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ABSTRACT

Oceanographic processes and ecological interactiansstrongly influenceecruitment success

in marine_fishes Here,we develop arenvironmental index of sablefish recruitment with the
goal of elucidatingecruitmentenvironment relationships and informing stock assessmfe
start witha.conceptual lifdhistory model for sablefisAnoplopoma fimbriaon the US west coast

to generate stagend spatiedemporallyspecific hypotheses regarding theeanographic and
biological 'variables likely influering sablefish recruitment. Our model includes seven stages
from prespawn female condition through benthic recruitment (adesh) for the northern
portion of thewest coast.S. sablefish stock (480 'N). We then fit linear models and use
model @mparison to select predictor§Ve useresiduals fronmthe stockrecruitment relationship

in the 2015sablefish assessmead the dependent variable (thus removing the effect of spawning
stock biomass). redictor variableswere drawn primarily from ROMS model outputs for the
California “Current EcosystemWe also include indices of prey drpredator abundancand
freshwatelinput Five variables explained 57% of the variation in recruitnmentaccountedor

by the stoekrecruitment relationship in the sablefish ass®nt Recruitmentdeviations were
positively-earrelated with 1) colder conditions during the spawner preconditioning pe(d,
warmer water temperatures during the egg st@)estronger cross shelf transport to relaore
nursery habitats during the egg sta@® stronger longshore transport to theorth duringthe
yolk-sack ‘stageand (5) cold surface water temperatures during the larval stades result
suggests thatnttiple mechanisms likely affect sablefish recruitment at different points in their

life history:

Key Words. SablefishAnoplopoma fimbriarecruitment, ocedc drivers, California Current
INTRODUCTION

Climate plays.animportantrole in coastal marine ecosystenasiving changes irhorizontal and
vertical transporthat affect nutrient availability and primary productitmt, in turn,propagate
through both lower and upper trophic lev@ids Lorenzoet al, 2013; Chaveet al, 2003; Hunt
Jr and McKinnell, 2006) In coastal upwelling systems the bottaim forcing hypothesis has
been the prevailing paradigfi Lorenzoet al, 2013) However, ecent gnthesisby the Global
Ecosystems Dynamics Praegn (GLOBEC)of four regions (Gulf ofAlaska Northern California
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Current, Northwest Atlantic and Southern Oceamggestshat horizontal transport (crosself,
longshore) is also highly important, providing the foundation for a hevizontal-advection
bottom-upforcing paradigm(Di Lorenzoet al, 2013) This new paradigm suggesthat—in
addition to the indirect effects of climate manifestiebtigh variability in primary production
and the timing of the availability of food resouredsorizontal transportlirectly affects the
reproductive success taxa likefish by influencing their transport to suitabéettlement habitat
(reviewed by 'Di Lorenzet al, 2013) At the same time,ther oceanographic parameters like
temperature‘can affegrowth which canmediatean individual’s vulnerability to predaticend

the susceptibility of larvae to starvatignitvak and Leggett, 1992; Houde, 1987; Leggett and
DeBlois, 1994;.Chezilet al, 2014). Likewise, eological interactions such as prey availability,
predator abundance and density dependence may also be important in determining neproduct
success for marine fishes and other spe€ieéimieri, 2015; Hunt Jr and McKinnell, 2006;
Franket al, 2007; Fieldet al, 2006) Recruitment, in turndirectly affectsage structure and
population.sizen marine fishegBailey, 1981; Hjort, 1914; Myers, 1998; Maunder and Watters,
2003) Therefore, it is important to understand the role of oceanographicspescand
ecologicalinteractions in determining recruitment success in marine-fistogl to gain a better
understanding of their population dynamics and to better manage these species.

Sablefish Anoplopoma fimbripinhabit waters along the west coa$tNorth America
from the Baja Californidhrough Alaska and extend west (and south) to J@pigean and Smith,
1988; Hart, 1973; Johnsaet al, 2016). Traditionally, two stocks have been recognized in the
northeastern™Pacific: (1) an Alaskan/British Columbian stock extending from the Bering Sea to
Vancouverulsland, and (2) a U.S. west coast population extending from southwestwéanc
Island to Baja CalifornigJohnsoret al, 2016; Schirripa and Colbert, 2006yith each stock
being subject ta independent management. The spawning stock biomass (SSB) of thestU.S. w
coast sablefish,stock (the focus of this work) has dedlisteadily sincéhe 198G (Fig. 13,
concurrentwith high landings during 197690 (Johnsoeet al, 2016)andhighly variable, but
declining_receruitment Kig. 19. The stockrecruitment relationship appears weak (Fig. 1c)
suggesting‘that environmental factors are likely important.

Sablefish recruitmergnvironmentinvestigations have generally focused largescale
climate or oceanographic variabl&chirripa and Colbert, 2006; Schirripaal, 2009; Schirripa
and Methot, 2001; Coffin and Mueter, 2015; Shotweekl, 2014; Sogard, 2011). For example,
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92 in the California Current Ecosysteatong the U.S. west coasablefishrecruitment has been
93 correlated with changes in sea surface height {S8id bothnorthward anceastwardEkman
94 transport(Schirripa and Colbert, 20065 SHhas been usesk anindex of recruitment success in
95 recentsablefish stock assessme(ghirripaet al, 2009; Stewart and Forrest, 2011; Johnsbn
96 al., 2016) inspart as a xy for abundance of copepods (Schirripa and Colbert, 2006; Schirripa
97 et al, 2009; Schirripa and Methot, 2001), which are an important foorctesdar larvae and
98 juveniles McFarlane and Beamish, 1992; Grover and Olla, 198Ranges in SSH serve as a
99 proxy for largescale dmateforcing thatdrives regional changes in alongshore and esbs#f
100 ocean transport. These changes directly impact the transpadtef massesyutrients, and
101 organismss SSHtracks thesechanges on a gross scale, explaining the weak but significant
102 relationshipwith sablefish recruitmei@i Lorenzoet al, 2013; Schirripa and Colbert, 2006).
103 The relationshifpetweersablefish recruitmerdand SSHs compellingfrom an ecological
104 standpoint_Howeverthe use of the index has not had a large effestacrkassessmemesults
105 because good data orearclass strength fromisghery andfisheryindependentsurvey data
106 alreay informethe stock assessmergarding variabilityin recruitment(Stewartet al, 2011)
107  While a significant predictofr’ = ~0.3) SH provides todittle additional informatiorto lower
108 uncertainty,.enough irthe stock assessmetd improve the precision offuture recruitment
109 predictios=*To do so, a environmental index would need to explain morentB@8% of the
110 variability in recruitment unrelated to the ste@cruitment relationshipand age structure
111 (Basson, 1999; Johnsat al, 2016). Ideally, such an index should derive fremvironmental
112 variablesatrseales relevant to the sableflgh history and be ableto forecastinto the future,
113 potentiallyallowing manage and fisherso better respond t@otential shifts in sablefish
114 recruitment Given a robust environmental index with greater explanatory powerchstthg
115 recruitment s&ngth on the basis gfast environmental datean better inform recruitment
116 estimates during time periods in which thes@o information on fishery or survey length and
117 age compgsitions.
118 Here;ywe(1) developa literaturebased, conceptudife-history model fr sablefishthat
119 includesseven, stages from female conditioning through benthic rewntt(age® fish) for the
120 northern portion of thevest coastU.S. sablefish stock (450 N). We tha (2) use this
121 conceptuamodel to generate stageecific ad spat-temporaly-specific hypotheses regarding
122 the physicaland biologicalvariableslikely to influencesablefishrecruitment.Next we (3)use
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123 linear models and model comparisord&velop predictive modebf sablefish recruitmenising

