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ABSTRACT: Understanding changes in the migratory and reproductive phenology of
fish stocks in relation to climate changeigical for accurate ecosystebrased fisheries
management. Relocation and changes in timing of reproduction can have dramatic
effects upon the success of fish populations and throughout the food web. During
anomalously warm conditions @P-C d@ove normal) in the northeaBacific Ocean
during"20152016, we documentsiifts intiming and spawning location séveral

pelagic fish stocks based on larval fish samplestal larval concentrations in the
northern California Current (NCC) duringnter (JanuaryMarch) 2015 and 2016 were
the highest‘observesince annal collections first occurred in 1998&;imarily due to
increased abundanceBEngraulis mordax (northern anchovy) ansardinops sagax

(Pacific sardinelarvae which are normally summer spawning speciesigrdgion.
Sardingps sagax andMerluccius productus (Pacific hakegxhibited an unprecedented
early andmorthward spawning expansion during 2015-16. Additionally, spawning
duration was greatly increased farmordax, as the presence of larvae was observed
throughout the majority of 20156, indicating prolonged antearly continuous

spawning of adults throughout the warm periddrvae from all three of these species
have never before been collected in the NCC as early in the Aidditionally, other
southern species were collected in the NfLng this period This suggestshat the
spawning“phenology and distribution of several ecologically and commercially important
fish speeies dramatically and rapidly olgad in response to the warming conditions
occurring in 2014016, and could be an indication of future conditions under projected
climate change Changes in spawning timing and poleward migration of fish populations
due to,warmer ocean conditions or global climate change will negatively impact areas
that were_ historically dependent ongkdish,and change the food wekructure of the

areas that'the fish move into with unforeseen consequences.

INTRODUCTION
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Global climate change is expected to occur over the next few centuries and lead to
unprecedented effects in both terrestrial and aquatic ecosystems (WalthezG£i2al.
Parmesan2006; Doney et al., 2012), many of which have already been observed
(Parmesai& Yohe, 2003;Poloczanska et al2013, 2016). Among the many
perturbatiens (e.g., warming, acidification, deoxygenation)esed-rise) expected to
occur in.marine systems with climate change, the effects of temperature on the
distributionand physiology of marine organisms is expected to be the most pervasive
(Doney etal., 2012 Although global temperatures are expecteds® by several
degrees in the next century, skeeffects are not uniform throughout the world’s oceans
(Wang.et al2010), with the California Current upwelling system off the west coast of
North Americaexpected t@how highly variable responses (Waetel, 2010; Sydeman
et al, 2014;GarciaReyes et a].2015).

Based on projected model outputs under different climate scenarios, the
California Current iexpectedo show changes in fish distributiortdseih et al.2009;
Cheungret-al 2015) and carrying capacity (Woodwoxibfcoats et 312013, 2016).In
addition tosshifts in distribution that result in habitat changes, changes to soaaea
timing-ef.events (phenology) such as plankton blooms and fish spaevendgsare
likely teroccur. Larvalfish appear to be sensitiiedicatorsof climate changeeflecting
advancementf spring spawning at approximate rates of 11 days per decade
(Poloczanska et al2013). The only study to date which examined changé®in
phenolegyetf larval fishedrom the southern California Current in response to climate
changefeund evidence for both earlier and delayed timing of larval occurrence, which
“were more closely associated with a trend toward earlier warming of surface waters
rather than decadal climate cyclé&sch 2015).

Larvatstage fish dynamicare importanfor understanding various aspects of
marine ecosystemsrhis informationcanbe used as indicators gfpawnng locations and
seasonalityspawning stock biomass (Lask&®85; Hunte& Lo, 1993;Ralston et aJ.
2003),future recruitment potentialf fish stocks (Houde, 2008tsieh et al.2006),and
trophic interactions between zooplankton and piscivore communities (MoDayis
1990;Auth, 2003;Daly et al, 2013) Because larvastage dynamicare influenced by
local and baskscale environmental forcing factdssth in thenorthern California
Current (NCCAuth, 2008, 2011Brodeur et al.2008; Auth et al., 2011) aradlsewhere
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in thenortheastern Pacific OcedHisieh et al.2005; Boeingk Duffy -Anderson, 2008;
Doyle et al, 2009), they are particularly suitable as indicators of changes in ocean and
climate conditionsn the region(Brodeur et al.2006, 2008Guan et al.2017.

Ichthyoplankton communities have beetatively wellstudied in theNCC
region over. the last 3gears (Auth & Brodeyr2013), during which time episodic
anomaliesn'those communities have been documented resultingdeweral El Nifio
events‘and other environmental fluctuations. For exarBpteleur et al. (208)
examinedlarvae collected biweekiyonthly in 1997-2006 at two nearshore stations off
the central Oregon coast and found the lowest mean concentration of tisetiesefor
total larvaesduring the 1997-98 El Nifio. However, Auth et al. (2015) found anomalously
high concentrations and both shoreward and northward displacement of fish larvae during
the 2010 El'Nifio.

Anomalously warm (% °C above normal) ocean conditions occuirethe
northeastern Pacific Ocean from late 2014 through late 2015 (Bnkor& Mantua
2016;Peterson et gl2016). This warming, commonly referred to as the ‘warm blob’,
was the'result of reduced cyclonic storms in the Gulf of Alaska which reduced oceanic
mixingpand subsequent cooling, of the upper ocean (Bond et al. 2ZMiS)was
followed by the strongest tropical El Nifio event ever recorded (Jacox et al., 2016), that
lasted into early summer 2016 and resulted in continued elevated water tempéiture
Lorenzo & Mantua2016;McClatchie et al.2016). Thesevents clminated in
prolongedanomalously warm ocean conditiahstexceeded the duration and magnitude
of otherwarming eventsccurring over the past two decadesh as the 1997-98 El
Nifio. Thisprolonged warming resulted in significant changes to marine conties
throughout the pelagic foodeb of the California Current (Leising et,&015;Cavole et
al., 2016; Di.L orenzo & Mantua, 2018jcClatchie et al.2016;Peterson et gl2016).

