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Abstract

Identifyingfactors that influence anadromous Pacific salm@mcérhynchuspp.) population
dynamies'is‘complicated by their diverse life histories and large geographic @uegehe last
several decades, Chinook salm@ntshawytschppopulationdrom coastal areas and the Salish
Sea havelexhibited substantial variabilityalmundance. In some cases, populations within the
Salish Seashave experienced persistent declines that have not rebounded. We analyzed time
series of earlysmarine survival from 36 hatchery Chinook salmon populations spanning ocean
entry years 1986 2008 to quantify spatial and temporal coherence in survival. Overall, we
observed highenter-population variability in survival for Salish Sea populations than non-
Salish Sea populations. Annual survival patternSadish Sea populations covariegersmaller
spatial scalestand exhibitegbs synchrony among proximate populations relativeteSalish
Sea populations. These results were supportedultyvariate autoregressive state space
(MARSS)maodelswhich predominantlydentifiedregionscale differencem survival trends
betweemerthern coastal, southern coastal, Strait of Georgia and Puget Sound population
groupingsFurthermorePynamic Factor Analysis (DFA) of regionsuirvival trendshowedthat
survival of southerroastal populationsasassociated with thRorth Pacific Gyre Oscillation,

a largescale"ocean circulation pattemwhereassurvival of Salish Sea populatiomsisnot. In
summary, thissstudy demonstrates that survival patterns in Chinook salmon arddieefgined
by a complex hierarchy of processes operating across a broadrrapgéal and temporal
scales presenting challenges to management of mstedk fisheries

Key words. . Chinook salmon, Salish Sea, marine survival, spatigporal variability, resource
management, time series, MARSS models

| ntroduction

Sound management and conservation of exploited organisms requires an understanding

of the predominant spatial and temporal scales of variability governing bothambiongterm
population dynamics. ldentifying the sources of this variability remains iaatrghallenge to

managers tasked with developing, modifying, and implementing resource managertegiestra
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(Ludwig et al., 1993). Population dynamics of Pacific saln@ncprhynchuspp.), specifically
life-stagespecific survival or abundance, are particularly difficult to accurately project because
their life cycle encompasses both freshwater and marwviebements(Quinn, 2011), subjecting
them to a Jarge_suite of factors that influence the overall viability of popagatCorrelation in
survival and.rearitment ratesor populations separated by hundreds of kilometers indicate that
marine conditions common ® regioninfluence populatiordynamicssimilarly (Dorner et al.,
2008;Malick"&Cox, 2016;Sharma et al., 2013This relationship occurat avariety of spatial
scales, ranging frorthoseas large ashe Northeast Pacific OcedKilduff et al., 2015)to as
small adocal conditions encountered at gh@int of marine entryGreene et al., 2005harma et
al., 2013).

Here, we examine spatial and temporal complexitypamine survival ofChinook salmon
(O. tshawytschiapopulationsin the Northeast Pacific, focusing on the Salish & develop
testable hypotheses about the spatial and temporal scales at which specific envircamgental
biological drivers may influencesmolt survival patternsThe Salish Sea is a unique inland
marine ecosystem encompassing the interconnected waters of the Strait of Georgia and Puget
Sound Fig."1)-and connected to the Pacific Ocean via the Strait of Juan de Fuca and Johnstone
Strait Glaciation of the region carved a network of basins and inléts spatiallyexplicit
oceanographic properties such as salinity, temperature and vertical stratifibéiore et al.,
2008b). Chinook salmon are native throughout the Salish &®hhave experienced large
fluctuations in abundance throughout the last several decades (Good et alRr20@hpot et al.,
2013;Peterman, & Pyper, 2000)hese fluctuations may be linked to a combination of human
caused stressorg¢e.g. habitat loss, overharvest, and hatchery propagation) and natural
environmentalriversin both freshwater and marine environmefitawson, 1993Peterson &
Schwing, 2003Ruckelshaus et al., 200@/ard et al., 2015)Declines in abundance have led to
conservation_measures such as protection under the U.S. Endangered SpetiesPAget
Sound populationgFord et al., 2011Ruckelshauset al., 2006)and efforts to assessnd
implement.recovery measures fdirait of GeorgigpopulationsDeclines in themarine survival
of Puget Seunagoho salmon(Zimmerman et al., 20159nd Steelheadrout (Kendall et al, in
prep), Strait of Georgia Chinook andoho salmon (Preikshot et al., 2013)and concurrent
changes inpelagic community structure(Greene et al.,, 2015j)aise the possibilitythat
environmental changenique to theSalish Sea ecosystehas contributed tosalmon declines
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89  Accordingly,one might expect thaharine survival of Salish Sesalmonpopulationsis lower

90 than and potentially asynchronouwgth, marine survival ofpopulations outside ahe Salish

91  Sea.

92 Why might Salish Sea populations exhibit greater variation in smolt survival than non
93  Salish Sea populations? As a sanclosed body of water, the Salish Sea may be subject to
94  more rapid.changes in oceanographic properties than thePgé#ic Ocean into which coastal

95 rivers drain."For example, annual variation in river discharge and local air taomeehave a

96 large basirscale influence on the Puget Sound ecosystem,carélatemore strongly with

97 Puget Sound oceanographic properties larger scale climate indices such as PDO, ENSO and
98 the Aleutiangkow (Moore et al., 2008b)Furthermore,within Puget Sound, environmental

99 variability tends to increase along a gradient from its outer, more oceanic waters (i.e., Admiralty
100 Inlet) to its more distal bays and inlets (Moore et al 20@8he California Current off the coast

101 of North America is more strongly moderated by continental scale climatic processes than Puget
102  Sound, and these climate processes fluctuate on longer time frames than Puget Sound air
103  temperatureyand river dischard&yget Sound Chinook salmon may encounter a more variable
104  environment than coastal populations during early marine rearing.

