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ABSTRACT: The evolutionary consequences of temporal variation in selection remain hotly
debatedWe explored these consequences by studying threespohkéeback in aet ofbar-
built estuarieslong thecentral Californiacoast In most years, heavy rains induce water
flow strong enough to breakrough isolatinggand bars, connecting streams to the ocean.
New sand bars:typically f®rm within a few weeks or monththereby reasolating
populations within the estuarieEhese beaching eventsausesevere and often extremely
rapid changes-irbiotic and bioticonditions, including shifts in predator abundant&
investigated whethehis strong temporal environmental variation can maintain within
population variation while erodirgdaptive divergencamong populations that would be
caused by spatial variation $election. We used neutral genetic markeexore
populationsstracture, and thanalyzed how stickleback armor trattse associated genes
EdaandPitx1,and elemental composition (%P) vaneighin and among populations.
Despite strong gene flow,erdetected evidence for divergence in stickleback defensive traits
andEdagenotypesssociated witpredation regime. However, this amepgpulation
variation was lower than that observed among other stickleback populations exposed to
divergent predator regimel addition,within-population variation was very high as
comparedto populations from environmentally stable locatlesnental composition was
stronglyrassociated with armor traiigjagenotype, and the presence of predatbrss
suggesting that'spatiotemporal variatiomimortraits generatecorresponding variation in
elemental phenotypes. We conclude tiexie flow, and especialtgmporalenvironmental
variation can maintairhigh levels of withinpopulation variation while reducing, but not

eliminating among-population variation driven by spatial environmental variation.

Keywords Temporal variation, predation, armor traEsla ecological stoichiometry.
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INTRODUCTION
Spatial variation in selection is known to shape spatial variation in adaptivéEraiier,
1986; Schluter, 2000; Hendry, 20118ss certain is the role of temporal variation. In fact,
different metaanalyses of selection gradients have come to opposite conclusions about the
prevalenee-and-importance of temporal variation in sele(@mpielskiet al, 2009;
Morrissey & Hadfield, 2012). Indeed, while the strength and direction of selectiondras be
shown to greatly*vary across time (Reimchen & Nosil, 2002; duat, 2008; Siepielskét
al., 2009) ethers found that it was not necessarily the case (Hoesata2001; Kingsolver
et al, 2001; Marrissey & Hadfield, 2012). Consequently, the effect of temporal variation in
selection on_ phenotypic and genetic divergence remains unclear. Similarigtiteonodels
evaluatingtheevolutionary importance of temporal environmental stochastaike to
variable conclusions that depend on the specific parameters used to calculate fithess at
different time pointgCoulson & Tuljapurkar, 2008; Chevet al, 2010; Chevin, 2013;
Saether & Engen, 2019)espitethesevariable attempts at generation manyspecific
instances arknown whereghe direction and magnitude of selectieariesthrough time in
correspondenceiwith environmental conditiiHairston & Dillon, 1990; Grant & Grant,
2002; Reimchen & Nosil, 2002; Mustonen & Lassig, 2007; Sletvold & Grindeland, 2007;
Simons}2009)."Indeed,has been recentlygued thatemporal variationn environmental
conditions can-explain an importaamount of the temporal variationselection coefficients
analyzed across studi€Siepielskiet al, 2017). Thustemporal variation in selection is
sometimes strong, but just how important this variation is for evolution remaicis
debated.

What might be the consequences of temporal variation for evolutionary processes?
First, temporal environmental variatidictatesthat currentonditions are not necessarily
reflective of past selectiocend, hence, populations might rgipeaiparticularly well adapted
to thespecificconditions at any given tim@lichel et al, 2014). Second, and for the same
reasonfemporallyvariableenvironments might natllow (or favor) strongdaptive
divergenceacress space even if spatial environmental variation is strong at any given time
(Bell, 2010)«Third, because the particular alleles favored by selection vary thimegh t
temporal environmental vatian can sometimes maintain adaptive genetic variation within
populationgEllner & Hairston, 1994; Sasaki & Ellner, 199Fpurth, because phenotypic
plasticity carsometimesllow a given genotype to quickly adjust its phenotype to fluctuating
conditions, it might be favored over genetic adaptation in temporally fluctuating

environments (Chevin & Lande, 2016)nally, temporal variation can favor bet hedging
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strategieswhee individualsadopt strategies that redudoag-termvariance in fithess even at
the expense of shoterm mearfitness(Childset al, 2010).In short, the potential
consequences of temporal variation in environments and selection are many — highlighting the
need for focused empirical studies in natural ecosystems.

Sameofthe aboveheoreticalexpectationfiave been confirmeid empirical studies
For instange, stable environmengnharborlow genetic variatiorfKellermannet al, 2006;
2009), low*phenotyai plasticity(Lind & Johansson, 2007; Linet al, 2010; Baythavong,
2011), andow bet hedging (Simons, 200However the importance of temporal
environmental variation in shaping genetic and phenotypic variation within and among
populations that'experience spatial environmental varia¢ionairs uncertain Some studies
have foundithat'spatial differencesaiaptive traits are generally maintained through time,
suggestinghat temporal variation does not overwhelm spatial variation (Mefied, 2012;
Morrissey & Hadfield, 2012; Gotanda & Hendry, 2014pwever thesestudies often
examinepopulations knowm priori to consistentlydiffer in adaptive traits, so one might not
expecta strongole for temporal variatiorfHendry, 2017). What is needed, then, are studies
examining withimand among populatitrait variation in systems subject to strong spatial

environmental variation but also strong temporal environmental variation.

Stickleback predator defense in HawHt estuaries

We suggest that the evolutionargnsequences temporalenvironmental variation might be
profitably assesseagsingestuarine threespine sticklebd@asterosteus aculeafulsnown to
experiencextremeseasonalluctuations.These populationshabit “bar-built’estuaries
alongthe central coast of Californid)SA, whicharecharacterized by fluctuatioms ocean
connectivity driven by seasonal rainfplitterns.Rainfall connecs estuaries tdéhe ocearin
times ofsufficiently high stream flow (Allert al, 2006), typicallyduring the winterand/or
spring months when heavy rains induce flows strong enough to lileashnd baand thus
connecthesestuary to the oceélfig. 1B, Fig. S1)(Behrens& Bombardelli, 2009; Behrenst

