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Abstract
In Lake Erie, the fishery for steelhe@corhynchus mykiss overwhelmingly
dominatedrby stocking from state agencies in Michigan, New York, Pennsylvania, and Ohio.
Managers‘that'stock steelhead may become concerned if a sizeable portion of the fish they stock
do not return to the waters in which they were reddasd instead stray to other states (“state
straying”)»During fall 2009, spring 2010, and spring and fall 2015, we evaluated the origin and
statestraying of adult steelhead in five annually stocked tributaries of Lake Erie. We also
investigated spatiaifferences in the origin and stadraying of adult steelhead at different
stream loeations in two tributaries during 2015. Otolith chemistry signaturesfivatiused to
discriminates;among yearling steelhead from each of the state hatcheries thaak&Ekie and
wild juveniles from Cattaraugus Creek, New York, and the Grand River, Ontattingsn a
mean jackknifed classification accuracy of 88% (range = 72—-100%). Otolith chemidysisana
was then performed on unknown-origin adult steelhedidated in Lake Erie tributaries during
the fall and spring spawning runs, and natal sourcesidenéfied by using sourcspecific
otolith_chemical signatures. Stagrays averaged 46% (range =88%) of the adult fish
collected, and.high percentages of strays were identified in Chautauqua Creekoike\k296),
and Cattaraugus Creek (88%). Steelhead collections in these New York tributaries during a
second year revealed that the percentage of strays present was consistenttyl liégbea
proportiors of strays were identified in both upstream and downstream locations. These results
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suggest that statgtraying is widespread in Lake Erie tributaries and that strays make up a large
proportion of New York’s Lake Erie tributary fishery. Strategies to cedairaying may include
practicing upstream releases and reducing the number of hatchery fish that are released in some
states.
[INTRODUCTION]
Homing tonatal sites is a basic life history trait of anadromous salmibiaidscreases the
likelihoad ‘of'successful reproduction for adult fish and the likelihood of survival for jegenil

(Hendry et &1.2004; Quinn 2005). Mature fish that spawn in locations other thansikesfrom

which they originated are considered straygnh 1993). Straying is relatively common, and

successfulreproduction of strays occurs at low levels in salmonid popul&iaasbichler et al.

1992). Strayingallows salmonids to colonize new habitstihér and Bailey 1989), avoid locally

unfavorable conditiong.€ider 1989), maintain genetic diversityérrall 1981), and support

metapopulationsHanski and Gilpin 1997). However, fishery managers may be concerned about

straying if.a,szeable portion of the fish they stock do not return to the waters in which they were
releasedthusreducing angler catch rates within their management area. Straying can also

negatively impact salmonid populations when hatchery fish interbreed with wilddodisi

reducing genetic diversit¥rlen 1991; Waples 1991; Adkison 1995; Felsenstein 1997; Chilcote
2003).

In Lake Erie, the fishery for steelhead (anadromous form of Rainbow Trout
Oncorhynchus.mykisgenerates over $19 million in revenue each year for local economies in

Michigan,/NewyYork, Ohio, Pennsylvania, and the province of Ont&tier§y and Shields 2004;

Kelch et al. 2006; P. Reinelt, State University of New York at Fredonia, unpublished data). Although

there is same open lake harvest of steelhead in Lake Erie, most fishing presawsélwough
tributary anglinghat takes placevhen adult fish return to spawn in tributaries (CWTG 2016
Because natural reproduction is not sufficient to sustain this fishtefyifson and Ferreri 2002),

close to 1:9=million juvenile steelhead are stocked annually into Lake Erie baybatatigs

(cWTG 2016). State fisheries management agencies are responsible for the majority (92%) of all
steelhead stoeking effort in Lake Erie (2015: Michigan, 64,735 yearlings; Pennsylvania,
1,079,019 yearlings; Ohio, 421,740 yearlingsw York 1,378 fingerlings and 152,545

yearlings), and approximateB?o of the steelhead stocking is through sportsmen’s organizations
in Pennsylvania (74,512 yearlings) and Ontario (70,250 yearlimggs 2016; Figure J).
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Each state hatchery system obtains steelhead broodstock from a differentawditbe
average size at stocking is variable 3243 mm). Stocking dates and locations (near the mouth
versus upstream) also vary by state, year, and tributary. The differential sto@dtiggs used
throughout Lake Erie may influence survivorship, spawning site fidelity, and straying of
steelhead. Agencies that stock smaller individuals likely have decreased i@tsmaller

individuals,areamuch less likely to survive after stocking (Ward 1988y et al. 1993; Seelbach

et al. 1994; ‘Budnik and Miner 2017). <AQ: Ward 1989 is not found in the referencéslditionally,

nearmouth stocking or early emigration (i.e., due to high spring discharge eveunld)cause

steelhead to leave a stream before imprinting ocodtgterty et al. 2003), leading to increased

straying. Alongwith size and location, the strain of steelhead stocked by eacndttte
proceduresfor'collecting broodstock may influence survivorship, sitéyidahd the timing of

spawning runskKeefer and Caudill 2014). Different strains of steelhead are stocked by each state

surrounding,Lake Erie, and broodstock collection procedures vary (mdépken collectios
versus springpnly collections). Wild juvenile steelhead that are present in some Lake Erie
tributariessmay also influence site fidellty producing pheromones that attract homing adults

(Groot et al. 1986; Quinn and Tolson 1986; Courtenay et al. 1997) <AQ: Courtenay et al. 1997 is not

found in theureferences.>and thamild potentially attract straying individuals.

Because considerable effort and resources are invested in sted&mtdying the origin
of spawning steelhead is crucial to help inform managers about straying amongéshkandr
the overall effectiveness of stocking efforts. Straying is traditionalipefas the migration of
mature individuals to spawn in a stream other thastiteam of originQuinn 1993); however,
we could notidentify straying by site, so insteagifocused on straying at the state level
(hereafter, “statstraying). To do this,we used discriminant analysis to identify souspecific
elemental,chemistry intoliths of juvenile steelhead, and we used this otolith chemistry to
identify theshateherprigin of spawning steelhead inkeaErie tributaries. The elemental
compositiensefotoliths reflects ambient water chemistry at the time of depogittreq al.