The purpose of this study is to examine how the anomalous ocean conditions
resultingsfrom the 2015-1@warmwater phenomenoaffected the larval assemblage
structuregdiversity, concentration, distribution, and phenology of commercially and
ecologically importantish stocks in the NCCTo compare this recent event to other
climatic events, w analyzed larvae collected during winté2015-16 in relation ta
long timeseries of similawinter collectionsthat occurredn 1998-2014. To determine

whether larval fish exhibited shifts in phenological timing or cisbsslf distibutions,we
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alsoexamined biweekly-monthly year-round collections from near-shore stations,las wel
as crossshelfto oceanic samples from quarterly suryeganducted in 2015-16 off the
central coast of Oregon. We focused our analysé&ngraulis mordax (northern
anchovy)andSardinops sagax (Pacific sardine) larvae, and to a lesser extent larval
Merlucciusproductus (Pacific hake)and relatedariations in theiconcentration patterns

to local\(i.e4 temperature and salinity) and basiale (i.e., Bcific Decadal Oscillation
[PDO]"and"Oceanic Nifio Index [ONI]) environmental variables. By comparing our
findings with previous studies, we hope to show how increasingly dynamic and
prolonged environmental fluctuations may impact fish stocks in the @asif€urrent
ecosystemrin the future.

MATERIALSAND METHODS

Sampling procedures

A.total of 188 ichthyoplankton samples were collecteding 31 cruisesfrom
stations*Spaced-46 kmapart along a single transebleiwport HydrographicNH] line;
44.6° N) extending 364 km off the central Oregon coast (Appendix 1, Fig.Ajom
this set.of samples, we extracted overlapping subsetsa(in¢er, near-shore, and cross-
shelf) aceording to a design structured to address specific hypsth&¢inter samples
were colleeted at six stations spac&ckm apart locate@-46 kmoffshore(NH 1-25)
duringJanuaryMarch 2015-16 on a ~biweekly bagmnly one set of samples was
collected in January and February 2016hese samples weoemparedvith data from
similar_collections made in 1998-2010, as described in Auth et al. (2015) and updated
(2011-14).and summarized in the National Oceanic and Atmospheric Administration
(NOAA)Northwest Fisheries Science Center's (NWFSC) winter ichthyoplankdex in
for the forecasting of adult returns of col@icorhynchus kisutyfand Chinook Q.
tshawytschiasalmon in the Pacific Northwestern United States

(https://wwwnwfsc.noaa.gov/research/divisions/fe/estuarine/odg&rast.cfm2017).

In order to understand high-frequency patterns in larval dynangasshore samples

were collected at four stations spac®dkm apart locate@-28 km offshoréNH 1-15)
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monthly from January 2015 @ecembef016 (no samples were collected in December
2015). To investigate wssshelfpatterns across seasons, samples were collected at 10
stations spaced@-37 kmapart locate@-155 km offshoréNH 1-85) ~quarterly from
March 205 to DecembeR016. However, in April 2015 and February 2016, sampling
was conducted at 15 and 13 stations, respectively, extending 2-364 km offéHdke
200), while.in December 2016, sampling was conducted at only six stations extending 2-
46 km'offshoe (NH 1:25). Not all samples from each sampling subsgete distinct, as
samples‘collected from some cruises were analyzed as part of multiple, overlapping
samplingsubses. Sampling was done at differeitnes during both day and night, and
not all staipns were sampled during each cruise due to weather or equipment issues.
Samples were collected using a@&@ diameter bongo with paired 338 mesh
nets. Thebongo was fished as a continuous oblitpye within the upper ~30 m of the
water column at steons NH 125 and within the upper ~100 m at stations NH 35-200,
a line retrieval rate 0£30 m min' and a ship speed of 1 to 1.5 th sThe length of tow-
wire outand ship and retrieval speeds were continually adjusted during each tow to
ensure ‘a Wi angle of 45° in order to maintain an effective mouth opening of (?28 m
througheut the tow A depth recorder and flowmeter were placed within the net to
determine the tow depth and volume of water filtergltan watetvolume filtered was
45.19(SE =0.96) and 138.16 H{SE =5.05) for the 30-m and 100-m tows, respectively.
Ichthyoplankton samples were preserved in a 10% bufferedhlin seawater
solution“at'sea. Fish larvae from each sample were coantkidlentified to the lowest
taxonomierlevel pssible in the laboratory using a dissecting microscope. The lesser of
either all larvae or a random subsampl8@individuals from eactaxonin each sample
were measured to the nearest 0.1 mm standard lengthofSigtocord lengtkNL) for
preflexonlarvae,usingeitheran ocular micrometer mounted on the sorting microscope or
Leica Application Suite 4.5.ibnaging software (Leica Microsysterngl. 2014). Most
larval osmerids (smeltsiebastes spp. (rockfishes)Sebastolobuspp. (thornyheads), and
Citharichthys spp. (sanddabspllected were not identifiable to species based on
meristics and pigmentation patterns, so these taxa were analyzed at the family or generic
level. However, the majority of individuals classifiedGtharichthys spp. are ¢herC.

sordidus (Pacific sanddab) dt. stigmaeus (speckled sanddab) based on the larger,
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identifiable individuals collected and dominance of these species in the NCC
ichthyoplankton (Matarese et a2003.