al., 2013; Rieh-& Keller, 2013). Once the high flows stop, a sand bar forms at the mouth of
the estuary.due to wave action and the deposition of newfreenthe stream, forming a
brackishto-freshwater lagoo(Bradley & Griggs, 1976). Owing to these geophysical
propertiesa givenbar-built estuary camgreatlyand rapidlyary in environmental conditions
over the course of a single year, as well as across y@ase properties also lead to frequent
and dramatic shifts in biotic conditions, including the presence versus absence of various
sticklebackfish predatorgBecker & Reining, 2008; Frechei¢al, 2016).
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To consider the evolutionary consequenuethis environmental variatioassociated
with barbuilt estuarieswe focus on sticklebacmortraits, includingspinespbody shape,
and lateral plates, all of which diffstronglybetween marine and freshwagésnvironments,
especially in relation to spatial variation in predaf{étsoglandet al, 1956; Reimchen, 1980;
1992; 1994;:1995; Reimchen & Nosil, 2002; Marchinko, 2088tkleback armor traitare
alsoknownfor their strong genetic bas{®eichelet al, 2001; Colosimet al, 2004; Jonest
al., 2012). In"additionthese traits are expected to have ecological effects on their
environment through their influence on nutrient dynar(idsSabaawet al, 2016), hus
allowing us to consider the potential consequences of temporal variation not only for
evolution but also ecevdutionary dynamics (Hendry, 2017). For instance, variation in fish
elemental gompaesition can indicate specific changes in individual behavior (aginépr
that influence zooplankton community struct(iéeSabaawet al, 2016; Durston & El-

Sabaawi, 2017).:We structured our analysis around four key questions:

1. Is gene flow sufficiently restricted to enable adaptive divergence among the
estuary populationsWe investigatethis question by assessing variation in neutral
genetic markerthat can inform thextent and nature of gene flow among
sticklebackpopulatiorsin thedifferent estuaries

2. Dosstickleback in the different estuaries diffeammor traits, and are these
differences associated with spatial variatiorpredators”Because the genetic
basis of several sticklebaekmortraits is well known(e.g.,Edafor lateral plates
andPitx1 for pelvic structures)we examinedariationin both the traits and
marker alleles associated wHudaandPitx1.

3. De.estuary stickleback have particulaHigh levels of (presumed) adaptive
variation, as would be expected in their temporally variable environm@ihis?
within-population variation could also be maintained by high among-population
gene flow, thus linking to ouirst questiomabove.

4. How does an importargcological effect traitelemental composition (phosphorus
content, %I[p, vary in relation to phenotypes (armor), genotydess, and
predation regime®Buch variation would indicate the potential g@netically
based spatiotemporal variationtraitsto impact nutrient dynamicshus

generating ptential eceevolutionary links.

MATERIALS AND METHODS
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126 Field collections

127 BetweenApril and August2014, after most estuaries were closed for the surfiraer
128 the sand bar separating the estuary from the agaarnn placg we collected threespine

129 stickleback from 3 coastakestuarysitesalonga 90km stretchof the central cost of California
130 from San=Gregorio State BearhSan Mateo County tihe PajardRiver in Santa Cruz

131 County(TableS1; Fig. 1A).Usinga combination bminnow traps and beach seines, we

132 collected30sticklebackof length >30mm per site and immediatedacrificedthemwith an

133 overdose of tdaine methanosulfonate (M&222). The fishwere therplaced on ice until they
134 could be stored. in a freezer befouether processinght each site, we alsasually recorded
135 from seine net catchéise presence dnownstickleback predatorsteelhead trout

136 (Oncorhynehus'mykisandsculpinspeciegCottus aspeandLeptocottus armatys

137 Importantly,"pedator abundandae barbuilt estuariesluctuates with thefrequency of

138 breaching events (Becker & Reining, 2008 alsocalculated watershed area for each creek
139 using ArcGIS v. 10.2Watershedrea isareliableproxy forstreamflow, with larger

140 watersheds tending to sustain greater flows and thergbereding longer periods of time

141  with the estuary.mouth opéklwanyet al, 1998; Mohamoud & Parmar, 2006). In the

142 laboratoryjthe collected sticklebackere placed in 10% formalin (VWR, Radnor,

143 Pennsylvaniaafterthe right pectoral fivasremoved and stored in 95% ethanol for genetic
144  analysesSticklebackspecimensvere then stained using aiin red dye. To do so, they were
145 first soaked in water for 24 hours, then in a solution oaatized and 0.5% KOH for 24

146  hours,followed by a seaad soak in water for 24 hours to remove excesskiga.were then
147 stored in 40% isopropyl alcohol until further processing.

148

149 Population genetics

150 DNA'was extracted from stickleback fin clip tissue using a phehlaroform based

151 protocol. Briefly,tissues were left overnight in tissue digestion buffer and proteinase K at
152 55°C, followed:by phenol-chloroform and ethanol washes to isolate the DNA. Nine

153 microsatellites-markers were amplified d@to 59 individuals per population (Table S1). Two
154  of these markers, stn381 and stn82, are linked to gefeeandPitx1, respectivelyShapiro
155 etal, 2004;"Celosimet al, 2005), and the other seven unlinked loci were chosen for their
156 putative neutrality (stn30, stn173, stn196, stn174, stn185, stn70, and gPdigaglet al,

157 2001). Stn381s a diagnostic in/del marker f&da, with “low” and “complete” alleles that
158 have been showto be associated with plate cowatriation (Colosimeet al, 2004) In

159 contrast, although redptory mutations aPitx1 are associated with pelvic spine reduction
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allelic variation at stn82anon4intergenic markers notdirectly associatedavith pelvic spine
length(Shapiroet al, 2004; Charet al, 2010).Neverthelessstn82remains a useful marker
to test for the effect of selection &itx1 (Makinenet al, 2008).Polymerase chain reactions
(PCR) were prepared using the Tyip®ticrosatellite PCR kit (Qagen Inc. Valencia, CA)
followingsthesmanufacturer’s protocol. All PCRs were carried outroB@pendorf™
Mastercycler™ RPro with cycling conditions standardifagdall loci: denaturation at 95°C for
5 min, and“28"cyecles at 95°C for 30s, 60°C 90s, 72°C 30s and then cooled at 4°C. The
resulting products wergequenced usirg ABI 3730XL sequencer at GEnome Québec
(Montréal, Canada) with a 5 min denaturation step at 95°C before injection. Pealalyalisa
was performed using Geneious version 8.8.1 (Biomatters Ltd.) using the Micrtesatell
Analysis External Plugin version 1.4.0. To compareftical estuary populations to a pure
marine type; we amplified the same loci on 30 fish from a pure marine popualiected

from Bodega Bay (Sonoma County, CA, USA).

Using GENEPOP version 4.5.1 (Rousset, 200@)first tested each neutral locus
(thosenot linked toEdaandPitx1) for departures from Hardyeinberg equilibrium antbr
potential linkag between locifter Bonferroni correction (o= 0.05, K =601). A G-test
(Goudetet al, 1996) performed with the R packaa@egene{Jombart, 2008) with 99
simulations shewed thab F values were greater tharpected by chancsi(hulatedP <
0.01). With the same R package, we then calculated Nei's pairgisesimates (Nei, 1973).