2000; Waltherand Thorrold 2006), and otoliths from fish that have experienced elementally

distinct watersawill record unique signatures reflective of those habitats. In steelhead hatcheries,
different water sources are often used at different times of the yewiritainoptimalwater
temperatures. The different water sources used are consistent from year to year (state fish
hatchery managers, personal communication) and have been show@ tsigaificantly
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different elementallyand (2)temporally stableBoehler et al. 2012). Otolith chemistry is a

popular and effective method for discriminating among stocks ofdighpéna 1999; Elsdon et al.

2008; Brenner et al. 2012) and has been used widely in the Great Lak&ge et al. 2010; Reichert

et al. 2010; Hayden et al. 2011; Marklevitz et al. 2011; Watson 2016). Most notably, it has been

demonstratedsthat the otolith chemistry signatures olhstae reared at different hatcheries
around Lake_ Erie are significantly different and temporally stable, allowing stbskselhead

from different yeaiclasses to be accurately discriminat@skkler et al. 2012).

Although salmonid homing to the river of origin has been extensively documenied (

et al. 1989,'2006;.Quinn 1993; Dittman et al. 2010; Keefer and Caudill 2014), the fidelity of fish to

their natal«((or'stocked) site is not as well understoaéh(an et al. 2010). The selection of

spawning sites likely involves a complex trade-off among selective pressufesiing,

spawning habitat selection, competition, and mate choice (Dittman et al.HE886/ et al.

2004). Theweighting of these tradeoffs may be different for fish that do not return to their stream
of origin (strays). For example, if selective pressures to home are weighted less in straying fish,
strays may he expected to be more exploratory and more likely to travel further upstfemm
suitable spawning sites. Studies thave focused on the prevalence of salmonid strays at
different upstream locations have been contradictory, as a slightly higher propostoeyef

wasfound at upgseam locations in a Lake Erie tributary in PennsylvaBwah(er et al. 2012),

whereaghe proportions of hatchery Pink Salm@ncorhynchus gorbusclsirays from
individual hateheries in Prince William Sound, AlasHaclinedexponentially with upstream

distance from aigiven release s#esfiner et al. 2012). To provide additional information

valuable formaagers (e., identifying exploratory behavior before spawnegg assessinte
vulnerability of wild populations to hatchery strays), we sought to determine whetlgdrea or
lower proportion of straywaspresent at upstream locations.

Therobjective®f our study weréo (1) confirm discrimination among juvenile steelhead
from differentsllake Erie sourcdxy using otolith chemical signatures; (2) use otolith chemical
signatures“developed for juvenile sources to predict the origin of adult steetheadhg to
spawn in Lake:Erie tributaries; (3) evaluate the origin and-stedging of adult steelhead in
different Lake Erie tributaries; and (4) evaluate differences in the proportion efstate at
upstream versus downstream locations in Lake tEbutaries.

[AIMETHODS
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[C]Steelhead collections-For stock identificationhatchery yearling steelhe@fl. [meant SE|
=163 £ 4 mm; range = 63—-220 mm) were provided by managers and personnel from state
hatchery systems in Lake Ef(@/olf Lake State Fish Hatchery [SFH\lichigan; Castalia SFH,
Ohio; Salmon River SFH, &v York; and Linesville SFH, Tionesta SFH, and Fairview SFH,
Pennsylvania).and frommivate hatchery (3-C-U Trout AssociationE&ie County Cooperative
Trout Nursery Pennsylvania). Yearlings were collected from multiple cohorts (2008-2015), and
analyses oftheir otoliths demonstrated that otolith chemical signatures within hatcheries were
consistent'between years. Individuals from the Pennsylvania hatcheries weoalgvpooled
because similarities in the otolithhemicalsignature of each hatchery made discrimination
difficult. Additienal detailson the pooling of individuals from the Pennsylvania hatchares
provided byBoehler et al. (2012).

Wild juvenile steelhead were also collected from two Lake Erie tributaries where natural
recruitment occurs. In Cattaraugus Cree&MYork, wild yearlings were collected with the
assistance,of the New York State Department oifanmental Conservation (NYSDEC) in July
2009. Fishrwere also collected in August 2010 from the Grand River, Ontario, by the Ontario
Ministry of‘Natural Resourcd©®MNR). These fish were interpreted to be resideamnbow
Trout (nonmigratory) because they had typical stream Rainbow dotaration and were larger
than yearling steelhead collected from other systems in Lak€TErigneant
SE| = 194 + 6 mm; range = 150-292m). Regardless of whether they were resident or
migratay, they provided an accurate otolith chemical signature for the Grand River.

Adult'steelhead were collected in conjunction with the Michigan Department of Natural
Resource$MBNR), the Ohio Department of Natural Resour@@BNR), the Pennsylvania Fish
and Boat CommissiofPFBC) and the NYSDEC during fall 2009 and spring 2010. An attempt
was made, to callect steelhead throughout the fall (late October to earinbeEgand spring
(late March.to.early May) spawning runs to account for seasonal variabihtchery straying.

