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Abstract

Recruitment of new propagules into a population can be a critical determinant of adult
density. We examined recruitment @dynics inthe Olympia oysterdstrea lurida), a species
occurring almost entirely in estuari&¥e investigated spatial scalesimterannuakynchrony
across 37 sites ieight estuaries along 2500 kmRxcificNorth Ameican coastlingpredicting
thathigh vs. lowrecruitment years wouldoincide among neighboring eaties due to shared
exposure toregional oceanographic factors. Such synchrony in recruitment has been found for
many marinespecies and some migratory estuarine species, but has never been examined across
estuariesn a species that can complete its entiredifele within the same estuarlo inform
ongoing restaration efforts for Olympia oysters, which have declined in abundance in many
estuaries, walsoinvestigated predictors of recruitment failuvge found siking contrasts in
absolute recruitment rate and frequencyeafuitment failureamong sites, estuasieand years.
Although we found a positive relationship between upwelling and recruitrheng, was little
evidence of synchrony in recruitment ama@sguaries alonthe coastand only limited
synchronysefssitewithin estuariessuggestingecruitment rates are affected more strongly by
local dynamicswithin estuarieshan by regional oceanographic factoperating ascales
encompassingqultiple estuariesThis highlights thémportarce oflocal wetland and watershed
management for the demography of oysters, and perhaps other specascdbaiplete thi
entire lifecyclewithin estuariesEstuaries with more homogeneous environmental conditions
hadgreatersynchrony among sites, and this lediepotential for estuaryvide failure when all
sites hadharrecruitmentn the same yeaEnvironmental heterogeneiwithin estuariesnay thus
buffer against-estuaiwide recruitment failure, analogous to the portfolio effect for rditye
Recruitment failure was correlated with lower summater temperaturdigherwinter salinity,
and shorter residence time, iatlicators of strongenarine influencen estuariesRecruitment
failure was.also,more common in estuaries \witiited networks of nearby adult oystetsarge
existing oyster.networks are thus of high conservation value, while estuarikeskhtiem
would benefitfrom restoration efforts to incredise extent and connectivitf sites supporting

oysters.

Key words: Biogeography, Bivalves, Conservation, Population cycles, Population ecology,
Regional studies, Restoration
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I ntroduction

Understanding recruitment dynamics is essentiatdmservation or restoration of
organisms with a complex lifgycle, such as sessiearine invertebrates with mobile larvae
(Roughgarden.et al. 1988). The term “supgilye ecology” was coined to emphasize the
importance,of recruitmerfior population and community processes (Lewin 1986), building on
long history ofiinterest in the larval stage in margpecies (Young 1990, Grosberg and Levitan
1992). Indeed; recruitment of new propagules into a population can be a critical deteafinant
adult population densitiesspeciallyif adult densitieandintraspecific competitioare low
(Roughgardemet al. 198&ecruitment variability in marine organisms has consequences for
adult size structure and demography (Underwood and Fairweather 198&); pogulation
limitation orregulation (Caley et al. 1996T'he causes of recruitment variabilagross both time
and spacéave been explorad marine speciesith patterns of sea surface tempera(@8T)
and processes suchrasarshore upwelling figuring prominently as drivefsecruitment for
somecoastalrspecies (Connolly and Roughgarden 1998, Diehl et al. 2007, Broitman et al. 2008).
However, local‘dynamics can also be important, and larvae may be retained near shbatdult
producedithem through larval behaviors interacting with hydrograplvelhas coastal
geomorphelogy (Morgan et al. 2002, Shanks et al. 2009, Morgan et al. 2009, Byers et al. 2015,
Nickols et al. 2015).

Recruitment can linkpatially separated siteand understanding the scale of linkages
among separate populations is adamental issue in ecologiRoughgarden et al. 1988,
Strathmanneetial. 200Rlavarreteet al. 2008D’Aloia et al. 2015. Separate populations can
undergo similar dynamics across a large area, for instance if they all respond similarly te climati
drivers that occur across a broad geographic range. This regional syndiposafly declining
with distance,.is called the Moran effect, after pioneering studies of lynx papusgtichrony
across Canada (Mord®53). Shared regional oceanographic factors, such as wave strength and
nutrient coneentrations, underlie synchrony in biomass of giant IMelgr ¢cystis pyrifera)
populationstalong the California cog&tavanaugh et al. 2013\lyers et al(1997) found strong
synchrony irrecruitment ofl1 marine fish specieshich declined on average around 5K,
and wasttributed toclimate forcingaffecting factors such &STor wind patters. Stachura et
al. (2014) found evidence for synchrony in 52 fisheries species within large marine ragloms i
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northeast Pacific, attributable to oceanographic factors including seeesheight.
Oceanographic processes edso underlie larval deliveryor instance, a investigatiorof
common barnacles and mussels along the West West @ddstth America found that
different biogeaographic regions had similarities in seasonal timing afieent peaks, and that
recruitment.was positively associated with SST (Broitmaal. 2008) Likewise, an
investigation of barnacles and mussels along the California-Oregon coast andCtelesa
coast foundregional coherence in temporal patterns of recruitment at arauat 260km
(Navarreteetal:"2008). A study of musseM\tilus spp.) and oyster&(assostrea gigas) along
thousands of kilometersf coastal European waters showed strong synchrony in peaks of larval
abundanceg within a single year (Philippart et al. 2012). However, other evidencknggar
recruitmentsynchrony in coastal species is mixed. Anidnigvertebrate speciebserved on
recruitment plate in Chile, synchrony occurred in only fapecies, specificallparnacles and
mussels with _high recruitment rates, atéswere synchronous only within about 30 km (Lagos
et al. 2007)For marine species with dispersive larvae, a Moran effect could arise not only due to
regional faetors that influence larval delivery, but also fpmpulation connectivityParticularly
successful'preduction of larvae at one sitd@@uovide a batch of propagules that recruit across
a wider area, illustrating the key importance of understanding the scale of §rd@mgeg
separatepopulations (Roughgarden et al. 1988, Hughes et gl. 2002