We explored population structure through seveoatplementary analysg4.) We
performeda.correspondence analysis (CA) based on allele frequentiesssven neutral
markers, replacing missing values by the mean of the allele frequency dbeas{similar
results weresobtained using PCAJ) We usedSTRUCTURE version 2.3.@ritchardet al,
2000) with‘the admixture model with 10,000 repetitions for burnin and 200,000 for run length
over 10 iterations foK = 1-24. We determined the most likely valuekoby taking the
averaged lodikelihoods across the 24 runs and applyingAKemethod (Evannet al,
2005).(3) We performed aranalysis of molecular variance (AMOVAEXxcoffieret al,

1992) on all estuary populations (i.e., excluding Bodega ®ék)the R packagpoppr
version 2.2.dKamvaret al, 2014), testing significance by randomly permuting the sample
matrices over 500 iterians.(4) Based on allele frequencies at the seven neutral mavkers
calculated- between all population pairsdzeward’s genetic distan¢&dwards, 1971), which
assumes that allele frequencies differ because of @nifise distancesere used to compute

a hierarchical clustering analysis and dailgenetic treg5) We tested foisolation by
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distance betweeestuary populations (i.e., excluding Bodega Bayiitlsy computinga
matrix of geographic distances based on latitudinal and longitudinal coordivatdisen
used a Mantel tegMantel, 1967) with 999 permutations comparing pairwise Edward’s
distanceo pairwise geographic distance.

Although:the assumption that California estuaries reptgsgential hybrid zones
between marine and upstream freshwater population hashistencallyrejectedBell,
1976; a; bi1981;"1982; Baumgartner & Bell, 1984; Baumgartner, 1986; 1992; 1994; Bell &
Richkind, 2015), we used our genedita toconfirm this interpretation for our contemporary
samplesWithin_each population, we selected fish homozygote at the “comidtedllele
and tested whethénose fish were more likely to be assignethmneutral marine genetic
cluster ofBedegaBay. For this inference, we used STRUCTURE version ABrdchardet
al., 2000) with the admixture model with 10,000 repetitions for burnin and 200,000 for run
length over 10 iterations fat = 1-19 (five populations did not have any fish homozygote
“complete” atEda). We determined the most likely valuekoby taking the averagl log
likelihoods across th&9 runs and applying th&K method (Evannet al, 2005).As
described aboyave considered whether (as would be expected for hybrid zones) our
populations,were out of Hardy¢einberg equilibrium at neutral lodf.fish with the
homozygote“completedt Edado not cluster with the Bodega Bay neutral marine population
cluster,and if our populations are in Hardlyeinberg equilibrium at neutral markers, then our

estuariesre— as historically inferred not hybrid zones.
Diver gence associated with predator regimes

To test ifEdaandPitx1 have experiencedivergent selectioamongestuarieswe
used an Er-outlier detection method implemented in LOSITAN version 1.44 (Aatad,
2008). Lositan is an allele frequency based methatdentifiesoutliersfrom the joint
distribution ef-Fst'and expected heterozygosity, using coalessiemilations to determine the
Fst null distributionsandassuming an island modéh. this analysisthe distribution of kris
characterized'by estimating the quantiles of the distribution and defining a winddwchn w
95% of therdata pointre expectetb lie (Beaumont & Nichols, 1996Based on the
simulated distribution, it is possible to calculRt@alues for loci of interest. Loci with a high
Fstvalue are putatively under directional selectiBrvélue > 0.975)whereadoci with alow
Fstvalue argutatively under balancingelection P-value < 0.025)We used the infinite
alleles model wittb0,000 simulations, a 95% confidence interaal] a false discovery rate

of 0.1. Finally, ve tested for associations between partichtiaalleles and predator regime

This article is protected by copyright. All rights reserved
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226 by regressing the ‘complete’ allele frequenEg# C allele, which is strongly associated with
227 high plate counts (Colosinet al, 2005), in a given population against the environmental

228 predictors of watershed area, presence of steelhead, and presence of sculpin.
229

230 Univariate morphometrics

231 We first took ventraandleft lateralphotograph®f all stainedfish with a Canon EOS
232 RebelX3idigital camerditted witha 50mm lens under standardized light conditions with a
233  milli meterruleriin the image for scale. Small pins were inserted into the fish to help endicat
234  anatomicalpoints foplacing digital landmarks (e.g. Kaeufietrral, 2012).We then blotted

235 the fish dry ancmeasured mass to the nearest hundredth of a gram on an electronic balance.
236 We next usediigital caliperso measure, to the nearest hundredth of a millimeter: standard
237 length from the tip of the upper jaw to the end of the vertebral column on the caudal peduncle,
238 the lengths.of the first and second dorsal spine, anéigéh of thdeft pelvic spineWe also
239 counted lateral plates on each side of the fish under a dissectingaopapsot including

240 anykeel platesat'the end of the caudal peduncle (Bell, 19Binally, we disseted all fish

241 and inspected.the gonads to visually idergiy.

242 Maorphological analyses were performed on up to 30 individuals per popud&tion

243 standard lengtlh 30 mm(Table S1)All spine length measurements were standardized to a
244  common body sizéollowing theallometric approactMs = Mo(Ls/Lo)®, whereMs is the

245 standardized spine length measuremiégtis the unstandardized spine length measurement,
246 Lsis the overall mean body length of all fish, ands the body length of the individual

247 (Lleonartet al, 2000). The exponeitwas calculated as the common witigioup slope

248 from a linear.mixeektffects model regressing lag(M,) on logio(Lo) with population as the

249 random factofReist, 1986; Hendry & Taylor, 2004).

250 We used:linear mixed effects modeldita the best set of predictors for the length of
251 each sizecorrected spine using the R package niRiaheiroet al, 2016). We included a

252 random intercept term fgropulation and fixed terms for watershed area, presence of

253 steelheadyand presence of sculpinc&the larger predaty fishes tended to be found in

254  estuaries withlarger waterstsgdnd thereforenoreupstream habitatve tested for

255 multicollinearity of predictors by examining Variance Inflation Factors (VIFs). All VIFs were
256  within acceptable limits: VIF < 8uuret al, 2009). Log-transformed plate cosntere

257 analyzed in a separate model with the same structure as above.