Fish were collectetly use of electrofishing (boat and backpack). Individuals were obtained from
five Lake Erie tributarieshe Huron River Michigan; theVermilion River, Ohio; Sixteenmile

Creek, Pennsylvania; and Chautauqua and Cattaraugus creeks, New York (FiGotee&ions
were obtained near the mouth of each tributadykim upstream), except theHuron River,

where collections occurred X upstream_(Tabl&). <AQ: the first callout of Table 2
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preceded the first catiut of Table 1. Thereforé¢he two tables have been switci{edginal
Table 2 is now Table 1 and vice versa)

[C]Five-tributary analysis (2009-2010).©nce steelhead were collectéikir sagittal otoliths
were remaovedby using plastic forceps ameereprepared for analysis. Procedures for
preparation.ef.otoliths and subsequent chemical analysis have been presentedipievipu

seeSecor etal. 1991; Hayden et al. 2011; Boehler et al. 2012). Briefly, otoliths were cleaned of

organic'material by sonication in hydrogen peroxide (3% volume/volumeyeareair dried.
Otoliths were"embedded in a two-part epoxy (West System 105 Epoxy Resin and 206 Slow
Hardener) aneveresectioned in the transverse pldneusing a lowspeed wafer saw with a
diamond-tipped blade. Both sides of the cut otolith ceesdions were wet polishé&y using
Milli -Q ultrapure water with 3Mbrand silicon carbide sandpaper and lapping fparticle sizes
=20, 10, 6, and gm) to a thickness of approximately 2(th. Polished otoliths were mounted
on standard petrographic microscope slisesising epoxy. Mounted slides were triple-rinsed
and sonicated fds minwith ultrapure waterwerecovered and allowed to dry overnight, and
then werestared in clean Petri dishes until analyses were performed.

Otoliths'were analyzed using laser ablatibA)—inductively coupled plasm@CP)}-mass
spectrometr{MS) at the Great Lakes Institute for Environmental Research (GLIER; University
of Windser;Ontario). A description of LAICP-MS and associated operating conditions is

presentedby Boehler et al. (2012). The theoretical concentration of calcium in stoichiometric

calcium carbonate (400,432 Ca/g CaCQ) was used as an internal standard to correct for
ablation yield"differences between external calibration standard and thsptatid the
occurrencewefmass 120 (measuredf&n|tin isotope])—an indicator of contamination from

the epoxy bonding medium—was also quantifiedidin et al. 2006; Reichert et al. 2010). Analysis

of a certified standard reference glass (National Institute of Standards and TecliNtdgy
610) was conducted twice, both before and after a group of otolitb¥wWasrun,to correct for

instrument.drift’Elsdon and Gillanders 2006). Although NIST 610 is a glassatrix and not a

carbonate.matrix lie the otoliths, replicate analyses of FEB& tertified otolith reference
material)as an,unknown using NIST 610 for calibration with the femtosecond laser system
yielded Sr concentratioribat were indistinguishable from the accepted valdegién et al.

2011; B. Fryer,GLIER, unpublished datapata processing and calculations of detection limits

were performed using a Microsoft Excel spreadsheet megaig2003) based on algorithms
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developed byongerich et al. (1996). In total, 20 isotopes of 15 elementsi( >°Mg, 33S,%K, **Ca,
*4Ca,>®Mn, *'Fe,%*Cu, ®°Cu, ®°zn, ®zn, 8°sr, ®'Rb, %8s, 12%n, 3%Cs, 1*Ba, 2*®Ba, and**%b)

were collected, of which onfPSr and"**Ba (reported as total Sr and Ba) were used for

discrimination analysis. Strontium and barium have previously been identifieghagant

discriminators,of fish natal origins in the Great Lak@szfer et al. 2004; Ludsin et al. 2006; Hand

et al. 2008; Pangle et al. 2010; Boehler et al. 2012), and this approach was used because Sr and Ba

had concentrations withlower variance within hatcheries comparedh®other elements
analyzed."Strontium and bariwwoncentrations were alwagseater than the limits of detection
(Sr[meanx SEE 1.24 + 0.03 png/fgBa= 0.044 + 0.002 pgjg<AQ: ppm values for Sr and Ba
have beenschanged to micrograms per gram. Please confirm.>

To allow us to identify sourcspecific otolith chemical signatures and to address
variability in steelheadize within hatcheries, otolith regions were standardized tseng

procedures. outlined IBoehler et al. (2012). Briefly, otoliths fran steelhead hatchery yearlings

were standardized frothecore (0%) taheedge (100%), and otoliths from wild stocks (Grand
River andCattaraugus Creek) were standardized tiherwore (0%) tahefirst annulus (100%).
AverageSr-and Baconcentrations were calculated for each 5% otolith increment, but the inner
10% (50-60,um) of all otoliths was excluded from subsequent analyses to minimizeapotenti

maternalinfluenceghittaro et al. 2006; Macdonald et al. 2008; Wolff et al. 2012). The remaining

18 Srvariablesand 18 Ba variables were entered into a linear discriminant analysis (LDA) and
were systematically removed with b&@rd stepwise variable selection until the combination of
variables yielding the lowest number of misclassified fish was obtained. To réneongacts

of multicollinearity, any otolith regions that were continuous and highly coece(g@iairwise

correldion > 0.70) were pooledMcGarigal et al. 2000). In total, eight otolith region variables (5

Srvariables;3 Bavariable$ were included in the final discriminant analys€éal{le2). Because
differencessinsthe crystalline structure (aragonite or vaterite) of otoliths cause variation in otolith
elemental.signatures, only otolittieat werecomposed entirely of aragonite were includedll

subsequent@nalysegnfmerman and Nielson 2003; Gibson-Reinemer et al. 2009). Vateritic otolith

sections weresidentified based on their characteristicallydgels of Sr and high levels of Mg

(Gauldie 1996; Melancon et al. 2005; Gibson-Reinemer et al. 2009) and were present in

approximately 20% of both juvenile and adult steelhead.
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Initially, we attempted to separa# source populations of steelhead in a single LDA,
however, due tgl) similar mean Ba concentrations in the outer otolith regions between the
Pennsylvania hatcheries and Cattaraugus Creekaheavy weighting of the outer regions
when all source populations were included in the analysis (especially the CaBtdlia
yearlings), discrimination was relatively po®herefore, two LDAsvere used to maximize

sourcepopulation identificationBoehler et al. 2012; Curtis et al. 2014). A primaryLDA was

utilized to'discriminatemong yearlings froriolf Lake SFH, Castalia SFH, SalmBiver
SFH, the Pennsylvania hatcheries pooled, and the Grand Ro/eraximize discriminating
power based on otolith chemical signatures of steelhead from the Pennsylvaniagsasrite
those of wild fish from Cattaraugus Creek, a secondary LDA wasogethl This secondary
analysis excluded all other source populations (Casélig Wolf Lake SFH, Salmon River
SFH and the Grand River), changing the between-group covariance matrix and subsequent
variable weightings. Thus, the overall classification aacy betweerthe Pennsylvania hatchery
and Cattaraugus Creek signatures was improved while including the same Sr andiBa otoli
regions used-in the primary LDA. Only adult steelhead identifidzbasy ofPennsylvania
hatchery origin‘in the primary LDA were included in the secondary LDA (Pennsylvadhia a
Cattaraugus, Creek only).

