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Abstract

Local adaptation has been demonstrated in spatially or temporally distaat anim
populations but seldom in proximate populations. To address the scale of local adaptation i
Pacific salmon®ncorhynchus spp), two gererations of hybrids between temporally separated
spawning'segments were made in a population of pink salhguoi(buscha) and compared
with controls.to.evaluate the genetic architecture underlying adult migration time and to test for
declines innmarine suival that resulted from outbreeding depression. Bayesian neifedts
models revealed that adult migration times in hybrid lines were intermediate to those of controls
and that additive sources of genetic variation were signifidaereby indicatinghat local
adaptation has /acted on additive genetic variation in shaping thiStnaikarly, a line cross
analysis revealed that an additive model best described the genetic architecture of adult
migration time. In contrast, marine survival was generally similar between control and hybrid
lines, which suggested that the effect of outbreeding upon marine survivaimemshat such a
fine scale of genetic divergence. The implications of these results are that (1) local adaptation
can facilitate'genetic divergence of life history traits between progiswipopulations; (2)
artificial'relaxation of natural barriers to gene flow can cause maladaptive shifts in life history
traits; and (3)wild populations may harbor fieeale adaptive variation that supports

productivity and sustainability.
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I ntroduction

Genetic variation in breeding time has been demonstrated in populations spanning a wide
range of taxa, and individuals within these populations often have life histosythaitare
locally adapted to environmental conditions characteristic of their breeding time (e.g. birds:
Mgller 2001; Sheldoset al. 2003; fish: Smokeet al. 1998; Hendryet al. 1999; Quinret al.

2000; plants:.Weis and Kossler 2004; Hall and Willis 2008nsistent differences oreeding

time constrains.gene flow between population segments, which facilitatescgbnetgence

through local adaptation, provided the effects of divergent selection exceed thosetiaf dyaft

and gene flovand there is sufficient genetic variability in the traits under selection (Kawecki and
Ebert 2004): By optimizing fitness in individuals that breed at different timeal, &daptation
staggers the use of resources over time, which may increase the carrying capacity of resource
limited populations (Gharreet al. 2013). Additionally, local adaptation promotes genetic
divergence of phenology, which can enable populations to sustain productivity duriatecli
changes (Greemat al. 2010; Schindleet al. 2010). Hence, local adaptation is likely an
important'component of the productivity and sustainability of populations that eyitatic
variationin‘breeding time.

Because of their characteristic ability to home to spawn in their natal habitat with high
temporal precision and the wealth of life history variation that they exhibit over their extensive
range, anadromous Pacific salmon have been the focus of many studies on locabadaptat
(Fraseret al..2011). The high fidelity with which salmon typically home enables adaptation to
local niches within heterogeneous ecological landscapes, while constrainingogebettveen
diverging salmon populations. This pattern of population divergence due to local adaptation is
probably‘the"primary means by which many genetically distinct populations have coxist to e
in each of'the anadromous Pacific salmon species (Carvalho 1983).ddaptation is well
documented in salmonid populations separated by large geographic distances (Taylor 1991), but
there has beensa dearthre$earch ofine-scale adaptive differences that may arise between
proximatessalmon populations. Stock transfers and hatchery propagation, which have been
increasingly used for Pacific salmon, are typically conducted at a fine spatiotemporal scale, and
there is concern th#ttese artificial propagation practices are enabhir@gression of non-

adapted genetic material into wild populations, thedibguptirg local adaptatioand reducing
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diversity that is a crucial buffer against inexorable environmental chaWgasds 1991;
Eldridge and Naish 2007; Naighal. 2008). Furthermore, interbreeding between locally adapted
populations can reduce fitness in hybrids, a phenomenon known as outbreeding depression
(Lynch 1991; Gharrett al. 1999; Edmands 1999; Gi#t al. 2004).

Outbreeding depression manifests through two different mechanisms that can occur
independently.or jointly. Outbreeding between populatfooms different local environments
can depress.fithess by disrupting fitness-related genotype-by-environmerdtioteréEdmands
2007). This mechanism, which is termed ecological outbreeding depraassipmanifest as
early as the first generatitrecause the additive effects of genes contributed from each parent
can resultin‘an immediate and disruptsleft in the phenotype (Lynch 1991). Alternatively,
outbreeding between genetically isolated populations can disrupt complexes of gmsmtt
loci, leadingto a decline in fitness. Epistatic gene complexes can adagtihjoint selection for
multiple laci during local adaptation and random drift (Lynch 1991). Epistatic outhgeedi
depression typieally does not manifest until the second generation or later (Emlebd®@8ige
epistatic gene complexes are maintained in the gamete contributed by each parent.

Rink'salmon that home to Auke Creek, Alaska provide an excellent model system for
examininglocal adaptation that results fromarying scales of genetic isolatiohhe stricttwo-
year anadromous life cycle of pink salmon (Anas 1959; Turner and Bilton 1968) has resulted i
genetically distinct oddand everyearbrood lines in Auke Creethat are completely genetically
isolated Within_eachbroodline, adults return to Auke Creek in two distinct spawrsegments;
‘early-migrating’ adults return between midnd late August, and ‘laigigrating’ adults return
between early'and mid-September (Taylor 1988g early and late-migrating segmerase
partially"genetically isolated arekhibit geneticallybased differences in phenology (Hebert et al.
1998) despite high levels of gene flow that heasultedn minimal differentiation in selectively
neutral alleles (McGregor et al. 1998). The structyohthe spawning migraticappears to be
maintained bysthe high heritability of migration time within each of tisesgners (h* = 0.4;
Smoker-et.al. 1998). The odaRd everyearbrood lines provide a model of largeale genetic
isolation, whereas thearly- and late-spawning segments provide a model ofdaate genetic

isolation.
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Local adaptation thaksults from largescalegenetic isolation has been addressed by
evaluating hybrids between the even- and bdubd lines at Auke Creeln a study otwo
generations of Hyrids between the brood lines, reducearinesurvival relative to controlwas
observed in secongeneration hybrids only, which indicated that outbreeding depression had
resulted from disruption of epistatic gene complexes (Ghatraltt1999). Similarly, more
pronounced.outbreeding depressive effects were observed in the second generation of
hybridization.between pink salmon from Auke Creek and spatially distant (~1000 kan) Pill
Creek, Kaodiak, Alaska (Gilkt al. 2004). These stuels demonstrated that large temporal and
spatial barriers have enabled populations of salmon to diverge, most likely through some
combination’of local adaptation and genetic drift, and that removal of such bamiéravea
detrimental effects on overaltriess. However, theffects of disruptingine-scalebarriers to
gene flow'such as the barrier separating the seasonal spawning sedraeatspt yet been
investigated in this population.