Environmental Data

Local changes in hydrograp were determined at each station from water
column-profiles of temperature and salinity collected with a SBE25 CTDHigka
electronies). Temperature and salinity from two stations, NH 5 located indbQvater
and NH 25 located in 300 m of water, were chosen to represent fluctuations on the shelf
and shelf slepe. To show the winter annual deviations throughout the water column,
anomalies of temperature and salinity were obtained by subtracting the Jstauialy-
climatology (19962015) from the annual JanuaWarch mean.Monthly-averaged sea
surface temperatuia 1998-2016SST,°C; http://www.ndbc.noaa.goy2017) recorded

from the National Oceanic and Atmospheric Administration’s (NO&#Jnewall Banks
buoy located 20 nm (37 km) west of Newport, Oregon (#86424.56W) was
calculatedo’show seasonal and annual water temperature differen2645-16 relative
to the'monthly means ovére past two decadesow-frequency, basiscale fluctuations
in the.north Pacific Ocean and at the equator were indexed using the PDO
(http://research.jisao.washington.edu/pdo/PDO.latest.txt, 2017) and ONI
(http://Mww.cpc.ncep.noaa.gov/products/analysis _monitoring/ensostuff/ensefgats
2017).

Data analyses

Larval concentrations weexpressed as the number of individuals per 1000 m
Mean concemationswere often logg(N + 0.1)transformed to facilitate the display
data overa wide range of values. Weighted mean (based on concentration) lengths
(WML) of importantlarval species were calculated for each samghelafter testing for
and finding no significant cross-shelf differences in WMLs for any of the pritaargl
species examinedjonthly means were calculated based on all sampled stations from all
samplingsubses. Length distributions were expandedomcentrationper 1000 mat
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219 size for each sampling datden sufficient larvae were preseatfacilitate the creation
220 of length-frequency (LF) plots.

221 For all analyseimited tothe winter samplingubset monthly means of the 10
222 most abundant larval taxa the timeseries were calculated then annual mean

223 concentrations were plotteddditionally, taxonenic evenness, diversity, and

224  distinctness were determined for each {ow 267) on alldentifiable larval fish tax#én

225 =77). Taxonomic evenness was calculated using Pielou’s evenness iHde¥h{ch has
226 outputvalues ranging from 0 to 1, with higlvatues indicating that all fish taxa are

227 characterized in the same relative concentrations (Ki€89). Taxonomic diversity

228 was calculated based on the ShanWiner diversity indexA/"), with higher values

229 representing greater diversity (Shannon & Weal1949). Lastly, taxonomic distinctness
230 (A*) was utilized as an index of biodiversity based on taxonomic or phylogenetic

231 relatedness patterns within a community (Clarke & Warn2€l01). Taxonomic

232 distinctness assessthe average ‘distance apart’ of any speciestowabased on a

233 Linnaeanrtree which was developed from the 77 fish taxa of our study (Clarke &

234  Warwick, 2001). Data from the taxonomic evenness, diverstyd distinctnesanalyses
235 were poeoledicross tows within a yeandwere averaged fannualmeanestimates of

236 diversityalong wth standard erret Tows where no larvae were collectedre not

237 included in the analysébecauséd’, H’, andA* cannot be calculated. Software utilized to
238 calculate thevennesgliversity, and distinctness indices were performed using PRIMER
239 7 statisticahsoftware (Clarke & Gorlef015).

240 Toe.determine the similarity in the winter larval fish community over time,

241 hierarchical tweway cluster analysis was used to identify taxa assemblages over the
242 time-series from 1998 to 2016. To eliminate the effect of rare taxa on the analysis, only
243 those taxa.that occurred in at least 5% of the samples were used, leavinvgl2axa.

244  Larval fish concentrations were averaged monthly &hobat transformed prior to

245 analysissThe tweway cluster was constructed with the Bi@ayrtis distance measure
246 and a flexible betgs(= -0.25) clustering algorithm. A ngoarametric multresponse

247 permutation procedure (MRPP) was used on larval fish concentrations for eachetow (n
248 267) to test the hypothesis that there was no difference in the larval communwiteibet
249  all pairs of senpling years (1998-2016Results from the paired tests were used to

250 calculate the percent of the years that were significantly different for eachFygtataxa
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251 primarily responsible for significant diffences between years were identifisthg

252 indicator species analysis (ISA). The ISA measured the fidelity of fish taxa within a
253 particular year in relation to thaoncentratioain all other yearsand ameasure of

254  statistical significances generated as well as an indicator v¢l\@ index ThelV index
255 is a combination of both taxa specificity (concentration) and fidelity (frequency of
256 occurrencedn a yearand its value is not influenced by the concentration of other taxa
257 (Dufréne&Legendrel997). The hierarchical twavay cluster, MRPP, an®A were

258 performedusing PORD 6statisticalsoftware (McCune & Gra¢g&002).

259

260

261 RESULTS

262

263 Hydrography

264

265 The'PDO changed from negative to positive in January 2014, followed soon after

266 by a similar‘change in sign by the ONI (Fig. 2). Both indices remained strongly positive
267 throughithe early summer of 2016, matching magnitudes that occurred during the strong
268 EIl Nifie*events of 1982-83 and 1997-98. The local response is reflected in strongly

269 positive winter temperature anomalies throughout the water coluMid &tand over the

270 upper 80m at NH 25. These warm anomaly patterns are similar to those observed during
271 the 199798.El Nifio, except the entire water column warmed at NH25 in 1997-98 (Fig.
272 3a,b. Salinity values at both stations in 2016-were approximaty average relative to

273 the 1997-2016 timeeries. In January 201Becember016, monthlyaveraged SSat

274 NH 20wasconsistently highefmean monthly difference = +1°C) than the 19/ mean,

275 although.itwas<1 °C lower in June 2015 and August 2016 (Appendix 2).