A.multivariate ANOVA (MANOVA) was used to test whether the elemental signatures
of steelhead source populations in Lake Erie were significantly differéwtifiaod
probabilities that all yearlings belonged to their correct origin were calcubgteding a
jackknife procedureThorrold et al. 1998; Wells et al. 2003; Walther and Thorrold 2008) for both the

primary LDA=and secondarlyDA. For a fish to be correctly classified, the probability of
belonging to its actual hatchery of origmdctual)had to be greater than 0.Me report the
meanp-actual for source populations, allowing individuals ttlassifiedcorrectly but with
lower likelihood.(i.e., fish with g@-actual of 0.60) to have more influence in the overall mean
classification.Boeehler et al. 2012). All statistical analyses were conducted usiMP version
12.1.0 (SASiInstitute, Inc., Cary, North Carolina).

Unlike:the hatchery yearling otoliths, whialere partitioned into 5% increments from

the core to the true otolith edge, adult steathetoliths were analyzed frotie core (0%) to the
demarcation at stocking (100%). All otolith material that occurred after the shift in otolith

chemistry between the knowratchery or firstyear chemical signature and the consistent Lake
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Erie signature (or potential stream signature in some instances) was ignored. This allowed the
source population of unknown-origin adults to be identified witH_tbAs generated from the
same otolith regions as juveniles.

After the primary analysis of adult steelheadyleathat wereidentified as being of
Pennsylvania;hatchery origin in the first LDA were included in the secondary LDA to
differentiate adults of Pennsylvania hatchergin fromthose ofCattaraugus Creeadrigin. Like
the yearling'steelhead, an adult was required to havactual exceedin@.50for belonging to
one of the"knoewn source populationtherwise, that adult wamnsidered of unknown origin.

We estimated statgtraying within each tributary as the pemtage otteelhead (hatchery
and wild) in the,total sample that were identified as stragalt steelhead were considered
statestraysif'they returned to a tributary located in a state or province different than the one in
which they were released oraspned (e.g., a Pennsylvania hatchery-origin fish collected in a
New York tributary as an adult). As such, the reported straying proportions arevetinser
sincestraying among tributaries within each state could not be identified. In additidremei
wild steelhead«collected in their state of orijie., Cattaraugus Creeakigin fish collected in
New York)'norsteelhead identified as being of unknown origirewensidered strays.
Differences,in statstraying between tributaries and between seasons were assessed statistically
by using.Pedrson’s chi-square analyBisarson’s?). We could not calculate a donor stray rate
(i.e., the percentage of a source group that strayed) because we could not acctaaluior a

returns from a given source.

[C]New Yorkributary analysis (2015).Fo confirm theconsistently high straying proportions

in the New York tributaries (see Resyléd to identify proportionalifferences in straying

within these tributaries, adult steelhead were collected from Cattaraugus and Chacrteekgia
during fall.and.spring 201#dults were collecteddy using electrofishing (boat and backpack)

and shoreline. angling from six different locations: 3, 27, and 59 km upstream from the mouth of
CattaraugusiCreek; and <1, 3, and 7 km upstream from the mouth of Chautauqual@sek.
distances represent the n@aaximum range of each creek system that can be traversed by adult
steelheadAdults were collected in both spring and fall 2015 from all locations in Chautauqua
Creek and from the downstream section of Cattaraugus @eekto logistical constraintish

from the two upstream locations of Cattaraugus Creek were only collected @ulir2@lb.
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All otoliths were removed and prepared by using the same methods described in the five-
tributary analysis. Otoliths were also analyzed using the same methods and settings described by

Boehler et al. (2012); however, due to an upgrade in U8P-MS atGLIER, a PhotonMachines
193-nm excimer laser coupled to an Agilent 7900 fast-scanning ICP quadrupole mass
spectrometewas used. This upgrade did not influence our resadtthe same standard (NIST
610) was usedto _correct for instrument drift.

After-otolith chemistry analysis, the proportion of adults from each stocking sauce
the proportion of state-strays were determined for each tributary sectionchngeason in both
New York tributaries. Diffegnces in statstraying between seasons and between stream sections
were analyzedby usingPearson’s?.

[AJRESULTS
[B]Otolith Chemical Signatures
The otolith_chemistry of state hatchery steelhead yearlings (Wolf 8&ke Michigan Castalia
SFH, Ohig:Salmon RivelSFH, New York and the Pennsylvankeatcheriesalong with the
Grand River;"Ontario, yearlings was found to be significantly different with the qyrini2A
(overall MANOVA: Wilks' A, F32 620 = 64.25,P < 0.000). The first two canonical ax¢€As)
accountedsfor 99.6% of the total variance (CA1 = 94.1%, eigenvalue = 30.5; CA2 = 5.5%,
eigenvalue=1.8ee canonical scoring coefficient@ble 3. The mean jackknifed classification
accuracyranged from 72.1%Wolf Lake SFH) to 100.0% (Castalia SFi@verall, the primary
LDA accurately classified 94.9% (224 of 236) of the juvenile steelhEztuld 4.