258
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Geometric Morphometrics

We placedl8 homologous landmarks on the lateral photographs tig#idig
software(Rohlf, 2006)(Fig. S2 TableS1).Immature fishandfish with large internal
parasitesvere discarded from the analysifie 18 landmarks were then superimposed using
the generalized-Procrustes analysigedmorph/Adams & OtarollaCastillo, 2013)yielding
36 Procrustesesiduals represang shapalifferencesamong individuals after removing
effects of (isometric)scale, rotation, analanslation A Procrustes ANOVAGoodall, 1991;
Adams & Qtarola Castillo, 2013) using body shape asa$gonse variable and sextas
predictorvariablerevealed a significant effect of séx £ 62.14,P < 0.01). To correct for this
effect, residualérom this Procrustes ANOVAvere added to the mean consensus shape of all
individuals¢Thisisexual dimorphisfree shape dataset was used for further analysis.
We performeda"Multivariate Analysis of Variance (MANOVA) using Wilks’ lambdeg) @s
the test statistic. ' The PCs derived from the 36 Procrustes residuals were allometrically
adjusted for centroid size and body depth usiimggommon withingroup slope approach
described abovfReist, 1986; Lleonast al, 2000; Rolshausegt al, 2015) The PCs were
then used as;the dependent afales withpresence of steelhead, presence of scufjd
population‘asfixed explanatory variablége performed a Canonical Variates analysis
(CVA) using fish facing different predator regimes as separate fqotmisster & Sheets,
2010). This method allows for the identification of different patterns of shape among
populations by providing an ordination of the population in morphological space (Leiebnen
al., 2006). Thus, theanonical vectofor divergerte vectol) extracted from this analysis
maximizes the morphometric variance for a gpefactor (herepredator presence/absence).
We used theneanindividual scores from ik divergere vectorfor each population to

visualize body shape differences aldahig factor.

Elemental.compasition

Whole fish"éemental compositiowas analyzed fot0 fish from each of 15 populations,
except for Gazos Creekl(=9) and Younger LagoorN(= 20) (TableS1).These fish were
differentindividualsfrom those analyzed above because the two analysis procedures were
incompatible*on.the same fisimdividuals analyzed for elemental compositt@me from
estuaries wherthe twopredator types (steelhead and sculpin) were elitbr present or
bothabsat. We quantified the following phenotypédsr eachof thesdfish: standard length,
head lengthdm), body depthdm), pelvis length (combined length of anterior and posterior

This article is protected by copyright. All rights reserved
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292 processesn cm), and lateral plate count (left sid&or these traits, wihen appliedhe

293 allometric standardizatiaras describedbove (Reist, 1986; Hendry & Taylor, 2004).

294 Digestive and reproductive tissues were discarded prior to elemental a(talysis
295 Sabaawet al, 2012). $Sickleback specimens were freedeed for 72 hours using a

296 LABCONCO=7754500-J(Kansas city, USA)Dry mass was then recorded and relative
297 condition calculated based on the lengthss relationshifFroese, 2006). Phosphorus

298 content (%PYwas determined as thean of three-41 mg subsamples of the ground body
299 tissue. These samples were ashed atG®@ 2 h and digested with 1N HCI at 2Q5for 2 h
300 Dbefore assay with a Mandel UVmihR40 spectrophotometer using an acid molybdate
301 method (Murphy and Riley 1962)he mean coefficient of variance was <3% between fish
302 replicates and extraction effaricy was >95% for bonemeal (NIST 1486) and spinach (NIST
303 1570a) standards.

304 Two differentstatisticalinferences werexplored First, to test ifateral plates oEda
305 genotypegpredictelemental compositignwe created two GLMMs. The first GLMM used
306 only sizecorrectedphenotypic traits as main effects (standard length, pelvis length, head
307 length, body.depth, condition and lateral plate cowvitgreas the second replaced lateral
308 platecountwith.Edagenotype. All models included population asadom effecand

309 collinearitywas again (as above) within acceptable linWe then used afAlCc based

310 model searchseconductedtime MuMIn package to select the best model from each global
311 model(Grueberet al, 2011; Barton, 2016). Second, w used GLM to testhether the

312 presence of predatory fighxed factor) is associated wistickleback %P, with condition as
313 the only other predictor.

314

315 Comparingwithin and among population variation to other stickleback systems

316 We first verified if our estuary populations would display greater levels bfrwihan among
317 population’variationFor each trait, & calculated the proportion of the totakiation

318 attributable*tawithin versusbetweenrpopulationvariationin our systen using a nested

319 ANOVA withstrait asthedependent variable and individuals nested in populations as the
320 predictorvariable Within andamongpopulationvariance explaineth?) was calculated by
321 dividing the sum,of squares of each fixed term (individual nested in population and

322 population respectively) by the total sum of squaés tested for differences in percentage
323 of variance explainedcross traitsising atwo-sided tted.

324 To test whether strontgmporalenvironmental fluctuations wouldad to high levels of

325 trait variationwe compared levels of withipopulation variation imur estuarieso within-
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population variation fronsticklebackpopulationghat experienceomparatively lower
temporal environmental variatiowe are not assertirfgere that populatiorfsom theseother
systemsarecompletely temporally stable, btiiat they are typically less variable than those
in barbuilt estuaries subject to dramatindrapid breaching eventsvhich can lead to
extreme changes in abiotic and biotic conditions eysariod of hourgFig. 1B, Fig. SJ).
Using Tukeys hanest significance testsewompared our withipopulation standard
deviation valueswith equivalewithin-population valuefrom temporallystable lakes,
streamsand marine environmentsported in the literatur@able S7Y Whitlock & Schluter,
2009).

Finally, we tested if environmental variation would lead to relativelyeldvetween
populationdifferencesy comparing levels of among-population variation in plate counts in
our systemto among-population variatioom relatively temporallystable stickleback
populations experiemty divergent predator regimes (Table)S8o calculate among
population variation, we computed ANOVAs in each system separately with mean jopulat
plate countss dependent variable apdpulations as predictor. Among-population variation
was calculated.by dividing the population term sum of squares by the total number of

populatims.in‘each system respectively.

RESULTS
Population genetics

No indication oflinkage disequilibrium was found between our microsatellite markers
(Fisher's exact test, average= 29.37,averagealf = 43.33, andwerageP between pairwise
testing = 0.83), awasexpected based on their positions on separate linkage ¢feeipkel
et al, 2001) The markers also showad within-populationdeparturs from Hardy
Weinberg equilibrium after Bonferroni correction.

Correspandence analysis did not reveal obvious discontinuous structuring of the
estuary populationg-ig. S3) — apart from our reference marine populatishichwas a clear
outlier (resultsfor the other estuary populations did not change when excltigngarine
population)#HowevelSTRUCTURE revealed twsomewhatlistinct groups with thak
method identifying two clusters as most lik¢hig. 2 and Table S2 fd¥st- based measures
of pairwise genetic differentiationj\t one end of the spectrwwvasthe marine population
composed almost entirely of genotypes fribiat cluster. At the other end of the spectrum
were Lombardi Creek, Old Dairy Creek, and Younger Lagoon composed mostly of genotypes

from the other clusteffhesedaterthree populations were geographically close to each other
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and had smaller watershed areas as compared to the other estuary populatiomnds 8wk

3 knt and 414.9 1015 knd, respectively). Smaller watersheds tend to have lower stream
flows and therefore spend shorter periods of time with the estuary mouth open, suggesting
that these populations will be less often connected to the ocean, thus explainingrtiair p
genetic isalation from other populations. Their geographic proximity also meariseyaire
likely to breachat similar times and then exchange migrants with each other, thus explaining
their genetic similarity to each othdihe other populations contained a variable mixture of
alleles fromthe two clusters. AMOVA revealdehi (@) statistics below 0.2 (Table8g
confirming lewpopulation differentiation that was nevertheless significafti€T24, Fig.