124  oceanographidrivers takenfrom a Regional Ocean Modeling SystelR@MS) model of the
125 California CurrentSystem(Neveuet al, 2016). We alsoevaluate support for biological indices
126 like predator and prey abundance, temperature impacts on growtl{ergtesSogard and Olla
127 2001),and freshwater input from the Columbia Rias a proxy for nutrient input or effects on
128 oceancurrents: Our goal is to develop an ecologically meaningfalbust environment
129 recruitmentrelationshighat has higher explanatory powerritthose developed in ¢past, with

130 the end goal'eénhancinghe sablefish stock assessmant improving short term forecasts of
131 sablefish recruitment required by fishery managers

132

133 METHODS

134 We investigate)predictors of recruitment for the northern gortif the U.S. west coast stock
135 from 4050 N. We focus onthe northernportion of the stock because recruitment estimates
136 from the coastvide stock assessment model are most strongly informed by age and length
137 compositiongdata from the norfdohnsoret al, 2016) Although the twestock definition for
138 eastern Pacific sablefish (Alaskan/British Coluarbiand U.S. west coast) is commonly
139 acceptedthere is evidence that the dynamics of the U.S. west coast stock differs north and south
140 of Cape.Mefidocino (~40.4). Headet al. (2014)concluded that the sablefiglopulation south
141 of Cape Mendocino may be a separate subpopulation based on differentiation in agesfad leng
142  at 50% maturity, as well as potential differences in reproductive sudglessmumbody size is
143 larger andsgrowth rates are slower north op&€&lendocino. North of Cape Mendocino, the
144  highest coneentration of agefishes observed in th&/est Coast Groundfish Bottom Trawl
145 Survey (WCGBTS)s between 44-45° N, just south of the Columbia River (Si).

146

147  Sablefish lifdhistory: femalgpreconditioningto age0 recruits

148 We began.our.conceptual hfestory model by first identifying eadHe-history stage that could
149 potentially.eontribute to determining the size of each sablefish year clagsibggwith female
150 condition prior. to the start of the spawning seafable 1) The energetic status of females
151 may influence their propensity to spawn, and the quality and number of eggs pr@8ogact
152 et al, 2008; Rodgvelleet al, 2016). Thus,the summernd fall prior to spawning (Juri2ec)

153 may be important folemalepreconditioning. Spawning occurs frordecember to March with a
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154 peak in February. Mosipawningtakes place at the edge of the continental shietlepths

155 greater than 300 m with eggstially found from200 m to greater than 825 (hunteret al,

156 1989; Kendall and Matarese, 1987; Mostrl, 1994; Masoret al, 1983) Eggs are buoyant

157 rising to 200300 m in the watecolumnbut are most common between 2281480 m, where

158 they remainfeapproximately 12-1days until hatchingMoseret al, 1994; Masoret al, 1983;

159 Kendall and Matarese, 1987; Boehlert and Yoklavich, 1985; McFarlane and Beamish, 1992)
160 Post hatchlarvae sink to 1000200 m where they can be found between February andaslay
161 vyolk-sackarvae By 1417 days poshatch larvae have consume about 50% of their yolk sack
162 and may show initial attempts at feeding approximately a week |&gr40days post hatch

163 larvae aredrsurface watergrom the 500m isobathout to 150 nautical mile@77 km)from

164 shorewhere they are found between February and WMgser et al, 1994; Brock, 1940;

165 McFarlane and\Beamish, 199Pelagic juveniles are also found in these surface waters and are
166 present from April through November (Mitchell and Hunter, 1970; Kendall and Matarese, 1987)
167 Sablefish settle to the benthos as-@gecruitsbetween August and November with most fish
168 likely settlingtoerhabitats 250 m or shallower.

169

170 Regional"Ocean Modeling System (ROMS)

171 The majority of our predictors werédhysical oceanographisarametersncluding temperature,

172 long-shoreand crossshelf currents, and mixed layer deptiWe derived these variables fram

173 California“Current System (CCS) configuration of the Regional Ocean ModelingnByste
174 (ROMS) with*4Dimensional Variational (4B/ar) data assimilation (Neveu et al., 2016). The
175 ROMS modelsdomain covers the region8®N and from the coast to T84 at 0.1° (~10 km)

176 horizontal resolution, with 42 terraiollowing vertical levelsin the 19862010 CCS reanalysis

177 used for this study, satellite observations (SST, SSH) and in situ data @ampend salinity

178 from ships,flats, moorings) are assimilated into the model to improve its representation of the
179 true ocean.state. This reanalysis has been used extensively to study spatial upwelling variability
180 (Jacoxet als#2014), basirscale climate influencgdacoxet al, 2015a; Jacogt al, 2015b) and

181 bottomup €ontrols on primary productiaddacoxet al, 2016)in the CCS. All ROMS oufput

182 was averaged in-day increments and then either averaged or summed over the appropriate
183 period (as defined inTable 1) for eachof the 30 yeargn = 30 for each time series in the
184 analysis) Additional predictors are described in relation to tkpecific hypotheses below.
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Oceanographiclata are scarceat depth than at the surface. As a result, the ROMS
output, which assimilates available data, is not as strongly constrained byatibser at the
subsurface as it is at the surface. It is therefore likely that the ROMS output deviatesténam na
more & the subsurface than it does at the surface, though the scarcity of subsurface
measurements (or transport metrics at any depth) precludes a definitive model evaluation in this
regard.The, paucity of subsurface data, however, is the motivation for using model output in this
study, and“despite our inability to validate the subsurface transport in th¢ thede is reason
to believerit“provides useful informatiorFirst, the purpose of data assimilation is to further
improve a model that already capturke tlynamics of the California Current faithfully without
data assimilation. The fidelity of this model to nature has been documented extengively fo
applications'with and without data assimilat{eng., Jacoxt al, 2015a; Veneziaret al, 2009)

The model is forced byealistic winds, surface heat fluxes, and lateral boundary conditions,
which drive_realistic physical variability even in the absence of data itgam Second, the

data that are assimilated, even if only available at the ocean surface, can imgabsthéce
dynamics gForexample, assimilating sea surface height measurements constrains the geostrophic
flow and therefore transport at the surface and in the subsurface. The impact of assimilated data
on different,metrics of th€CS circulation is discussed in detail Moore et al. (2017).For a

transport.example, see Fig. 4e in that paper.

