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Abstract

Market squid Doryteuthis opalescens) are ecologically and economically importémthe
California.Current Ecosystem, bpbpulations undergo dramatic fluctuations tiaatly affect
food web dynamics and fishing communities. These population fluctuatiebsoadly

attributed tob-7 year trends that can affect theeanographgcrossl,000 km aread)owever,
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monthly patterns over kilometer scales remain elugivenvestigatehe population dynamiasf
market squid, we analyzed the density and distribution of paralarvae in coastalfieate®sn
Diego to Half Moon Bay, California from 2011-20M/arminglocal ocean conditions aral
strong El Nifio event drove dramatiaecline inrelativeparalarval abundanaiiring the study
period. Paralarval abundance was high during cool and productiMé&ib@onditionsfrom
2011-2013; and extraordingriow during warm and euptrophigl Nifio conditiondrom 2015-
2016 overthetraditional spawning grounds in southern and central Califoarieet\dquid
spawned earlign the seasoand shifted northward during the transition from cool to warm
ocean conditiond/Ve used @eneral additive modéb assess the variability in paralardainsity
and found.thatisea surface temperaf8®T), zooplankton displacement volur(iPDV), the
log of surfaeechlorophylla (SCHL), and spatial and temporal predictor variables explained
greaterthan 40% of the deviance (adjustéafr0.29). Greatesparalarvaldensities were
associated witikkool SST, moderateooplankton concentratisnand low chlorophyl&
concentrations. In this paper we explore yearly and monthly trends in nearshore spawming for a
economicallysimportant squid species and identify the major environmental influbates t
control theirpopulation variability

I ntroduction

The California market squiddoryteuthis opal escens) is ecologically anadconomicallyvital to

the California Current ecosystem (CCE) distling communities. Squid are key components in
marine ecesystems across the globe@ag an instrumental role in transfering enefigyn

lower tohighertrophic level¢Coll et al. 2013).Market guidin the CCEare major predators on
crustacea and fisfKarpov& Cailliet 1979)and important prgfor marine manmals, seabirds,
invertebrates, and fish (Morejolehal. 1979). The fishery for market squid is routinely one of
the largest.and.most valuable in tt&te of CaliforniagLeos 2014)Marketsquid disperesever
the continentashelf aguveniles andorm dense nearshospawning aggregations when mature,
depositingeggs intoclustersover shallowsang substrat€Zeidberg & Hamner 2002; Navarro

et al. 2016).Thecommercial fishergenerallytargetshese spawningggregations during
summer in thévlontereyBay region (MBR) and duringautumnin the southeri€aliforniaBight
(SCB, Fig. 1)(Zeidberget al. 2006), although spawning has been observed year round in some
instancegFields 1950; Jackson & Domeier 2003; Navarro 2014Két squicdie within days
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after spawningMacewiczet al. 2004)and the life cycles compkte withinone yea(Butler et
al. 1999).Market squid populations fluctuate tremendoy8lgrval et al. 2013), and warm (El
Nifio) and cool (La Nifia) phases of the El Nifio Southern Oscillation (ENSO) are cedsiole
be amajorinfluence(Reisset al. 2004; Koslow & Allen 2011).

ENSQO.phases affect local conditions in the CCE. El Nifio peamglsvarmer andause
reducedceanproductivity and zooplankton standing stpthk Nifia periodsarecooler and more
productive(Lynret al. 1995; Chaveet al. 2002). Squid show extreme life histgrasticityand
populations‘are'able to expand rapidly during favorable conditions, but also decline
unfavorable environmen{®ecl & Jackson 2007Commercialandingsreflect this lifehistory
trait (Zeidberget,al. 2006). For example, during théstorically strongEl Nifio of 1997
(McPhaden=1999)yearlylandingsdeclinedfrom 80,000 to 3,00éhetric tons (MT), before
rebounding to 118,000 ntte nextyear(CDFW 2005). Fishery independent survéiysl similar
trends.Reisset al. (2004) found a contraction of juvenile and adult distribution duleisdl
Nifilo and a rapid expansion as cool ocean conditions returned. Zeidberg & Hamner (2002) found
paralaravalrabuhdance increased from 1.5 to 78 individuals 1,8@0aund the Channel Islands
in the SCBduring the samgl Nifio, while pelagic surveys in the CCE find decreased paralarval
abundanee.during prolonged warming evéhessinget al. 2014).