S4). The hierarehical clustering tree showed again that the marine populatioBddega

Bay was distinct from the estuapopulations, withthe estuaries appeag to branch mostly
based on geographic proximity (Fig. SSheTMantel tesperformed on the estuary
populations alone (excluding the marine populatrengaledow butsignificant isolation by
distance(Fig..S6. simulate® = 0.02).

As noted above, oureutral markershowed no signs of deviations from Hardy-
Weinberg equilibrium. Further, when considering digin homozygote “complete” &da,
STRUCTURE revealed two distinct growpgh the AK method identifying two clusters as
most likely. onerepresentinghe genetic cluster of Bodega Bawyd the other representiogr
estuariegFig«S7). Both outcomes support historical analyses in inferring that stickleback in

bar-built estuaries are coherent populations, as opposed to hybrid zones.

Diver gence associated with predator regimes

LOSITAN revealedhatEdawas putatively undetirectional selectiofHe = 0.88,
Fst= 0.12,Psimui:Fst < sample Fst= 0.97) whereaditx1 was putatively unddvalancing selection
(He = 0.45, )51 = 0.25,Psimul. Fst <sample Fst< 0.02).Stickleback in stuarieswith sculpin
showed ashigher frequency of tBealleleat Edathan did stickleback in estuaries without

sculpin (mean across populations: 0.46 vs. 0.18) (Table 1, Fig. 3).

Univariatemor phometrics

Mixed'medels withpopulationas a random effesignificantly improved the fit of
linear models for spine length and plate count as measured by a likelihood ratialést (T
S5). None of our fixed predictorprésence of sculpin, presence of steelhead, andshate

size for the length of théirst dorsalspine were significant (TablB. However, stickleback
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hadsomewhatongersecond dorsal and pelvic spines well asnore lateral platesn

estuaries with sculpin than in estuaries without scylpable 1 Fig. 3).

Geometric mor phometrics

Thefirst«two axes explained 49% ahe total shape variatio(83%for PCland 16%
for PC2), with bothaxesmainly related tobody depth.In particular, sticklebackscoring
negativelywereshallower bodiedvhereadish scoring positivelywere deeper bodied, in the
posterior part of the body (PC1) or the anterior part of the body (F22)S§. MANOVA
on all 36 PG revealed a significant influencepdpulation ¢ = 0.01,df = 22,F = 2.61, and®
< 0.01) sculping = 0.71,df = 1,F = 4.99, anc® < 0.01) and steelheafl = 0.83,df=1, F
= 2.37, andP/< 0.01) Testing the effect of presengersusabsence otachpredator type
alone vyieldeda similar outcome 4 = 0.74 df = 1, F = 4.31, andP < 0.01) Overall,
sticklebackiend to be shallower bodied in thezsencehan absencef predatoy fishes(Fig.
4), althoughmestestuariesshoweda greatdiversity of body shapes, with individuals scoring

positively and negatively.

Elemental composition

Phasphorus conteringedfrom 2.8 to 6.9% among tle®llectedstickleback In the
best phenotypic model (using plate number rather Birgenotype) five main effects
explained over one third of the total variati(R%,\(arg_ = 0.35) and, when combined with
populationas a random effect, explaindduble that Rconq = 0.72). Of theséactors
condition had the largest effect on %P< 0.001), with high condition fish showing reduced
phosphorus content (Tal®). Standard length, heaelngth and lateral plate count were also
significant predietors of %MP(< 0.001) and had similar effect sizeg € 0.35 - 0.50, Table
S6). In eachicaseoP was positively correlated with trait valuEg( S9. The best genotypic
model (usingedagenotype rather than plate number) shosigdlar relationships and
explanatory powe(Table S6, Fig. 8). In this casesix main effects explained 0.42% of the
variationand when combined with populatias arandom effecexplained 0.77%Again,
conditionhacthe largest effectzf = -1.11) withEdagenotype havinthe second largest
effect (7° = -0.68%or LL vs CC genotypesPredatiorand condition influence#P
differences among populatiog? = 0.24 P < 0.001), predatiohaving a greater effetan
condition (7°= 0.24 vs 0.15). Across the 15 populatich®se in estuaries with predators
were 20% higher in %P (5.1% vs 4.2%) (Fig)5B
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Within- and among-population variation

In our study system, the proportion of variance explainéwas significantly greater within
than among-populatiorier all traits,except%P (t = -2.72,df = 12,P < 0.01, Fig. S10).
Within-population variation in plate courfdacomplete alleliccount, and shapgas

significantly greater iour Santa Cruestuaries than ipresumed morstable environments
documented ithe literature exceptin lakes forthe Edacomplete alleliccount(Table2, Fig.
6A-C). Amengpopulation variation in plate counts was lower in Santa Cruz populations than
in other systems, including systems with populations exposed to divergent predator regimes
(Haida Gwaii and Vancouver Island, Table 3, Fig. 6D) (Reimeteth, 2013; Milleret al,

2015). Note'that; as comparedoiar barbuilt system, the othesystemsised in this

comparative analysfecemuch lower gene flow. For instance, th&dsin Québecand on
Vancouver Island are completely geographically isolated from each other, ensuringeno ge
flow between populationdacasse & AubirHorth, 2012; Milleret al, 2015).For Alaska,

most of the,populations reportedTiable 3are also geographically isolated, except for those
present in the.Matanusi&usitna valleywhichnevertheless havee meart-st much greater
(0.111: Belh& Orti, 1994; Aguirre, 2009; Aguirre, 2010 unpublished data) than in our system
(0.003)."The same is true from populations from North Uist in Scotland (Rwgaof 0.199).