276

277 Larval collections, concentrations, and distributions
278
279 Mean concentrations of the 10 dominant larval fish taxa (comprising 95% of the

280 total mean larval concentratioodllected in winteof both 2015 and 2016exehigher
281 than in any other year in the ¥%me-series (Fig4). Larval Engraulis mordaand

282  Sardinops sagajominated the ichthyoplankton in winter 2015, &oth species wer@
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the top four most dominant taxa in winter 20¥&graulis mordakarvae werdound

only once before in th&9-y time-series: in relativelyow concentrations (meank6.3
1000 m® [SE = 6.3] in March 1998 Sardinopsagaarvae were never before collected
during winter. Engraulis mordakarvae were collected as early as 4 February in 2015
and 8 January in 2016, whife sagalarvae were collected as early as 18 February in
2015 and 15 February in 2016.

Sardinopsagatarvae were collected in the neslrore samples from February to
May in"2015 and March to May in 2016, with maximum mean concentratidviarich
of both years (Fig. 5) Engraulismordaxarvae were collected in the neslrore samples
from February to June and in Septem@etoberin 2015, and January to August and
NovemberBecembein 2016, with maximum mean concentrations in April of batarg
(Fig. 5. Together, these two species accounted &6 &f the total larval mean
concentratiorfrom the neasshore samples idanuary 201®ecembe016, and 83% of
the February-May larvae collected in both 2015 and 2016.

Thercrossshelf sampling subsshowed thak. mordaxandS. sagalarvae were
not just'collected in neashore samples, but were found across the shelf in March and
April'2015 and May 2016 (Appendix 3a,b,c). In March 2085;0rdaxarvae were
collected at every crosshelf stéion except for NH 35 and 85, but were most
concentrated at NH-25. However,S. sagalarvae were not collected at the
intermediate crosshelf stations (NH5), but were found at the most near-shore station
(NH 1).andithree of the four offshore statigN$l 35-65). In April 2015,£. mordax
larvae were collected at every cregeelf station from NH -1L50, with the highest and
most even concentrations at NH6%, while S, sagakarvae were highly concentrated at
NH 1, but were found at low concentrations at only two other, far-offshore stations: NH
65 and 105., The following year, in May 20¥6,mordaxarvae were evenly distributed
at every. crosshelf station from NH -B5, while S. sagaxvere mostly evenly distributed
at everysoffshore station from NH 20-85, with a maximum concentration at the she
break (NH,35). NaE. mordaXxarvae were collected at the offshore (NH > 15) stations in
either August 2015 or February 2010t were collected at relatively low concentrations
at two offshore stations in August 2016 (NH 35 and 45; mean =1060 m®[SD =
4.7). SardinopsagaXarvae were found at relatively low concentrations at three
offshore stations in August 2015 (NH 20, 65, 85; mean = 19.6 10(Skn= 7.5]), at
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315 one offshore station in February 2016 (NH 85; concentration = 7.8 18pGnd athe
316 same two offshore stations &smordaxn August 2016: NH 35 (concentration = 11.4
317 1000 m’) and 45 (concentration = 134.4 1000)mNo £. mordasor S. sagajarvae
318 were collected at any creskelfstation in November 201é&r October and December
319 2016.

320

321 Larval size distributions

322

323 In 2015,WMLs for both £. mordarandS. sagalarvaeinitially increased, then

324 decreasedpbefore increasing ag@ippendix 4). In 2016\VML for E. mordaXxarvae

325 was relatively even from January to March, increased in April, decreased in May, then
326 increasedo even levelsn June-July, before increasing even further in August (Appendix
327 4). After not being found in the ichthyoplankton in September and Octelgently

328 hatchedE. mordaxarvae were again collected in November and December 2016 at
329 WMLsofi8dl and 3.3 (SE = 0.07) mm, respectiveBardinopsagararvd lengths

330 increasedfrom February to Mar2B816, then remained relatively even through May,
331 beforesincreasinggain in August (Appendix 4)There were no significant creskelf

332 differences in WMLs for any of the three larval species examined.

333 LF plots showed clear signs of continuous spawning for Bothordaxand S.

334 sagaxduring each of the biweekly-monthtyuises in Februarivlay 2015-16 as evident
335 in the largesnumber of recentbpawned (<5 mm) larvae collected during each cruise
336 (Appendixs5a,h Survival of multiple larvatohorts was also evident by the

337 multimodality and/or presence of larger larwa¢he LF plots forE. mordaxn 2015 and
338 2016 and foiS. sagain 2015, although no evidence was found for multiple cohort

339 survivalof larval S. sagaxn March-May 2016.

340

341 Unusual Iarval occurrences

342

343 We observed several unusual patterns of abundartice whthyoplankton

344  collected during winter 2015-180smerids andnmodytes personatiBacific sand
345 lance) which normally are two of the dominant taxa found in the winter ichthyoplankton

346 and are morphologically and ecologically similar larva&tenordarand S. sagaxvere
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found in relatively low concentrations in both 2015 and 2016. ConverRedffichthys
melanostictugsand soleand /sopsetta isolepfdutter sole)arvaewere found in two out
of the fourhighest concentrati@of the 19 winter timeseriesin 2015and2016, with
the anomalously warm years of 2002 and 2010 comprising the other two highest years.
In addition,Citharichthysspp. larvae were collected in the highest concentrations in 2015
and 2016 of the winter timgeries, whileRonquilus joradargnorthern ronquil) larvae
weré' collected in the highest concentration2016.