To address whether local adaptation can dresa fine-scalegenetic isolationput
crosses betwedhe early and latespawning segments at Auke Creedre evaluated in this
study.Specifically, omparisons were made between controls and two generations of hybrids
between thesspawning segments look for evidence of outbreeding effects on two traits that
contribute to lifetime fitness: adult migration tiraed marine survivaBecause adult rgration
time is closely associatedth spawning timethe assumed driver of local adaptatiowe, might
expect this trait to show a considerable degree of local adaptation. The association between
marine survival and spawning timeléss clear, butve might expect epistatic outbreeding
depressioio'manifest as a decline in marine survivahybrids,as has been demonstrated in
previous hybridization studies at Auke Cre€hkis study evaluates the importance of {swale
local adaptation by addressing the following quest{@h$o hybrids exhibit migration times
intermediate to earlyandlate-migratingcontrols that would provide evidence of local adaptation
of migration tine? (2) To what extent does additive genefariation contribute tonigration
time and-are other sources of genetic variation (e.g. dominance) important? Rodg3)
outbreeding depression result in reduced marine survival of sgewrtation hybrids that
would indicate that local adaptation has produced distinct epistatic gepéegemin the

spawning segments?
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Materialsand M ethods
Field methods

Auke Creek, a short (323 m) outlet steam of Auke Lake that drains into AukesBay, i
spawning.ground and migratory corridor of pink salmon. Located at the mouth of Auke Creek
and at the head, of tidewaisrAuke Creek Statiorg permanent counting weir and experimental
salmon hatchery, which are operated by the U.S. National Marine Fisheries Serviceartthrly
late-migrating_pink salmon were collected at the weir and artificially spawndw dattchery in
the summers of 2005 and 2006 to créast-generation () hybrid and control lines, which
were propagated into the secayeheratior(F,) by artificially spawning returningFprogeny
that were ‘collected at the weir in 2007 and 2008s experiment was carried out in accordance
with policy and regulations of éhState of Alaska and in accordance with ethical standards for
the care and use of vertebrate animals approved by the University of Alaska Fairbanks
Institutional Animal Care and Use committee.

Thefirst-generation breeding design was structured to enladldevelopment rates of
hybrids to bescompared with those of early and late controls (Eeha/®017).To minimize
environmental effects, each control line was incubated in the same thermal regime as its hybrid
counterpatrt; since early and late colgnoere spawned on separate days, this required semen to
be cryopreserved to createparate early and late hybrid lineghough cryopreservation may
result in mutations of genes related to migration time, we note that in zebExdigb (erio) only small
mutation ratessbetween 1and 10 have been ofesved from cryopreservation (Rieo and Robles
2014), teadowstessubstantially influence genes that contribute to migrationTimeetun source (i.e.
early vsflate)of each experimeniak was deined by the run source of the female parent. For
instance, an earfemale by latemale cross was considered an early hybrid. Thedestration
breeding design was accomplished by using gametes collectethiaarliest migratinghales
and females (22ugust 2005; 3, 4, and 5 August 2006) to produce early controls in each brood
year; semen collected from the eamtygratingmales in 2005 was cryopreserved to create late
hybrids in the odd-brood line with eggs collected fribia latest migratingemaleson 7
September 2005. We did not produce a late hybrid line in thel@oeatline because

cryopreservation of semen fromarly-migratingmales in 2006 failed. We used cryopreserved
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semen collected frote latest migratingnales two brood years prior (11 September 2001; 6
and 9 September 2002) and eggs collected from early- anadhigitatingfemales on the
aforementioned dates to produce early hybrids and late controls in each brood yese Béca
our failure'to produce late hybrids in 2006, we did not release a corresponding late cantrol li
the everbrood line.

The firstgeneration breeding design resulted in the production of efiglitgib families
(Table 1).Secondgeneration experimental lines were createthfreturning firstgeneration
adults. The requirement of using only experimental fish as brood stock led to an imbalanced
breeding design with smaller numbers of families in the second generation of thienerper
(Tablel).

Identical methods were usedrear first and secondgjeneration progeny. Control and
hybrid embryos were incubated in separate statisrtical incubator trayat Auke Creek
Stationin ambient temperature water that was pumped from the creek. Developing emérgos
incubated until they were ~5% yolk by weight, whereupon the fish were anesthetized and
subsequently. marked with an experiment-identifying adipose fin excision and contrastiag pel
fin excisionstodistinguish controls from hybrids. Controls and hybrids were concurrently
released intosAuke Creek in April at the peak of natural pink salmon outmigratiorl] and a
markedadults were collected at Auke Crestationas they migated into the streanfuring
summerofithe following yeaand examined for the absence of an adipose or pelvic fin to
determine if.they belonged to one of our experimental lines. Tissue samples \a@recbfsom
each marked adult by clipping the axillary process at the base of the remainiedipe®uring
the summers of 2007 and 2008, marked adults were tagged with number&d(Floy Tag
Inc., Seattle;"WA) tags and held captive until full maturity. A randomly sslesample of those
fish was usedsabroodstock for the second-generation crosses. Identical methods were used to
sample marked secompgeneration fish that returned in the summers of 2009 and 2010, with the

exception thatsnone were retained as broodstock.