DISCUSSION

We consideregotential consequences of the extreme temporal environmental variation
presentin bar-built estuaies for within and among-populatiovariation in sticklebackrmor
traits and their potential ecological effedf¢e first describe oumain resultand then discuss
the nuances and implications in more deHilst, sticklebackgene flow was high among
many of theestuariesbut not so high as &ntirely prevent divergence iarmortraitsin
response.to. different predation regim8scond, this divergence anmortraitswas—as
expected fromthe high gene flow — generalBakerthan that observeid other(not bar

built) systemsyincluding among stickleback populations exposed to divergent predator
regimesin.more temporally stable environments. Third, withopulation variation was very
high for stickleback in the estuaries, includinggomparisoro stickleback fronother study
systems where temporahvironmental variation is presumably lower. Fourthessential
element for ecological stoichiometry (%P trait potentially linked to thecological effects
of stickleback-wasstrongly associatedith armor traits an&daallele frequencyOverall,

our resultsuggest that strong temporal environmental variationconjunction with high
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460 gene flow -canhave important consequencesygthin- and amongpopulation variation in

461 adaptive traitsandthe potential ecological effects of those traits

462

463 Population structure reveal high gene flow between estuaries

464 Despitesfrequent breaching events that disrupt the isolation of estuarytmosula

465 (Allen et al; 2006), we detected some evidence for population structure across the system.
466 The greatest'eontribution to theructurewas thatstickleback irseveralestuaries were

467 clearly distinct from te Bodega Baynarine population, with sticklebaak theother

468 estuaries showing apparent admixtbedween the two genotypic clusters (FigF@). b).

469 These results cancur with the expectation that breaching guent®te dispersal between

470 bar-builtestuay sticklebackand marinestickleback but not so much as to prevent the latter
471 from diverging geneticallin at least some casd3onsistent with thisnterpretationwe

472 detectedveak but significant isolation by distance (Table S2, Fig. S6) and population

473 differentiation(Table S4, Fig. S4), indicating the potential for adaptive divergence among
474 populationsHowever,it was also cleathatmany of the estuaries experiendegh gene flow
475  with each otheand with marine sticklebacRogether, these resuitsdicatethat gene flow

476 betweerthe barbuilt estuaries along this coast is sufficiently low to allow population

477 divergence'in‘atleast some cases, but also sufficiently high to constrain the magnitude of that
478 divergence.

479

480 Trait differentiation is associated with divergent predator regimes

481 Spatial variation in thpresence opiscivorous fishesvas correlated with spatial

482 variation insticklebackarmortraits. In particular, wheaculpinwere presensticklebackhad
483 slightly longer spines, more lateral plates, shallower bodies ahigher frequency of the

484 completeEdaallele (Fig. 2) Sculpin are well known predators of stickleback and prey on
485 eggs, fry,.and adults (Moodie, 1972; Pressley, 1981; Reimchen, 1994; leigaan2012).

486 Thesefindings=parallel many previous studies of stickleback, where populations expegienci
487 greater levelsfpredatiorfrom fishdisplay longer spines, more lateral plates (and therefore a
488 higher frequency of the compldielaallele), andshallower bodiegReimchen, 1992; 1994;
489 Lescak & Hippel2011; Leinonert al, 2011) with these patterns beimgpeciallystrong in

490 the presence of sculpin (Ingrahal, 2012; Milleret al, 2015). In our study, however, the
491 presence of sculpin only modesdifected spine lengtiiRerhap®ne contribtor to this

492 comparative subtlety thatlonger spines will be lesffectiveagainst predators withut

493 significant gape limitationsuch as the Pacific staghorn sculfietocottus amatyswhich
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areableto swallow stickleback with large spin@doyle, 1976; Hyatt, 1979). Therefore, the
only modeseffect of sculpin presence on spine length differentiation between est@iids
be due to this trait not providing an effective defense against the functional ¢egsabilthe
local predatorsTaken togethethese results shqwlespite extreme temporal variation in
environmental-eonditions and high gene flow amesityiariesspatial variation consistent
with local adaptation was evident in stickleback armor traits.

Beyond'phenotypes, genetiarkes associated witBdaandPitx1 showed evidence
for directional and balancing selectjarespectively. Consistent with the above results for
lateral plates, thBequency of the completédaallele washigher in the presence of sculpin
(Fig. 3D). This pattern izonsistent wittpredationinduced selectigrsimilar to that
documented inprevious studies of other stickleback sygtdianzhinko, 2009; Zelleet al,
2012; Raeymaekert al, 2014). Although phenotypic plasticity could explain some of this
variation in armor phenotypes, its role is likely minimal given Eddexplains about 75% of
the variaion in plate counts (Colosimet al, 2004; Kitancet al, 2008). Thus, thanferred
directional'selection ddalikely reflects the importance of lateral plate defense against the
predatory sculpininterpretations foPitx1 are quite differentin otherstickleback systems,
regulatory ‘mutations &itx1 are generally associated with molecular signatures of positive
directional'selection in pelreduced populatiorthatcolonized freshwater from the ocean
(Chanet al, 2010).In contrastwe detected evidence of balancing selection at this locus.
Balancing selection is thought to be an important mechanism responsible faitienance
of genetic polymorphisrfHedrick, 1986) especially in heterogeneous environments
(Hedrick, 1986; Spichtig & Kawecki, 2004). Thughereagpatterns fotateral platesikely
reflect consistet directional selection ondefensive traibwing to spatial variation in
predatory fishesbalancing selection &itx1 couldbe reflective othe temporal fluctuations
in environmental conditiongresent in these estuaries.

At the same time, it is important to recognize that population divergetice barbuilt
system is eonsiderably weaker than that in other sticklebygmtkms (Table 3, Fig. 6DJhis
contrastamengssystems is consistent with the expected effects ofédsnforal variation and
gene flow.First, when temporal variation is high, spatial differeacegxpected to be
compromised,,as suggested by some previous theoretical and empirical analyses (Kawecki &
Ebert, 2004, Siepielskt al, 2009; Bell, 2010; Cheviat al, 2015). Second, when gene flow
Is high, spatial population divergence is often low, as shown in tii§tatkin, 1973,
Felsenstein, 1976; Kawecki, 2008) and empirical systems including stickleback (edyy He
and Taylor 2004; Stuart et al. 2017).
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One additional consideration is that the relatively high within-population wariat
observed in thesestuarypopuationscould occutbecause they representygbrid zone
between marine and stream freshwater populations (e.g.,oale006; Vineset al,
2015).This hypothesis was historicaliyvestigated and rejectéBell, 1976; a; b; 1981,
1982; Baumgartner & Bell, 1984; Baumgartner, 1986; 1992; 1994; Bell & Richkind, 2015).
Indeed, a freshwater form was never found upstream of California estuaries, arabpids
were— in fact="often greater upstream than downstream (Bell, 1976; a; b; 1981; 1982). In
addition, all of our neutral markers showed no departure from Hardy-Weinberg equilibrium
and individuals.homozygote “complete’Edadid not group with th@eutral marine cluster
of Bodega Bay (Fig. S7Yheseresults confirm historicaévidence that our estuaries do not
represent hybrid.zones but rather coherent populations in their own right. In summaal/, spat
patterns of phenotypic and genetic variation for stickleback imbittrestuaries match some

important aspects of previous studies, while also suggesting additional nuancdscad ef