Severalarvaltaxa normally found offshore were found nearshore in winter 2015-
16, likely due to the relaxed upwelling associated with the warming phenomena.
CololabissairdPacific saury) and/jpolagus ochotens(gared blacksmelt) were both
collected forthe first time in the 1§ time-series:C. sa/iran March 2015 at N 10, and
L. ochotensisn March 2015 at N 20and in March 2016 at®M 25. Larval Microstomus
pacificus(Dover solewere found as far inshore as NH 5 in Mag€li6 and at NH 25 in
March2015 while larval Sebastolobuspp., another taxa with an offshore distribution,
werefoundpervasively at NH 25 in February-March 2015 and 2046the hidgpest
concentrations ever observed ie ttBy winter timeseries

\We alsoobserved two novedpecies of larval fisduring this study. A single
recentlyhatched 2.6 mm) Peprilus simillimugPacific pompano) larva species that
normally spawns in the southern California Current in spsingimerwas colected at
NH 15'in December 2016, and represents the firstiroedl occurrence of a larva for
this speciesff Oregonin at least the last 19 y. &#lso observethe presence of
Merluceius'productusarvae a normally southerspawning specie#) high
concefitrations (mean = 192¢<E =784.4]; maximum = 3918.3 10003natall far-
offshore stations between NH 35 and 105 in February:28&6nly time that we
collected.this species in all of the sdimg conducted during this study, and the earliest
in the year.and in the highest concentrations that have ever been observed in the NCC
(Auth &Brodeur, 2013).The WML for larvalM. productusn February 2016 was 4.8
mm (SE=,0.1)with a range of 2.8-Z.mm (SL) which suggested that they were all

recently hatched

Community analysis
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379 Taxonomic dversity and distinctness was above average in winter 2615-

380 relative to the 19 time-series, while evenness was slightly below average @Fig.

381 Diversityin 2016 was the third highest of the tirseries, behind the El Rib years of

382 1998 and 2010, while 2015 was the fifth highest. Taxonomic distinctness was virtually
383 the same.in 2015 and 2016, ranking third highest in the time-series behind 2000 and
384 1998. Likewise, evenness values in 2015 and 2016 were almost identical, ranking third
385 lowest'behind 2011 and 2000.

386 Thedendrogram resulting from ttveo-way cluster analysis using tH®-y time-

387 series/from thevinter data revealed several notable tempamnal taxonomic groupings

388 (Fig. N« February and March of 2015 and 2016 clustered close together and separated
389 out from‘the rest of the sampling periods, although their closestoral grouping was

390 February and March of 2010: another anomalously warm period in the NCC. Earval
391 mordaxandS. sagasimilarly clustered close together and separated from the rest of the
392 taxonomic groups, and were strongly associated with the Felviaagh 2015-16

393 temporalgrouping. However, January of 2015 and 2016 clugtegether with other

394 years. The'results from the MRPP analysis support those from the cluster analysis,
395 showing.that 2015 and 2016 were the only years in thedariesthat were significantly

396 differentfrom every other year, while 2010 was significantly different from 94.4Weof
397 other yearsAppendix §. The ISA analysis revealed nine significant indicator taxa in the
398 wintertimeseries, with four being from 2015-16 (Appendix 7). Most notablyyordax
399 andSebaste/obuspp. larvae were indicative @016, whileS. saga=nd Citharichthys

400 spp. weredndicative of 2015. These four significant indicator species also ecthiist

401 highest IVs.

402

403

404 DISCUSSION

405 Dramatic and prolonged changes in the ocean temperature patterns reported here

406 and elsewhereBpondet al, 2015;Peterson et 312016 in thenorth Pacific Ocean

407 resulted inwidespread ecosystem anomalies inrtbghern California Current (Leising
408 et al, 2015; Di Lorenzo &Mantug 2016;McClatchie et al.2016;Peterson et glin

409 revision). An uniwsualweather pattern in theorth Pacific resulting in extremely elevated

410 surface and watezolumn temperature anomalies@rm blold) was followed by a large
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411 El Nifio patternwhich was reflected in high PDO and ONI values in the NCC, leading to
412 a multryear marine batwave unprecedented in the historical record (Di Lorenzo &

413 Mantua, 2016). Although equatorial conditions in early summer 2016 reverted back to El
414 Nifo/Southern Oscillation (ENSO) neutral conditions (NOAA Earth SysteradRels

415 Laboratory, http/www.esrl.noaa.gov/psd/enso/mei/, 2017), the return of warm ocean
416 temperature anomalies in the NCC was observed in late summer 2016 but dissipate
417 the coastal'region by the fall that same year (Gentemann et al., 2017).

418 Theyearroundpresence of arm water (1415 °C) off the Oregon coast in 2015-
419 16created habitat favorable for winter spawning of several fish species that generally
420 spawneffssouthern California durinigis time, oroff of Oregononly during the summer
421 when temperatures are at thedasonal maximand thus over short temporal periods.
422 Takasuka et al. (2008) showedtttiae optimal temperature ranfgg spawning of

423 northeasterPacific Engraulis mordax ranged between 11 and 4®. Historically, there
424  were three populations & mordax in the California Current: two in California and one
425 off centraknorthern Oregon in the Columbia River plume (Huppeel, 1980;

426 Richardson; 1981Parnel et a).2008); although more recent data suggest that spawning
427 has been occurring in southerentral Oregon waters at least sinc&2QAuth &

428 Brodeur;Unpub. Data). While the more southern populations have an early and

429 protractedreproductive season, the Columbia River population typically keieraand

430 relatively narrow window for spawningdm lateMay to early Augus(Brodeur et al.

431 2008;Parnel et a).2008;Auth, 2011). Itis beyond the scope of this study to disdern
432 theindividualsthat spawneth the NCC in 2015-16 were migrants from southern areas,
433 but there is little evidence fohis (Davison et al.2017). For Sardinops sagax, Takasuka
434 et al. (2008khowed that the optimal temperature range for spawning ranged between
435 ~13and.=25C. However, in the present study, the highest concentratioBssadax

436 larvae were found during February-May of both 2015 and 2016, when SST was@1-13
437 Dbelow the13C lowerthreshold previously documented by Takasuka et al. (2008).