Because discrimination between the Pennsylvania hgtdnigin fish and the naturally
reproducedssteelhead from Cattaraugus Cridelv York,was critical to our conclusions, the
secondary LDA was employed to maximize the discrimination of these two source jpmgulat
(overall MANOVA: Wilks A, Fg 165 = 36.65,P < 0.0001). This secondary LDA utilized the
same otolith.regions as the primary LDA and also had high mean jackknifed cléssifica
accuracies (Pennsylvartiatcheries88.6%;Cattaraugus CreeR0.1%), with 91.4% (159 of
174) of thejuvenile steelhead being correctly classifledble 4. The CAlexplained 100% of
the total variance (eigenvaleel.8) in the secondary LDA (canonical scoring coefficiehdble
3).

[B]Five-Tributary Analysis (2009-2010)
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Lake Erie tributaries had staséraying instances of 88% (Cattaraugus Cre&ky Mork), 72%
(Chautauqua Creelew YorK), 57% (Huron RiverMichigan), 23% GixteenmileCreek,
Pennsylvania), and 18% (Vermilion River, Ohio; fall and spring combihalle 5. The
proportion of state-strays for each tributary was similar in both fall and sprimgisg periods
(Pearson’sZall P > 0.05), except in theermilion River, where significantly more statgrays
were identifiedduringfall (Pearson’s? P = 0.0124). Most of the statrays were Grand River
origin steelheadn the Huron River;New York hatchenorigin fish in SixteenmileCreek and
Pennsylvania‘hatchemyrgin fish in the Vermilion River, Cattaraugus Creek, and Chautauqua
Creek. All Lake Erie tributaries contained strays from multiple sources (rakgé sources),
and unknowrerigin individuals were identified i€attaraugus, Chautauqua, and Sixteenmile
creeks.

In the two New York tributaried?ennsylvania hatchery-origin individuals made up the
greatest proportion of fish identified (Chautau@uraek fall 67%, spring 29%; Cattaraugus
Creek fall'60%, spring 43%egxcept in thespring Chautauqua Creek collectipnéien a higher
proportionsef*@hio hatchery-origin fish were captured (39%). The proportions of Pennsylvania
hatchery-origin‘fish were significantly lower during spring collection periBasson’s’: both
P < 0.0147%), during both spring periodise decrease in Pennsylvania hatckaigin fish
coincided.with a proportional increase in Ohio hatchery-origin fish (Chautdlrgek 34%
increase; Cattaraug@eek 9% increase).

Wild fish made up 9% of theteelhead catdin Lake Erie tributaries during the 2009—
2010 studysperiodlable 5. Wild Cattaraugus Creetrigin steelhead were identified in
SixteenmileCreek(1.6% of the total catch) along with Chautauqua and Cattaravgeiss
(4.5% and 2.7% of the total catch, respectively). Grand Rixigm fish were identified in each
tributary sampled except Chautauqua Crgékron River:43.2% of the total catch; Vermilion
River. 2.1%; Sixteemile Creek:3.2%; Chautauqua Creek: 0.0%; Cattaraugus Creek: 2.7%).
[B]New York Tributary Analysis (2015)

The proportions of state-strays identified in Cattaraugus (80%) and Chautauquar(@dikegt
the locatiofis closest to the mouth were like thasserved in 2009-201@¢arson’s?, spring
and fall combinedboth comparisonB > 0.1423). Overall, 74% of all individuals captured in
Cattaraugus Creek and 68% of all individuals captured in Chautauqua Creek vesstrapiat
(spring and fall combined;able §. In both seasons, the proportions of sttays were similar
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in all stream sections of Cattaraugus Creek (Peargaral comparison® > 0.05);in

Chautauqua Creebnly the proportion of state-strays found in the section closest to the mouth
(<1 km) was significantly greater thdnat observed in the tributary section furthest upstream

(7 km; Pearson’g? comparison ok1- and 7km sites, fall: P = 0.0308, spring® = 0.0201:all

other comparisonB > 0.05). In comparisons &dll and spring sampling periods, the proportions
of statestrays were similar in all stream sections (Pearsgnal comparisos P > 0.05), but
seasonal comparisons could not be madémiwo upstream sections of Cattaraugus Craek

no fish werecollected during spring sampliiaifle §.

In 2015, Pennsylvania hatchery-origin fish made up half of the total number of
individualsscollectedn Chautauqua Creek, followed by New York hatcherigin (21%), Ohio
hatchery-origin“(12%), wild New York-origin (11%), Michigan hatcherigin (5%), and wild
Ontaricorigin (1%) fish. Like Chautauqua Creek, collections in Cattaraugus Creek consisted
modly of Pennsylvania hatchery-origin steelhead (57%). Wild Cattaraugus Creekluadsvi
were the next most common (17%), followed by New York hatchery-drgir{10%) and
Michigan and=Qhio hatchery-origfish (8% each). The proportion of Pennsylvani&chary
origin fish identified was significantly lower in spring thiarfall (Pearson’s® P = 0.0086).
Conversely,,the proportion of Ohio hatchery-origin fish identified was higher during thg spr
season (Rearsonié P < 0.001). The percentage of New York hatchery-origin fish was higher in
spring tharin fall (Pearson’s’: P = 0.034), and no proportional difference was identified for
wild Cattaraugus Creek individuals among seasdablé §.

Thesproportion of Michigan hatchery-origin steelhead found in each section of the New
York tributaries varied (range 0-20%). Michigan hatchery individuals were identified in each
section ofiboth tributaries and during most sampling periods. Throughout 2015 sampling, only
one wild Ontarig individual was identified, atithat fishwas found in the downstream section of
Cattaraugus.CreeK &ble 6.

[A]DISCUSSION
Hatcherystecked individuals and wilsteelhead from New York and Ontario were clearly
discriminatedbased orelemental signatures from otolith transedtse high jackknifed
classification accuracies and low numbers of misclassified fish inDBes without removal of

statistical outliers suggest that analyses were robust andlmoited by sample sizeMicGarigal
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et al. 2000). The LDAsgenerated here could be used for future studies if the ambient water
chemistry in hatcheries (or in natal tributaries) remains constant among years.