Hypothesegand additional dataources

We develope®l a priori, life-stagespecific and spacepecific (considering time, depth, and
longitude) hypotheses for ecological and environmental covariatesnbgtdrive variation in
sablefish recruitmenfTable 1). Two hypotheses were represented by two predictors, and we
included SSH for historical reasons (see below). Tivestested 24 total predictors. While the
currentsablefishstock assessment estimates cedade spawning biomass and recruitment time
series we limited the predictor time series46-50 N because majority of the length and age
compositionsdata come from the northern California Cur(@ohnsoret al, 2016). For each
hypothesis;*we specified the time period, depth and longitudinal extent of the potential
predictor—for example, net crosshelf transport between January and April at-828 m depth,
between 460 ‘N and from the500m isobath to 170 nautical miles off shomay affect

transport and distribution of sablefish eg@alflel ).
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We focused on hypotheses for which we had data (or model oatfaiblefor testing.
We excluded someotential hypotheses for whicllata were not available rendering these
hypotheses untestable These hypotheses are not includedTable 1. The most obvious
omissionis food, availability for larvae and pelagic juvenil@dcFarlane and Beamish, 1992)
Unfortunately;.continuoudata for northern copepdiomassanomalybegin in 1998, long after
recruitment estimates are available for sablefi§k.also did not include potential mechanisms
with indirect effects such as upwelling, which might affect larval suniyainfluencingfood
availability."Note, however, that upwelling effects will likely be caught in many of the transport
and temperature indices we did incluB@ally, in some cases, the literature suggested multiple
potential depth ranges over which environmental or biological variables might influence
recruitment:"one broad and one more restricted. For example, sablefish efpgmdreetween
240-825 m(Hunteret al, 1989; Kendall and Matarese, 1987; Masoral, 1983; Moseeet al,
1994) with_the _highest occurrence between -280 m(Moseret al, 1994) When selecting
environmental predictors for inclusion in model selection, we initially evaluedeables (e.g.,
total crosssshelf transport) for each depth range. However, preliminary analyses showed these
paired predictors (i.enetcross shelf transport between 38®6 m and 24@80 m) to be highly
correlateds(r.> 0.88), and we chose to include only the broader depth range version of each in our
analysesterreduce the number of predictor§he resultingtestablehypotheses fall intasix
general categoriesvhich may overlap lifdhistory stges (Table 1) temperature, transport,
mixing, prey, predatorsandnutrientfertilization or dfects on oceanic currents frofreshwater

inputfrom rivers

Temperature
Ambient temperature may affect the production of recruits through multipEhansms.

During thepreconditioning period for spawry females(Table 1, hypothesis 2, hereaftéi?)
warmer temperatures maycrease energy demand2), forcing female sabfesh to allocate
less energysto reproduction, reducing the produabibeggs. ‘Emperaturemay also at as a

spawning cugH4). For eggs and larvae, temperature nadgo affect growth, development,

! http://www.noaa.gov/iea/regions/californtarentregion/indicators/climatand-ocean

drivers.html
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244  survival, and susceptibility to predation through multiple mechanisms, among whicinnwet c
245  distinguish(H7, H10, H13H17 and H19. For example, warmer temperatures allow for faster
246 growth allowing larvae to outgrow potential predators (e.g., stage duration or -isidpgpiter’

247 hypotheses; Houde, 1987; 1997), but warm waters may also increase energy demands making
248 larvae more.susceptible to starvation, especially if warmer waters bring poor feedfiigpos.

249 Temperaturglata wereobtained from ROMS outputs. In most cases, we indediperature as
250 degree"days“(cumulative temperature above a threshold value, @heddik2014), stting a

251 slightly conservativethresholdtemperature of 3.5C (Alderdice et al, 1988; Sogard and
252  Spencer, 2004).

253

254  Transport

255 Transport to or advection away from appropriate settlement habitat can strongly affect larval
256 supply and settlement of marine species with pelagic eggs and (&dfaieripa andColbert,

257 2006; Montgomeryet al, 2001) Transport to settlement habitat was characterized by ROMS
258 estimatesofmet longhore transport (LSTH8, H11, H14 & H17) and net craeskelf transport

259 (CST:. H6,"H9yH12, H15& H18) at specific depths and time periods for each sablefish life
260 history Stage.

261 Sablefish spawn at depth but eggs are initially buoyant, rising in the water columan.
262 mixedlayer depth (MLD) may influence how high eggs rise in the water column, thereby
263 affecting transpor{H5). We include the ROMS estimates of MLD (mean depth and standard
264  deviation) from,Jan-Apr when eggs are in the water column.

265

266 Prey availability and femaleondition

267 Prey availability (H1) during the months prior to spawnindunebec) may affect female

268 condition and.in turn, egg quality, egg production or even the probability of spawning in a given
269 year For examplegiven poor prey availabilityndividual sablefish in Alaskan waters may skip
270 spawning_inrsome yeafRodgvelleret al, 2016). We includedthe abundance of agkhake

271  MerlucciuspreductugPreyyaxe) and aged longspine thornyheaBlebastolobus altivelidrey sp)

272 from their most recent stock assessmdiimylor et al, 2015; Stephens and Taylor, 2058

273 indicesof prey abundance for female sablefi@oth species make up substanfiedportionsof

274  thesablefish diefLaidig et al, 1997) We includedhem as separate indices because hake were
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much more abundant than thornyheads and a combined index was highly correlated with
Preyyake (r = 0.99).

Predation_on recruits

Predation(H20). in the period immediately following settlement can strongly affequfation
size and structure for benthic fish@dixon and Jones, 2005; Tolimieri, 2015Yherefore, a
index of predator abundance was developed based on ksallafish predatorsincluding:
lingcod Ophiodon elongatus,arrowtooth flounder Atheresthes stoniag Pacific halibut
Hippoglossus stenolepisvidow rockfishSebastes entomelagelloweye rockfishS. ruberrimus
and blackrogkfists. melanops Datawere drawnfrom two sources(l) stock assessments for
each specieHamelet al, 2009; Taylor and Wetzel, 2011; leed., 2011; Stewarét al, 2015;
Wallaceet al, 2008; Kaplan and Helser, 2007), a2) West Coast Groundfish Bottom Trawl
Survey (Keller et al, 2008) Stock assessments for some of these species did not cover the
period under investigation (198010). Thereforewe used multivariate autoregressive state
space(MARSS) models to combine thgtok assessment and tratithe seriesfor each species
into one population trendWe then summed the trends for each speaieb yearto create a
single index. of sablefish predator abundaftt@meset al, 2014; Holmest al, 2012; Tolimieri

et al, 2017;"See Supplementary Material for more detail).

Freshwater input effects on nutrient fertilization and circulation

Freshwater*outflon(H21) from major riversinfluence the nearby marineenvironment For
example, freshwater discharge from tReaser River appears to play a role in sablefish
recruitment in the Gulf of Alaskgossibly through its influence on nearshore curré@tsfin
and Mueter, 2015)While total catch was low for ag@fishes, preliminananalysis of th@Vest
Coast Groundfish Bottom Trawl Survey data showed a preponddraliageualsin the vicinity
of the mouth_of the Columbia River suggestingiailar effect and th@ossillity of nutrient
fertilization(Fig. S1). Annual discharge from the Columbia River measuredhetDalles’,

Oregon is includeds a indexof potential fertiliation or influence on currents.