Laboratory methods
Tissue samples from experimental broodstock and their returned progeny werénstored
numbered vials of preservative solution (Seetial. 1991) andstoredat approximately -20C

in a conventional freezeYVe isolated total genomic DNA with DNeasy Bloaad Tissue kits
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(QIAGEN, Inc., Valencia, CA). Five microsatellite lo€dola [Olsenet al. 1998];Oki10

[Smith et al. 1998];0nel02 [Olsenet al. 2000];0nel09 [Olsenet al. 2000]; andOtsG311
[Williamson et al. 2002]) were chosen to unequivocally assign parental pairs to progeny.
Amplification and separation of target fragments of microsatellite loci were accomplished with

methods that are detailén the supporting information.

Statistical methods

Parentage - Microsatellite genotype information was dde assign parental pairs to
returning adults with PROBMAX (Version 1.2; Danzmann 1997). Parentage assignasent w
confirmed'when the genotype of an individual was consistent with those of a prospective
parental pair for all five loci (10/10 alleles). imstances where a near perfect match (9/10
alleles) was observed between an individual and a pair of parents, an additional pair of
microsatellite®loci Ots103 [Small et al. 1998] andOts208 [Greig et al. 2003]) was used to
confirm the"assignment of thosarpnts. Parentage information was used to determine the
experimental line to which each returning adult fish belonged and to assign fish to the
respective fulsib families.

Adult'migration time - Components of variation of adult migration time of first- and
secondgeneration experimental lines were quantified with linear meféetts models under a
Bayesian framework. Additive genetic components of variation arising from aagaramong
siblings wererestimated as random effects, while componentsiatioaiarising from
experimental treatment (e.g. type of cross) were estimated as fixed effects. Samples from the
posterior distribution of each effect were drawn with the MCMC algorithm, which was
conducted.in RR Core Team 2015) with the package ‘MCMCglmm’ (Hadfield 2010). This
analysis,was.performed separately for the early and late experiments in each generation in order
to avoid confounding the effects of run source with those of cross.

Thélinear mixeeeffects model that describes all pertinent fixed and random effects on
adult migration time within a brood year (2005, 2006, 2007, or 2008) and run (early or late) was:

Yijit = b+ C; + Dyj + Sipe + €1
whereyij is the Julian date of weir passage (i.e. migration time) of an individuabvEnell
mean migration time ig, C; is the fixed effect of th&" cross (hybrid or controlj; is the

random effect of thg" dam within the™ cross Sy is the random effect of tHd' sire within the
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i cross, and;j is the residual random error associated witH'theplicate of thg™ dam and™
sire within thei"" cross.

Norrinformative, yet proper priors were used for the fixed and random effects. A normal,
zeromean prior with a large variance was selected f:

C;i~Nu=0,0%=1x101)

The inversegamma is the classical prior distribution for variance components, but this prior can
cause inefficient sampling of the posterior distribution of small variafceaddress this, a
method known as parameter expansion (Gelehah 2008; Browre et al. 2009) was used to
give more flexibility to the MCMC algorithm by partitioning each random efRgatto two

independent components:

R, = an,
a~ N(0,1000)
Ne ~ N(O' Uﬁ)

op ~ InvGam(0.5,0.5)
A useful'feature of the MCMCglmm function is that it enables computations of the
posterior-distribution of functions of variance components. For instance, the pyopairti
variation.that is attributable to covariance among matefaland paternalF;) siblings can be

calculated as functions of the posterior values of the variance components:

PD =
Dij + Six + €ijri
S
PS ik

B Dij + Six + Eijra
This givesthe"posterior distributions of meaningful parameters that delsovibadditive
genetic components contribute to adult migration time.

In each model, the statistical significance of the fixed effect of cross was evaluated
simply by determining whether the 95% Bayesian credible interval of its posdetribution
includedzeroStatistical significance ofariance componentgas interpreted witthe deviance
information criterion (DIC). Since smaller DIC values are indicative of a better model fit, the
difference in the DIC between a full model and one with the variance componemresint

removed (ADIC) was calculated and included in the model summary. In general, a ADIC value
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of five is considered substantial, and a ADIC value of greater than ten is adequate to rule out the
model with the higher DIC (@Begelhalteret al. 2002).

Line cross analysis - Because returning;Hish carried a mark that denoted the type of
cross but'not the run source, somehkbrids (i.e early control x late control) were produced in
the second generation of the odd-broodline experiment (Supporting information; Table S2).
Consequently,fand Fk hybrid lines were reared with early and late control lines that year. The
existence of.lEhybrids presented the opportunity to use a line cross analysis to evaluate the
genetic architeture underlying adult migration time. Adopting the nomenclature of Lynch and
Walsh (1998), the early and late control lines are referred to as the parentaliliard &,
respectively)n this analysisThe types of genetic parameters that can be estimated in a line
cross analysis-are determined by the number of lines, and the four lines preélsersecond
generation'ofthe odd-broodline experiment, (%, F1, and k) provide sufficient degreed o
freedom to test foadditive and dominance effects. The joint scaling procedure described in
Lynch and Walsh (1998) was used to perform the line cross analysis. This procedure involves
first testing,the fit of a null model with additive effects only. If the additive mzdedjected by
a chisquaretest, higher order null model with additive and dominance effects can be tested. A
statistical power analysis was performed for the null model with a bootstrap simulation. New
data were simulated by drawing a new mean for each line from a normal distribith mean
and variance equal to the weighted mean of the fpeahd its standard erraespectively; the
null model was then rt with the new data. The statistical power was estimated as the
percentage.of times in which the null model was rejected ©0,000 iterations. The statistical
power analysis was conducted over different scenarios in which the numbersi falinilies
presentin each line ranged from 1 to 100.