The percentages of stadray steelhead in New York tributaries were higher8820 of
thetotal catch) thapercentagem the other Lake Erie tributariege sampled (1857% of the
total catch).-Ehe use of stad&raying values should be considered coretere because we
identified hatchery stocking source by state and not by the specific tributary ohgtdokihe
Vermilioh 'River; statestrays were mostly of Pennsylvania hatchargin, whereas in
Sixteenmile"Creéeknost statestrays were of New Yé@rhatchery originThis may represent a
preference by steelheaddtray to geographically proximate locations rather than to travel longer
distances—-a tendency that has been identified previously in straying steellwea@ énd

Hooton 1988¥Schroeder et al. 2001; Brenner et al. 2012). In theHuron River, 43% of the adult

steelhead collected were identifiedesng of Grand River origin. Although the jackknifed
classification accuracipr Grand River juveniles was high (91%), we cannot be certain that
many of the adult steelhead classified as Grand Ringin did not originate from other sources
for which werdid not have otolith chemistry data. For example, both the Grand River and the

southeastern'shoreline of Lake Huron share the same geological tersexerifz et al. 2011),

potentiallysmaking the otolith chemical signasi steelhead originating from this region
difficult tesdiscriminate from the Grand River signatufée possibility that Lake Huron-origin
steelhead were misclassified is also feasible considering the connectivity that exists between
Lake Huron and Lake Erie waters and the high proportion of adult steelhead captured in the
Huron Riverthat were predicted to be wild individuals of Grand River origin.

The adult steelhead in Cattaraugus and Chautatrge&isvere overwhelminglyf
Pennsylvanidnatchery orign (52% of the total New York catch) and Ohio hatchagin (17%
of the total New, York catch). Stocking practices and their relationship widmstiraprinting
may play a.substantive role in the high proportion of strays found in New York streams, as both
Pennsylvania.and Ohio stocking programs implement near-mouth releases. For example, the
state of Ohio annually stocks approximately 60,000 steelhead yearlingjsentermilion River
within 2 kmfrem Lake ErieSimilarly, the state oPennsylvania stocks approximately 111,000
steelhead yearlings infioventymile Creekwithin 1 km from the lakeA shortemigration
distance may result in poor stream imprinting for these fish, espedualhygyears when high

tributary flow rates result ifapid emigrationMelnychuk et al. 2010). The number of juvenile
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steelhead present in Pennsylvania and Ohio tributaries could also contribute to increased straying
potential, as high densities of smolts can pstanrapid emigration from these systemsley
2001).
In addition to rapid emigration after stocking, the large number of juvenile steelhead
stocked by.beth Pennsylvania and Oh&ticheriesnay alone contribut the large percentage
of individuals from these stocking programs captured in New York tributaries.\Aeama
stocks approximately 1.1 million steelhead yearlings annually into 13 Lake iGutaties, and
Ohio stocks approximately 420,000 yearlimg® five tributariesIn their review of the literature

on strayingKeefer and Caudill (2014) reported mean donor straying to be 13.8% in steelhead.

Based on thigrate, the donor population of hatchery strays would be 151,800 from Pennsylvania
hatcheries'and 62,100 from Ohio hatcheries, assutihatgll fish survive and spawn. Because

steelhead have a propensity to stray to geographically proximate locatietts {nd Hooton

1988; Schroeder.et al. 2001), many of these individuals would be expected to stray to New York

tributaries,ypotentially contributing to the increagedportion of strays present. Many studies
have reported an exponential increase in the number of straying salmonids with dgcreasi

distance from"a release sitgulhn and Fresh 1984; Unwin and Quinn 1993; Candy and Beacham

2000; Thedinga.et al. 2000; Bartron et al. 2004; Correa and Gross 2008; Brenner et al. 2012; Westley et

al. 2013);.eonsequently, the closer proximity of Pennsylvania stocking locationsnorek
tributaries, along with the greater number of fish stocked, likely explains the larger proportions
of Pennsylvania hatcherigin strays identified in New York tributaries comparedtrays
identified from©hio hatcheries (Pennsylvania: 57%; Ohi8%). Twentymile Creek,

Pennsylvania; which is stocked with over 44% of the enta® Xork annual stocking program

for Lake Erie £111,000 hatchery fish), would be expectegrmvide the greatest contribution
hatchery straysito New York tributarjes it is less thah7 km from the mouth of Chautauqua
Creek andess:thar63 km from the mouth of Cattaraugus Creek. In fact, NYSDEC biologists (J.
Markham /NYSDEC, Lake Erie Fisheries UniDQunkirk, personal communication) have found
yearling steelheadf stocking size in lower Chautauqua Creek during spring before they stock
fish (i.e., Pennsylvania stocks up to 1 month earlier them Ybrk), suggesting that fish stocked
by other state hatchery systems exhibit exploratory behavior to New York trisidaer before

completely transitioning to the lake phase of their life cycle.
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Statestraying percentages could also be exacerbated in New York tributaries by poor
returns of New York hatchery fish. The Salmon River $€Hrlings released into New York
tributaries are stocked at less tH&® mm on average (meadrL ranges from 114 to 13%m; J.
Markham,NYSDEC, Lake Erie Fisheries Unit, personal communicatiwh)jch is below the

approximate.size threshold for juvenileethead emigration(agner et al. 1963; Seelbach 1987;

Peven et al. 1994; Quinn 2005). If Salmon River SFHearlings are too small to physiologically

smolt and arenot ready to emigrate, then their longer residency may lead to suhisistndiam
mortality because of high summer temperatures, predation, and competition wiyteaviidgs

(Wagner 1968; Keeley 2001; Hill et al. 2006). Slaney et al. (1993) reporta a threefold increase in

survival forsteelhead smolts stocked at 180 mm compared to those stocked at 145 mm. Thus,
poor contribution of th&almon River SFHtock to New York streams may contribute to the
higher-than-expected proportion of Pennsylvania and Ohio hatchery-origin steelhead in New
York tributaries.

