetic differentiation among. mykiss populations isolated above dams within the Central
Valley, but.not. among belowarrierCentral Valleysteelhead populatiorfPearseandGarza
2015).

335 The'phylogenetic tree also supported known patterns of geographic differentiation,
although many nodes received less than 50% bootstrap support (Figure 5). Nonetb#iess,
supportedelationships amongeveral pairand groups of populations were consistent with
previous studiesndicating that the current data set has sufficient power to resolve these
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relationships (e.g. close similarity of Feather River and Mokelumne Hatdeetiiesad, Nimbus
Hatchery steelhead and coastal populations, and the relationships between thdrnemdUT
UMR samples and reference samples from those locations; Redr&arza 2015). Among the
new UTR and UMRsamplesaclade ofnine Tuolumne River populations (e.g. TUOL, REED,
UCLV, ROQS, FROG, etcEigure 5) was identified witmoderatebootstrap support (77%),
supportingitheir common indigenous ancestry. The South Fork Merced sample (SFMC) appears
as sister to'this'group, but without significant support. Other UTRJAME populationsvere
more widely'dispersed in the trgmssibly indicatingnorediverse sourcesontributing tathese
O. mykiss populations, andlso reflecting the limitedesolution and low bootstrap support for
deeper nodesrin the trédeaningful support (68% and 98%) was found for the relationships
between the Grouse Creek (GR@8pulation, Kamloops Hatchery strain, and the northern
Central Valleypopulation from the McCloud River (Butcherknife Ck.), further supporting the
complete hatchery origin of the isolated abbeerierGROSpopulation(Figure 5)

SgnaturesofiMigratory Adaptation

Thefrequency of Omy5 A haplotype in the sampling units wittenUTR and UMR
ranged from_aninimumof 0.00 in GROS tonaximumO0.31 in TUOL (Figure 6)Given their
locations.and accessibility to fish migrating from downstream ressrtiee relatively high
frequency of the A haplotype in the TUOL, FROG, and YOSV populatopports the
suggestion that thegustaintrout with adfluvial life histores Converselythe Ahaplotypeexists
at relativelylow,frequency immostother populationgparticularlythose found above barriers to
migration(eig=REED, JAWB, and CRAN (Figure 1, Figure 6). Howevérere was considerable
variabilitylamong populationsikely reflecting a combination aelectivefactors impacting the

frequency,of adaptive genomic variation on chromosome Omy5 and other parts of the genome.
Discussion

Overall, theobservedyenetic relationshipsetweerrainbow trout in the UTR and UMR and
otherCentral ValleyO. mykiss populations and hatchery trout straimdicate that mixture of

lineages exists in thed®semitewatershedsHowever, despite the extensive stocking with non-
indigenous hatchery trout strains throughout the region, native ancestry appeassricaeetne

This article is protected by copyright. All rights reserved



370

375

380

385

390

395

primary component of most sampling units examined in this statly primarily indigenous
southern Central ValleySan Joaquin River ancestry in reaches that were historically accessible
to migratory salmonidsThisincludes the Clavey River, whidtas been designated as Heritage
and Wild Trout Watersby the California Department of Fish and Wildfiféhese results support
the hypothesighatlocal adaptation has played a key rol¢hiea persistence dlese lineages

In terms‘of ancestry, the primary division between coastaCamtral ValleyO. mykiss
that has'previously been documentide(sen et al 2009Pearseand Garza 2015) wadso clear
in multiple"analyses dhe present data set (Figu®st, and h This is important because it
confirms that unlike some belobarria populations in the southern Central Valley, includihg
mykiss sampled,in the lower Tuolumne River (Peasd Garza 2015)hetrout populations in
the UTR and UMRJo not showevidence ofntrogressiorfrom thecoastalorigin steelhead
propagated at Nimbus Hatchery. However, the close evolutioakatyonships among all
Central ValleyO. mykiss—including most hatchery rainbow trout strains commonly used in
California—make precise inferenad population relationships aratimixture within theCentral
Valley diffieultyiand the weak signal of genetic differentiation among these populations likely
reflects biological reality rather than limited resolutiblonetheless, the relative proximities of
populations,shown in the DAPC revealed a clear pattern of geographic divergemce amo
populations;with Axis 2 highlightinthe NorthSouth divergence within the Central Valley
(Figure 4). This is consistent with the hypothesis that rainbow trout populestsdated above
damsin the Sierra Nevada better reflect their historgedgraphic originghan the scrambled
steelhead populations that persist below barriers to migration (Pedr&aeza 2015).