There have been far fewer investigationsyichrony amongpecies in estuari¢isanon the
open coast. Since estuaries are influenced by riverine inputs and the surroundisigedapes
well as by e€ceanic inputsgcruitment to sitem different estuaries along the coast might display
less synchreny thato sitesalong the open coast. Howevspeciewithin estuaries can also be
strongly influenced byegional oceanographar meteorologicatirivers (Cloern et al. 2010,
Hughes et al2015)that can override local influencesor example, abundance of juvenile
eastern oystergfassostrea virginica) within the large Chesapeake Bay estuasstrongly
influenced by, regionakeather, with more production in years with less rain (Kimmel et al.
2014).In addition tositesamong different estuaries potentially facing similar oceaniweather
influences across estuaries, they may also be linked by dispersal of mobile stagmddfate
shared oceanic conditions while outside the estlkamyexample, Pyper et al. (1999) found
sockeye salmofOncorhynchus nerka) hada similar length by age relationshgeross years
when caught idifferentstreams across Alaska and BritiSblumbia, due to shared offshore
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94 history,with SSTthe likely driver of growth differences offshobetween yearsraylor et al
(2010) examined 2gearsof southern flounderRaralichthys lethostigma) juvenile recruitment

96 datafor 105 estuarinsitesin North Carolinaand identifiedsubstantial synchrony attributed to
weather affecting hydrodynamics, which drove larval transport into estuBniese studies

o focused on.species that spend a significant portion of their life histtsiglewestuariesn the
ocean. No study that ware awaref examines potentigynchrony among estuaries in a species

100 thatcancomplete the entirkfe cyclein estuaries.

The oysternative to th&/est Coasof North America, the Olympia oystedgtrea lurida), is

102 almostentirely found in estuarine ecosysterand all larval stages as well as adult stages
known to occurwithin estuaries (Peteiro and Shanks 2015). The known distribution of this

104 species isrom British Columbia Canada (Polson and Zacherl 20@%uerreo Negro, Baja
California, Mexico (Raith et al. 2015)he Olympia oyster hagndergone dramatic declines in

106 manyestuariesdue to overharvesting, habitat degradataomintroduced competitors and
predatorsBaker 1995zu Ermgasseat al. 2012, and Pritchard et al. 2018¢aquitment is

108 consideregakey limiting factor for adult densities, and restoration projects have focused on
providing additional hard substrates to enhamceuitment in systems where substrates large

110 enoughtesprevent burial by sedimentslangted (Pritchard et al. 2015, Zacherl et al. 2015).

We examined the spatial scaleimterannual recruitmergynchrony irthe Olympia oyster

112 along theWest Coasof North America from southern @farnia, U.S.A.to British Columbia
Canada, testing for synchrony within and among estuaries, and determining whether synchrony

114 declines with'distance. Weypothesized thétigh vs. lowrecruitment years would be shared
among estuariésecause many of these estuaries are very manflienced, and broad

116 oceanographic effects suchugswvelling strengthil Nifio-Southern OscillatiorENSO) or the
Pacific Decadal Oscillation (PD@puld be shared acrossighboring systemsimilar

118 responss to,.oceanographic drivezsuld lead to shared peaks in larval production or settlement
within separate estuarie&nother source of synchrony among neighboring estuaries might be a

120 shared larval'podiCarson2010), thougharval retention within the ageof productions
considered‘the rut®r many estuarie@ritchard et al. 2015We thus expecteslynchrony

122 among estuaries to decline rapidly with distance, as has often been showntierspadies

(Myers et al. 1997, Cavanaugh et al. 20¥8%. alsoexpected to findomewithin-estuary
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synchronygspecially in small or stronglparineinfluenced systems with similar environmental
conditions among sites.

We werefurther interested in characterizing factors that influence recruitment fatunss
estuaries, sinceecruitment may ban important determinant of adult densitéesl certainly is
critical for restoration efforts for Olympia oysters, which typically rely on natural larval pools
rather than hatchemeared spatWe comparedecruitment rates and consistency in recruitment
acrossstuaries, and identifiddcations with recruitment failure at the site level arioble-
estuary levelWe hypothesized that stronghparineinfluenced systems might have more
recruitment failure beause of unfavorably cold temperatures and lad&rotl retention We
predicted thatrecruitment failure would be greater in estuaries with low chloraphyll
concentrations; indicating food limitation/e alsohypothesized that large estuaries might have
less recruitment failure than sma#tuariesbecaus¢hey aremore likely to harbor large oyster
abundances and have heterogeneity in conditions such that larvae could be successfully produced
somewhere. in thestuaryin any year, supplyintherestof the system. Finally, we hypothesized
that sites withmore abundant adults in the vicinity, @stdaries with large networks of nearby
adult oyster sites would be less prone to failure than ones with small netvgaiksdae to both
larger population size and buffering against failure by hasirigbleconditions for larval
productionsinat least someortions of the network.