105 Thewbroad geographic scales across which Chinook salmaningde in the marine

106  environmenimake manypopulationssusceptible to mare fisheries that occur well outside ithe

107  region of origin(Weitkamp, 201Q) The failure of preseason forecast models to accurately
108  predict early marine survivalhich is critical to overall survivalof populations(Beamish &

109 Mahnken,+2001Beamish et al., 2004)can lead to significant errors in pdationspecific

110 abundancexferecas{see Scheuerell & Williams, 20Q5forecast errocan lead to overor

111  under- prgjections of total allowable mortalityn marine fisheries contributing to either

112 unnecessary limitatianon fisheries oroverexploitation(PSC, 2015). Furthermore, the spatial
113  scale at whicHorecas abundance indices are calculated may not accurately reflect the spatial
114  scale of variability in early marine survivdlhis discrepancyan leado disproportionatdishery

115 impacts onsweakepopulations.Therefore, a better understanding of the predominant spatial
116  scales across,which populationsv@ary in survival will help toinform appropriate spatial scales

117  of managemerdnd assessmefdr Chinook salmon.

118 In this study,we quantifed spatial and temporal coherence in hatchery origfimook

119  salmonsmoltsurvival.Smoltsurvival is defined as the period from hatchery release to the end of
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120 the first year of ocean residend¥e placel an emphasisn population®riginating fromwithin

121  the Salish Sedue not only to their cultural and economic importance to local communities, but
122  also their contribution tdNortheast Pacifianixedstock commercial troll and sport fisheries
123  Because Salish Sea Chinook salmon are harvested extensivedyiimemixed-stock fisheries,

124  we usedcoded wire taglCWT) data to estimate stodpecific harvest and escapememd

125  calculatesmoltsurvival for 36 hatchery Chinook salmon populations distributed across a broad
126  geographicrange, extending from coastal Southeast Alaska to Oregon and withinsth&&al

127  (Fig. 1). However, the quality ofmoltsurvival estimates derived from CWT recovery data can
128  vary substantially by population and year due to poor fishery and escapement sampling coverage
129 (PSCCWTWG,2008)To address this challenge, we utilize multivariate state space models to
130 assess data support for hypotheses regarding the predominant spatial and temporal scales
131  governing variability in Chinook salmon smolt survival rafese Table 1 forspatial scale

132 definitions) Recently, these models have received considerable atterdggarding their

133  usefulness, to evaluataoisy ecological time seriegOhlberger et al., 2016Vard et al.,

134  2010;Zuurret=al., 2003)particularly because of their abilitp address problems with missing
135 data(Holmes'et al., 2014andeffectively patition the total varianceresenin adatatime series

136 into signal.and noise componer(@ennis et b, 2006) with the latter being important for

137  reducing.biasn estimates of survival trends

138 This study addressdbe following questions: (1)slsmolt survival of Chinook salmon

139  populations within the Salish Sea similarstmolt survival of populations outside the Salish Sea
140 (i.e., regionscale, Table P)(2) Do the two basins within th8alish SeqStrait of Georgia and

141 Puget Sound)-exhibgimilar trends in survivél Results from this study will be used itdorm

142 the appropriate spatial scales for future work to identify ecosystem tmdidar improving the

143  accuracy .and precision of stock assessment and forecasting medusdsaryfor effective

144  management.and conservation of Salish Sea Chinook salmon.

145

146

147  Methods

148  Study area an€WT dateset

149 Total releases and recoveries GWWT Chinook salmonwere compiledfrom three

150 geographic area®NorthernCoastal(Southeast AlaskéSEAK) andNorthern British Columbia
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151  (NBC)), Salish Sea Strait of Georgia(SOG) PugetSound(PS) and Strait of Juan de Fuca
152  (JDB), and $uthern @astl (West CoastVancouver $land Washington and Oregon Coast)
153 At least some oceanographic properties in the Strait of Juan de Fuca are transitional between the
154  Salish Sea and Pacific Oce@ohannessen et al., 2006; Masson & Pefa, 2609)e testedthis

155 area adothwithin and separate from the Salish $Sath MARSS models. Populations were
156  selectedorinclusion in analysebased on data quality, time series lengtmimum 20 years)

157 and geographic coverage within and outside tHsIE&earesulting in a list of36 populations

158  with survival“dataover ocean entry year§OEY) 1980-2008(Table 2,Fig. 1). This dataset
159  represented the dominant life history types locally observed in wild Chinook salmon pmymulati
160 ocean entry agewmimicked bytwo release strategies (subyearling, yearling) and two run timing
161  groups (spring; summefall). CWT recovery datawere downloaded from the coaside