Thepreblems with hybrids in conservation have long been recognized (Aliehedbr
2001), and the potential conservation value of hybrid populations remains an active area of
discussion (Wayne and Shaffer 2016). Within the UTR and UMR, many populationgtshow
least some. evidence of mixed ancesigis common in studies @. mykiss above dams (e.g.
Winans et.al..2017), but we did rfotd the complete replacemeunitindigenous ancestriat
has been observed someregionsin Californiasubjected to intensive hatchery trout stocking
(e.g. Southern California; Abadia-Cardosale 2016) Although admixed populations do not

represent pure indigenous lineagesgy often have high genetic diversity, and should not be

! wildlife.ca.gov/fishing/inland/troutvaters
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entirely discounted when considering source populations for recovery efforts (Almdiaso et
400 al. 2016).

Most fishsampledat sites that were historically fishledse to theipositions above
barriers or at high elevatiaepresent a mixture of indigenous and impogerdestrieswith
somehaving.largely largelyndigenousancestry(e.g. Frog Creek-ROGQG while others appear
entirely descendent from hatchery rainbow tistaiirs (e.g.Grouse CreekGROS. The upper

405 North Ferk"Tuelumn€UNFT) showsvariableassociations in different analysegth genetic
similarity to'both the Colemamatchery trout straiand coastal lineage populations. This
samplingsite has a long history of intensive hatchery stocking due todgttion near a major
road (CAHighway 108), and both it and GROS have low heterozygosities, consistent with
hatchery strain‘ancestrin contrast, the populations in Reereek(REED)and Jawbone Creek

410 (JAWB) have high heterozygosities aadegeneticallysimilar toothernearby populations
within the UTRgenetic groupdespite being isolated abovery large natural barriavaterfalls

Adaptive Variation and Migratory Potential
It is‘important to note that adaptive genomic variation like that documented on
415 chromosome Omys subject tadhe samefactors that affecthe distribution oheutral genetic
variationamong all natural populations, including drift due to small population sizes and
introgression by non-native lineages with highly divergent patterns of variatiars@2016). In
the case of hatchery rainbow trout, Omy5 haplotype frequencies vary widely among strains, so
their influemeeranntrogresseavild populationdgs difficult to determine. However, to the extent
420 that they reflect ongoing selectidhe frequencies of alleles in this genomic region provide
information abouthe relative fitness of alternative kfestory patterngn agiven set of
populations.
Within the UTR and UMR, the distribution of Omy5 haplotype variation suggests that the
populations.most likely to express an adfluvial history, and therefore to retain the potential to
425 express anadromy, are those with unimpeded migratory access to Don Pedro and McClure
reservoirgeig., TUOL, YOSV) as well as the Frog Creek population tributary to Lake Eleanor
(Figures 1 and 6). Although the maximum frequencyrigrationassociatedlleles among the
UTR and UMR population0.31 in TUOL)is low relative to coastal anadromous and adfluvial
populations typically >0.60;Pearse et al. 2014; Leitwein et al. ZPit is similar to that seeim
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430 potentially adfluvial populations d@. mykissin the Upper American RiveBf(33; Abadia-
Cardoso et al.,). In addition, the genomic region of Omy5 associated with migratdrigtday
patternshas also beeassociated witklifferences intemperaturespecific development rates
(Miller et al. 2012) Theadditional influencef temperatureould contribute to the elevated
frequency ofresident-associated alleles in the colder, high elevation populaticustHau

435 research is,needed to better understhadactors that may influence the distribution of this
adaptive genomic variatio ogether these results suggest that the UTR and UMR populations
that now occupyiver reachedetween theeservoirsand thehistorical barriers tapstream
migration‘arghe most likely to express migratory adfluvial behawind retain adaptive
genomic variation associated with anadromy (Holecek et al. 2012; Holec8carkcchia

440 2013; Leitwein‘et al. 2037

Conservation |mplications
Efforts to restoresalmonid populationand the watersheds they inhabill requre a
diverse set-ef-approachesvestment, and cooperation among stakehold®drdli et al. 2013;

445 Penaluna et alv2016; Lackey 2017; Warren et al. 2@HEn)icularly for migratoryanadromous
formslike'steelheadNMFS 2014). From an evolutionary genefesspectivethere areseveral
implicationsof this study for the potential restoration of connectivity betweddTiReand
UMR populations and th€alifornia Central VallesteelheadPS below the dams.