M ethods
Characterization of recruitment across estuaries

To examine recruitment dynamics across as much of the range @ltingia oyster as
possible, wesolicited data frommesearcheralong theWest Coasof North America and included
data sets with at least three years of recruitment data from abtessite in an estuary. Our
exhaustive search yielded eight estuariesretsuch monitoring data were availafileese
estuaries span/2500 km of coastline along much of the range of the species Hamal)es are
generally small and rare along t&est Coastso these eightpresent an appreciable subset of
estuarine habitat along the coa&irying numbers of sites were assessed within the estuaries,
ranging from one to nine, for a total of 37 sité.sites had adult oysters preselnbcations of
sampling sites arghown in Appendix SIig. S1 To compare a consistent tirperiod across
estuaries, we limited our analysis to 2006-2014, even though data from one or more esslier yea
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was available fronsix sites in four estuaries.ny Newport Bay CA had data for all sites in
156 every one of theseme yearsThree to eighyears of data were available for other sites.
We defined recruitment as the addition of new individuals into the population, resulting
158 from larval settlement on hard substrates. each site and year, wetimated the recruitment
rate aghe number of new oysters that appeared on deployed substratéspeeryear.
160 Recruitment was assessed using different methods across the eight egtppeadik S1Table
S1), with differing sensitivity to detectionf @arly postsettlement mortalityGiven the
162 differencesinfmeasuring absolute recruitment rate across sites, we focused instead on relative
measure$o allow for comparisons of high vs. low recruitment years across Bdesnivariate
164 analyses, wesconved recruitment to a percentage of the best year for eaclivgtesed this to
calculate the average recruitment percentage relative to the maximum for each site, and to
166 calculate the percentage of years in which there was zero recruitment at edar dittarts
Bay, which only providegresence/absence data, we considered years with recruitment 100%
168 and yearswithout 0%W\Ve also calculated the coefficient of variati@VEstandard
deviation/mean) for recruitment at each site. We examined the relationship between these
170 different metries witHinearregressionsfirst taking the natural log of the absolute recruitment

rate because San Francisco Bay values were extreme ulileruntransformed data.

Testing for synchrony
174 We characterized synchrony using recruitment data expressed as a percentage of the
maximumyalue,for each sitéVe defined anigh recruitment year as ome which recruitment
176 was >70% ofthenaximumfor that site, and bbw recruitment year as ome whichrecruitment
was <30% of thenaximum We tallied what percentage of sites (of those where data were
17 collected)n each yedinathad ahigh vs. lowrecruitment year by these criterkss our
quantification.of synchrony at the site level, twen calculated the percentage of years (out of
180 nine total).in.which >75% of sites had eithdrigh or low recruitmenyear.
To_examine synchrony among estuariescemducted the same analyses as abowe f
182 one single site per estuafor thoseestuaries with multiple sites, we chose the site with the
greatest absolute recruitment rate (marked by an astel$.iB). Theunderlyingrationale was
184 thatthese sites represented the best comparison t@sitglestuaries, in which cursory surveys
informed selection of a monitoring site most likely to have high recruitment.

This article is protected by copyright. All rights reserved



186

188

190

192

194

196

198

204

206

208

\S}
\S}

214

216

To examine synchrony within estuaries used the same metric described above
guantifying the percentage of sites within estuaries that were synchronous pangdae
percent of years that showed synchrony. As another indicator of synchrocglcwiated the
CV of the raw recruitment density across all sites per year within an estuary, andettsayed
this across.all,year3.o test for the role of environmental heterogeneity in synchrony, we
calculateda regression of the CV of average winter salinity (as an indicator of freshwater input)
across all'sites'within an estuary vs. the percentage of sites per year that wensysanr
recruitment-atthat estuary.

To'furtherexplore patterns of synchromynong estuariesve usechonimetric
multidimensional scaling (nMDS) iArimer v. 70 (Clarke and Warwick 2014)Ve created a
Bray-Curtisssimilarity matrix using recruitmepekpressed as percent of maximum for each site,
as described ahové/hile this procedure is typically used to examine similarity among sites
based on abundance of species, in this case wetusezkamine similarity in recruitment by
year (.e.,years areised like species in a community analysis). qMelitatively explored
synchronyswithin and among estuaries with an nMDS plot representing all 37 eitest for
synchrony‘amengstuarieswe carried outan analysis of similarity (ANOSIM)mitting Fiddgo
Bay and Netarts Bay, whidiad no replicationanly a single sitger estuary)Finally, we
compared-the Bragurtis similarity for sites within and among estuaries, usmgdependent
samples-test. We used the mean Br@wrtis similarity value for each combination of sites for
each estuargstuary pair (n =27and each sitgite pair for within estuaries (n =,6espectively

To examine patterns of synchrony as a function of distancestiveated linear
(Euclidean)distances among each of the 37 siteAfgeendix S1)and conducted regressions
of distance by BrayCurtis similarity We recognize that oceanographic currents complicate such
distance estimates (Whiteat 2010), but previous studies have successfully identified
synchrony.relationships for marine species using Euclidean distances (erg.atigke 1997).
We alsoexamined three common oceanographic indioesiteir potential relationship with
recruitmeigbecause this could drive synchrony among :sitesconducted regressions of
recruitmentws. ENSO, PDO and upwelling (see AppendifoBdetails).

To compare the role of temporal vs. spatial drivers of variation in recrujtmmensed a
Generalized Inear Mixed Effectdvlodel (GLMM) to quantify the relative strength of effect of
year(continuous randorfactor), site (random factor), and yeasiteinteractionon recruitment.
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We used data from the two estuarigtikhorn Slough and Newport Bay) with the most years of
218 data (2007-2014) and the most consistently sampled Wfesalculated the percent of variance
for each factor tadentify the key factors explaining patterns in recruitment for each estuary,
220 respectivelyWe _developed models using the glmer functigtih a Poisson distribution and log-
link using the.lmegpackage (Bates et al. 2016) in R 3.2.3 (R Core Team 2015).