Marine survival - A Bayesian hierarchical analysis was used to quantify maunaval
in the first and second generation. The Bayesian approach produces posterioridistrdjut
parameters ofinterest, which enables straightforward comparisons of parameters between
experiments. Samples from the posterior distribution of eacnzder were drawn with the
Markov chain Monte Carlo (MCMC) algorithm, which was performed by using the package
‘R2WIinBUGS’ (Sturtzet al. 2005) to call WinBUGS (Lunset al. 2000) from R. The likelihood
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of observingy;; returned adults from th& family and within thg™ experimental line followed a
binomial distribution:

yij ~ Bin(p;;,ny;)
wherep;; is the marine survival proportion af; released fry from a family.

The hierarchical framework specifies that the marine salykoportions of individual
families"are"drawn from a common distribution that is specific to a given experimental line. This
assumptionis‘based on the idea that, within an experimental line, offspring frererdiff
families should exhibit marine progmns that are similar because of experimental treatment,
but different because of environmental and genetic effects that contributerne swawival.

Specifically;'the logit (i.e. logdds ratio) of the survival proportion of each family)(followed

li]' = 10g<1 fljp)
lj

lij ~ N(uj, 7))
where the hyperparameters that govern the distribution of the logits are theu)eard(the

a normal distribution:

inverse ;) ofithe variance, which WinBUGS accommodates as the variance parameter
normal distributions.

Non-informative, yet proper priors were used for the hyperparamateasndr;. A
normal zeremean prior with a large variance was useduferand a gamma prior with
parameters that yield a large variance was usetj:for

pj~N@u=0,0%=1x10°
7; ~ Gam(a = 0.001,5 = 0.001)

The overall mean survival proportion of jfleexperimental linex;) and its standard

deviation on the logit scale;), were calculated as functionsigf and;:

e W)
PI= T exp ()
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299  Because the parametgrprovideda measuremerf variation in survival among families,

300 comparisons of its posterior distributions among experimental lines enablecvaluate

301  whether otbreeding affected some families maéhan others.

302

303

304

305 Results

306 Mixed-effects model of adult migration time - Data from 169eturned adults from

307 broodyear 2005 and 112 adults from broodyear 2006 were used in the analysis of migration time
308 of adults from the first generation of this experiment (T&bplén broodyear 2005, the mean

309 posterior estimate of adult migration date was 3.6 days later in early hybrids relative to early
310 controls, and“3.8 days earlier in late hybridstredeto late controls (Figurg). Further, 95%

311  Bayesian credible intervals (BGQlmdicated that the effect of cross was significant in both the

312  early (0.8-6.5).and late (-6.2 4:5) experiments of this brood year. Similar results were

313  observedin broodyear 2006, in whitle mean posterior estingadf adult migration date was 10
314 days laterinearly hybrids relative to early cont(fiigiure 1) and the effect of cross was

315  significant (6:6'— 13.6). In both experiments from broodyear 2B0%s of the random effects of

316 dam and sire were broad and included zero, and only the inclusion of the dam term fiatm the |
317 experiment produced a moderate change in DIC (-6.7). In the early experimentdicmydar

318 2006, only the inclusion of the sire term produced a large change in DIC (-19.2), and the BCI of
319 Ps(6.4 — 56.9%) suggested that the sire term explained a significant amount of the variation in
320  migration time:

321 Data‘from 606Geturned adults from broodyear 2007 and 521 adults from broodyear 2008
322  were used in the analysis of migration time afosel-genaation adults (Tabl&). In broodyear

323 2007, the mean posterior estimate of adult migration date was 4.4 days later in eadly hybri

324  relative to earlyscontrols and 4.9 days earlier in late hybrids relative to late controls @igure

325 and BClsindicated that the effect of cross was significant in both the early (1.6 — 7.5) a@d late
326 9.7 — 0.3) experiments. Similar results were oliedrin broodyear 2008, in whi¢the mean

327  posterior estimate of adult migration date was 7.4 days later in early hybridseredadarly

328 controls(Figure 2) and the effect of cross was significant (4.80.1). In broodyear 2007, large
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changes in DIC accompanied the inclusion of the dam term in the early experibiehi #nd
the sire term in the late experimerit4.4), and th BCI of Py in the early experiment (2.0 —
28.9%) andPs in the late experiment (2.8 — 32.8%) suggested that these terms explained a
significant amount of the variation in migration time. In thdyeexperiment of broodyear 2008,
only the inclusion of theire term produced a large change in DIZJ); the BCI ofPs,

however, had.a lower limit close to zero (0.0 — 29.9%).

Lineeross analysis- A line cross analysis was conducted to evaluate migration time of
adults from the second-generation geidrbroodline experiment. The number of families that
had at least one returning adult ranged from 6 in gha® to 37 in the Fline. The weighted
mean Julian’'dates of migration in thedhd F, lines were similar and approximately
intermediate to those tiie B and B lines (Supporting informatignrable S3). The estimated
additive composite effect from the additive null model was significfa{?nt(-3.460; SE =0.537).
The chisquare test of the additive null model was not significant 0.352) and, hence, a
higher order.madel that incorporated directional dominance was not tested.

Hierarchical model of marine survival - Marine survival proportions from 194 families
from breodyear 2005 and 112 families from broodyear 2006 were utieel Bayesian
hierarchical-analysisf first-generation marine survival (Table 4). In broodyear 2005, B&¥s
indicated that the marine survival percentggex(100) of early controls (0.45 — 0.77%)
exceededithat of early hylis (0.09 — 0.36%), but thigte controls (0.08 0.32%) and late
hybrids (0.12.=0.60%) had similar survival percentages. In broodyear 2006, early controls (0.19
— 0.38%) and_ early hybrids (0.18 — 0.47%) had similar marine survival percentages. Except for
the early eontrol line frombroodyear 2005, the posterior distributionpobveltapped
substantially among all firsieneratiorexperimental lines. In broodyear 2005, the ksgidle
standard deviation of marine survival was similar between early controls<0.63) and early
hybrids (0.04 —1.64) and between late controls (0.05 — 1.60) and late hybrids (0.03 — 1.75).
Similarly, in_.broodyear 2006, the logitale standard deviation was similar between early
controls (0:11 — 1.08) and early hybrids (0.03 — 0.93).