2 www.cbr.washington.edu/dart/query/streamflow_daily
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Seasurface height

Finally, for historical purposesve includean index ofnorth coast springea surface height
(SSH H22), which has beervaluated in recerstockassessmen{gohnsoret al, 2016; Taylor
et al, 2015) While notspatioctemporallyspecificlike the other predictor variablesncluding
the SSH index aids itestng the consistency of mechanisms hypothesized to impact sablefish
recruitment_andvhetheror notthe more specificomechanistic variableglentified in this study
allow for' betterrecruitmenpredicion. For 19801992 the index is derived from tidg@uge data
andis the"average of monthly SSH at Neah Bay and Toke Point, Washington and Astoria and
Newport, (Oregon from AprlJune From 1993 onwards, the data come from JASON and
TOPEX satellitesand represents a north coast spring index of SSH f&g044N (Schirripa,
2007).

Since, in this analysis, the 1980 recruitment deviation depepdn data on the

preconditioning period in 1979, our analyswers recruitmentesiduals from 1981-2010.

Preliminary=Analyses

We conduected two sets of preliminary analyses prior to model fitting. , Miestevaluated
correlations,among predictor variabléTables S1and S2. As noted above, paired predictors
that were.the same variable hth different spatial extents were highly correla{@dble S1)

and we eliminated the smaHscale version from the model fitting to reduce the number of
potential predictors. Some of the remaining predictors showed strong conrélable S2y >
0.795, andsweyrequiredoth correlated variables not appear together my anodel under
consideration:

Next, we ran individual linear and quadratic regressions for each predictor against
recruitment deviations to determine if tdata supportedhoniinear relationships Quadratic
termswere. included in the main modeling exerdieethose terms where, in these preliminary
analysesthe_individual quadratic model fit better than the individual linear m@élkilake’s
Informations«Criterion, AIC, was <2.0 that of the linear model, see Table Shh&ur and
Anderson, “1998). Based on preliminary analyses, a quadratic term feshmegtransport
during the benthic juvenile stage (L&{) was includedas a potential predictor in tHenal
model selection. Additionally, SSHwas included as a potential quadratic term based on the
observed relationship in Schirripa and Colbert (2006).
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Recruitment residuals

Estimates of sablefish recroient and spawning stock biomass (S#BJe takerfrom the most
recent stockassessmer(Fig. 1c, Johnsort al, 2016) The recruitment timseries from the
stock assessment is generated, in part, bas®mrted stockrecruitment relationshigasserted
because the form is assumed to be Bevedolt; steepnessunfished spaning biomass, and
recruitment~at~unfiskd biomass arefixed; and the data are derived data from the stock
assessment processee Egs. -B below). If the environmental indices are to be useful for
predictionwithin the stockassessmenit is necessary to remethis relationship to avoid double
counting thegeffect of SSB on recruitment. Moreover, the steckitment relationships
known, and“we want to predict the variability in recruitment unaccounted for by the 86B
order to remove the effect of tlasserted stoekecruitment relationship, recruitment residuals
for this study were calculated as the difference between the estimated recruitments from the
stock assessment and the assumed starkitment relationship, and are given by:

Recruitmentesidualss Rassessmerr Rsr.curve (1)

where Rssessmengre theestimaed recruitments from the stock assessment apgdRare
the predictedrecruitments from the stodalecruitmentrelationship Note that the recruitment
residuals calculated for this study are not the same as the estimated recruitment deviations from
the stock assessment, which are constrained to sum to zero over theriodedpgng which
recruitments.are estimated in the stock assessment nfeglel.eis calculated as:

Rsreurve= RO*S/(b"'S) (2)

where R s recruitment at unfished biomass (equilibrium recruitment), S is the spawning

biomass, andb'is:

b = (Ro*0.2*So)/(h-Ro)-(0.2*So) 3)
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where & is unfished biomass artdis steepneséhe ratio of recruitment at02b6 vs. 100% of
unfished biomass). From the 2015 assessmert, RL5,622 thousand agefish, § = 17,198

metric tons, anth = 0.6.

Modelselection

Wefit a serief generalized linear models (GldVincluding all possible permutations of thé
covariategn"=27,191 modelsyvith the above restrictions for total number of parameters and
exclusionofhighly correlated terms (|r| >0.75) from the same model. Eaddriate matched
specific hypothksis in Table with the exceptionsof Preyyake and Preysp, which both mapped

to H1, preysavailability The number of predictors in a candidate modas limitedto five (one
covariate per Six data points in the time seriesprevent ovefitting. The two potentially
quadratic predictorgL. STy, andSSH were allowed to enter the models linear, quadratic
only, or linear + quadratic forms.The besffit model(s) was selected usingAAICc values
retaining models witAAICc < 2.0 (Burnham and Anderson, 1998).

Model validation and testing

We condueted additional analyses to evaluhte performance of thbestfit modek. First,
recruitmentdéviationswere resampled with replacementestimater® values for randomized
data (1000 permutationy for the final bestfit model Second, standard bootstrapping
(resampld wholeyearswith replacementwas used to estimate bias and calculate standard error
of the parameter estimate$hird, jackknife resamplingvas usedo determie the effect of any
single yearwon‘the’ of the besfit model Fourth, snce the dependent variable waased on
estimated recruitments fromstockassessmenthere is error for each recruitment residielt

is not accounted for in the bdgtmodel. Therefore, we resampléae recruitment values for
each yearfrom_a log-normal distribution where the mean was the value for that year and
recruitmentstandard deaation for each yeawas taken from the sablefish stock assessment
(Johnsoretqal, 2016, Table 15).We then recalculatethe recruitmentesidualsand refit the
bestfit model.repeating the process 1000 times#th, we refit the bessupported modalising

data for19812005 and used this model to predict recruitments for 200®. Sixth, jackknife
resamplingwas used to reun the entire model fitting and comparison exeraigther tharre-
fitting only the best fit model, to determine if removal of any individual year would change the
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oceanographic/biological variables in the final mod&hally, we reran the entire model fitting
exercisel00 timesusing there-sampled sablefish recruitmentsth error (from Step 4above)

and compared top models from each run.

Northern copepod biomass anomaly

Previous work.has suggested that recruitment success in sablefish is influencedoyndaaee

of northern“copepoddcFarlaneand Beamish, 1992), which are larger and fattier than southern
species. “Sablefish stock assesssidmatve included zooplankton indices as environmental
predictors(Schirripa, 2002; Schirripa, 2007). We could not test the nortbepepod biomass
anomaly direetly in ourmain analyses because tl@ntinuoustime series begins in 1996
(although there are some earlier data). However, after selectingfit bestiel from the main
analysis, we refit this model for years 199®10 both with and without this index. Data were
the northern_copepod biomass anomdlyg;o(mg C/n?), taken from the California Integrated
Ecosystem Asessmefit We averagednonthly valuesover the summer months (JeBept) in

each year;

RESULTS

Model fitting producech clear bestit model, with no othecandidatemodelswith aAAICc <
2.0 (Table 2, Table 3). In fact the next best model hatiAdCc > 3.9. The bestfit model
includedfive covariates(Fig. 2) related to temperature andrisport which explainecb7% of
the variation“inrecruitmentresiduals(from the stockrecruitment relationshipfuring 1981-
2010 Modelpredictions closely followed tlestimated recruitments frothe stock assessment
with the exception of 2008009 when the model over or undpredicted recruitmeniFig. 3).
Recruitmentresiduas werenegatively correlated with degreys during theeriod offemale
preconditioning. (DRye) and larvalstage(DDiar). Converselycrossshelf transport during the
egg stage(STeqy), degree days during the egg staB®§gyy), andlong-shore transport during
the yolksaek'stag€LSTok) were positively correlated with recruitment resid(kp. 4, Table

3 https://www.integratedecosystemassessment.noaa.gov/regions/caidfoneat

region/indicators/ecologicahtegrity.html
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423 3). Standardized coefficients suggest that (RDhad the strongest effect on recruitment
424  deviations, while the other predictors had similar imp&able3 ).