Suehlarge-scale population variability feasubstantial economioll on fishing
communities. Likewise, these changes in the distribution and abundance of snarkdtave
cascading effects goredators o$quid(Shane 1995Bottomup, oceanographic drivers control
the populationsdynamics of many squid spe@iRerezet al. 2002) but the specific mechanisms
that controhthis populain variability, and the finseale distributional and spawning effects, are
poorly understood, particularly for market squid in @@E To address this gap in knowledge,
our study expands on previous research (Zeidbara®ner 2002; Koslow &Allen 2011)and
provides novel data and insightsfaygetng nearshore spawning locatiansshallow wateiat
traditional_ spawning locationevera widegeographicange acrosthe SCBand theMBR. We
sampledor.sixyears acrosall seasonsindthe full range of ENSO conditions, and conducted
repeatedgurveys withira single spawning seasddur results therefore, are meant to provide a
relative index of paralarval abundance at the traditional spawning grounds and netieeroéa

absolute abundance.
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83 The objectives of this study were to 1) determine the relative abundanceket starid
84  paralarvaen order to stablish a baselinef population productivityand 2) determine the
85  conditions that most greatly influenttee variability inparalarvaldensities Understanding the
86 dynamics in spawning output and the environmental patterns that drive variatpiésalarval
87  densityis impertant to the overall understanding ad®estem functioning in the CCE and
88 elsewhergwhile insight into the fitness @dult spawnerander different oceanographic
89 conditions'canprovide information in assessing the stock of this commercially imsmpeargs.
90 To addressthese objectives, dexivedthe relative paralarValensitiesof Californiamarket
91  squid from oblique bongo net towasthe traditional shallowvater spawning grounds the SCB
92 andMBR, andwusdthesedata to modetiensity as a function &ST, ZPDV, SCHL, andspatial
93 and temporal variables.
94
95 Materialsand Methods
96 Survey and.data
97
98 The study area covered a portiortted southernCalifornia CurrenEcosysten{CCE) from San
99  Diego toHalf Moon Bay, CA (Fig. 1.wenty-six cruises were conducted duringigyear
100 period from*2011 to 2016 in five geographieas. These areas includedribethandsouth
101  bight regions of the SCB, and the north and south Channel Islands (Fig. 1B). The north Channel
102 Islands included Santa Rosa, Santa Cruz, Anacapa, and Santa Barbara IslasmisthThe
103  Channelslands,included Catala and San Clemente Islands.
104 Paralarvae were collected during a collaborative research program be¢hgeen
105  California/Wetfish Producers Associati@WPA), theNational Oceanic and Atmospheric
106  Administration’s (NOAA) Southwest Fisheries Science Center (SWFSW)the @lifornia
107  Department.of Fish and Milife (CDFW). Sampling occurredboard threehatered fishing
108  vesselqeach approximately 50 ft in length). The study was conducted iareasthe SCB and
109 the MBRandtargeted 45 statian#/ithin eacharea stationsvere sampled dixed, nearshorge
110  non-random‘lecations, and wesgstematically assigned coverthe latitudinal gradierdlong
111 theislands and coastline (Fig. These sites wengredominately located over sandy substrate in
112 shallow wate(~20 - 130m), which is a known spawnirgubstrateof market squidAs a result,
113  distance between sites was irreguian Clemente Island was sampled during the first two years

This article is protected by copyright. All rights reserved



114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

of the study, but sampling was suspenbedause occess restrictions by the United States
Navy. Thirty stations were targeted in the SCB and 15 from the MBR. A greater number of
stations were selected in the S€@Bnpared to the MRB reflect thadisproportional geography
of thesearea. Additionally, ~70% of commercial landingaditionallycome from the SCB
while 30% are.from the MBR (CDFG 2005).

Sampling occurredeasonallyuring the firstwo years of studywinter, spring, summer,
and autumn)to'mimic sampling patterns conducted in part by the SWFSC'’s California
Cooperative"Oceanic Fisheries Investigations (CalC@d3$ed on the findings from thatial
two years of the studythat the vast majority of paralarvae were encountered during the winter
in the SCB; sampling theshifted totarget spawning periods whearalarvae wereost
abundant, while maintaining an “afason” collection effotb assess the conditions when
squid were not prevalent (Fig. 2). Beginning in July, 2012, one s(uiéying three chartered
vesselspccurred during the summer (July or August) and three surveys occurred during the
winter (Deecember, January, and FebruaWBR samping began in July, 2014 and sampling
occurred during July or August, and January.