Marine survivaproportions from 65 families from broodyear 2007 and 69 families from
broodyear 2008 were used in the Bayesian hierarchical anafyssonegeneration marine
survival(Table5). In broodyear 2007, BCls indicated thHa mean marine survival percentage
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were similar between early controls (1.13 — 1.64%) and early hybrids (1.06 — 1.77%) and
between late controls (1.01 — 2.18%) and late hybrids (1.13 — 1.89%). Similarly, in broodyear
2008,the marine survival percentages were similar betveeely contrad (1.08 — 1.51%) and

early hybrids (0.75 — 1.53%). Collectively, the posterior distributions olverlapped

substantially among all second-generation experimental lines. In broodyear 2007, tbedlegit
standard deviation of familgpecific marine survival was similar between early controls (8.07
0.49) and eatrly.hybrids (0.03 — 0.61) and between late controls (0.03 — 0.76) and late hybrids
(0.25 — 0.75). In broodyear 2008, early controls (0.25 — 0.61) and early hybrids (0.13 — 0.97) had

similar logitscale standard deviations.

Discussion

Adult'migration time - The highlightof this study was a cledemonstration of
intermediate phenotypic expression of adult migration time in hybrids relatioatmls over
two generations of outbreeding, whicltlicates thatlocal adaptation has acted to shape this trait,
even in the presence of substantial gene.flewvthermore, the pattern of trait expression was
consistent'with"genes influencing migration time in an additive manner. This wreeidfy tle
fact that, when'large numbers of observations were available, significant dam and sire
components of variation in this trait were detected. The line cross analysdea éwither
support ofithis observation by demonstrating thgiificant additiveeffects contribute to adult
migration time and suggesting that a model with only additive effects wasentfto explain
the genetic architecture underlying this trait. However, the power of a line cross analysis is, in
part, a function“of the number @rhilies that are included in the experimental design. This
experiment'was not designed for a line cross analysis, and some of the experimental lines had
few representative families (e.g: 8nd k). Consequently, the standard errors of the weighted-
mean mgration times were high in those lines (Supporting informafiable S3). Indeed, a
statistical power analysis revealed that the power of theqehare test of the null additive model
was only'modest (0.41). This means that, even if directional dominance effettibute to this
trait, the experimental design gntielded a moderate chance of detecting them. The use of a

balanced design with the same average number of families per line would have increased the
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power to 0.5. In order to attain a statistical power of 0.8, the average number afSa@iliine
would have had to have been nearly doubled.

Because optia adult migration time ig1volved in maximizing reproductive success in
this population (Gharrett al. 2013), the observed shift in this trait provided the basis for
ecological outbreeding depression. A significant source of mortality in denglppik salmon
embryos is.mechanical agitation resulting from redd disturbance by subsequent spawner
(Fukushimeet.al. 1998). The bimodal migration distribution of Auke Creek pink salmon enables
early-run embryos to develop to a mechanica#igistant developmental stage known as epiboly
(Ballard 1973) before the arrival of laten spawners about two weeks lateereby reducing
mortality from redd disturbanegSmokeset al. 1998). The adaptive significance of embryonic
developmentrate is supported by comnganeen experiments that have revealed that-eanly
late-run embryos exhibigeneticallybased differences in development patterns (Hebatt
1998) andhat earlyrun embryos completepiboly faster than lateun embryos (Joyce 1986).
Further earlyrun embryos require approximately two weeks to complete epiboly, which is
consistent with.the two weeks that have historically separated the peaks of tharehlate-
spawning segmes; the implication is thagmbryonic development trajectory is adapted to the
time of egg.deposition in the eanyigratingsubpopulation. Hence, our demonstration of an
intermediate migration da{&igures 1, 2and, by extension, intermediate egg deposition time in
hybrids suggests that outbreeding between these spawning segments can daragépaation
by rendering.hybrid embryos more prone to mortality from redd supesition by late
spawning'adults. This mechanism has likely contributed to the maintenance of ggnetical
distinct spawning segments in this population.

Marine'survival - Similar marine survival rates were obseraadong five of the six
experimental linefrom the first generatigwith only the early controls from the odd-year brood
line exhibiting divergent survival rat€$ables4, 5). The mechanisms contributing to the
comparativelyshigh marine survival rate in this experimental line are unknown toodiced
consideable care was taken to minimiggstematic differences in survival arising from
experimental treatment, the possibility that experimental biases underlie this observation cannot
be eliminated. The lack of similarly high marine survivalha two other control lines, relative

to their hybrid counterparts, suggests that we have no reasonable basis for concluding that one
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generation of outbreeding between the early and late subpopulations influencedittum tkef
surviving the marine stage. This is not a surprising result, given that previowesstadducted

on local adaptation in highly segregated pink salmon populations revealed that depression of
marine survival generally did not occur in the first generation of hybridization (&teiral.

1999; Gilket al. 2004). Furthermore, although early- and latejuveniles transitioning to the
nearshore.marine environment generally encounter seasonal differences in growth conditions and
predator abundance (Mortensatral. 2000), differencem traits that confer adaptation to the
marine environment have not yet been characterized in these subpopulations. Henenther
hypothetical basis to support the potential for ecological outbreeding depressiainef ma
survival, and this is the mechanism that would be most likely to cause depressisrirat fini

first generation hybrids.