438 These temperatutaresholds generallymit spawning ofS. sagax to the area south of

439 Point Conception off southe Californiaduringmost years, although the spawning

440 population is noted to shift northward during positt’NSOyears (Fiedler et al1986;

441  Auth, 2008; Sadrozinski, 2008
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Engraulis mordax, and to a lesser exteitsagax, demonstrated multiple
spawnings throughout most of each year in 2015-16 off Oregon, with the presence of
newly-hatched larvae occurring over several successive monthly cruises starting in
February 2015. Although ri&. mordax or S. sagax larvae were collected in January
2015,E. mordax larvae as large as 5.3 mm NL were collected on 4 February 2055 and
sagax larvae as large as 11.2 mm SL were collected on 18 Februaryitileshatch
sizesforthese species are 2.5 and 3.5 mm NL, respectively (Matarese2€08)),
indicatingthatspawning for both species occurred at least as early as January in 2015.
Thereason that only a relativefgw E. mordax, and ndS. sagax, larvae were collected in
Juneduly andin Septembe@ctoberin 2015-16maybe becausee only sampled
nearshore (NH-15) in those months (except for October 2016 when sampling was
conducted at NH 1-200), atidese larvae wengrobablylocated fartheoffshore. In a
separate studyonducted off the Oregon coast in June 2015 and 20&6latchieet al,
2016;Auth & Brodeur, Unpub. DajaS. sagax larvaewere found in moderate
concentrationst NH 20 butabsentatNH 15 and 45 in both years, white mordax
larvaeweresfound at relatively high concentrations at NH 20 and 45 in both years, but at
NH 15were absent in 2015 and at a low concentration in 2016.

Unlike E. mordax andS. sagax, Mer/uccius productuspawn in relatively deep
water (56100 m), where they inhabit cooler waters (1P as earlystage larvae,
eventually rising above the thermocline to warmer serfamperatures (111.3°C;

Moser etal1997). The normal spawning area for this species is considered to be off
southernsand Baja California, although spawning has been observed to shift northward
during'warm years (Horne & Smjth997;Ressler et al2007;Auth, 2008; Sadrozinski,
2008)..We foundM. productus larvae only during one sampling cruide-17 February
2016),.but we were not able to sample in offshore waters (>46 km from shore) along the
NH line often in the winter months. However, lagvas large as 7.2 mNL were
collectedwhile hatch size for this species is 2.4 mm (Matarese et §l2003),

indicating that spawning occurretl leasts early as January 201Although we did not

find M. productudarvae in the NCC in winter 2015 during the local ‘warm blob’, we did
find them in large numbers in winter 2016 during the El Nifio, which may be indicative
of migration of southern stocks northward resulting from El Nifio effects in thie, snd

not just early spawning in response to local warming conditions in the north like
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474 mordax andS sagax. Itis also possible th#. productus spawned somewhere north of
475 their usual spawning grounds in 2015, but it may have been somewhat south of our
476 sampling, angtronger than averag®rthwardflowing currents in winter 2016

477 compared to winter 2015 transported the larvae to our study region (Peterson et al., In
478  revisions.

479 Previous studies have documented some anomalous distributmeensyihife

480 stages'oE.-'mordax andM. productus During the 1983 EI Nifio, Brodeur et al. (1985)

481 observed'shoreward displacement and increased abundance of larval taxa that generally
482 occur offshare, especially. mordax which are normally found iwarm, offshore,

483 ColumbiasRiver plume waterf{chardson1973;Auth, 2009). They also observed a

484  shift in‘the timing ofspawning oE. mordax, collectinglarvae continuously in April-

485 September 1983, when the normal spawning period for this species idulyirethe

486 NCC (Auth 2011). Doyle (1995) also fourtfl mordax eggsand larvae as early as April
487 in 1983 over a much broader area, along with unusual occurrences of eggs and larvae of
488 speciesssuch ad. productus during spring of 1983 and 1984. The only other tiine

489 mordaxlarvae were found in winter dug the preserdtudy’s 1998-2016 timeeries was

490 in March of 1998: a strong El Nifio year. In 2004-05, when anomalously elevated sea-
491 surfacestemperatures and dsased upwelling unrelated to ENSO occurred in the NCC,
492 Brodeur et al. (2006) observed high concentratioareél and ag® M. productusin

493 the NCC region from Oregon to British Columbia, which represents a significant

494  northwardsshift in their spawning distribution since they normally spawn in the southe
495 California-Bight. They also observed a shoreward dispiment oE. mordax larvae.

496 These northward and shoreward shifts iaveping distributions during the presevdrm

497 event are similar to those observed during the 1983 El Nifio (Brodeur et al. 1985). Auth
498 et al. (2015).also found anomalously high concentrations and both shoreward and

499 northward displacement of fish larvae during the 2010 EI Nifio. However, none of these
500 or any.othestudiessee Auth & Brodeur, 2013 for references) have documented such a
501 widespread and early spaing of E. mordax, S. sagax, andM. productusin the NCCas

502 we found in the present study.

503 Although we do not have direct corroborative evidence of adult spawners shifting
504 their distributions north during our surveys, findings from other studies indicate the

505 winter/spring presence afdultE. mordax andS. sagax well north of their normal
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506 distribution in surveys conducted by NOAA’s Southwest Fisheries Science Center
507 (SWEFSC; Leising et gl2015;McClatchie et al.2016). Similarly, a Northwest Fisheries
508 Science Center (NWFSC) 2016nker spawning survey ofl. productus found

509 developing adults as far north as the NH line off Oregon (S. PStkéer, NOAA

510 NWFSC;Rers. Comm.Although warm periods such as El Nifio events have been
511 shown o produce less productive zooplankton communities in the NCC potentially
512 leadingto'less productive systems as a whole (Fisher 20ab), periods of elevated
513 water temperature such as were present in-2@1%ave generally seen increased