First, the present study was based on a dataset with a modest number of SNPs by today’s

450 standardsandthushas relativelyjow powerto estimatepopulation genetiparameters-alarge
genomic dataset based on the thousands of loci generated by high-throughput sequencing could
undoubtedly refine the results observed in the present study. For example, more than 230,000
SNP loci were recently used to accurately estimate the propodideuropean, African, and
Native American ancestry in admixed human populations in Colombia (Conley et al.IR&17).

455 also possible that hatchery trout strains that were not included in the ptadgtiase been
stockedn these watershegdsotheir contributions could not be specifically detectddwever
the basic conelusionmggarding the distribution of indigenotsnbow troutwithin the Tuolumne
and Merced watershedsdtheir implications for managemeate unlikely to change in
biologically significant waysSimilarly, further characterization of the distribution of adaptive

460 genomic variation on chromosome Omy5 and other parts of the gembmpeovide insight into
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470

475

480

485

490

the evolutionary processes affecting trout populatados/e damsHowever such information
would not necessarily impact conservation planning because the basic principlesofatamrs
genetic management to preserve genetic diversity remain theg(Baarse 2016). Nonetheless,
as more examples of adaptive genomic variationcéestsal with lifehistory traits are identified
in O. mykissand other salmonid species (Barson et al. 2015; Hess et al. 2016), fisheries
manages will need to carefully consider the most appropriate waysonserve and protect this
important ‘biodiversityPearse 2016).

SecondPearse and Gar£a015)detectedntrogression by coastakigin steelhead
propagated at Nimbus Hatchenyo the limited populations dD. mykissthat remain in the
oceanaccessible river reaches below dams in the Calaveras, Tuolumne and Stan&igund
found thatOrmykiss captured in the lower Merced River are primarily descended from hatchery
trout, especially:the Eagle Lake straifhe signal of hatchery ancestry observed in the sample of
59lower MercedRiver fish analyzed in the present stullyther confirns thisresult However,
recent data on the physiology of steelhead in the lower Tuolumne River have shown that they
have a muehrhigher thermal tolerance than populations from northern latitudes, ddimgnstra
their local adaptation to the high temperatures of the southerraC¢eatiey (Verhille et al.

2016). Thus, th®. mykiss currently inhabiting belovbarrier reachesf the Tuolumne and
Merced Riversikely represent anixture of indigenous, hatchery, and coastal ancestry, and both
admixture and local adaptation have likely influenced their current genetic compositi
including the frequencies of Omy5 haplotypes and other adaptive genomic variation.

Third;-although our data show that the rainbow ttoapped above tlsedams have both
ancestry and-adaptive genomic variatiepresentativef indigenous migratory populations, the
development of an anadromous steelhead populibonthese stock#hroughfish passage via
two-way trap and hawr other means presemtsnychallengegLusardiand Moyle 2017)Re-
establishing.gene flow between formedgnnected populations above and below barrier dams
has many potential benefits in terms of maintenance of genetic diversitgciitdting
adaptationgbut these must be evaluated against the possible risks and constinaintisewi
larger reintreduction and recovery framework (Anderson et al. 2014). Nonetheless, anadromous
salmonidlife-histories can emergeapidly from formerly adfluvial population®llowing dam
removal, demonstratindpatsuchpopulationsarecapable ofe-establishingheir dormant ability
to complete an ocean migration (Quinn et al. 20th7dhis contextmigratoryadfluvial
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505

510

individuals in the Tuolumne, Merced, and other Central Valley watersioedis be considered
as potential contributerto future fish passage prograamsl reintroduction effortThrower et
al. 2008), provided thdhe logistical issues associated wigestablishing connectivitsan be
overcome (NMES 2014). Thus, in considering the potential for passage of migratotyofieh a
New Don Pedro and New Exchequearbs directedstudiesare needetb determine the
potential for trapping downstream migrarasmongother considerationgshas benundertaken
in similar situatios (e.g. Clancey et al. 201Winans et al2018).