Predictors‘ofrecruitment failure
224 We"examined ninegariablesthat might influence frequency of recruitment failure
(described in detail in Appendix S1). Two of these were related to oyster populagion siz
226 number of.adult oysters near the recruitment monitoring site, and total $ieeredtwork of
sites with adult'oysters in the estuary. For both, our hypothesithaiascreasing oyster
228 numbers or network size would decrease frequency of recruitment faiheather seven
variableswere environmental attributes of the sites or esti&ly quantified freshwater inputs,
230 salinity, water temperatuind residence timas proxies for marine influence to test the
hypothesissthat more marhiefluenced estuarie@vhich typically have less freshwater inputs,
232 higher winter'salinities, lower summer temperatuaesl shorter summer residence tijies/e
more frequent recruitment failurd/e used the CV of winter salinity across sites within each of
234 the six estuaries with multiple sites to test the hypothesis that environmental heterogeneity
reduces recruitment failuréVe also examined estuary size, again with the hypotheditarger
236 estuaries may have more heteragmrs conditions that buffer against estuary-wide faillioe.
determine whether recruitment failure might be linked to food limitation, we also characterized
238 chlorophyllaseoncentrationsWe carried out regressions with each of th@se potential drivers
as independent variables and frequency of recruitment failure as the dependent variable, using a
240 simplelinear regression unless the distribution of data better fit a logaritiegrieson.
To further explore patterns of recruitment failure among estuaries, we useteimin-
242 multidimensional scaling (nMDS) in Primer v. 7.0 (Clarke and Warwick 2Q1gihg the same
two oyster.and seven environmental variables as in the regressiong)dueted an ordination
244 of estuarieswith vs. without estuanyde recruitment failure, used ANOSIM to determine
whether the separation between these groups was significant, and S{MPE&tity

246 percentagedp determine which parameters contributed most to the separation.
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Results
Characterization of recruitment across estuaries

Absolute recruitment rates varied tremendously across sites and over tin®.(Fne
lowest recruitment rate observed was at Schooner Cove in the Strait of Georgiaavidnage
rate of one.oyster periper year, while the highest rate was at China Camp in San Francisco
Bay, with an average of 125,526 oysters péper yearSome of these differences may be due
to methodological differences in sampling, but great caistkasre observed even among sites
sampled with'similar methodsuch as those in San Francisco Bay and Newpor{ABayendix
S1:TableS1).

Relativeyrecruitment was low at most sites in most yearsss our 37 sites, average
recruitmentwas 36% of thmaximumat that sitgFig. 2). In other words, variability was high
and most years.had much less recruitment than the pealRgdative recruitment was not a
function of absolute recruitmeriirearregressioi® = 0.02,F1 3, = 0.83,P = 0.36).TheCV
ranged from 0.48 to 2.39 (Fig),2vith an average of 1.25 across all sifdse CV declinedvith
absolute recruitment rate, but the relationship was not stlioegr(regressior® = 0.15,F1 34 =
5.8,P =0.02).

Recruitment failure was common at tite level; 20 of 37 sites had at least one year with
no recruitment whatsoevekverage frequency @ year of zero recruitment was 20% across all
sites.At one estuary, Elkhorn Slough, we quantitatively documented estudeyrecruitment
failure: in theee of eight years, all five monitored sites had zero recruitrfBeh estuaryvide
failure did moteccur at any of the other five estuaries with data from multipledsitieg our
study periods=but qualitative surveys pre-dating our study period reestleywide failure at
Tomales Bay 1”2003-2005 (E. Grosholz, pers. obsQuantitative data were only available for
one site at Netarts Bay and Fidalgo Bay, but we conducted rapid assessments of other areas and
observed zero recruitmetiroughouthoseestuariesn the years where zero recruitment was
documented. atithe quantitative monitoring site (D. Vander Schaaf, pers. obsv. fts; Netar
Dinnel perssobsv. for Fidalgo). Thus, four of the eight studied estimvesexperienced

estuarywidesrecuitment failure.

Testing for synchrony

Among estuaries

This article is protected by copyright. All rights reserved



When we examined patterns of synchrony among all sites) the entire cogsie
280 found that our conditions for synchrony were met in amlgyear, 2006, when 88% of reporting

sites had #ow recruitment year (<30% of maximum recruitment documented for thatlsite).

D
0e)
N}

other year did 75% or more sites shategh vs. low recruitment year. This lack of synchrony is

evident from.visual inspection of the recruitment patterns acrossEige£)(

284 When we examined only one site per estuary (using the site with the highest retdruitme
for those with"data for multiple sites), we found evidence for synchrony in three of nine

286 monitoring'years: in 2006, 100% of estuaries reporting data (5/5) loadracruitment year; in
2008, 75% (3/4'estuaries) did, and in 2010, 80% (4/5 estuaries) did.

288 Oursmultivariate analysi@-ig. 3, Appendix S1TableS2)revealedew close associatian
among estuaries, further highlighting the lack of synchrony in recruitrA®@®@SIM indicated

200 that estuaries were a significant factor explaining variation in recruitment (§teh@l447,P =
0.001).0f 14 possible pairwise comparisons among estuamnias, showedaignificant  <0.05)

292 differences.in recruitment patterasross years, i.e., lack of synchromjareepairs of estuaries
showed maginally significant P = 0.05-0.1% differencesTwo pairs (Elkhorn Slough and

204 Tomales BayjsSan Francisco Bay and Strait of Georgia) had no indication oftcsignifi
differences.(P %®.5), suggesting possible synchronytase pairs.

296 Qurregressioranalysis of synchrony by distance at the estuary scale revealed no
significant patterngR? = 0.020,F125 = 0.507 P = 0.483): nearby estuaries did not show more

298 synchronywith eachotherthan farther ones. Our examination of the potential role of
oceanographiedrivers in leadingsgnchrony among sites revealsal significant redtionships

300 between reeruitment arENSOor PDO across estuariddowever, we detectedsamall but
significant positive correlation between standardized upwelling indices amndtmesnt among

502 estuariesRE = 0,15,F141 = 6.98,P = 0.013 (Fig. 4).

304 Within estuaris

Synehrony within estuaries was strong at Willapa Bay and Elkhorn Slough: these had a
306 high percentage of synchronous sites per year and a low CV of recruifrable . San
Francisco Bay and Newport Bay had the lowest percentage of synchronous sites, nhile Sa
308 Francisco Bay and Strait of Georgia had the highest CV of recruitment. Synchrony wadlygener

greater at estuaries with less variable salinity conditions. We found a suggestive-but non

This article is protected by copyright. All rights reserved



310

312

314

316

318

326

338

significant relationship between the percentage of #isare synchronous per year and the CV
of salinity across siteinearregressior? = 0.38,F1, = 2.5 P = 0.19.