Theiidentification of wilderigin adult steelhead in Lake Erie tributaries (15%hetotal
catch) suggests that naturally reproduced individuals are contributing tettaeyfir his
moderatenatural reproduction is another potential driver of the large proportion of Pennsylvania
and Ohio'strays identified in New York tributaries. Abundant juvenile steelheadeene
identifiedsdn"some mahstem tributaries of New York streani$YSDEC 2006, and it is

possible that odors from naturally reproduced fish attract adult steetbeadther systems.
Unlike most Lake Erie tributaries that support very little succesgbubdeiction due to high

summer terperaturesThompson and Ferreri 2002), Chautauqua and Cattaraugueekssupport

steelheagearround Goehle 1999), potentially allowing continuous odor marking of stream
substrate to occur. AtlantBalmonSalmo salaiparr can recognize conspecific pheromones
deposited.in stream substrat&aifell 1987), but the concentration of the odor also influences

whether aspreference is observeeuftenay et al. 2001). Even though adult salmonids can also

discriminate-between populatiorssabell 1992; Brown and Brown 1996), the roleplayed by

chemical.edors (i.e., pheromones) in homing is still uncertaiimf 2005; Ueda 2012).

We found no evidence that statigaying individuals were more likely to travel further
upstream to find suitable spawning sites. Little difference in-stedging proportions was
identified in each section of Cattaraugus and Chautacrgaks,indicating that straying

individuals utilized both upstream and downstream sections of these trisu@aro®rhynchus
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species commonly hommon-directly to two or more alternate sites before reaching their final
spawning destination, but this non-direct homing is confined to the lower reaches of nearby

tributaries Burger et al. 1995; Keefer et al. 2008). The similar proportions of strays identified in the
lower, middle, and upper reaches of the New York tributaries suggest that these indiaréual
in fact strayssrather than individuals utilizing additional tributaries on their way to their final
spawning site.

At aliftributary locationsthe proportions of Pennsylvania hatcherigin fish identified
in Chautauqua Creek were lower during spring sampling periods than during fall sampling
periods. Itis unclear whether the reduction in the proportion of Pennsylvaniariaidigen fish
during the spring seasos the resulfewer Pennsylvania hatcherigin individuals straying
into New Yeorkstributaries, an increase in Ohio hatchery-origin fish straying in timg spr
some combination of the two. Each yeghe state oPennsylvania performs six adult steelhead
collections_from November to February to obtain broodstock for the hatchery prodaegagon
2013. Because_spring sampling occurred in April, it is possible that many of the Lakstram
steelheadstoeked by Pennsylvania had already spawned and left the New York tribetarees
the sampling eccurred. Conversely, peak spawning of Manistee-strain steelhead bjottle

state of Ohig occurs iMarch-April (Seelbach 1993; Seelbach et al. 1994) and may be responsible

for the inereased number of Ohio strays present in Cattaraugus and Chaataegsduring
spring sampling periods.

In summary, our results provide state fishery managers with new and valuable
informatiop‘régarding the presence of ststraying adult steelhead in Lake Erie tributaries.
Future otolithechemistry studies, including assessments of source populatiomsuitgte
Great Lakes, could greatly increase the knowledge gained steellieacgnovement within and

between systemsgahdsman et al. 2011). For exampleBarnett-Johnson et al. (2010) found that

coupling atelith.chemistry with genetic analysis further increased stockities. There is also

a need to quantify run numbers into Lake Erie tributaries so that strayisg@ratéotal numbers

of strays can'be determinedti®dugh straying rates could not be evaluated here, high
proportionsof steelhead from Ohio and Pennsylvania state hatcheries were present in the Lake
Erie tributaries of New York. Strategies to reduce straying may include practicing upstream
stocking, redaing the number of individuals stocked, and fostering management decisions that

improve spawning and nursery habitat.
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TABLE 1.—Timing of collection and characteristics of adult steelhead from Lake Erie

tributaries:
Dates sampled N Average TL Upstr
Year(s) Tributary (fall, spring) (fall, spring) (mm; +SE) distanc
2009-2010 Huron RiverMichigan Dec 1, Apr 20 33,11 595+12.9 15
Vermilion River, Ohio Nov 23, Apr 13 49, 47 576 +11.0 4
Sixteenmile Creek, Nov 17, March 10 41, 21 563 £10.8 <1
Pennsylvania
Chautaugqua Creek, New York Oct 30, Apr 15 39, 28 534 +13.9 <1
Cattaraugus Creek, New York Oct 19, Apr 13 40, 34 505 +13.1 3
2015 Chautauqua Creek Oct 26-Nov 17, 68, 44 567 £ 6.7 <1,
Apr 15-May 5
Cattaraugus Creek Nov 4-18, 62, 10 529 +£10.0 3, 27
Apr 30—-May 5

TABLE 2.—Description of yearling steelhe#oht were included idiscriminant analyseSFH

= State Fish HatcheryAlso listed are average concentrations (igrgan+ SE) of Sr and Ba

for eachotolith'region used.

Element otolitt

Juvenile teelhead AverageTL Sr,
source Year N (mm; £SE) 80-95%

55-60%

Sr,

Sr,

45-50% :
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Element otolitt

Wolf Lake SFH, 2008, 2009, 10, 14,11 185+2.9 436 £ 13 412 £13 403 £ 15 4
Michigan 2015
Salmon RiveiSFH, 2008, 2010, 16, 10,9 122 +2.8 253 +6 333117 387 £ 22 3
New York 2015
CastaliaSFH, Ohio 2009, 2015 16, 13 153+3.3 1563+40 1,106+106 1,158 +124 1,
Pennsylvania 2008, 2009, 44,48,21 168+1.7 3197 3387 3397 K
hatcheries‘pooled 2015
Grand River; 2010 24 194 +6.0 597 + 10 528 + 13 537 +13 5
Ontario
Cattaraugus.Creek2009 61 130+2.9 220+ 6 218+8 203+6 ]
New York
TABLE 3.—Canonical scoring coefficients for the primdineardiscriminant analysif.DA;
all steelheadiroups excepCattaraugus Creek,@W York) and secondaryDA (Pennsylvania

hatcherieand Cattaraugus Creek only) on elemental concentrations of yearling steelhead.