Similarmarine survival rates weepbserved among all six second-generation experiment
lines,and there was therefore ruidence of effects of outbreeding on marine survivabin F
hybrids. These results contrast those of experiments on populations of pink salmaeddyyara
large temporal or spatial barriers to gene flow, which revealed significantly lower marine
survivalin'B hybrids than in controls (Gharrettal. 1999; Gilket al. 2004). Those experiments
detected reduced survival almost exclusively in the second generation, which sutigeste
outbreeding had disrupted local adaptation primarily by the segregatioradapted gene
complexes (i.e. epistatic outbreeding depression). This hypothesis was adytivell
supported in.the experiment that examined hybridization between the even- and odd-year brood
lines; because dndividuals from the two brood lines spawn in the same habitat bikelyate
encountergfon‘average, similar environmental conditions, there was little reason to expect
hybridization‘to"disrupt genotype-by-environment interactions. However, without regula
exchange of migrants, natural seiectand genetic drift may drive the formation of distinct co-
adapted gene complexes within those isolated populations. Conversely, there is oggdortunit
interbreeding between the garlnd latemigrating segments &uke Creek, depending on
environmerl characteristics (e.g. stream flow and temperature) that determine the date of creek
entry of adults. Regular exchange of migrants probably constrains the developmemcif disti

co-adapted gene complexes (Edmands 1999), which could explain why expstinatn
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447  examined local adaptation at large scales of genetic isolation yielded results that differed from
448  those of this experiment, which examined local adaptation at a fine scale.

449 Family-specific marine survival - Although two generations of outbreeding did not

450 produce evidence of differences in family survival between controls and hybrids ealinigre

451  between spawning segments may still have an impact on population viability if outigreedi

452  effects manifest differently among hybrid families. That is, if marine survival of some families is
453  impacted by.outbreeding more so than others, an increase in variance of family size and a

454  corresponding decline e effective population siz8le, could occur. To address this, posterior
455  inference of familyspecific marine survival proportions was made within the framework of

456  Bayesian hierarchical models. The Bayesian hierarchical models o&fidssecond-generation

457  marine survivalindicated that, while some brood years appeared to display niaiéityain

458  family survival'than others, there was no apparent association between waiiabamily

459  survival and type of cross (i.e. control or hybrid). This observation was supported by the

460  poderior distributions of a measuremesftamongfamily variance in marine survivady),

461  which hadconsiderable overlap among experimental lines. Hence, the reuksaobtysis did

462  not provide any evidence of increased variance of marine survival in hybridscpetioe early

463  and latemigratingsegmentsand there is no basis for concluding that outbreeding resulted in a
464  decrease INe.

465 Conclusions - Our results complement those of a study on adaptation of embryonic

466  developmentitime in firsgeneration hybrids between early- and late-run pink salmon (Eethave
467 al. 2017)which/was conducted as part of the same experiment. That study demonstrated that
468  embryoni¢ development time differed between controls and hybrids in a significant,

469 compensatory way. Furthermore, although dam and sire components of variation of development
470 time were significant, their interactions were not, which indicated that adaptation of thisdrait ha
471  primarily exploited additive genetic variation. Earlyn fish appear to compensate for higher

472  water temperatures during incubation by slowing their development rateedtatate-run fish

473  after reaching epiboly (Joyce 1986; Helatdl. 1998); this compensatomechanism results in

474  delayed emergence of earyn fry and a shortened gap in migration time between early- and
475 laterun fry. Delayed emergence may provide an adaptive advantage forweafty-by

476  synchronizing their transition to the nearshore environment with more favoraklthgr
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conditions, and a shortened feonal gap between earlgnd late-migrating fry may provide
beneficial effect of predator saturation.

The results of previous research on Auke Creek pink salmon, when considered alongside
those presented here, provide a lucid demonstratibnescalelocal adaptation of migration
time and embryonic development time to the seasonally distinct environments encountered by
early and latemigrating fish. The implications are thatdhscalelocal adaptatiorontributes to
heightened.fitness in this population and may also contribute to heightenedifitotes
populations that harbor genetic variation in breeding time. Furthermore, since spaviniiaig ha
limits the number of progeny that can be produced within the short and narrow confines of Auke
Creek, geneticaligletermined temporal structure likely enhances the carrying capacity of each
brood line"by staggering the use of this resource over time (Sretake 998; Gharretét al.

2013). Hence 1t iskely that erosion of the temporal barrier that separates these spawning
segments would cause decreased productivity of this population. Simifzorarstructure is

likely an important component of the population dynamics of other populations in which
breeding habitat is limitedzinally, finescale local adaptation may also promote and maintain
biodiversitythat enhances the ability of populations to sustain productivity alntlagec

changes. Thishypothesis is supported by studies that have demonstrated how adapiive variat
of life history traits confers resilience to climatic fluctuations by enhancing the likelihood that
some individuals within a population will carry traits that are walted to future environmental
regimes (Hilborret al. 2003;Greeneet al. 2010; Schindleet al. 2010).

Adaptive variation is often impossible to resolve without genetic analyses, yet failure to
maintainit.could be detrimental to the productivity, biodiversity, and sustainability of wild
populations:*Our results suggest that prudent management of wild populations should be
conducted not only with regard for genetic and phenotypic variation that arises&ation of
populations by great distance or time, but also $icegle variatiorthat can occur in the presence

of substantial.gene flow.
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640 Tables

641

642  Tablel- Number,of dams, sires, and fsib families per experimental lirie the first and second

643  generations.efithe hybridization experiment. Lines were created byng@ssk salmon from the early
644  (“E”) and late (“L) spawning segmenfssterisks denote sires from which semen was cryopreserved to
645  create crossesmNote that late experimental livexe not produced in 2006 because of failed

646  cryopreservation,of semdrom earlyrun males that year

Year Line (Dam x Sire) Line Type Dams Sires Families
2005 EXE Early Control 40 40 80
E xL* Early Hybrid 40 40 80
L x E* Late Hybrid 40 40 80
L xL* Late Control 40 40 80
2006 EXE Early Control 40 40 80
E xL* Early Hybrid 40 40 80
LxE Late Hybrid - - -
LxL Late Control - - -
2007 (EXE)x (EXE) Early Control 14 13 22
(ExL)x (ExL) Early Hybrid 7 5
(EXL)x (LxXE) Early Hybrid 7 4
(LxE)x(ExL) Late Hybrid 9 10 16
(=x=E) x (L X E) Late Hybrid 4 3
(LxL) x(LxL) Late Control 6 6 7
2008 (EXXE) x (EXE) Early Control 8 8 41
(ExXL)x(ExL) Early Hybrid 25 8 26
647
648
649
650
651
652
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655 Table 2 - Bayesian mixed models of adult mitiom time offirst-generation pink salmon. The effective number of samples from the posterior
656  distribution and 95% Bayesian credible intervals (BCI) are listed for the fff@xt ef cross C;), the random effects of darD{) and sire §y),
657  and the proportion of variation explained by covariance among matBg)arid paternalRs) siblings. Déta DIC values, representing the

658 change_in DIC accompanying inclusion of a term, are listed for each random effect.