The multivariate analysis alstetecteccontrasting patterns across estuaiiespection of
the nMDS ordination (Fig.)3eveals that sites at some estuaries (e.g., Elkhorn Slough, Willapa
Bay) clustertogether, meanititey have similar relative recruitment each year, while sites at
other estuaries/(e.g., San Francisco Bay) show substantial spread, indicaitmtpdiysin
recruitment'each year, or lack of synchro@yerall, an indpendent samplestést of Bray
Curtis similarity'revealed significantly greater similarity for sites within estuaries compared to
among (Appendix S1: Fig2 t = 3.335,df = 32, P = 0.002).

With data from all sites included in a single analysis, we found no significaatrzaii
synchronyby-distancewithin estuariesi¢ = 0.140,F14 = 0.652, P = 0.465Furthermore, when
each estuary was examined separatishpendix S1Fig. S3, we found no relationship of
synchrony with distanc@ll P > 0.05).

Temporal synchrony vspatial variance

Oursanalysis of temporal synchrony vs. spatial variance with GLMM showed domgras
patterns atithe two estuaries we examiffggpendix S1TableS3 Fig. S4. At Elkhorn Slough,
year explainedhe majority of the variation in recruitment (88.2%hich is consistent with the
high synchrony among sites reported above. At Newport 8&e(48.9%) and the yeasite
interaction\(47.3%) explained more variation than year (3.8%), consigtarthes low

synchronys:among sites reped above.

Predictorsof recruitment failure

Of thenine variablesve examined, four had a significant relationship with frequency of
recruitment failure when analyzed with regressi@rable 3. Size of the network of sites
containing,oysters wasgrongly inversely correlated with frequency of recruitment failure: the
larger the network, the rarer recruitment fail(feg. 5A, R* = 0.95,F16 = 121.8,P < 0.0001).
The CV of winter salinity also showed a strong negative relationst@greater the variation,
the less recruitment failu&ig. 5B, R = 0.86,F14 = 24.3,P = 0.008). Winter salinity had a
weaker positive relationshighe higher the salinity, the more frequent recruitment fa{llcig
5C, R* = 0.24,F135 = 11.1,P = 0.002) Breeding period temperature showed a weak negative
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relationship with frequency of recruitment failutke higher thsummer temperatures, the less
recruitment failurgFig. 5D, R? = 0.12,F135 = 4.9,P = 0.03).Two other variables showed a
marginally significant negative relationship with recruitment failure; freshwater inRtts (
0.52,F16 = 4.13 P = 0.09)and estuary sizé = 0.36,F1¢ = 3.3,P = 0.12).The other three
variables chlerophylla concentration, summer residence tirmed number of nearby adult
oysters shewed nsignificantrelationship with recruitment failur@ < 0.1, P > 0.15).
Thée'multivariate analysis of the same nine variables revealed distinct separation between
estuaries with"and without periodic estuarnyge recruitment failureHig. 6); ANOSIM R =0.48,
P =0.03. A SIMPER analysis indicated that the top contributors to this separatiotemgtreof
the oysternetwork, winter salinitggsidence time, summer temperature, estuaryaside
freshwaterinpufTable 3) Together these variablegplained 80% of the separation between

estuaries with and without recruitment failure.

Discussion
Striking spatial=and temporal variation in recruitment

In our'investigation of Olympia oysters along 2500 km of coastline, we found great
contrastsin,absolute recruitment rate eatuitmentailure rate among sites, estuaries, and
years.Variability in recruitment of marine organisms is to be expected, given type lli
survivorship curves in whichmsall changes in larval mortality dramatically alsettlement
densities (Strathmann 1985, Cushing 1990, Rumrill 1990) and transport processes vary with
weather events, (Roughgarden et al. 1988, Rumrill 1 ¥®tasets that provide many years of
recruitmenidata across a large geographic area are rare, but the high variance we observed may
be comma@n for marine speci&oitman et al(2008)examined three speciesa@immon
mussels and barnacles acregghtyears and 1750 km of tM#est Coasof North Amerca and
found many.orders of magnitude of variation in recruitment between differenasdegears. In
our study the relative role of spatial vs. temporal variation déféaicross estuaries: Btkhorn
Slough, yearexplained more variation than sitdlendt Newport Bay, sitend the site*year
interactionexplaired more variation than year.

Understanding spatial and temporal patterns of recruitment is impfotananagement
of this species that was once common, but now is quite rare in many estuaris$aeing a
variety of threatsKritchard et al. 2015, Wasson et al. 2015). Sites that have high and regular
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372 recruitment should be conservation priorities, and if they have limited hardagabstrght also
bepreferredsites for population enhancement through substrate additiowe@sely those

374 estuaries with frequent recruitment failure may need restoration intervention to prevent local
extinction from repeated failur€or instance,Elkhorn Slough seems at risk of local extinction

376 due to frequent years of zero recruitmerth thelongest such periolbeingthreeconsecutive
years 2013-2015/assonunpublished dajaln the nextargeestuary to the soutiViorro Bay,