Element otolith region (percerdistance from the core)
Canonical Sr, Sr, Sr, Sr, Sr, Ba, Ba, E
axis(CA) 80-95%  55-60%  45-50%  35-40% 10-15% 80-85%  45-50%  10-
Primary LDA

CAl 0.01238 -0.00314 0.00137 0.00048 0.00225 -0.06474 -0.06111 -O0.(

CA2 0.00213 -0.00090 -0.00358 0.00341 0.00137 0.04650 0.16888
Secondary LDA
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Element otolith region (percerdistance from the core)

Canonical Sr, Sr, Sr, Sr, Sr, Ba, Ba, E
axis(CA) 80-95%  55-60%  45-50%  35-40% 10-15% 80-85%  45-50%  10-
CAl 0.00531 0.00226  0.00460 0.00731 0.00081 -0.00968 -0.08514 0.0
TABLE 4.4Jackknifed classification accuracy for primary and secondagr discriminant
analysegLDAS) of yearling steelhead. Fish wittpeactual greater thab.50 were designated as

having been correctly classifi¢gdroups:MI = Wolf Lake State Fish Hatchery [SFHjjchigan;

NY = Salmen‘River SFHNew York; OH= Castalia SFHOhio; WON= wild Ontariofish;

PA = Pennsylvanitatcheries pooledVNY = wild New Yorkfish).

Primary LDA Secondary LD

LDA (jackknifed) MI NY OH WON PA WNY P/
Classification
accuracy-$o;, mean
p-actual) 72.1 86.1 100.0 90.6 88.7 90.1

Range %o; p- 100.0- 0.14-
actual) 13.8-95.3 52.5-97.3 100.0 48.3-99.9 100.0 1.2-99.9 0.0-
Number
misclassified 4 0 0 1 7 5 1
TotalN 35 35 29 24 113 61 11

TABLE 5—Number and predicted origin of adult steelhead captured in five Lake Erie
tributariesduring fall 2009 and spring 2010 (hatchery groups: Wolf Lake State Fish
Hatchery [SFH]; Michigan; Castalia SFH, Ohio; Pennsylvania [PA] hatcheries pooled [see
Methods]; and Salmon River SFH, New York). Numbers of stoaying fish are indicated

in bold italics. Fish of unknown origin were not considered strays.
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Predicted hatchery origin Predicted

PA Cattaraugus
Wolf Lake Castalia  hatcheries Salmon Creek, New
Tributarysampled  Season SFH SFH (pooled) River SFH York
Huron River;
Michigan Fall 14 5
Spring 5 1
Total 19 5 1
Vermilion'River,
Ohio Fall 1 45 2 1
Spring 2 34 9
Total 3 79 11 1
Sixteenmile Creek,
Pennsylvania Fall 1 31 7 1
Spring 15 3
Total 1 46 10 1
Chautauqua.Creek,
New York Fall 1 2 26 9 1
Spring 11 8
Total 1 13 34 15 3
Cattaraugus Creek,
New York Fall 1 10 24 2 1
Spring 2 12 15
Total 3 22 39 4 1

TABLE6.—Number and predicted origin of adult steelhead captured in New York tributaries at
different upstream locations in spring and fall 2Qi&tchery groups: Wolf Lake State Fish
Hatchery [SFH], Michigan; Castalia SFH, Ohio; Pennsylvania [PA] hatcheo@ed [see

Methods]; and Salmon River SFH, New York). Numbersasfatraying fish are indicated

bold italics.
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Predicted hatchery origin

Collection
site (km from Wolf Lake PA hatcheries Salmon Rive
Tributary sampled mouth) Season SFH Castalia SFH (pooled) SFH
Chautauqua-Creek
New York 1(<1) Spring 2 2 7 2
Fall 1 18 4
Total 3 2 25 6
2 (3) Spring 7 3 3
Fall 1 12 1
Total 1 8 15 4
3(7) Spring 3 4 8
Fall 2 12 6
Total 2 3 16 14
Cattaraugus Creel
New York 1(3) Spring 2 6 1
Fall 1 6 13 2
Total 3 19 3
2 (27) Fall 2 10 3
3 (59) Fall 1 12 1

FIGURE 1—Pie chardepicting the number of juvenile steelheldt werestocked into Lake
Erie bays and tributaries by state fishery management agencies and sportsmen’s organizations in
2015 (MI = Michigan Department of Natural Resources; N¥ew York State Department of

Environmental Conservation; OH = Ohio Division of Wild] PA = Pennsylvania Fish and Boat
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Commission; PAS- Pennsylvania sportsmen’s organizations; ONS = Ontario sportsmen’s
organizations)Data arefrom the 2015 report of the Lake Erie Coldwater Task GraWiTG
2016).

FIGURE 2=lkeocationsof state hatcheries where yearling steelhead were collectddcatidns
of Lake Eriestributaries where adult steelhead were colle(@0H = Castalia State Fish
Hatchery _[SFH], Ohio; LPA = Linesville SEHPennsylvania TPA = Tionesta SFH,
Pennsylvania; FPA= Fairview SFH Pennsylvania3PA = 3-CU Trout Association’sErie
County Cooperative Trout Nursefgrivate hatchery] Pennsylvania)Not included on the map
are Wolf kake'SFH Nlichigan) and Salmon River SFH @\ YorK), both of which are over
200km from Lake Erie.
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