425 Only three additional models hadICc < 4.0 and all had AICc > 3.9 These models
426 were generally consistent in structwéh the besfit model (Table 2). The termBDggg and

427 LSTyok occurredin all threemodels and DDye, andDDeggin two. Model 4 was a subset of
428 Model 1 minusthe DDay term (7 = 0.43). The other two modelsduded &ernate termshat

429 hadless'supportrom the datancludingprey abundancéong-shore transport during theelagic

430 juvenile stage'and SSH

431 There was some moderate correlation between the covariates with the highest being for
432 DDy and DDRsgy (r = 0.62,Table4). Generalized variance inflation factor values (VIF; which
433 measire how much thearianceof the estimated regression coefficients are inflated as compared
434 to when the predictor variables are not linearly related) were low to moderate with thigoexcep
435 of DDegg Which was moderateT@ble 4). Because there was moderate correlation between
436 DDeyq andithe other two DD terms, we refit the bi#simodel adding interactionbetween

437 DDegg andsthevother two DD termsThese additional models included all nested possibilities
438 from an individual interaction term to all interaoti terms including a threeay interaction.

439 Addinginteractions increased AlGaluesby 2.99—- 14.78 points for all modeksuggesting that

440 non-nteraetion model best fit the dat&esiduals from the befit model did not show signs of
441 autocorrelation (FigS2).

442

443 Model testing"and validatiorbeg-fit model

444 Randemly esamplingthe recruitmentdeviations (with replacement)gave amedian

445 expected¥= 0.17 (95% confidence its of 0.03-0.40)for a five.parameter modeduggesting

446 that the observed value &fx 0.57 was unlikely to be observed at random.

447 Removing individual years and refitting the basmodel (jackknifing) had little impact

448 on the model fit(Figs. 3 and. 5medianr®* = 057). Predicting the missing year from any
449 iteration preduced estimates very similar to those for the full model3Fig.he three years that
450 showed theshighest impaohthe model’s ability to explain the datgere 1999, 2000 and 2006.
451 Removing 1999 reduced the explained variance the nfost @51), while removing 2000 or
452 2006 increased thé 1o 0.63. Recruitment was higher than predicted in 1999 and 2000 but lower
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453 than predicted in 2006 Predicting recruitments for 208810 based on a 19&D05 model
454  produced estimates very close to those for the 1981-2010 model)(Fig. 3

455 Resampling individuatecruitmentswith errorhad little effect on the modsl predictive
456 powerwith medianr® = 055 (95% C.1.= 0.59-0.70)across all trials This result suggests that
457  uncertainty.in,the recruitment time seri@gven the current assessment parametaicg)not
458 greatly affect the results.

459 Using thejackknife resamplingandre-runningthe entire model fittingorocessproduced
460 resultsthatwere' largely consistent witthe primary analysisHowever, removing 1984, 1987,
461 1989 and 1991 did result in differdmstfit models Three of these models included Rigy as
462 a predictorsHake recruitment was above the 95% confidence intervalstioraged recruitment
463 at unfished"biomass in 1984 and 1987 but below it in 1989 and(488Figure e and Table c in
464 Taylor et al, 2015) However, there were other extreme years as well, which did not alter the
465 terms included in the modbBere SSHwas also selectad three models. Removal of any other
466 year produced the same set of predictors as in the primary andbisieg). Model predictions
467 for the besfitamodel closely followed observed model data for 1984, 1987 and 1989 but
468 recruitment in=1991 was lower than predictddterestingly, there was no overlap between the
469 three years,that had the largest impact orettpganatoryvalue of the bedfit model and those
470 years that-affected the-fiting process.

471 Finally, the results fromesamphg the recruitment values (with error) andreaningthe
472 entire model fitting exercisene hundred timewere also generally consistent with the Hest
473 model from*the primary analysi$he predictors from the beBt model also occurred in the
474  majority ofsbesffit models from each iteration: DJ2 (72% of models), CShy (73%), DDugq
475  (89%), LSTyok (83%), and DDay (70%). Additional predictors included Prgye (18%),
476  LSTyu (18%) and SSH(21%).

477

478 Northern copepod biomass anomaly

479  When refitt0199€010 data, the befit model explained 67% of the variation around the stock
480 recruitmerdrelationshipfrom the stock assessmerlone the copepod index explained 24% of
481 the variation in recruitment over the 199610 period. However, adding the northern copepod
482 biomass anomaly did not increase the variation explained (also 67%¢ anomaly was
483 moderatly correlated with most other predictors in the fstnodel with the exception of
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484  CSTegq DDpre (r =-0.46), CSTEyq (r =-0.01), DDegg(r = 0.56),LSTyok (r = 0.48), and DRy (r
485 =-0.57). Thus, while food supply is likely important, the other phgbkparameters may act as
486 sufficient proxies in the absence of a full tisexies of copepod data.

487

488 DISCUSSION

489 Our results_suggest that multiple mechanismeting at different stagethe life history of
490 sablefishdriverecruitment(Fig. 6). The besffit model explained approximately 57% of the
491 variation around the stodlecruitment curveand fit the recruitment data wel{specifically
492 residuals from the stoelecruitment relationship in the assessmeriig. 3). Nevertheless, it is
493 not unreasonable to consider this work as an effort to formalize potential hypdtiesssould
494  Dbe investigated further.

495 Colder conditions during thepawnerpre-conditioning period led to higher recruitment.
496 Given sufficient food, warmer temperatures allow for fagtewth and &rger female sizevhich
497 results in‘higher fecundity (Harvey, 2009). Howeveider water temperaturasay lower
498 metaboliceasts allowing female sablefish to divert more energy to egg produttmmever,
499 the variabilitysin the ROMS output for this parameter is likely driven primarily by temperature
500 variationtat.shallower depthand my not represefémde exposure in deeper region§lore
501 likely, colder conditions may bknked to stronger upwellingwhich leads toproductivity and
502 food availability (Harvey, 2005; Chaveet al, 2003; Peterson, 2009; Sydemeainal, 2011)
503 While we are unaware of data connegtiiemale condition to egg production in sablefish,
504 individualssmay, skip spawfRodgvelleret al, 2016)given limitedenergy reserves amttgraded
505 body conditienas seen ither speciebke Atlantic codGadus morhudSkjeeraaseet al, 2009;
506 Skjeeraaseet al, 2012)and Pacific ocean per¢hlannah and Parker, 2007The results from
507 the jackknife refitting of the entire selection process support the hypothesis that food resources
508 are likely importanfor females during the period leading up to spawning. For three of the four
509 years thatwhen onitted produced different bedit models, Prepake (positive correlation with
510 recruitment)replaced Dfa as a predictosuggesting that aafge hake prey base may also lead
511 to betterfemale condition ancecruitment

512 Recruitmentwas positively correlated witlvater temperature during the egg stage
513 (DDegg). In marine fishes, increased temperature resuolfaster developmenshorterstage
514 duration,earlier hatch date and increased hatching rafedp a speciespecific temperature
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maxima after which developmental abnormalities o¢clapiz et al, 2014; Pepin, 1991; Peek

al., 2012; Tsoukalet al, 2016) Growth in sablefish is strongly related to tempera{@egard

and Olla, 2001; Sogard, 2014yggesting that a similar physiological response would be likely
for development.Moving more quickly through the egg state may reduce susceptibility to egg
predatorsand.reduce dispersal,etiiatter potentially important for matemismatch dynamics
with prey resourcefPecket al, 2012) Offshore transport due to upwelling occurs primarily in
surfacewaters. Since eggs are buoyantybik-sacklarvae found at depth (10200 m),
entering deep'water sooner may help to avoid advection offshore.