378 Olympia oystersvent locally extincin the 1900s (Polson arhcherl2009, so this risk is real.

380 Lack of synchrony among estuaries: importance of local dynamics
Thesspatial scale of synchrony among populations has been a fundamental question in
382 ecologyformany decadefe.g., Moran 1953jgrnstadet al.1999). To our knowledge, ours is
the first investigation of potential synchromyinterannual recruitmer@mong estuaries for
384 specieghat can complete their entire liégcle inthe estuary. A few years (2006, 2008, 2010)
had lowrecruitment at most sites, which could be evidence of a Moran effect, but there were no
386 years withhighrecruitment at the majority of sites. We conclude $haired response to broad
regional oceanographic factasmot amajordriver of recruitment variatioamong estuaries,
388 which is'eensistent witENSO and PDO indicedisplayingno significant statistical
relationships with recruitmentVe did find a positive relationship of recruitment with upwelling,
300 but this did not translate into synchrony, perhaps because upwelling varies in strengtiingnd t
in different.regions, and because the relationship was fairly viéak @.15).Only two estuaries
302 were withip'the,same upwelling region (Tomales Bay, San Francisco Bay), anddmey di
show synchreny, with recruitment at these estuaries more affected by other, taudaysite
3904 variable withineachestuary. Our lack of synchrony related to oceanographic drivers contrasts
with open coast studies that found thedional patterns of sea surface temperature, as well as
306 regional pocesses such apwelling, ENSD, and PDQcan sometimepredictvariation in
recruitmentin open coastomnunities(Connolly and Roughgarden 1998, Botsford 2001,
308 Broitman etsal. 2008Estuarine communities can alsspond to oceanographic drivers and
regional factors (Peterson et al. 1992, Cloern et al. 2010, Hughes et al.VE6186us expected
400 to detecsynchrony at leasamong populations within the same bioregias has been
demonstrated for marine fish and invertebrates (Myers et al. 1997, Stachuraagad et al.
402 2007, Philippart et al. 200)2and estuarinésh (Taylor et al. 2010). However, teespecies share
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anobligateoceanidife-history stagewith the potential to experience similar conditions while at
sea.

Lack ofrecruitmentsynchrony among oyster populations may be due to multiple factors,
but one possibleause is the lack @n obligateoceanic phase in the litgcle. The larval period
of oysters (one to a few weeks) is potentially long enough to allodigpersabmong estuaries,
and such exchange has been documented for nearby estuaries in southern Califeona (Car
2010). However, various lines of evidence suggest larval retaatioore typicabf Olympia
oysters atleastfor more isolated estuariPgteiro and Shanks 20Fjtchard et al. 2015).
Recruitment is highest in areas where retention is likelgl;to upper estuarine areas generally
have higher reeruitment than estuarine mouths (Kimbro et al. 2009, Pritchard et alL26d4s
at multiple'stages of development are often captured within the upper portion of ap estuar
(Rimler 2014, Peteiro and Shanks 2Q1Wwhile few larvae are present in the outer portion or
offshore (Pritchard et al. 2015jurthermore, while 16S and mitochondrial genetic markers (i.e.,
COl, COll}).indicate that Olympia oysters are connectesites across their range on
evoluionarystimescalegPolson et al. 2009), they show genetic differentiatiorelatively more
variablemierosatellite markeramongsome estuaries, and even within large estuaries such as
Puget Sound and San Francisco Bay (Stick 2Ditthenbrink 2015 though sites in southern
Californiadack such differentiation (Linnenbrink 2016), consistent with Carson (284,Qyith
the exception of southern Californfalympiaoysters among different estuarieay not
constitute'alassicopen metapopulation withshared larval pophs may be the case for some
open coastr'speddRoughgarden ardiasa 198% Thespatialscale of connectivity among
marine populations varies tremendously, depending on life history and oceanographic factors,
but even for many coastal species is ofinly 10s to 100s of km (Cowen et al. 2006), lower
than the distance between many of the estuaries in our dtutherous mechanisms can
promote larval retention (Cowen et al. 2000, Nickols et al. 2015), and in such cases, synchrony
due to a shared larval pool across sites would not occur.

Evenwithout a shared larval pool experiencing similar offshore conditions, oyster
populationsin,different estuaries might still sheymchrony in high vs. lowecruitment years
This could occur if larvabroduction or settlemesuccessvithin the estuary was strongly
affected by oceanic influences that vary across a larger régiomesults showedo strong
synchrony among estuaries and no synchrongistance relationship suggesthat local
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434 forcing factors outweigh broastaleoceanographic factorEstuaries are of course affected by
their watersheds as well as the océag., Ruesink et al. 2015), and the lack of synchrony
436 among estuaries or even among sites within large estuaries such as San Franaeo@Bay
reflect such local factors. Given locallffluenced dynamics, wetland management and policies
438 that affect the,watersheduld exert a sbng influence on oyster recruitmebtcal management
may thus affect estuarine residents much more than migratory estuarine species or species along

440 the open ¢oast,'which are often strongly affected by oceanography.

442 Synchronywithin estuaries
Recruitment atites within estuaries showetiong synchrony at two of the studied

444 estuaries (Willapa BagndElkhorn Slough) and weak synchrony at two estuaries (San Francisco
Bay and Newport Bay), with intermediate synchrony at the dtheestuariesin general, it

446 appears that synchrony is greater in estuaries with environmental homogeneitycaed by
similar salinityconditions.This can be illustrated by comparing two small California estuaries.

448 Elkhorn Sleugh'is very mariniefluenced, with song tidal currents resulting from an artificial
harbor mouth:to the estuamyhile most freshwater inputs to the estuary have been diviented

450 agriculture«(Caffrey et al. 2002Jites in the estuary have simikalinity conditions and also
strong synehronyThis estuary frequently has years with zero recruitmeatt sites. In contrast,

452 Newport Bay is marinenfluenced at the mouth, but receives substapéakroundfreshwater
inputs from municipal sources at the head o $mall estuaryRednekar et al. 20D55ites in

454 this estuaryhave quite different water quality conditimnd flushing time scales (Pednekar et al.
2005), andrare’not synchronousightrecruitmentyearin the uppeestuary may be law-

456 recruitmentyeartowardsthe mouth, andige versa, leading to the strong site*year interactions
we detectedAppendix S1: Table S4, Fig. S3). This lack of synchnomans that all sitedo not

458 share poorrecruitment simultaneously, which provides buffering against esfdary-
reproductivefailure.