Broodyear 2005 (early experiment) Broodyear 2005 (late experiment) Broodyear 2006 (early experiment)
BCI BCI BCI BCI BCI BCI
Term Sample  ADIC Sample  ADIC Sample  ADIC
(2.5%)  (97.5%) P (2.5%)  (97.5%) P (2.5%) _(97.5%) P
C 0.796 6.468 9600 -6.175  -1.455 9600 6.662 13.597 9600
Dj; 0.000 13.897 9600 0.184 0.000 12.691 9600 -6.627 0.000 9.198 9260 -1.292
Sik 0.000 16.198 9600 -1.672 0.000 5.712 9600 -0.507 0.000 27.381 9266  -19.177
Py 0.000 0.253 9600 0.000 0.570 9600 0.000 0.206 9241
P 0:000 0.307 9582 0.000 0.304 9600 0.064 0.569 9323
659
660
661

662  Table 3 - Bayesian mixed models afiult migration time o$econedgeneration pink salmon. The effective number of samples from the posterior
663  distribution"and 95% Bayesiamedible intervals (BCI) are listed for the fixed effect of cr@3, the random effects of dar@() and sire $),
664  and the proportion of variation explained by covariance among matBg)adifd paternalRs) siblings. Delta DIC values, representihg t

665 change.in,.DIC accompanying inclusion of a term, are listed for each random effect.

Broodyear 2007 (early experiment) Broodyear 2007 (late experiment) Broodyear 2008 (early experiment)
BCI BCI BCI BCI BCI BCI
Term Sample  ADIC Sample ADIC Sample ADIC
@5%)  (97.5%) P (2.5%)  (97.5%) P (2.5%) _(97.5%) P
C 1.560 7.487 9600 -9.723  -0.274 9600 4844  10.074 9600
Dj 0.447 13.416 9600 -11.090 0.000 9.124 9600 0.898 0.000 1.623 8960 1.005
Sik 0.000 5.835 9052 0.614 0.980 25.870 9600 -14.439 0.000 9.718 9227 -9.277
Py 0.020 0.289 9600 0.000 0.128 9600 0.000 0.062 9286
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668
669
670

671
672
673
674
675
676

Py 0.000 0.134 9600 0.028 0.328 9600

0.000

0.299

30

9177

Table 4 - Bayesian hierarchical analysis of famépecific marine survival ofirst-generation pink salmon. Posterior means, 95% Bayesian

credible intervals (BCI), and the effective number of posterior samples are distetfparameters: mean survival propanti{p;) and the logi

scale standard deviation of marine survivg) ¢f thej™ experimentaline.

Pj Oj

Line Brood year No.fam. Mean BCI(2.5%) BCI (97.5%) Sample Mean BCI(2.5%) BCI (97.5%) Sample
Early control 2005 66 0.0060 0.0045 0.0077 30000 0.2109 0.0281 0.6329 3200
Early hybrid 2005 42 0.0022 0.0009 0.0036 4700 0.7054 0.0439 1.6430 4300
Late control 2005 60 0.0019 0.0008 0.0032 10000 0.7740 0.0522 1.5960 61000
Late hybrid 2005 26 0.0035 0.0012 0.0060 100000 0.5614 0.0333 1.7530 12000
Early control 2006 69 0.0028 0.0019 0.0038 16000 0.6428 0.1083 1.0830 8700
Earlyhybrid 2006 43 0.0032 0.0018 0.0047 27000 0.2850 0.0286 0.9312 10000

Table 5=Bayesian hierarchical analysis of famépedfic marine survival oseconegeneration pink salmoRosterior means, 95% Bayesian

credible intervals (BCI), and the effective number of posterior samples are ¢istesfparameters: mean survival propanti{p;) and the logi

scale standard deviation of marine survivg) 6f thej™ experimentaline.

Pj

O]

Line Brood year No.fam. Mean BCI(2.5%) BCI (97.5%) Sample

Mean

BCI (2.5%)

BCI (97.5%) Sample

Early control 2007 22 0.0138 0.0113 0.0164 10000
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678

679

680

Early hybrid 2007 15 0.0142  0.0106 0.0177 3500 0.2198  0.0302 0.6075 7400

Late control 2007 6 0.0153  0.0101 0.0218 10000  0.2099  0.0271 0.7643 10000

Late hybrid 2007 22 0.0150  0.0113 0.0189 1900  0.4666  0.2484 0.7504 10000

Early control’ 2008 49 0.0130  0.0108 0.0151 10000  0.4132  0.2481 0.6069 2300

Earlyhylrid 2008 20 0.0114  0.0075 0.0153 10000  0.5012  0.1254 0.9731 7800
Figures
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Figure L=Posterior distributions of mean adult migration timexperimental lines dirst-generation Auke Creek pink salmon in the -oalad
evenyear brood lines. Posterior samplas(9,600) were obtained under a Bayesian mixed model framework.
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Figure 2=Posterior distributions of mean adult migration timexperimental lines cfecondgeneration Auke Creek pink salmon in the -odd
and everyear brood lines. Posterior samplas=(9,600) were obtained under a Bayesian mixed model framework
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Table 1 - Number of dams, sires, and full-sib families per experimental line in the first and

second generations of the hybridization experiment. Lines were created by crossing pink salmon
from the early (“E”) and late (“L) spawning segments. Asterisks denote sires from which semen

was cryopreserved to create crosses. Note that late experimental lines were not produced in 2006

because of failed cryopreservation of semen from early-run males that year.