162  Regional Mark Information System database (http://www.rmpcaaaessed 6 June 2015

163  Calculation of smolt to age-2 or 3 survival of Chinook salmon

164 Release and recovery data from CWT fish were used to esfioptdation-and brood
165  specific smoltssurvivabf Chinook salmorusingbackwards cohonteconstructionThe survival
166  metric encompasses all sources of peltase mortalityof CWT fish to age2 for Chinook
167  salmon released as sidarlings and to age for Chinook salmon released as yearlirgsolt

168  survivalwas€alculated as follows:

~ N. ’
i,BY,a
169 Si,BY,a' - R: (1)
i,BY

170 WhereIVl-,By’afis the estimatedohort size of population i, age (&’ = 2 and 3 for subyearling and
171 yearling releases, respectivelgnd R; zy is the number of fish released frgpopulationi, brood
172 yearBY. Cohort sizes were computed using virtual population analgsisonado & Hilborn,
173 1998) by reconstructing specific cohorts recursivelynirthe oldest agéage5 for sulyearling
174 releases and agefor yearling releases) to the youngest age @.based on the estimated
175 numbers of CWT fish recovered fropopulationi, brood yeaBY,at agea in preterminal (i.e.,

176  ocean) fisheries zy ,), terminal(i.e., freshwater) fisherie§(zy o), and escapement(zy ,):

= _ PigvatTipyatEipy,atNiBy,a+1
177 Ni,BY,a - 1-M, 2)

178  whereM, is the natural mortality occurring on each age prior to fishing mortality, asistontee
179  40% for age2, 30% for age3, 20% for aget, and 10% for agé and older Chinook salmon
180 (PSC, 2015; Sharma et al., 2013).
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Statistical analyses

We usedmultiple analyticalmethods toexamire thespatial and temporal coherence in
salmon smoltsurvival patternsboth with and without prior assumptions of survival pattern
groupingsaccording togeography, life history type, and release strat8gcause the focus of
this study was to dermine the degree of similaritpmong trendsrather than absolute
magnitudessurvival time series were logitansformed and centered adomeanof O prior to
model fitting.

To"examinethe relationship between geographic proximity aodrelation insurvival
between Chinook salmon populations, we fit an exponential decay model of the form:
pa = poeFY 3)
where pq 1S the Pearson correlatiocoefficient between smolt survival for each pair of
populations and is the pairwise distance eten each pair of populations at the point of marine
entry. The parameter is thee-folding scale, or distance at which correlati@me expected to
decrease by 3% ('), andp, is the expected correlation for populations with 0. The e-
folding scaley=although an arbitrary measure, has been used by other researchers, and thus
provides a‘direct comparison of the scale of spatial coherence among species an(Kdtludies
et al., 2024Pyper et al., 200Zimmerman et al., 2015PDistancesbetween population pai
were measured in a geographic information system (GIS) as the shortest distance within
saltwater between points of marine gntvlodel parameters were estimated for Salish Sea and
nonSalish\, Sea population pairs separatelsing nonrlinear least squares with pairwise
observations “weighted pdhe number of years of available survival data. Opairwise
correlations=betweepopulatiors with a 15-year minimum temporal overlap in survival time
serieswere included

To furtherexamine spatial coherence in survival patterns, we conducted a cluster analysis
basedonthe.estimate@&uclidean distance between annual estimates of population specific smolt
survival usingWard’s hierarchical clustering algorithfbegendre & Legendre, 2012). We used
the R packagpvclust(Suzuki & Shimodaira, 2011) to provide the approximately unbiased
support foreach node in the dendrogram, expressed as the proportion of bootstrapped
dendrograms (N = 1000) containing each node. Nodes with approximately unbiaséceB-

greater than 0.95 were considered strongly supported.
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We evaluated ten potential survival groupings among the Chinook salmon populations
included in our study based on geographic location (e.g., Salish Sea versus outside lthe Salis
Sea), hatchery release strategy (subyearling versus yearling), and run smimg (versus
summeffall) by fitting the general form of the MARSS model that allows for evaluating specific
informed hypetheses about the predominant spatial structure governing variabilityiirals
Here the vector of observed marine survival at timg)ti€ modeled such that
y, = Zx, % ¥ Witre v, ~ MVN(O,R), (4)
whereZ is ann x m matrix containing 1s and 0s to indicate whether or not a particular time
series is an observation ofadent trend X;) andv; is a vector of observation errors distributed as
a multivariate normal with meab and a diagonalunequal varianceovariance matriR (i.e.,
each time series is distributed independently, but not identicaliypotheses regardingpatial
groupingswereevaluated by changing the elementZi(0 or 1) with the columns representing
groupings_.andsthe rows representing populations.

Thelatent trends are assumed to follow an autoregressive process, such that
x, =Bx_, £C¢, % w, where w, ~ MVN(0,Q), (5)
wherex; is a vector containing the values of tindatentsmolt survivaltrends at timd, B is a
matrix wherein,the values along the diagonal reflect the degree of meaname\(eesj how fast
the state reverts to the arefollowing some perturbation{; contains theestimatedeffects of
user specified covariates at tirhéc;) described in more detail belpwndQ is the variance
covariance"matrix of the process errd@swas specified with different values on the diagonal
and 0’s on the off diagonals to model the assumption of independent process errors andl differe
variances for each subpopulation or group being tested. When testing a priori grouping
hypothesesyve initially did not include any covariatethereby settingnatrix C to 0, which
removedhe.termfrom the equation.