Trait variation within populations

We foundithat stickleback in bauilt estuaries of theentral California coast exhibit
very high levels.of withirpopulation variation. This resuteldfor all traits, ranging from
spine length'to'body shape to plate courida genotype to %P (Fig.1®). Thiswithin-
populationvariationappearsnuch greater thatnat documented in previogsickleback
studieghat focused on populatiois presumablynorestable environmentd éble 3, Table
S7, Fig. 6A-C). An exception that could prove the ruldaésvery lowamong-population
differentiationand very higtwithin-populationvariation in stickleback from ephemeral
streams and adjacent vineyard reservoirs in Napa, Califgiieiadry et al. 2013), another
system wheréemporal environmental variation (and likely gene flow) are extremely high.
These differences among systeans consistent with arguments tlahstantly shifting
environmental conditions prevent temporally consistent selection, therebgingpee
ability of directional selection to eliminate variation from the populat{&ed, 2010; Michel
et al, 2014).Valuable additional steps would beawamine the fithess consequencethf
high genetiewvaation— such variation could impose a substantial genetic load on populations
(Lande & Shannon, 1996; Arnoét al, 2001). On the other hand, high genetic variation
should maintain the potential for strong selection and rapid evolutionary respohiss, w
could aid respores to future environmental changes (Mackay, 1981; Kirkpatrick & Barton,
1997; Kawecki & Ebert, 2004).

As aluded to several times already, th@re two likely mechanisnisiving the
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562 observed high within-population and low among-population variation: high temporal

563 environmental variation and high gene flow. Although gene flow could certainly contribute to
564 reduced divergenceas has been inferred by our grdapother stickleback systen(s.g.,

565 Hendry & Taylor, 2004; Stuakt al, 2017) — we do not think th#tis mechanisnalone

566 explainsipatterns of variation in tharbuilt system. The reason is that high gene flow is

567 most effective at maintaining high withpopulation variation if among-population variation
568 s also high.'In'the"bar-built system, however, among-population variation is low (taie 3, F
569 6), which means that gene flow will not be moving novel variants arestugriegand

570 inflating the variation within each of those populatiodence, we suggest that higgmporal

571 variationis‘responsible for the observed higlthin-population variance andw among-

572 populationwariancegsalsosuggested by some previous theoretical and empirical analyses
573 (Kawecki &Ebert, 2004, Siepielskt al, 2009; Bell, 2010; Cheviat al, 2015).

574

575 Elemental composition

576 Previous studies have shown that investmehbimy structures can increase

577 phosphorus.demand, which can potentially alter helnforage andecycle nutrient$El-

578 Sabaawet'al, 2016; Leakt al, 2017; Durston & EBabaawi, 2017)We find thatdespite

579 dramatic environmental fluctuations, teepectedassociation between %P and armor remains
580 strong. Moreover, we find that genotypes at a single Ideda) explain a large amount of the
581 variation'in %P ig. 5A), which is not swrising given that variation iBdaexplainsmuch

582 of the variation in lateral platé€olosimoet al, 2004).Importantly, lateral plates arittla

583 vary dramatically within and among the estuaries, generating théehigls ofvariation in

584 %P. Thisvariation shouldhave a major influence on whole fish elemental ratios and thus the
585 observed variation in %P is likely tofluencethe balance betweeexcretion rates andiet

586 choice(El-Sabaawet al, 2016; Durston & El-Sabaawi, 2017). Given tabglic variation at

587 Edaappears.to be driving variation in elemental compositionpandusédais generally

588 subiject to strong natural selection in the wild (Colosenhal, 2004; 2005; Barrett &

589 Schluter, 2008;Jonex al, 2012) it is likely that elemental composition in %P eamlve

590 just as rapidly as can lateral platsseDurston & El-Sabaawi, 2017As a result, his

591 contemporary evolution of elemental composition should then feedback to influence selection
592 on stickleback armor and elemental composition, thus influemdalpgcal interactions

593 (Lealet al, 2017)(individuals with different elemental demands compensate through

594 consumeresource interactionsyhese ecevolutionaryhypotheses seempaofitable avenue

595 for future studies.

This article is protected by copyright. All rights reserved



596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629

Paccarcet al.pagel9

The amongpopulation variation in %P was closely associated with predator regime,
being higher in stickleback populatioosexisting with sculpinsThis variation could arise for
two main reasongl) stickleback evoling with predatorsare more heavilgrmoredand
therefore have great@tP, or(2) stickleback exposed to predatéosage less, resulting in
lower lipid stores and highé&bP due to the lower body mass (Sterner & Elser, 2002). Both
effects seemossible here given thét) predation regime influencesicklebackarmor traits
(Fig. 3C), which then influences %Fig. 5B); and(2) fish condition influence®P (Parz;?=
0.24 P < 0:001) angbredator presence ctrad to lower foraging rates stickleback
(Milinski & Heller, 1978) Here, then, we have the potential for both genetic variation (armor
adaptive divergence) and perhaps plasticity (decreased foragiog)tly influence
ecological effects, whichas been suggested (Hendry, 2017), but not yet demonstrated. In
addition, predator-driven selection on armor traits could lead to changes in envitanme
stoichiometry, which may then alter selection regimes furtherebyfacilitating eco
evolutionaryfeedbackgPelletieret al, 2009; Hendry, 2017).

Conclusionssand implications

Ourstudy provides empirical support for the expectatantemporal variation in
environmental conditions can maintain high levels of variatiadaptivetraits, even irraits
that show differentiation associated with spatial \temmin predator regimen this system,
breaching events cause eastuaryto be periodically open to the ocean, whikkly
increass within-population variation through two mechanistinat prevent the fixation of
adaptive alleleg(1) temporal variabn in selection within populatior{&awecki & Ebert,
2004; Bell; 201, and(2) high gene flow between populatiof®atkin, 1973; Felsenstein,
1976; Kawecki, 2008hile the latter effect is likely important, the former is twrause
gene flow alone is an insufficient explanation for the high within-populatiaatian given
only modest.among-population variati@ur results thus suppdtte hypothesighat
temporal variatiomelps tomaintain variation in addje traits within populations.

At thessame time, temporal variation and high within-population variation did not
eliminate populatiomivergence in response to spatial variation in selecBpacifically,we
documente@ssociations between predator regime (presence or absence of sculpin) and
stickleback armotraits (lateral plates and the gene that controls thel®), Althoughthis
differentiationis not as great as that fouachong other stickleback populations experiencing
divergent selection regimes, it is notable for occurring in the face of frequebria

fluctuations andelatively high gene flow It therefore seems likely dhselection occurring
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630 during the period#rhen estuaries are closed from the ocean and isolated from each other is
631 sufficiently strong to drivsomedifferentiation—even if it is later erased or reduced when the
632 estuaries are open to the oce@artainly some other studies have found that adaptive

633 divergence can persist despite temporal variation in selemtidinigh gene floyMojica et

634 al, 2012y»Gotanda & Hendry, 2014)et we argue that thdivergencedocumented here is

635 especially noteworthy given the extremned rapid shifts in environmental conditions that

636 these populations‘experience (Fig. Egy. SJ.