460 Thefinding that heterogeneity prevergstuarywide recruitment failure is analogous to
tenets of metapopulation theory, where synchronous populations are at risk of extindgon whi

462 asynchronous ones persist (Hanski and Gilpin 1L99dr oyster populations within estuaries do
not necessarilyit the definition of a metapopulatiphecause sites are not very isoleded may

464 not have separate dynamitsit the same concept of risk associated with synchrony applies.
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finding is also related to the concept of the biological portfolio effect (dpedlfrom portfolio

406 theory of economics), where species or genetic diversity is linked to ecological stability, while
shared variatiowithin the portfolio leads to greatesk and lower returns (Figge 2004,

408 Schindler et al. 2010)Ve are thus extending the portfolio concept to environmental
heterogeneity,.inferring that thisaylead to greater stability in oyster populations than does

470 homogeneity.

472 Predictors'ofrecruitment failure
We documented frequent recruitment failtoeOlympia oysters20 of 37sites hd zero

474 recruitmentinsoeme yearsMoreover, at thecale of the whole estuary, complete reproductive
failure at all‘sites in a given yeaccurs periodically at four of eight of our studied estuaries.

476 Estuarywide reeruitment failure was also reported previouslydoos Bayandattributed to
lack of larval supplysinceno larvae were found in the water column during sampling in this

478 year(Rimler 2014) Thefrequency of recruitment failum@ay be due to the strong reduction in
populationssizeselative to historic level§&zu Ermgassest al. 2012); recruitment failure was

480 perhapgare historically and prehistorically when populations were larger.restoation
practitioners, our results have practical implications: for many sites, there is a reasonable chance

482 that there.will be no recruitment the first year new substrates are deployed to enhance
populations.

484 Our.analysis of oyster population attributesar@ed thathe size of networks of nearby
oyster sites'was a strong predictor of estwaide recruitment failure- much more so than size

486 of the estuarystself, which only showed a weak relationship with recruitmanefaiarge
estuaries like San Francisco Bay have large networks of nearby oystentsiteshe estuary.

488 However, . one of our very small estuaries, Newport Bay, also had a large networkogf near
oyster sites, extendimmutsidethe estuary tother small embayments to the north and south. In

490 years of low.larval production within Newport Bay, it is possible that recruitment occurs there
from larval.subsidies in other parts of the network, as has been shown foressfurdiner south

492 in Californas(€arson 2010). In contrast to size of the network of oyster sites in or around the
estuary, the number of adult oysters within the immediate vicinity of the recruitment monitoring

494 site did not show a relationship with recruitment faildreis lack of an effect of local adult
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abundance is consistent with documentation of larvae recruiting tens of kilsraety from

496 where they were produced (Carson 2010).

Recruitment failure also appesao be related to strong marine influence. The frequency

498 of recrutment failure increases with decreasing summer water temperahar@screasing
winter salinity;,both of which are associated with strong marine influenestuariesSeveral

500 possiblemechanism could conneanarine influenceo failedrecruitment. The set and
intensityofreproduction by adults is relatedltzal temperaturéencrease¢Coe 1931, Hopkins

502 1936, Seale"andacherl2009,0ates 2013Peteiro and Shanks 20150 colder marine waters
might decrease larval productidgirong marine influencalsoincreases the risk of loss of

504 larvae, as thesmay beswept out to sea rather than retained in the es{@aitghard et al. 2015).
Strong tidal‘energy is favorable for recruitment and adults of eastern osters &t el. 2015),

506 but may pose aithreat to much rarer Olympia oystdrigh arelargely limited to isolated
estuariesOlympia oyster larvae undergo vertical migrations, staying near the battetnbmng

508 tides, a behavior that enhances larval retention; however, strahgurdents overwhelm these
behaviors(Peteiro and Shanks 20Rgsidence time was identified in the multivariate analysis

510 as an important contributor to the separation of estuaries with and without recruitmentfailure
three of four_estuaries with estyawide recruitment failurgéypically have very short residence

512 times, lesstthatwo weeks. While residence time did not correlate with frequency of recruitment
failure at the sitéevel (because some sites with recruitment failure had long residence times), at

514 all eightofithe estuaries in this studlyere is generally neaero recruitment in the most marine
influencedssites near the estuanmeuth (all authors, persbsv). Thus a strong marine

516 influence exerts a negative effect on oyster receritmand perhaps also recruitment of other
estuarine resident speci@spendent on warmer waterslanval retention

518 In contrast, we found that estuamde recruitment failure was reduced at estuaries with
stronger freshwater inputs, where there was mar@tion among sites within the estuary in

520 salinity. Again,.this may be an example of a sort of environmental portfolio effect, as ddcuss
above for synchrony — estuaries with spatial variability in conditions may be bufferedtagai

522 synchronous failure of all sites, because some have appropriate conditions for tuatipn
even if others do notWhat exactly those conditions are remains to be elucidéteile it has

524 been suggested that high chloroplaytioncentrations are related to Olympia oyster reproduction
(Oates 2013), we found no relationship between chloroplgdhcentrations angkcruitment
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failure. Some estuaries that never have estweide failure, such as San Francisco Bay, have
quite high chlorophyla concentrations, but o#ins, such as Newport Bay and Willapa Bagve
ratherlow concentrations.

After evaluating numerous oyster and environmental variables, we thus conclude that
large oyster.networks spanning heterogeseenvironmental conditionscluding siteghat are
not heavilymarinenfluenced,can bufferagainstrecruitmentailure. Such networks could be
incorporatedinto restoration planning and desRgstoration success is likely to be highest at
sites that are"part of a larger netwsganning a range of catidns, either within a large estuary
such as San Francisco Bay or among nearby neighboring estuaries such as in sotftireia.Cal
At estuarieghat,currently lacla large networkinanagement efforts couddtempt to
strategically'restore onEorthe more abundant and widespreadtern oystg(Crassostrea
virginica), arecent study showed that marine reserves need to be large enough to allovafor lar
retention and/or close enough together (<40 km) to allow for larval trarf{Bumkett et al.
2014). Conservation of oysters thus depends on connectivity, as has been found for many other
speciesand-future studies could apply formal network measures and models (Rayfield et al

2011) tothe strategidesignof Olympia oyster restoratioplans
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Table 1. Synchrony within estuaries. 'The percent of sites within each estuary that were

synchronous (all with >70% or <30% miaximumrecruitmentfor each site), averaged across all

monitored years'The CV of recruitment for each year across all sites, avemgedsyears for

each estuaryThe CV of winter salinity aross sites within estuaries, presented as a factor

related to synchronyBoldface values are the ones indicative of gggtasynchrony and least

variation in,salinity among sites within estuaries.