To "further evaluate regional survival trenag implementeddynamic factor analysis
which is aalternativeform of the MARSS model(Zuur et al., 2003)DFA is a dimension
reduction‘technique similar to principal component analysis (PCAJ)t isuesigned specifically
for time series'data. The general idea is to medéime series as a function of latent
(unobserved) temporal trends, whene<< n. Thus,insteadof the vector of observed marine
survival at timet (y;) from equation 4 being function of a constrained form oZ, specificto a

grouping hypothesjsit is modeled as a linear combination of latent trerxi3 that are
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represented bgn unconstrained form aZ. This form of MARSS also assumes that the latent
trends in survivalfollow a random walk process, thereby modifying equation (5) above by
settingboth theB matrix and varianceovariance matrix of the process erra@ équal to the
identity matrix (a diagonal matrix with 1s on the diagonBBsed on th@redominant groupings

in survivalidentified in the prioMARSS analysis (see results for detailsk fit separatenodels

to survivaltime series of populations originating from 4 geographic areas including Northern
(Alaska"and“Northern B.C.), Southern (Coastal atrditSof Juan De Fucapnd the two sub
basins within'the Salish Sea includiBtrait of Georgiaand Puget Sound o testwhether Salish

Sea populations may respond differentlyctmtinentalscale environmentégbrcing thantheir
coastal counterpartsveincluded as a covariate to the model the annual seasonal average North
Pacific Gyre Oscillation (NPGQh largescale ocean circulation pattern that has recently been
linked to annual variability in survival ofvest coastChinook and coho salmopopulations
(Kilduff et al., 2015). We evaluated the data support for a maximum of 2 trends, blotandit
without annual NPGO included as a covariate, resulting in a total of 4 candidates model
evaluated for-each region.

Data support forall MARSS modet was evaluatedising the Akaike Information
Criterion“eerrected for finite sample siz@dCc). In each casehe model with the lowest AICc
(AAICc =.0ywas selected as thest explanatory model although models witAdCc less than
2 were considered to be similarly competitive explanatory m@Beilsiham & Anderson, 2004).

Results

Salish”SeaChinook salmonpopulationsexhibited higler inter-populationvariability in
smolt survival(coefficient of variation across entjrentransformed dataset = 1.4thjan noRr
Salish Sea populations (CV = 1.219verall, Salish Sea populations exhibited weaker spatial
coherence in survival than coastal populations. Specificaflyobserved a greater rate of decline

and a reduction in pairwise correlation in survival across increasing distances for Salish Sea
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relative to coastal populations (Fig. 2, Table G)oser inspection revealedhagher frequency of
relatively strong correlations (r > 0.among Souther©oastalpopulationsrelative toamong
Salish Sea populationki. 2E, F).

Cluster analysis resulgovided some evidence for regional scale differences in survival
between Salish Sea and r8alish Sea populations, but exceptions to the general pattern
confirmed high/variability, particularly for Strait of Georgia populations. Dasal clusters
wereidentified ‘one consisting of predominantly Salish Sea populations (hereafter “Salish Sea
cluster”), andthe other consisting of predominantly coastal populations (hefeadtstal
cluster”). Each cluster contained populations from multiple geographic regimmhpppulations
from a singlesgeographic region were distributed amongst multiple clusigr8). Five Strait
of Georgia'populations were grouped together in the Salish Sea cluster, and foof Strait
Georgia populations were widely disperseatighout the coastal cluster. Allit one Puget
Sound populatiomasconfined within the Salish Sea cluster. Of the fifteen Strait of Juan de
Fuca and Southern Coastal populations, and the five Northern Coastal populations, akbut thr
populations«(all Sathern Coastal) grouped with the coastal cluster. No association between
release strateggnd survival trend was observed as yearling populations were broadly distributed
amongst'several different clusters rather than grouped together.

Direct testing ofa priori grouping hypotheses produced a begtlanatorymodel based
on geographic regiondable 4 Fig. 4). Groupings based on release strategy or run timing were
poorly supported. The best model supported three or four regional groupings in suriival wit
Strait of Georgiapopulations grouping with Southern Coastal and Strait of Juan de Fuca in the
three group=model, and grouping separately in the four group modehd-tour group model,
the following geographic groupings were identified including Northern Coastal (n = 5), Bouthe
Coastal +Uan de Fucén = 15), $rait of Georgia(n = 9), and Bget Soundn = 7).Regionally-
grouped models were more strongly supported than models representing a geographicall
invariant (i.e.,.single grouping) hygheesis(Table 4).

The our regions identified by the MARSS models shared a general declining trend from
1980 to thewearly 199Q§igs 4, S1). This trend was most pronounced in thet®f Georgia
and least pronounced in Puget Soumidere it appearetb be caused by few low survival years
during ocean entry year$98841990 (Fig 4). Following the early 1990s, populations in the
Southern Coastal + Juan de Fuca grouping exhilmitecke cyclical variability and increased
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synchrony in survivalBy contrast, populatons in the Northern Coastgroupingexhibited a
largely flattrendfrom the early 1990%0 present; Puget Sound and Strait of Georgia populations
gradually rebounded from the low survival in the early 19%0gure 4) In terms of tle raw
untransformed estimateBuget Sound survival remained consistently &mross the entire time
series(rarely.exceeding 5%), whereasme populations within each of the other four regions
experienced periods of higher survival (Fig S1).