Year Line (Dam x Sire) Line Type Dams Sires Families
2005 ExXE Early Control 40 40 80
E x L* Early Hybrid 40 40 80
L x E* Late Hybrid 40 40 80
L xL* Late Control 40 40 80
2006 ExXE Early Control 40 40 80
E x L* Early Hybrid 40 40 80
LxE Late Hybrid -- -- --
LxL Late Control -- -- --
2007 (ExXE)x (EXE) Early Control 14 13 22
(ExL)x(ExL) Early Hybrid 7 5
(ExL)x(LxXE) Early Hybrid 7
(LXxE)x (ExL) Late Hybrid 9 10 16
(LXE)x(LXE) Late Hybrid 4
(LxL)x(LxL) Late Control 6 7
2008 (EXE)x (EXE) Early Control 8 8 41
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Table 2 - Bayesian mixed models of adult migration time of first-generation pink salmon. The effective number of samples from the

posterior distribution and 95% Bayesian credible intervals (BCI) are listed for the fixed effect of ¢rabee (@ndom effects of dam(D

and sire.(®)..and the proportion of variation explained by covariance among mateg)arn( paternal (§ siblings. Delta DIC values,

representing the change in DIC accompanying inclusion of a term, are listed for each random effec

Broodyear 2005 (early experiment)

Broodyear 2005 (late experiment)

Broodyear 2006 (early experiment)

BCI BCI BCI BCI BCI BCI
T S0 505 (o750 S0MPle  ADIC (25%) _(97.50%) SomPle  ADIC (25%) (97.5%) “omPle  ADIC
C 0796 6.468 9600 6.175  -1455 9600 6.662 13597 9600
Dj 0.000 13.897 9600 0.184 0.000 12.691 9600 -6.627 0.000 9.198 9260 -1.292
Sk 0.000 16.198 9600 -1.672 0.000 5712 9600 -0.507 0.000 27.381 9266 -19.177
Py 0.000 0.253 9600 0.000 0.570 9600 0.000 0.206 9241
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Table 3 - Bayesian mixed models of adult migration time of second-generation pink salmon. The effective number of samples from the

posterior distribution and 95% Bayesian credible intervals (BCI) are listed for the fixed effect of ¢rabee (@ndom effects of dam (D

and,sire.(®), and the proportion of variation explained by covariance among mateg)arn( paternal (§ siblings. Delta DIC values,

representing the change in DIC accompanying inclusion of a term, are listed for each random effec

Broodyear 2007 (early experiment)

Broodyear 2007 (late experiment)

Broodyear 2008 (early experiment)

BCI BCI BCI BCI BCI BCI
1M o5 (o750 Somple  ADIC (2.5%) (97.50) “omPle ADIC (2.50%) _(97.506) omPle ADIC
c 1560  7.487 9600 9.723 _-0274 9600 4844 10074 9600
Djj 0.447 13.416 9600 -11.090 0.000 9.124 9600 0.898 0.000 1.623 8960 1.005
Sk 0.000 5.835 9052 0.614 0.980 25.870 9600 -14.439 0.000 9.718 9227 -9.277
Py 0.020 0.289 9600 0.000 0.128 9600 0.000 0.062 9286
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Table 4 - Bayesian hierarchical analysis of family-specific marine survival of first-generation pink salmon. Posterior means, 95%
Bayesian credible intervals (BCI), and the effective number of posterior samples are listed for two parameters: mean survival proportion

p).and.the logit-scale standard deviation of marine surviygabf the | experimental line.
)

Y 0j

Line Brood year No.fam. Mean BCI(2.5%) BCI (97.5%) Sample Mean BCI (2.5%) BCI (97.5%) Sample
Early, control 2005 66 0.0060 0.0045 0.0077 30000 0.2109 0.0281 0.6329 3200
Early hybrid 2005 42 0.0022 0.0009 0.0036 4700 0.7054 0.0439 1.6430 4300
Late control 2005 60 0.0019 0.0008 0.0032 10000 0.7740 0.0522 1.5960 61000
Late hybrid 2005 26 0.0035 0.0012 0.0060 100000 0.5614 0.0333 1.7530 12000
Early control 2006 69 0.0028 0.0019 0.0038 16000 0.6428 0.1083 1.0830 8700
Early hybrid 2006 43 0.0032 0.0018 0.0047 27000 0.2850 0.0286 0.9312 10000
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Table 5 - Bayesian hierarchical analysis of family-specific marine survival of second-generation pink salmon. Posterior means, 95%
Bayesian credible intervals (BCI), and the effective number of posterior samples are listed for two parameters: mean survival proportion

p).and.the logit-scale standard deviation of marine surviygabf the | experimental line.
)

Y 0j

Line Brood year No.fam. Mean BCI(2.5%) BCI (97.5%) Sample Mean BCI (2.5%) BCI (97.5%) Sample
Early, control 2007 22 0.0138 0.0113 0.0164 10000 0.2732 0.0692 0.4909 9100
Early hybrid 2007 15 0.0142 0.0106 0.0177 3500 0.2198 0.0302 0.6075 7400
Late control 2007 6 0.0153 0.0101 0.0218 10000 0.2099 0.0271 0.7643 10000
Late. hybrid 2007 22 0.0150 0.0113 0.0189 1900 0.4666 0.2484 0.7504 10000
Eatrly. control 2008 49 0.0130 0.0108 0.0151 10000 0.4132 0.2481 0.6069 2300
Early hybrid 2008 20 0.0114 0.0075 0.0153 10000 0.5012 0.1254 0.9731 7800
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