Estuary % sites synchronous per | CV of recruitment? CV of winter salinity’
year
Straitof Georgia 75% 1.59 0.11
Willapa Bay 94% 0.77 0.08
Tomales Bay: 75% 1.32 0.07
San Francisco Bay 67% 1.39 0.13
Elkhorn Slough 90% 0.78 0.04
Newport Bay 52% 1.01 0.10

Table 2. Predictor s of recruitment failure. Summary of analyses examining the relationship of

two oyster'variables and seven environmental variables with recruitment fdiline.

relationshipis negative if increasing values of the variable lead toad@ugerecruitment

failure.’Regressions examined the relationship between the variables and the percent of years

where recruitment failure occurred***P < 0.01; ** P < 0.05: * P < 0.15%For the multivariate

analysis, a*SIMPER was conducted to identify the factors that contribute theoreepatating

estuaries that'do vs. do not experience estwalg-recruitment failure. The percent

contribution of the top six contributing variables is shown. CV of winter salinitynegis

included in theranalysis becalesstimates were not available for the two estuaries where only a

single site was monitored, and SIMPER cannot accommodate missing data.

Relationship with recruitment failure*

Regressions’

Multivariate analysis®

Oyster variables
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Network size - ek 17%
Number of nearby adults n.s n.s
Environmental variables

Winter salinity. + *hk 14%
CV of winter salinity - Frk n.a.
Freshwater inputs - * 11%
Summer temperature - ** 13%
Chlorophylla n.s. n.s.
Residence time - n.s. 13%
Estuary size - * 12%

Figure Legends

Figure 1. lLocation of the eight focal estuariesin this study.

Figure 2. Summary of recruitment among sites and estuaries. For each site, recruitment is
expressed as.a percent relative to the best year; every site thus has one year with 180% (color
coded greenSites marked witlasterisk had highest absolute recruitment per estuary for multi
site estuaries, and were useddstuary comparisons. Recruitment by year is rounded to nearest
percent execeptfor 0%, where decimal is included to distinguish years with very |owrzgro

recruitment.

Figure 3. Multivariate analysis of similarity in recruitment synchrony among sites and
estuar iesFA'nonsmetric multidimensional scaling plot is shown, based on similarity in percent
recruitment (relative to the maximum at each site) for each shared year. Site numbers correspond

to Figure 2.

Figure 4.=inear relationship between upwelling and recruitment. Standardized upwelling
scores were calculated from the nearest upwelling station to each estuary correlated with
recruitmentEach pointepresents the mean of all sites within each estuary for each year.
Shaded area represents 95% confidence interval.
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Figure5. Predictors of recruitment failure. A and B ardogarithmicregressions using estuary
as replicate (B has muisite estuariesnly); C and Dare linear regressions aode site as
replicate

Figure®6. ¥ultiy:1riate analysis separ ation among estuaries with and without yearswith
estuary-wi ruitment failure. A non-metric multidimensional scaling plot is shovisased
on similar oyster and seven environmental variables.

. _—

Figure 1. O
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Figure 2.

Estuary Site name Site # Recruitment percent relative to best year Average Average CV of % of years
recruitment | recruitment . with 0
recruit- .
# 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 [  Fate as%of | ent | et
(#/m2/yr) | maximum ment
u @ 1 16% | 29% 2| 48% 0.94 0%
Strait of Sc 2 23% | 9% 1| 44% 1.12 0%
Georgia  pfNanaimom 3 5 36% 1.52 0%
*Ladysmith Harbour | 4 10% | 53% 98|  54% 0.83 0%
Fidalgo Bay |Trestle Plot B 5 41% | 35% 9%|  23% 1.50 25%
6 | 18% 14% 2965  35% 1.19 0%
Willapa Bay 7 19% 1937  22% 1.79 0%
LoAg'I lough | 8 16% 922|  21% 1.89 0%
Netarts Bay [N 9 67%
EL 10 13% | 13% 29 31% 147 25%
w1 i 11 12% 29| 28% 173 50%
E2 12 | 23% 43% | 32% 270 49% 0.71 0%
W, 13 19% 19|  30% 1.60 50%
Tomales Bay
*E 14 574|  46% 113 25%
w3 15 74% 44% 264|  54% 0.79 25%
E 16 315|  25% 1.99 50%
w4 17 | 16% 30% | 9% 395 39% 1.08 0%
18 26% | 42% | 30% 125526|  43% 0.76 0%
Loch Lo 19 13% 29452 62% 0.58 0%
rient 20 3934 37% 1.08 29%
San Ferry Point 136 29% 1.66 50%
Francisco Tiburon 2 25% 2.00 75%
Bay Brickyard 46% 4597|  65% 0.48 0%
2647|  26% 141 0%
25 | 29% | 7% 103]  38% 114 0%
26 42400  21% 171 14%
27 - 160|  28% 1.68 57%
28 14% | 62% 101  23% 1.67 38%
o | 14% | 62%
29 64|  33% 1.25 50%
Slough
30 - 334 40% 1.25 43%
s ] 35| 16% 239 71%
R i 5104  46% 0.64 0%
Coney Is| 2900  22% 1.32 0%
Wall 2599  32% 0.84 0%
Newport Ba
nd 1012|  57% 0.52 0%
*15th Street 6410]  38% 071 0%
Public Dock 37 16% 624  44% 0.82 0%
Average 17% | 57% 6557|  36% 1.25 20%
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Figure 3.
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Figure 6.
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