Thée“prevalence ofregional- and basinscale asynchronyin Chinook salmon smolt
survival was further supported by DFA single common trend was identified for the Northern
Coastal, Southern Coastal, and Puget Sound ,aasalstwo were identified for the Straof
Georgia(Fig. SyTable S). The DFAtrendsfor each regiorroughly matchedhe four survival
trends estimatettom these same regions produced by MAERSS modek (Strait of Georgia
trend 1 only) Most populations exhibited positive loadings on eathhe identified trends
indicating synchronyn the survival dynamicsvithin each groupingalthough two of the five
populations within Northern Coastal Grouping and two of the seven populations within the Puget
Sound grouping showed negative loadir@sthe four geographic groupings, only the top model
for the Southern coastal grouping retained annual average NPGO as a driver of survival tha
accounted«for additional unexplained variabilffyable S1) The survival rates of populations
within thesSouthern Coastal grouping were positively correlated with the annudD NRIBX
(Fig. S2).
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Discussion

Weused multiple analytical approaches to investigptgial and temporaloherence in
smoltsurvival of 36 Chinook salmon populatiortsach approacprovided evidence fogreater
spatial coherence ismolt survival among populations at the redlmasin scalethan at the
continentalscale Importantly the degree of spatial coherence was substantially weaker for
Salish Seaopulationscompared tonon-Salish Segopulations This effect was dut the high
degree ofinterpopulationvariability in survival observe@mongSalish Sea Chinookalmon
(Figs 2 and 3)*MARSS models testing different hypotheses on the predomaianatory
scaleof variability in smolt survival provided evidence for spatial coherence at trenad/fpasin
scale (Table AFig. 4). Regional differences in shared trends identified flofA models
suggest that coherence in annual survival rates is lower among regions. Ir, gestienated
trends show thasurvival of Chinook salmodeclined from 1980 through the early 1990’s and
increased smoderately though 2008 (Figs 4 and 5). For the duration of this period, only in a single
year (1987)«dichveragePuget Soundurvival approach 5%, whereas populations in ttieer
three geographicraasfrequently approached or exceeded §Fg S1).Furthermorewe found
regional differences irthe effect of the NPGO index on annual survival rates, witbng
support fora positive association between the NPGO index and the survival dynamics of
Southern Coastal populations only, suggesting kel factors may be more important at
regulating.survival of populations within the SaliSka and Northern areg$able S1, Fig 3).
Although we sought to identify theverarchingspatial scale across wh Chinook salmon
populations exhibit covariation in survival, our analysis provided evidégratesubbasin, basin,
and regionalscalesmust be considered simultaneously; Kilduff et al. (2015) concluded that

continental scale processaso influencesurvival.
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Researchevaluaing spatial and temporal scales safrvival covariation in other salmon
speciesprovides informative comparisont® our resultsin general, our analysis of Chinook
salmon provided considerably less evidence for-$icede spatial coherence @molt survival
than a paralleinvestigationof Salish Se@ohosalmonreporting strongr geographic association
in survival (Zimmerman et al. 2015) Specifically Zimmerman et al. (2015) reportedmuch
higher correlation amongproximate populationin the distancelecay model, = 0.84 across
entire time“seriesthan our analysis of Chinook salmon (Salish Sea = 0.28, Coastal = I0.40
contrast,Pyper-et al. (2002)dentified adegree of synchrony among individuddum salmon
populations 4o = 0.44)similar to what weestimated for Chinookalmon

Differencesamong peciesmay be due in part tdifferences irthe degreef life history
diversity exhibited by each speci¢Quinn, 2011) Coho salmorprimarily enter the marine
environment atiagé in this region, andnature predominantly at age three after spending only
18 monthsn the ocean. In contrasthinook and Chumsalmonenter the marine environment at
aged (excepting the few yearling Chinook salmon stocks we analyzed)exdmbit multiple
ages at maturityand variableocean rearing length&urthermore, cohsalmon spendesstime
rearing in“estuarine or nearshore environments comparasdhbyearling Chinook and chum
salmonPerhaps the younger age, dhdreforesmaller size, at which Chinook and chum salmon
enter mariné waters, combined with their greater use of nearshore and estuarine habitats, subject
them to a greater degree of local influence on smolt survival compared to coho salmon.

In our study, temporal covariation in early oceamvival for Chinooksalmonwas much
more stronglyinfluencedby geographic regioor basinthan byrelease strategy or run timing.
Although uneertainty about the total number of geographic groupgmaing a geographically-
invariant survivaltrendwas poorly supportedompared to models tested wittgion and basin
scalegroupings, suggesting th&alish Segopulations respond tbasinscale environmental
variability..Several different hypotheses could explain this findiNgtably, many Chinook
salmon populations reside within 1600 km of their source river systems until their second
year at segOrsi & Jaenicke, 1996 rudel et al.2009;Tucker et al., 201Ifucker et al., 2012)

SO commonerearing habitat may persist for a year or more. Theneémaations from the same
basinlikely share common rearing habitat within the first few months of marine anttynay

be affected bynore localized environmental factd@hlberger et al., 2016jertz et al., 2016b)
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396  Regional specificity in foraging ecology gdivenile Chinook salmon support this hypothesis
397 (Hertz et al., 2015).