Finally;"it should be noted that the populations of steelhead in the southern Central Valley
arelikely among the most vulnerable to the impacts of climate change, so their continued
persisencesisfar from certaintherefore, in the context of protecting and restoring anadromous
fish populations in Californiagenetic factorshould be considereassecondary to the basic
need foraccessit@ppropriate habitat to suppait phases of thenigratory lifecycle This
includes access to suitableagming and rearing habitatssprovidedvia removal of large
barrier dams ocarefully monitoredwo-way trap-and-haul fish passage programs (Anderson et
al. 2014) aswell as modification aemovalof smallermigrationbarriess (Apgar et al. 2017),
adjustments to‘flow regimes, and other improvemient®wnstream habitats to support native
fishes andestoreviable migratory connectivityith the ocean for both outmigrating juveniles
and returning adult salmonids (NMFS 2014)the absence of these changhsexistenceof
migratory populations of salmonids in t@entral Valleywill continue todepend on hatchery
propagatiorand other interventionstil the dams that block their migratory paths are modified
or removedi(Katz et al. 2013; Quifiones et al. 2015).
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Figure 1: Map of Tuolumne and Merced River sampling locations investigated in thissgtodyng existing dams and reservoirs.
Sampling units as described in the text are labeled following the codiable 1 with two Pearse and GarZa015)reference
populationssindicated by “Tuolumne River” and “Merced Rivaiosemite National Paris shaded greenith El Capitan, and Half
Domeindicated bysolid blacktriangles Population migratory potentghbreindicated by color as potentially anadromous (blue),
potentially’adfluvial (red) and, resident rainbow trout (purpla)Grange Dam an@rocker-Huffman Dam are the upper limits to
anadromy in'the Tuolumne River and Merced River respectively and are indicated with blabiisbair€entral California region
showing(the SacramertoSan Joaquin River system draining to the Pacific Ocean through San Franscico Bay.rThexiimthe

inset indicates the geographic extent of the main map.
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Figure2: Individual group assignments frobiscriminant Analysis of Principal
Components (DAPC) of individuals from the 20 Upper Tuolumne and M&ivexul
sample=units anfive hatchery reference strains. The sampling is indicated on th& —
axisassin Table 1, anthehypothesized eight genetic groups of individuals are og the
axis.Yosemite amping unitsare coloredyreen and hatchetyout strainsare colored
orange Circle sizesindicate the number of individuals from each sampling location

assigned to a particular group.
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and reference populations as described and ordered in Table 1 are indicated alongrnthef blog& plotEachindividual is
representedby eerticalline, with the proportion of estimated ancestry from each of the hypothetical genetic gotares!
proportionately within the vertical columHere inferred‘Yosemité ancestry is shown in greercdastal ancestry in bluéNorthern

Central Valleyhatchery’ ancestry in orange, and other groups are Batext for details.
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Figure 5. Neighbor Joining phylogenettoeebased on population chord distances
showing.relationships among sampling units within the UTR and UMR relative to other
Central-Valley and coast@l. mykiss populations. Colors highlight Yosemifgreen),

coastal (blue), an@entral Valley reference populations and hatchery trout strains
(orange). Bootstrap suppofitpm 1,000 replicates is depictédalues of less than 50%

not shown). The branch to McCloud R. (Butcherknife Ck.), indicated by a bisecting

curve, has been shortened to one third of the original léagtiisual presentation
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Table 1. Sampleinformation and summary statisticsfor genetic data analysis. The

full name for sampling unitaregiven along wittshortened codghatareused in the
manuscript. The sample size for eaampling unit and the categorization regarding
migratory potential are also presented. For each population, the number of samples that
weré'included in genetic analysegpected heterozygositii£) and the frequency of the
anadromous typ®my5 Migration-Associated Region, F(A MAR) are provided. For each
collection that comprised a sampling sitee major drainage basin, the dates of
collectiengsample size (N), and WGS 84 coordinategdieated
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942

Samples Passing QC

Sampling Unit Code  Sample Size Population Type  for Genetic Analyses  H; F (A MAR) Drinage Basin Date(s) N Latiude  Longitude
Upper North Folk Tuolumne River UNFT 24 Ahbove Barrier 21 0.27 0.08 Tuolumne River 6/8/15 24 ELN -120.11
Tuolumne River I TUOL 150 Historically Anadromous 145 0.36 031 Tuolumne River 52413 11 EER -120.07
Tuolumne River 8275 3 EER -120.26