Crossshelf ransportwas importanfrom January to April corresponding tide-history
stagesfor whieh sablefishare nor or only minimally motile eggs and/olk-sack larvae The
positive correlation with CSdygis fairly straightforward: being transported to rehore nursery
environments leads to higher recruitmenft first glance this resulinay seem at odds with
Schirripa and Colbert (2006)ho found a negative correlatifmetween recruitment strength and
on-shore crosshelf transportduring June. However, the time periods (Jan to Apr versus June)
and the depths (36825 m vs.approximately @150 m)differ suggesting that the two predictors
relate to differat processedql) transport of eggs onshof@lowing spawning(our analysispnd
(2) and upwelling leading to higher productivity and food resourcesitatbe seasan

Reeruitment was also positively correlated with transport to the north dinéngolk
sack staggLSTyok: Feb to May at 1000200 n). Again this resultmay initially appear to
contradictSchirripa and Colbert (200&yho found that stronger southerly transpairisurface
waters(50-100:m)in Februarycorrelated with higher recruitmentiowever,the depths differ,
and hese tworresultmay tell different parts of the same story. Southerly transpbsurface
watersbrings boreal copepodisto the Northern California Current Ecosystem. These copepods
arelarger,higherin fatty acidsand a better food source than southern copefddBarlane and
Beamish, . 1992; Peterson, 2009; Peterson and Keister,.2003k-sack larvag however, are
found at much/deeper depths (1AXD0 m). Northern transport at these depittedy brings
these larva¢o'the northwhere theyare more likelyencounter thesenergyrich copepod®nce
the larvaerise,tothe surface start feeding and eventually grow large enough to feed on the
copepods. Access tothis food resourcemight then result in high recruitment through any
number of mechanisms including faster growth ragsefelated predation avoidance) and
reduced strvation risk.
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546 Temperature during the larval stage (P FebMay, surface waters) was negatively
547 correlated with recruitmeénSogard (2011jound increased growth at warmer temperatanes

548 higher recruitment in years with good growtkthe latter after adjusng for fish size and
549 temperature However, Schirripa and Colbert (2006jound higher recruitment with offshore
550 transport of.surface waters, which coincides with colder upwelled waB&mbined, these
551 results suggest a tradé between better food resources under colder conditions but faster
552 growth fa“metabolic reasons in warm wateColder temperatures may index two different
553 mechanisms“that result in higher prey availability or quality: enhanced upwelling gimel hi
554 primary productionandthe southerly transport of northern copepods$.the samdime, larvae

555 may be meressusceptible to starvation under warm conditions due to increased smetahdli

556 lack of prey:Beoth daily growth and daily mortality are positively correlated with temperature in
557 marine fish larvae in general, although stdgeaton decrease@ioude, 2008)Growth of early

558 juvenile sablefish increases with increasing water temperature, beffdasrequires sufficient

559 food resources (Sogard, 2011; Sogard and Olla, 208itjce sablefish have limited capacity or
560 compensatorysgrowth (Sogard and Olla, 2082y appear to have a ripkone strategy growing

561 as quicklyras“possible (Sogard and Olla, 2002; Sogard, 2&id)may be susceptible to
562 starvationsunder warm conditisn In the lablarvaewill move to colder water as rations are
563 decreasedy indicating an eneigpnservation strategy when food is iied (Sogard and Olla,

564 2001; 1998) Adjusting for water temperature and fish si&®gard (2011)found higher than

565 expected growth under cold conditions in some years suggesting better food resourceddunder co
566 conditions:

567 Rapid=growth may help individuals avoid predation through a number of mechanisms
568 (e.g., ‘biggeris-better’, stagaduration) that cannot be untangled in this study. How&agard

569 (2011) did not, find evidene for sizeselective mortality, posdyp because the higher
570 temperatures. also lead to increased predator actwity consumption (e.g., Akiova et al,

571 2016) One mightalso expecthe offshore transporéssociated with cold, upwelled watdos

572 advect sablefish larvae away from suitable settlement habitat. Sablefish larvae are found in these
573 surface waters where most of this offshore transport ocd¢twsvever, sablefish larvae develop
574 large pectoral fins suggesting that they may have evolved to control their position iatédre w
575 column (Shotwellet al, 2014; Kendall and Matarese, 1987), anangnfish larvae are strong
576 swimmers especially prior to settleme®Montgonery et al, 2001) Thus,rapid development
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earlier in the season (warm waters during.fJDmay allow sablefish larvae tdevelop the
swimming capacity taitilize high quality food resources later in the year (fDindexed by
cold water) whilemaintainingposition in the water columand staying closer to appropriate
settlement habitat

Many-of the years that either affected the model fit in the jackknife exercises or in which
observed recruitment fell outside the 95% confidence intervateddvestit model appear to be
associated"with EI Nio or La Nifla events in some wayk-or examplerecruitment was higher
than predicted"in 2000 and 2008 coincident withNifia conditionsas measured by the ONI
from the summer of 1998 through spring of 2001 and late summer 2007 through late spring of
2008. Opbserved recruitment was lower than predi@ed5-2007,with variable El Nifio
conditions ‘between late summer of 2005 and early 2007. However, in other El Nifio or La Nifia
years the obsetved recruitment was within the 95% confidence limits for the model predictions.
We did try adding botkthe trimonthly ONland bimonthly MEF indices to the bedit model to
determinetif El Nifio/La Nifia information would prove the model fit, but all such models had
higher AlCervalues than the bddt model. This result does nabecessarilymean thatEl
Nifio/La Nifia:events do not affect sablefish recruitment as the effectboah availability,
temperature, and transport dikely already caught in the ROMS parameters.

In.summary,multiple mechanismékely drive recruitment of sablefislgFig. 6) Cold
conditionsduring the preconditioning period for spawners may allow females to divert more
energy to egg production due to lower metabolic ¢amtshese colder temperatures may be
indicative of‘upwelling or southerly transport of boreal copepods and better food resalsce
allowing forsmore egg production. Warmer temgiares during the egg stage likely allow for
higher growth rates and predation avoidance through bigdmtter mechanisms.On shore
transport during, the egg agdlk-sack stagesetains individuals on shoresar settlement habitat
and reduces_losses due to advection. Northerndboge transport appears to bring larvae to
regions where.they are more likely to encounter food resources as they rise to surface waters to
start feeding”The mechanism behindetimegative correlation between recruitment and water

temperature (degree day®)ring the larval stagie less clear However, older water may index

*Oceanic Niio Index (ONDhttp://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostalfjeanrs. shtml

®Multivariate ENSO Index (MEI) https://www.esrl.nogav/psd/enso/mei/
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605 Dbetteror alternatefood resources due to upwelling or the southerly transport of boreal copepods,
606 and may also reduce basal metabolism and reduce the risk of starvation.