398 Our resultssuggesthatpopulation scal@rocesseare likely more pronounced for Salish

399  Sea origin populationsompared to coastal populations. Although we didduactly evaluate

400 the influence,of more localized environmental drivers in our study, only surviied far

401  Southern Coastal populations (and not Salish Sea populations) were linkedctmtinental-

402  scaleNPGO:Interestngly, Kilduff et al. (2015)dentified a strong positive correlation between

403 the NPGO@and survival of hatchery Chinook salmon populations from the eastern Pacific Rim
404 from central California to southeast Alaskacluding Salish Sea population©nre possible

405  explanation for, this discrepancy is that Kilduff et al. (2015) utilized regionalageannual

406  survival ratedor their analyses whereas weluded survival rates for individual populations.

407  Although region and basirscale marine conditions such as sea surface tempenree

408 driven by larger climatic processes occurring at the scale of the North Pacific Mmare et

409 al., 2008a), which in turn can affect the survival rates of Chinook salfiHeriz et al.,

410 2016a;Sharmaret al., 2013}heir effects may be dampened hycalized environmental drivers

411 within the Salish Sea

412 Weuspeculateéhat the synergistic effects of habitat log&ood et al., 2005)long term

413  increases«in predator abundariGhasco et al., 201,7and poor water quality (Meador, 2013)

414  contributed to the lack of covariation in survival among Salish Sea Chinook salmon populations
415 Magnusson_and Hilborn (2003)bserved higher early marine survival of coastal Oregon
416 hatchery Chingok salmon in more pristine estuaries. Dugrdaterhuman population density

417  and patternssin land usge.g. agriculture and nearshore armoring), the quantity and quality of
418 Salish Sea estuarine habitats and their marine subsidies (material recruitment, production of
419 nearshore, prey) are likely more variable than coastal systems outside the Salish Sea, which may
420  contribute to_higher integpopulation variability in survival (see Fig. Zyor example, within

421  Puget Sound,.the estuary of the Green/Duwamish River Basin is wholly within the urbanized
422  boundary ofrSeattle while the estuary of the Skagit River, although modified from itschisto
423  condition, isteonsiderably more intact (NMFS, 200@)rthermore, pelagic ecosystem changes
424  within Puget Soundhave been associdtavith high levels of human development pressures not

425  present in many coastal systems included in our study (Greene et al., 2015).
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426 In the Salish Sea, outmigrant subyearling Chinook smolts encountering poor habitat
427  conditions may move offshore prior to achieving the body sizgrowth trajectory that
428  maximizes survival potential Duffy and Beauchamp (201Hdemonstrated that the body size of
429  juvenile Chinook salmon captured offshore in Puget Sound during July was a strong predictor of
430 total marine.survival, emphasizing the importance of early marine gréugh.experiencing

431  poor growth cenditions in the estuary or nearshore may becomevmoerableto predation

432  because of‘increasdiine and energy spefdraging. Aundance of harbor ssaklithin Puget

433  Soundincreased substantially in recent decadesuling in a correspondingncrease in total
434  annual consumption of Chinook salmon smdttsm 1.0 million in 1970to 8.5million in 2015

435  (Chasco etaly2017ue to variation in the quality and quantity of estuarine haagawell as

436  patchy predator distributionshe effects of seal predation on long term survival may not be
437 uniform throughoutthe Salish Seafurther contributing toasynchrony in survival between
438  geographically proximate populationgthin the Salish 8a

439 Migratory pabways and residency tim@sluenceearly marinesurvival patterngFurey

440 et al.,, 201k5Melnychuk et al., 2010)Melynchuk et al (2010) described significant variation
441 among populations in early marine migration patterasngy differences in migratory behavior
442 between“eeastal and Salish Sea populations might be a source for regaleaurvival

443  variation.Netably, of the 14outhern coast&hinook salmon populations included in our study,
444 9 populations were from the Columbaver basin (Table 2). Despite having the same point of
445  marine entrysome ofthese populations exhibited differing temporal patterns of survival (Fig. 3),
446  suggestingsthat additional factors may affect overall survival of individual popmsasuch as
447  in-river survival or variation in ocean migratory pathwgese Jorgensen et al., 2016)

448 Other factors we did not address in our analyses may also impact smolt surfeal.
449  example, .genetidactors may influencgerformance of salmon populatiofgnwin et al.,

450 2003;Braun..et, al., 2016) Unfortunately, ourstudy and similar studies(Kilduff et al.,

451  2014;Kilduff etal., 2015;Sharma et al., 2013yereunable to effectively account for the effects
452  of hatchenybreedingrearing and releaspractices which areknown to influence smolt survival
453  (Satterthwaite et al., 2014urthermore, significant reductions in domestic fisheries targeting
454  both Puget Sound and Strait of Georgia populations throughout the sameetiog ip our

455 analysis may haveffected the accuracy of smolt survival estimates of these populations.
456  Specifically, in cases wherg¢he catch component of CWT cmveries has been significantly
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457  reduced, estimaseof population specificsmolt survival relieson large expansions adult
458  escapemerfrom a small sulsample of CWT recoveriesThis issue is most pronounced in low
459  abundance populationsor Puget Sound populationsgh observation errors associateith the
460 coded wire taglerivedsurvival estimatesnay have contributed to our inability to detenlya
461  signal of covariation with other populatiottsoughout the Salish Se®f the four geographic
462  regions, survival rates for Puget Sound populatiomstainedthe highestaverageobservation
463  errorestimated by the MARSS modgl.90 versus 0.76 for South coastal + JDF, @Gad8550G
464  and 0.39 forNorthern populations).