514 spawning and larval production in pelagic fish communitigkénCalifornia Current

515 (Hsiehet al}2005;Auth, 2008;Daly et al, 2013;Auth et al, 2015). This may be a result
516 of faster'gonadal development and growth of adults at higher temperatures€Gakve
517 2005). In any case, adulE. mordax andS. sagax apparently found adequate prey

518 resources to continue the energeticaypensive serial spawning that they exhibited in
519 the NCC throughout most of the year in 20¥5-

520 Shifts in spawning phenologies have been observed irottteAtlantic Ocean

521 (Greveetaly 2005; Gnner et a).2010) and inthe rorth PacificOcean off California

522 (Aschr2015)as well In an analysis of multilecadal larval densities for 43 species off
523 southern California, Asch (2015) found earlier phenologies for many species including
524 M. productus, E. mordax, andS. sagax, although the variability in the latter two species
525 was high so that they did not show a significant trend (see online supplementargl mater
526 http://mwwwapnas.org/content/suppl/2015/07/09/1421946112.DCSupplemental/ pnas
527 201421946SI.pdf, 2017). These changes were correlated withdongshanges in sea

528 surface temperature, likely mediated through trends in PDO and ENSO aus\ditih

529 also may be attributed to other factors such as zooplankton biomass (Asch 2015).

530 Pelagic spawning fishes are known to have limited temperature dependencies for
531 spawning.initiation, but other physical (e.gurrents, stratification) and biologida.g.,

532 prey andspredator distributionfgictors may also affespawning timing and habitats. In

533 particular,.spawning cycles have evolved to coincide with the availability qirtpeer

534 food resources for larvae (Platt et 2003), and disruption of the temporal overlap

535 between larvae and their food may lead to poor survival. In contrast to many demersal
536 spawners, the three species of interest hergemoparous andapable of multiple

537 spawning events within a season, thus generating a higher pitybailal temporal
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matchbetween food production ard least one of the spawning events. Length-
frequency plots show multipEe. mordax andS. sagax cohorts surviving at least between
biweekly-monthly surveys in February-May 2015-46d an increase in WIMs
evidence for larval growth and survival through the summer. In addition, juvenile
pelagic fish surveys have collected @pmdividuals of all three species off both Oregon
and especially Washington during June of 2015 and 2016, which were ahs@avidns
years (Auth'& Brodeur, Unpub. Data), indicating a northward shift in their spawning
habitatandproviding evidence of successful recruitment of these-gaalyned larvae at
least to the juvenile stag®roviding that there is not a mismatch betw the earlier
spawned fish larvae and their prey (As2015), warmer temperatures in the larval
habitat'would be expected to increase the growth rate of larvae (Takahashi et al., 2012)
decreasing their vulnerability window to sigelective predation.

Our results indicate that the spawning and nursery habit&sadrdax, S.
sagax, andM. productus may have shifted north by 500-1000 km from their usual winter
habitats-as«a result of recent oceanic warming, with important ecological ramifications for
the entire food webEngraulis mordax spawning biomass has been steadily decreasing
off southern California in recent years (MacCall et2016), and this, along with
declines"inS. sagax and other pelagic forage species, may have led to precipitous
decines in sea lion survival off Califoia (McClatchie et al.2016). In the NCC, growth
and survival of juvenile salmon is dependent on the availability and type of fish prey
available'to,them in spring and sumnieely et al, 2017). In 201%nd 2016there were
anomalously high amounts Bf mordax juveniles in the stomachs of omtigrating
Columbia River Chinook salmo®(corhynchus tshawytscha) (Daly et al, 2017). In
addition, juvenileS. sagax were consumed by juvenile coloncorhynchus kisutch) ard
Chinook.salmon in May and June of 2016 (Daly & Brodeur, Unpaita). This is
further_evidence of eadgpawned larvaE. mordax andS. sagax recruitment to the
juvenilesstage in 2018nd2016, making theravailable as prey for juvenile salmon
which ceuld influence their growth and survival to adults.

Changes in spawning timing and poleward migration of fish populations due to
warmer ocean conditions or global climate change will negatively impact areas that were
historically dependent on these fisk,veell as change the structure of the areas that the

fish move into (Cheung et al., 201&sch, 2015). If the unprecedented ocean warming
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and/or more frequent and prolonged temperature surges such as has been occurring over
the last two years continuebgtnorthward migration of spawning stocks (Last et al.,

2011), increased larvapecies richneg¥oslow et al, 2017), and disruption to the food

web may become the new normal in the NCC with unforeseen consequences.

As.is often the case with ecosystem change, some species may benefit from
changes indistribution and timing of prey whereas others may not be able to adapt and
subsequently decline (Cavole et @016). Similar northward shifts in pelagic fish
species due'to climate change have occurrétliropean waters with important
implications for ecosystems in those regions (Beare,2@04;Alheit et al, 2012;
Montere-Serra et a.2015). Changing ocean conditions can be incorporated within in-
seasonforecasting models (Kaplan et2il16) toinform fisheries managementVe
know from past work that the ecosystem recovery time is strongly related tbehsity
and duration of warm events (Fisher et 2015). However, it is unknown whether the
‘warm blob’ or El Nifio will persist for theext year, or whethahe systenwill
transitionrter cooler and/or La Nifia conditions with a different fish community 2811
(Auth et aly2015), or if the phenological changes documented in this study will persist
regardless of future oceanographic fluctuations. Only through continued, regular, cross
shelf surveys will we be able to answeeghquestionsor discern the signals of future
anomaliesand their relationship to global climate change.
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Appendix 1. Dates, stations sampled along the Newport Hydrographic (NH) line, and associated sampling regimes for each of the
31 cruises conducted for this study.