Tuolumne River 10/8/15 41 37.54 -120.06

Tuolumne River 52413 3l 37.54 -120.04

H Tuolumne River 6915 11 3789 -119.97
! Tuolumne River 557135 36 3789 -119.95

Tuolumne River 514415 17 3788 -119.97
Upper Clavey Rivi UCLV 131 Above Barrier 129 0.30 008 Tuolumne River 6815 o8 3799 -120.05
Tuolumne River /813 33 3807 -120.01
Tuolumne River /813 i 38.09 -120.01
Reed Creek m REED 103 Above Barrier 102 0.36 0.08 Tuolmne River 313715 103 3798 =120.02
Jawhone Creek JAWEB 39 Above Barrier 37 0.35 012 Tuolumne River 3/13/15 39 3793 -119.99
Upper Cherry Cr UCRY 5 Ahbove Barrier 5 031 NA Tuolumne River 6/9/15 5 3796 -119.92
Eleanor Creek ! ELAN 12 Ahbove Barrier 12 030 0.08 Tuolumne River G116 12 38 -119.83
Frog Creek FROG 5 Above Barrier 25 0.29 0.24 Tuolumne River G816 25 3798 -119.54
Tuolumne River - Intake TAEI 45 Historically Anadromous 4z 0.36 0.z0 Tuolumne River 53135 45 3788 -119.94
Tuolumne Riv ton Falls TAFF I8 Above Barrier 3 0.32 0.z0 Tuolumne River G115 23 3788 ~119.88
Tuolumne River 611715 5 3795 -119.7%
Grand Canyor byer GCTR 22 Above Barrier 21 0.34 0.07 Tuolumne River 78NS 22 3793 -119.58

Roosevelt Lake ROOS 26 Above Barrier 6 0.32 0.04 Tuolmne River 8/13/15 26 37964 -119.33%
Merced River RML MCRER 1 Oicean Accesible 1 0.39 NA Merced River 4910 1 37.52 1204
Merced River Hat MCDH 38 (Ocean Accesible 38 0.35 0.60 Merced River 12/9/14 38 3732 -120.37
Grouse Creek GROS 34 Above Barrier 33 0.23 0.00 Merced River B1L16 34 37.69 197
Crane Creek ! CRAN 27 Above Barrier 27 0.32 0.04 Merced River B/0/16 27 377 -119.76
South Fork M I SFMC 49 Historically Anadromous 45 0.34 009 Merced River 116 4 37.55 ~119.63
Merced River 116 43 37.539 -119.621

3 Merced River 116 2 37517 =119.667

Yosemite Valley YOSV 83 Historically Anadromous &l 0.35 LA LY Merced River 116 3 37671 119819
Merced River 63075, B12/16 47 37.68 -119.74

Merced River 62916 2 37725 -119.712

Merced River 116 4 37725 -119.712

Merced River 116 15 37723 =119.557

Merced River  6/30/2013, 8/10/2016 14 3773 -119.54
Snow Creek SNOW § Historically Anadromous b .33 NA Merced River S0 16 b 3776 =119.53
Upper Snow Creek USNO 5 Above Barrier b 0.34 NA Merced River B0 16 b 3777 -119.54
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Table 1, continued.

Pearse & Garza (2015) Reference Populations

North Coast

Mad R. 3l Ocean Accesible 3l 0.35
Eel K. (Hollow Tree O} 28 Ocean Accesible 28 034
Gualala R. 29 Ocean Accesible 4 .40
Central Valley

MeCloud R. (Butéherknife Ck.) 21 Historically Anadromous 21 017
MeCloud R, (Claibarme Ck.) 33 Historically Anadromous 30 .33
Clear Ck. 94 Ocean Accessible B0 .34
Deer Ck. 45 Ocean Accessible 41 0.37
Feather B. (Chips Ck.) 3l Historically Anadromous il .32
Feather River Hatchery 30 Ocean Accessible 2 037
Yuba R. (Pauley Ck.) 2 Historically Anadromous 2 0.3l
Yuba R. o0 Historically Anadromous 12 .41
American R. (MF) S8 Historically Anadromous 54 .37
MNimbus Hatchery a8 Ocean Accessible 492 .40
Maokehimne Hatehery 162 Ocean Accessible 159 037
Mokelumne K. (MNorth Fork) 3l Historically Anadromous il 033
Calaveras R 47 Ocean Accessible 44 .37
Stanislaus B. (Upper} 32 Ocean Accessible il 034
Tuolumne R. 112 Ocean Accessible 104 3%
Tuolumne R (Upper) 47 Historically Anadromous 47 0.34
Merced B. {Upper) 33 Historically Anadromous 33 035
Merced R. u3 Ocean Accessible 8l .29
Mill Flat Ck. 26 Historically Anadromous 26 .36
South Coast

San Francisquite Ck. 2 Ocean Accessible 2 036
San Lorenzo R. 2 Ocean Accessible 2 .37
Hatchery TroutStrains

Kamloops 47 MNA 47 023
Mt Shasta 92 NA 83 032
Eagle 47 NA 47 025
Coleman 47 WA 47 0.33
Moccasin 47 NA 46 .25
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