465 The high degree of intgropulation variability insmolt survival of Chinooksalmon
466  particularlyameng Salish Sepopulations presents challenges to fisheries manadéasvest
467  regulations“inmixedstock fisheries aimto minimize impacts on weak populations while
468  maintaining harvestable opportunitgrgetingmore robustpopulations.Salish Segopulations
469  makefar-reachingnorthward ocean migrations, and are vulnerable in msteck commercial
470  net, troll, andsport fisheries occurring from the West Coast of Vancouver Island to Southeast
471  Alaska(PS€yp2015Weitkamp, 201Q)This underscores the importance of develo@mngphesive
472 monitoring*framework that identifies physical and biological indicavdrsurvivalactingacross
473  multiple spatial and temporal scaleelevant tothe early rearing and marine life history of
474  Chinook_salmon. Such informatiomill help inform robust management strategies aimed at
475  protecting weak or threatened populations (e.g., Schindler & Hilborn, 20XB6anagerdocus
476  on physical environmentalr biologicalfactors that affect survivaht a single spatial scaléhey
477  will likely dgnore variability caused by localized facto(®hlberger et al., 2016)his would
478  result in inaceurate abundance forecastsrebyincreasinghe risk of either overexploitation of
479  apopulation, or foregone opportunity specific fisheries
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494  Suppor tingtnfor mation

495 Table S1. Model selection results for the regional DFA models fit with a maximum of 2 trends
496 and with and without average annual NPGO as a covariate.

497  Fig. S1. Untransformed estimates of smolt survival aggregated by each region included in the
498  study.

499  Fig. S2. Maximum likelihood estimates bounded by 95% confidence intervals for the effect of
500 annual average NPGO on survival of populations originating from the southern cagietal re
501 Fig. S3. Fitted values obtained by the regional dynamic factor models fit separately to each
502  geographiewregion including Northern Coastal (SEAK and NBC), Southern Coastal (WA, OR
503 and WCVI)and Strait of Juan de Fuca (JDF), Strait of Georgia (SOG), and Puget S®und (P
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Table 1. Description of spatial scale terminology used to describe geographic coherence i

Chinook salmon smolt survival.
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697

Scale

Description

Continental

Region

Basin

Subbasin

Population

Entire west coast of North America

Broad regions oivestern North America: Northefoastal Salish Sea,
Southern Coastal

Basinswithin the Salish Sea: Puget Sound, Strait of Georgia, and Stra
Juan de Fuca

States or provinces within the northern region: Southeast Alaska, British
Columbia

Southern region: Columbia River or ctas

Areas within Puget Sound (Whidbey, Central, South, Hood Canal) ant
Strait of GeorgigNorthern, Central, Southern) defined by shared
oceanographic attributes

Individual populations in the analysis
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698 Table2. List of all Chinook salmon populations included in the study. A time series of smoltalumas generated using codede

699 tag recovery data for each population, with a minimum time series length of 30 Repulations are divided by region (SS: Salish

700  Sea, Northern, Southern) and basin (SOG: Strait of Georgia, PS: Puget Sound, JO#: Jotaai de Fuca, SEAK: Southeastkia,

701 NBC: Northern British Columbia, ColR: Columbia River). Population numbers aligpnmap inFig 1. Timeseries are reported in

702 terms of,0cean entry yeadEY) with the total number of years represented by each time series in parentheses. Run timing (spring,

703  summetfall)"and release strategy (Y: yearling, SY: subyearling) are noted.

704
] ) ) . o Release
Region/Basin Subbasin Population OEY Run timing
strategy
SS/SOG NorthernSOG 1. Quinsam Fall (QUI) 19752008 (34) summer/fall SY
SS/ SOG NorthernSOG 2. Puntledge Summer (PPS) 19762009 (33) summer/fall SY
SS/ SOG CentralSOG 3. Big Qualicum Fall (BQR) 19742009 (36) summer/fall SY
SS/ISOG CentralSOG 4. Cowichan Fall (COW) 19862009 (22) summer/fall SY
CentralSOG (Fraser )
SS/ISOG River) 5. Harrison Fall (HAR) 19822009 (27) summer/fall SY
iver
CentralSOG (Fraser 6. Chilliwack Fall (Harrison Stock)
SS/ SOG ] 19822009 (28) summer/fall SY
River) (CHI)
CentralSOG (Fraser ) ) )
SS/ SOG ) 7. Nicola Spring (NIC) 19872010 (24) spring Y
River)
CentralSOG (Fraser
SS/ SOG River) 8. Lower Shuswap Summer (SHU) 19852009 (25) summer/fall SY
iver
SS/ SOG SoutherrSOG 9. Samish FalFingerling (SAM) 19752008 (26) summer/fall SY
SSIPS WhidbeyBasin 10. Skagit Spring Yearling (SKS) 19832009 (23) spring Y
] ) 11 Stillaguamish Summer Fingerling
SS/PS WhidbeyBasin (STL) 19812008 (23) summer/fall SY
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SS/PS