607

608 Implications for stock assessment

609 This study prevides the underlying procesgentatednypothese¢o address three issues in the
610 stock assessment and management of U.S. west coadtskaldle the reconstruction of what
611 historical recruitment could haveeenin the absence of lengtland agecomposition data to

612 inform recruitment during the period when the fishery was operating, 2arsulal to one year
613 ahead forecasting of recruitmemased on both observed oceanographic conditions and
614 potentiallyssukannual forecasts of environmental conditions, and 3)-teng projections of

615 potential future stock productivity and the evaluation of the robustness of harvest cdagol ru
616 (HCRs) to banges in stock productivity evaluation via Management Strategy Evaluation (MSE).
617 The five oceanographic indicators identified as important drivers of sablefish recruitment
618 in this study can inform recruitmentsr historical periods that lack fishery agand length

619 compositiongdata anfbr nearterm forecasts These historical and netarm forecasts generally
620 rely upon average recruitment from the stock recruitment curve. Howeveritmentt is often

621 far aboverebelow the average, with large annual deviations around the-itoakitment curve.

622 Furthermere, thenost uncertain periods in the stock assessment model are thosihirakack

623 age and length composition data,hawve sparsdata. Hind-casting recruments during periods
624 of high fishery removals without good age and length composition data should result in a
625 reduction in“tuncertainty during early model yeai$ie aceanographic indices identified during
626 this study eould be used as a survey index ofurgoent in the stock assessment during the
627 historical time period.Using the five oceanographic indicators from this study to estimate what
628 recruitment deviations could have been, or may be into thetemarfuture, can provide both
629 Dbetter estimates of historical recruitment, and therefore théshed spawning biomass
630 reference point usetbr managing the fishery, as well as the incoming recruitment one year
631 ahea, providing better catch advice based on what recruitment is likely to be enterindpéng fis
632 in the nearterniKaplanet al, 2016; Siedlecket al, 2016) Finally, if longterm forecasts of

633 these five oceanographic drivers of sablefish recruitment are available from either @lobal
634 downscaled region&limate Models (GCMs), they could be used to provide f@ngn stategic

635 projections for fishery management planning that could include not only the fishingynaogt
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managers (PFMC) but those groups interested in the identification of potential climate
adaptation strategies given the letegm outlook for the sablefish fishery. This could include
societal adaptations that build community resilience to climate driven changessabthésh
resource such as: 1) market development for a higher quality and priced producty&jevaf

the resilience,of the sabldfissupply chain to projected changes in catch, and 3) aquaculture
research and developméhtormantLépezet al, 2013; Normarl-ATA et al, 2014)

A number of issues with respect to the oceanographic modeling and data ayavalbilit
need continuing work.First, the easily availablROMS outputs that were used for this study
span the period from9B0-2010. However, the current recruitment estimates from the sablefish
stock assessment model continue through 2014, and will continue into the future. There is
currently a'diseontinuity in thROMS model outputs between 2010 and 2011 becdusers for
the surface foreig (heat flux, wind) come frordifferent products for 2022015, as does the
input for the ocean boundary conditions. This discontimuigrvents the use of the most recent
recruitment estimates in evaluating the hypotheses posed in this study. Corfd@M8snodel
outputs forsboth the pr&980 and the post010 periods are necessary for fully using the results
of this study“in sablefish stock assessment and management. Future oceanogragdiig mode
work should, investigatthe ability of ROMS models to provide informativeshort-erm seasonal
to annualferecasts of relevant oceanographic covari&klful ROMS forecasts could better
inform recruitments entering the fishery prior to the availghdf survey data.

It is.importantthat the oceanographic drivers of sablefish recruitment identified in this
study continue,to be periodically-exaluated as the fundamental relationships could change
through timesparticularly if the impacts of global climate change causeatbdity in the
California/ Current to exceed recent historical le@bkeunget al, 2016). This continued +e
evaluation. depends upon both maintaining current oceanographic and biological monitoring
programs that will allow for tracking of potential netationaity. Finally, best methods for
integrating,these relationships into the stock assessment model should steggate®. The
current stoekrassessmddbhnsoret al, 2016)uses the environmental data as a survey index of
recruitmentybut new tools to incorporag@vironmental drivers in the population dynamics with

uncertainty are becoming available (Methot Jr and Wetzel, 2013).
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Figure L egends
Figure 1.Sablefish biological parameters from the 2015 stock assessment fe2ABB1 (a)
spawning stockiomass (SSB) in metric tons, (b) thousands of@gecruits, and (c) stoek

recruitment relationship asserted in the assessment (line) versus obserypdidtsa
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941 Figure 2.Time-series of independent variables in the Hiésthodel. (a) degree days during
942 female preconditioning, (b) net creslself transport during the egg stage, (c) degree days during
943 the yolksack stage(d) longshore transport durinthe yolksack stageand (e) degree days
944  during the larval stage

945

946 Figure 3 Fit of/the bessupported model {= 0.57) to the estimated recruitment residuals from
947 the stock assessment. Solid line is the predicted recruitment residuals from tineefskbties.

948 Dotted lines="95% confidence limits. Black points are recruitment residuals from the Beverton
949 Holt stock recruitment relationship from the 2015 sablefish assessment. Stars are predicted
950 values from gackknife analysis removing individual yeare at a time. Grey points are
951 predicted values for the retrospective analysis of the last five years., &lotaree points

952 overlap in 2010:

953

954  Figure 4.Partial residual plots for (a) degree days during female@nelitioning , (b) net cross
955 shelf transport during the egg stage, (c) degree days during thesgiokstage(d) longshore
956 transport.duringhe yolksack stageand (e) degree days during the larval stage.

957

958 Figure 5:Results of jackknife resampling showing distribution dfvalues. (a) Frequency

959 distribution of f values, (b) T for when the indicated year was removed from the model.

960

961 Figure 6 ‘Cenceptual model for sablefish showing the environmental drivers at spdeific li
962 history stages that lead to higher recruitment. Signs in parentheses indicate title par
963 correlation of each term with residuals from the sablefish steokiitment relationship. See
964 Figure 4 for plots of these relationships.

965
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Tablel Life history model See the text for data sources.