637 It haslong been debatadhether selection in nature is typically “strong” or “weak”
638 (Endler, 1986; Hoekstrat al, 2001; Kingsolveet al, 2001; Hereforckt al, 2004). What can
639 be safely asserted is that selection should be stronger when environmentam®otdnge

640 more rapidly(Chevinet al, 2010; Michelet al, 2014) Hence, wepredict that these bar-built
641 estuarysticklebackpopulationexperience extremely strong selection at periodic intervals
642 and that this selection likely differs depending on temporal proximity to the longamrent.

643 We suggest that selection is constadtliying contemporary evolution in these populations
644 but that this nascent adaptatiorrexquently impededr reversed by the rapidly changing

645 conditions [e.fluctuating selectiogenerating evolution iffits and starty. These highly

646 dynamic conditbns shoulgrovide an excellent systefor studies of contemporary evolution
647 and its ecological consequences.
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Table 1. Results of mixednodels analysis testing the effect of the presensewdpin,

steelhead, and watershed size. Coefficient (Coef.), Standard errof @t)R-values are

reporteddf were 19 for all variables. Intercepts and random effects are not sRewn0.05

are in old.

First Spine Length

Sculpin
Steelhead

Watershed size

Second Spine Length

Pelvic Spine Length

Log Plate Count

C Allele Frequency

Sculpin
Steelhead

Watershed size

Sculpin
Steelhead

Watershed size

Sculpin
Steelhead

Watershed size

Sculpin
Steelhead

Watershed size

0.41
-0.11
0.01

0.45
-0.13
0.01

0.58
-0.21
-0.01

0.73
-0.22
-0.01

0.43
-0.15
-0.01

0.26
0.26
0.01

0.22
0.22
0.01

0.32
0.33
0.01

0.23
0.24
0.01

0.16
0.16
0.01

1.59
-0.42
1.12

2.07
-0.59
0.77

1.82
-0.62
-0.95

3.14
-0.89
-1.45

2.75
-0.93
-0.94

0.121
0.656
0.281

0.052
0.543
0.439

0.081
0.535
0.419

0.005
0.382
0.165

0.013
0.363
0.359

This article is protected by copyright. All rights reserved



Paccarcet al. page34

Table 2. Results of Tukey post-hoc test testing for differences in standard deviatioegbemr estuary populations and environmentally stable
lake, marine, and stream populations for plate cotutacomplete allele count, and procrustes variance. Mean differences (Diff.), 95%
confidence.intervals (Lower and Upper), d1slalues are reported. Degrees of freedom (df), sum of squares (Sum.Sq), mean sum of squares
(Mean.Sg)-andr-values are reported for a standard ANOWAs 0.05 and significarfé-values are in bold.

df Sum.Sq Mean.Sq F-value df Sum.Sq Mean.SqF-value df Sum.SgMean.Sq F-value
ANOVA 3 509.30 169.80 77.06 3 1.18 0.39 813 2 0 0 8.28

Diff. Lower Upper P-value Diff. Lower Upper P-value Diff. Lower Upper P-value

EstuaryLake -5.154 -6.038 -4.269 <0.001 0.104 -0.098 0.306 0.905 -0.006 -0.012 -0.0020.010

EstuaryMarine -4.246 -5.828 -2.664 <0.001 -0.484 -0.878 -0.091 0.011 na na na na
EstuaryStream -4.787 -5.983 -3.592 <0.001 -0.263 -0.554 0.027 0.087 0.000 -0.012 -0.0060.007
Marine-Lake 0.908 -0.504 2.321 0.343 -0.389 -0.642  -0.1380.001 na na na na
MarinesStream -0.542 -2.166 1.083 0.823 0.073 -0.248 0.395 0.929 na na na na

StreamlLake 0.367 -0.591 1.325 0.753 -0.316 -0.629  -0.0030.04 -0.000 -0.006 0.006 0.991

This article is protected by copyright. All rights reserved



Paccarcet al.page35

Table 3. Among-population variance (Variance), total number of populations (N) and population syuarmss(Sum.Sq) in the Santa Cruz,
Vancouver Island, Haida Gwaii, and Iceland systems.

N Sum.Sq Variance
Santa Cruz 23 818.88 35.61
Vancouverdsland 49 6002.83 97.86
Haida Gwaii 30 1630.06 54.34
Iceland 10 501.23 50.13
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Figure Legends

Figure 1. Map of study sites (A) and photographs of a breaching event in Younger lagoon

(B). Colored markers indicate the presenc&radwn stickleback predators.

Figure 2: Individual assignment to population structure inferred by STRUCTURE. Each bar

representstan‘individual. The Y axis represents the probability of classification to a cluste

Figure 3: Armor. morphology in the presence or absence of sculpin.z&.cérrected first
dorsal spine length. B. Size-corrected pelvic spine length. C. log left Iatat@icount. D.
Edacompletesallele frequency. Each circle depicts the mean value of a particular estuary
populationin‘the absence (black) or presence (grey) of sculpin. Bars represent the overall

mean valuef SE) in the presence of absence of sculpin.

Figure 4: Divergerce scores extracted from the first divergent vector of each population and
obtained through a Canioal Vector Analysis (CVA)Each circle depicts the mean value of a
particular estuarpopulationin the absence (black) or presence (grey) of predators. Bars
represent the overall mean valdeSE) in the presence of absence of predaRopulations

with mean negative divergenseores have deeper bodies while population scoring positively
are more Streamlined. Thplate spline transformation grids of CVA divergent vectors

display the shape difference between positive and negative scores.

Figure 5. Modelled relationship between %P dbdlafrom “phenotype da GLMM (A),
and betweeloP‘and predatio(B). Shaded ragns depict +/- 1 SE from mean.

Figure 6: Within-population mean standard deviations (st.detjveenSanta Cruestuaries
and less temporally variablake, marine and stream environmestSE panels A-C) and
among-population variance in plate counts in the Santa Cruz estuaries (SC), Vaistander
(VI), andHaidasGwaii (HG)panel D) P-values < 0.01 are presented by tstars, andP-

values <0:05 by one star. Ngignificant differences are represented by n.s.
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A

oon
19. Moran lake
20. Soquel creek
21. Aptos creek
22. Upper Watsonville slough
23. Pajaro river

Pre-breaching: March 5th 2014

. B Post-breaching: Marcm
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Figure2
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Figure3
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Figure4
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Figure5
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Figure 6
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