SS/PS
SS/PS

SSIPS

SS/PS

SS/IDE

Southern/Coastal
Southern/Coastal

Southern/Coastal

Southern/ColR
Southern/ColR
Southern/€elR
Southern/ColR
Southern/ColR
Southern/ColR
Southern/ColR
Southern/ColR
Southern/ColR
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705 Table 3. Parameter estimates from pairwise distasheeay modelit to the relationship between
706  Pearson pairwise correlation in survival versus distance for Salispdpedations and non-

707  Salish Sea origiseparately

708
v (e-folding scale) po (inter cept)
Period/Region Estimate 95 % Cl Estimate 95% ClI
Salish Sea 292 km 151 — 1916 km 0.28 0.16 -0.41
Coastal 517 km 355 — 783 km 0.4 0.34 -0.47
709

710 Table4. Model selection results for MARSS models testing for one to five hypothesized
711 groupings (M = number groups) based on common trends of temporal variability in smolt
712 survival among 36 Chinook salmon populations from within and outside the Salish;sea2(
713 years). Modelsare shown in order of increagiAdCc relative to the top ranked model (shown

714  in bold) and cumulative AlCc weights.

Cumulative
Model parameters groups AAICc AlCc
Weight
4 groups (SEAK & NBCSOGPS Southern &
JDF) 45 4 0.00 0.50
3 groups (SEAK & NBC-Southern & JDF &
SOGPS 43 3 0.12 0.97
3 groups(SEAK & NBCSOG & PSSouthern
& JDF) 43 3 6.53 0.99
4 groups (SEAK & NBCSOGPS & JDF
Southern) 45 4 7.79 1.00
2 groups(SEAK & NBC-Southern & JDF &
SOG & PS 41 2 16.14 1.00
3 groupgSEAK & NBC-Southern & PS &
JDFSOG) 43 3 23.05 1.00
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2 groups (springgummer/fall) 41 2 26.14 1.00

2 groups (subyearling — yearling) 41 2 29.47 1.00
2 groups (PS & SOG — JDF & Southern &
SEAK & NBC) 41 2 32.09 1.00
1 group 39 1 35.25 1.00
715
716

717  Figures

718 Figurel. Study area showing the geographic extent of Chinook salmon populations included in
719  analyses with the Salish Sea shown in reference to the spatial extent afithéNsimbers

720  correspond.to.populatianformation provided in Table.2

721 Figure 2. Reggional covariation in survival faall 36 hatchery Chinookalmonpopulationgor

722 ocean entry years980 — 2008. Aexponential decay models were fitdoastalpopulations

723  (solidline,"open’light grey circles), arghlish Segopulations onlydashedine, open dark grey
724  triangles)separatelyThe e-folding scale ¥) and the associated correlatipredicted by each

725 modelarerepresented by the horizontal and vertical line segments. B: boxplots comparing
726  pairwise correlations in smolt survival SaliSkha (larkgray) andhon-Salish Sealight gray)

727  populationsacross increasing distance between the point of marinearégach population in

728 100 km increments up to 400nk Here thethick line is the median, the boxes are the

729 interquartile'range, and the remainder of the data are contained in the whiskerSi@anpaats.

730 The maximum pairwise distance for Salish Sea populations is approximately 4G0Rearson
731  pairwise correlationfor all hatchery Chinookalmonpopulations organized by region including
732 Strait of Georgia (49), Puget Sound (10 — 16), Strait of Juan de Fuca (17), SoutbastaC(8

733 - 31), and Norther@oastal(32 — 36). Number labels correspond to populatiformation in

734  Table 2and geoagraphic location in FigureSurvival data were logiransformed and centered
735 tomean =0.

736 Figure 3¢ Dendrogram of temporal trends in smolt survival of 36 Chinook salmon populations.
737  Survival data were logiransformed and centered to mean = 0 prior to cluster analysis. On the
738  vertical axis, line height represents the magnitude of difference betwasroppopulations.

739  Bootstrap support for each cluster is provided as an approximately unbiased P-value

740  (significance at P 0.95).
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741  Figure4. Fittedsmoltsurvivalvalues (black linesyith 95% confidence interva{shaded area)

742  estimated by the befit MARSS model identifying four distinct groupings with a breakpoint in
743 survival trends among 36 hatchery Chinook salmon populations according to the following
744  geographic groupings: A) Northern Coastal (SEAK/NBC), B) Juan de Fuca & SouthestalC

745  (WCVI/WALOR Coast), C) Puget Sound, and D) Strait of Georgia. Solid (subyearling) and

746  dashed (yearling) grey lines are observed normalized survival values.

747  Figure 5. Estimated trends and factor loadingsifalividual DFA models fit to Northern

748  Coastal (n"="5); Southerro@stal JDF (n = 14), Strait of Georgia (n = 9), and Puget Sound (n =
749  5) population groupings.

750
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