Life-historyistage ) Depth Sable.nsh Hypothesis Stage Covariates Depth extent Longitudinal extent Data source
period location
Preconditioning Jun- Dec  50-1200m Bottom (H1) Food availability affects ener Preyae Index of aged hake 50-1200 m 50-1200 m isobath Stock
(Yr0) allocation to reproduction with high  Preys, and aged longspine Assessments

recruitment when more prey thornyhead
available during the preconditioni abundance
period
(H2) Higher temperature increa DDpe Degreedays 50-1200 m 50-1200 m isobath ROMS
food demand resulting in lower ¢ (150-400 m) (150-400 m isobath)
production, egg quality,
probability of spawning resulting
lower recruitment

Spawning Dec -Mar 300500 m Bottom (H3) Temperature acts as a spaw Tempspawn  Mean temperature  300-500 m 300-500 m isobath ROMS
cue with fish less likely to spawn
high temperature resulting in lov
recruitment
(H4) As H3 but degree days not m  DDgpaun Degree days 300500 m 300-500 m isobath ROMS
temperature

Eggs Jan-Apr 300825 m Open water (H5) Eggs are buoyant so Mix MLD ¢ggmn  Location of mixed ~ 300-825 m  Inshore limit: 500 m bottor ~ ROMS
Layer Depth may limit how far thi MLD ¢qg.sq layer depth (m)mear (240-480 m) depth,
rise in the water column affecti and standard Seaward to 170 nmi
later transport deviation
(H6) Transport to settlement hab CSTeyg Net crossshelf 300825 m Inshore limit: 500 m bottor ROMS
affects recruitment transport (240-480 m) depth,

Seaward to 170 nmi

(H7) Growth/Predation hypothes DDegq Degree days 300825 m Inshore limit: 500 m bottom ROMS
growth rate is faster in warm wa (240480 m) depth,
leadingto reduced time vulnerable Seaward to 170 nmi
predators

Yolk-sack larvae  FebMay 10001200 m Open water (H8) Longshore transport LSTyoi Net longshore 10001200 m 1000 mto 170 nmi ROMS

settlement habitat affects recruitment
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(H9) Crossshore transport CSTyoi Net crossshelf 10001200 m 1000 m to 170 nmi ROMS
settlement habitat affectscruitment transport
(H10) Growth/Predation hypothes DDy Degree days 10001200 m 1000 m to 170 nmi ROMS
growth rate is faster in warm wa
leading to reduced time vulnerable
predators
Larvae (star FebMay? Surface watet (H11) Longshore transport LSTian Net longshore  Surface water: 0-150 nautical nmi ROMS
feeding) settlement habitat affects recruitment transport
(H12) Crossshore tansport t CSTiy Net crossshelf ~ Surface waters 0-150nautical nmi ROMS
settlement habitat affects recruitment transport
(H13) Growth/Predation hypothes DDy Degree days  Surface water: 0-150 nautical nmi ROMS
growth rate is faster in warm wa
leading to reduced time vulnerable
predators
Pelagic  juvenile, Apr-Nov Surface water (H14) Longshore transport to LSTyuy Net longshore  Surface water: 0-150 nautical nmi ROMS
(feeding pelagics) settlement habitat affects recruitment transport
(H15) Crossshore transport to CSTpu Net crossshelf ~ Surface water: 0-150 nautical nmi ROMS
settlement habitat affects recruitment transport
(H17) Growth/Predation hypothes DDjouy Degree days  Surface water: 0-150 nautical nmi ROMS
growth rate is faster in warm wa
leading to reduced time vulnerable
predators
Benthic divenile, Aug-Nov  0-250 m (H17) Longshore transport to LSTyy Net longshore to 250 m 0-250 m isobath ROMS
(Age0) settlement habitat affects recruitment transport
(H18) Crossshore transport to CSTyu Net crossshelf to 250 m 0-250 m isobath ROMS
settlement habitat affects recruitment transport
(H19) Growth/Predation hypothes DDy, Degree days to 250 m 0-250 m isobath ROMS
growth rate is faster in warm wa
leading to reduced time vulnerable
predators
(H20) Predation Predyu, Some index of to 250 m 0-250 m isobath Trawl Survey
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(H21) Nutrient input (Ertilization)
affects productivity, food availabili
and therefore survivalor river
dischargemayaffect currents.

(H22) Sea surface height as
indicator of basin scale processe

Used in previous assessments.

Fij uv

SSH

Annual discharge
from Columbia Rive
measured at The

Dalles.

NA NA Columbia
River DART

Spring north
coast SSH 44
50° N
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Table 2. Results of model selection showing models withAdCc < 6.0. CST = crossshelf transport, LST =
long-shore transport, DD = degree days, Prey = prey imaex;: preconditioningegg = egg stagejolk = yolk-
sack larvag larv = larval stagepjuv = pelagic juvenile and bjuv = benthic juvenilesAlICc = Akiake’s
Information.Criterion adjusted for small sample size.

Model R2  AAIC
Model 1 DDpre CSTegg DDegg LSTyok DDian 057 0
Model 2 DDegg LSTyok LSTpjuv SSH 0.46 3.92
Model 3(Preyuake DDegg  LSTyok LSTpjuv SSH 0.51 3.94
Model 4 DDpre CSTegy DDegg  LSTyok SSH 0.51 3.95
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Table 3 Coefficients for the bedtt model (Model 1 from Table2) showing bothraw and
standardized (beta) coefficients. Bias atahdarderor (s.e.)arefrom bootstrap resampling
DD = degree days CST = crosshelf transport, LST = longhore transport,pre=

preconditioning, egg = egg stagejk/= yolk-sack larvaglarvae = larval stage

Coefficient Bias S.E. Stand'flr-dized Bias S.E
Coefficient
Intercept 6973.8 -888.9 18216.9 -1534.3 38.1 1288.1
DDyre -523.2 8.2 147.4 -6149.0 103.1 1753.2
CSTegg 112489.8 3344.9 26593.2 6607.4 107.3 1641.2
DDegqg 1308.52 12.8 250.1 11126.9 -91.2 2100.1
LSTyok 44813.1 209.9 15348.5 4920.7 -48.4 1669.3
DDjarvae -231.3 -9.3 84.3 -5012.8 -134.7 1987.8
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Table 4 Correlations among variables included in the {i¢shodel. VIF =
generalized variance inflation factorDD = degree days CST = creskelf
transport, LST = longhore transport, pre= preconditioning, egg = egg stage,

yolk = yolk-sack larvaglarvae Harval stage

DDpre CSTegq DDegy  LSTyo VIF
DDpre - 2.17
CSTegq 0.08 - 1.87
DDegg 0.62 -0.43 - 3.38
LSTyok -0.17 0.23 -0.30 - 1.63
DD jarvae 0.38 -0.14 0.55 -0.54 1.92

This article is protected by copyright. All rights reserved



Table5. Bestfit models from jacknife refits of the entire modditting process.
Removing the years 1984, 1987, 1989 and 1991 changed thtt lpestiel in

those iteratioa All other years produced models with the same covariates as in

the main model.

Year removed

Main model 1984 1987 1989 1991
DDyre Preyake DDspawn Preyhake Preyhake
CSTegg CSTiar LSTyok DDegqg DDegq
DDegg LSTpww  CSTyw  LSTpw  LSTyok
LSTyoik SSH LSThjuy DD yjuv LSTpjuv
DDjarv FWlpw ~ SSH SSH
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/ Female preconditioning (50-1200 m) \

(_) DDpre

Cold water is associated with higher system
productivity and lower metabolic costs making

K more energy available for reproduction j

/ Eggs (300-825 m) \

(+) CSTeg,

Onshore transport maintains larvae near
settlement habitat

(+) DDegg

K Faster development in warm water /

-

Early development larvae (yolk-sack) (1000-1200 m)

(+) LST o1

~

Transport to the north results in better feeding later on

S

This article

northern zooplankton

!

-

Pelagic larvae (surface waters)

(') DDIarv

Cold water is associated with higher system
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