Year Month  Day Stations sampled Sampling regime

2015 1 6 1, 5,10, 15, 20, 25 Winter, Near-shore

2015 1 21 1, 5,10, 15, 20, 25 Winter, Near-shore

2015 2 4 1,5,10 Winter, Near-shore

2015 2 18 1, 5,10, 15, 20, 25 Winter, Near-shore

2015 3 4-5 1, 5,10, 15, 20, 25, 35, 45, 65, 85 Winter, Near-shore, Cross-shelf
2015 3 26 1, 5,10, 15, 20, 25 Winter, Near-shore

2015 4 7 1,5,10,15 Near-shore

2015 4 27-29 1,5, 10, 15, 20, 25, 35, 45, 65, 85, 105, 125, 150, 175, 200 Near-shore, Cross-shelf
2015 5 19 1,5,10, 15 Near-shore

2015 6 10 1,5,10, 15 Near-shore

2015 7 15 1,5 Near-shore

2015 8 10 1,5, 15 Near-shore

2015 8 26-27 1, 5,10, 15, 20, 25, 35, 45, 65, 85 Near-shore, Cross-shelf
2015 9 29 1,5,10, 15 Near-shore

2015 10 13 1,5,10, 15 Near-shore

2015 11 3-4 1, 5,10, 15, 20, 25, 35, 45, 65, 85 Near-shore, Cross-shelf
2016 1 8 1,5 Winter, Near-shore

2016 2 14-17 1,5, 10, 15, 20, 25, 35, 45, 65, 85, 150, 200 Winter, Near-shore, Cross-shelf
2016 3 11 1,5,10,15 Winter, Near-shore

2016 3 26 1, 5,10, 15, 20, 25 Winter, Near-shore

2016 4 18 1,5,10 Near-shore

2016 5 12 1,5,10, 15 Near-shore

2016 5 24-25 1,5, 10, 15, 20, 25, 35, 45, 65, 85 Near-shore, Cross-shelf
2016 6 12 1,5,10,15 Near-shore

2016 7 7 1,5,10, 15 Near-shore

2016 8 1 1,5,10, 15 Near-shore

2016 8 21-23 1, 5,10, 15, 20, 25, 35, 45, 65, 85 Near-shore, Cross-shelf
2016 9 20 1,5,10, 15 Near-shore

2016 10 10-12 1,5, 10, 15, 20, 25, 35, 45, 65, 85, 105, 125, 150, 175, 200 Near-shore, Cross-shelf
2016 11 18 5,10 Near-shore

2016 12 6 1,5, 10, 15, 20, 25 Near-shore, Cross-shelf
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Appendix 6. Results of the multi-response permutation procedure (MRPP) analysis for
the 25 most dominant taxa collected from stations NH 1-25 during winter (January-
March) 1998-2016.

Year Pairs significantly different % significantly different
1998 16 88.9
1999 5 27.8
2000 12 66.7
2001 9 50.0
2002 12 66.7
2003 11 61.1
2004 6 333
2005 10 55.6
2006 8 44.4
2007 14 77.8
2008 4 22.2
2009 11 61.1
2010 17 94.4
2011 12 66.7
2012 8 44 .4
2013 7 38.9
2014 8 44 .4
2015 18 100.0
2016 18 100.0
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Appendix 7. Results of the indicator species analysis (ISA) with indicator year, value (IV), mean, standard
deviation (SD), and p-value (p) for the 25 most dominant taxa collected from stations NH 1-25 during winter
(January-March) 1998-2016. * = statistically significant (p < 0.05).

Scientific name Common name Year v Mean SD D
Engraulis mordax Northern anchovy 2016 25.6 5.5 293 0.0018*
Sebastolobus spp. Thornyheads 2016 24.9 5.0 2.92 0.0018*
Sardinops sagax Pacific sardine 2015 25.7 5.1 3.23 0.0022*
Citharichthys spp. Pacific or speckled sanddab 2015 16.6 6.1 2.18 0.0046*
Microgadus proximus Pacific tomcod 2002 14.0 5.1 2.76 0.0138*
Isopsetta isolepis Butter sole 2010 12.4 5.8 2.18 0.0208*
Ammodytes personatus Pacific sand lance 2000 12.6 6.0 2.31 0.0212*
Lyopsetta exilis Slender sole 2002 12.9 4.9 2.88 0.0334*
Liparis fucensis Slipskin snailfish 1999 11.1 4.9 2.87 0.0448*
Ophiodon elongatus Lingcod 2008 10.8 5.0 293 0.0506
Osmeridae Smelts 2010 9.8 6.1 2.17 0.0618
Hemilepidotus spinosus Brown Irish lord 1999 9.3 52 2.60 0.0644
Rongquilus jordani Northern ronquil 1999 8.5 5.0 3.16 0.0824
Stenobrachius leucopsarus Northern lampfish 2010 8.7 6.3 2.04 0.1046
Sebastes spp. Rockfishes 2010 8.5 6.9 1.39 0.1342
Psettichthys melanostictus Sand sole 1998 8.2 6.1 2.13 0.1428
Glyptocephalus zachirus Rex sole 2010 6.4 5.5 2.48 0.2927
Artedius harringtoni Scalyhead sculpin 2002 5.1 53 2.66 0.3903
Hemilepidotus hemilepidotus Red Irish lord 2011 4.8 4.9 3.11 0.4075
Leptocottus armatus Pacific staghorn sculpin 2001 43 5.0 3.05 0.4923
Hexagrammos decagrammus  Kelp greenling 2014 4.2 4.9 2.74 0.5277
Artedius fenestralis Padded sculpin 2002 4.1 5.0 291 0.5399
Parophrys vetulus English sole 2011 6.4 6.9 1.53 0.5773
Scorpaenichthys marmoratus  Cabezon 2006 3.6 5.0 2.92 0.7021
Anoplarchus purpurescens High cockscomb 2000 2.5 4.9 2.96 0.8930
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