Paralarvaeveresampled with gair of 50541mnylon mesh bongo nets with mouth
diametes of.,0.6 mattached to a framd@he net systenwastowed obliquelyat an approximate
angle of 45°to a depth of 27 or 55 m during night or day deploymesisectivelyunless the
station deptlwas too shallowDepths were chosdrased omreviously observegatterns of
paralarvahightly vertical migration upward in the water colurfdeidberg& Hamner 2002)Lf
stations were'shallower than 27 m, the net was deployed to approxithatelfourths of the
station depth:to avoid contact with the seafloor. Average ship speed during deployment was 1.75
knots.Samples were preserved50% ethanol aboard vessé¥echanicalbr digital flowmeters
(OceanTest Model MF 315 or EF 325, respectivelgre attached to each net on the frame and
the amount.ofeavater filtered was calculatagsing methodsstablishedby Ohmang& Smith
(1995).

Smallzooplankton displacement volur(@PDV) was measureth the laboratoryThis
measurement.excluded large gelatinous animals, fish,, @atéorganismgenerally greater
than 5 mm in lengtbr greater than 5 mL in volun{&mith & Richardson 1977). Cephalopod
paralarvaavere sortedrom both port and starboard sides of the @atliforniamarket squid
paralarvaevere identified and enumerataddera dissecting microscopBensities were
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estimatecasnumbers of individuals 1,000 frof seawater sieved by tinettow (Smith&
Richardson 1977)

Paralarvadensities were averaged frdmthsidesof the bongo net by summing the
volumes and then dividing by the total count of paralarvatudéweresquareroot transformed
for statisticalanalysesNon-parametricMannWhitney U tests were used to compare nsezn
relativeabundance. Monthly landings data were obtained @&W
(https:/Mmww:.dfg.ca.gov/marine/cpshms/landings.asp) used tinvestigateemporal and
spatial changeis landings and distribution across major spawirgasLandings data are
reported monthlyor northern and southern California, corresponding to the MBR and the SCB

for paralarvatrawl data respectively.

Model development

A generalized additive model (GAM) was chosen to mpdehlarvaldensity using set of
environmentalybiological, spatial and temporal predictors. A GAM proved useful stumyr
because the response variable (paralateasity) did not conform to a normal distribution, and
the relationshipbetween the responsariables and thpredictos wasnon-linear. GAM’s have
been usedto modkilignid abundance@Bellido et al. 2001; Deniset al. 2002; Stewarét al.
2014), and larval fish abundance in the Q@Eeber& McClatchie 2010) We used the ‘ganm’
function in'the ‘mgcv’ package (Wood 2006)the program Rversion 3.1.1 (R Development

Core Team2014)Ne used théollowing equation to modgdaralarval density

g¥Y) = fi(SST) + f,(ZPDV) + f3(SCHL) + f,( fyear,mon) + fs(group, sta)

whereY was.the.expected value of the response variable, estimated as the density of market squid
paralarvaendg(:) was the link function defining the nonlinearrelatiorshipbetween theensity of
paralarvaendtheselectegredictos. Qur data displayed aeggative binomialistribution thereforewe
used a logilink transformation as the link functigf). Finally, fi(-) was the uniquesmoothing function
assigned to each predictdWe used six predictors to model the abundance of market squid
paralarvagincludingseasurface temperatur&8T,°C), ZPDV (mL 1000 ), log of surface

chlorophylla (SCHL) (Table 1), month and fishingearinteractioneffect andstationand
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regioninteractioneffect SSTwas included as a stati@pecific measurement of the

physiological suitability of the habitaZPDV andSCHL were used as separgieedictorsof

habitat quality and food availability. Fishingearwasincluded because squid spawning and
paralarvabbundance varly year according toceanographic conditionENSO stateadult
spawning biemass, and other factors. Month was included to reflect the diffesamtisg

seasons betweeéhe SCBandMBR. Landings data were not includedcausehe fishery

routinely reached or nearéttk maximunctatchlimit before the end ahostfishing years during
the study period (sometimes closing voluntarily, as in 2014) which would have resulted in the

negation of substantiglralarvainformation

SST andSCHL values were obtained from NOAA satelldbservations
(coastwateh:noaa.gov). SST values were obtained using night and day measurements by the
Advanced.Very High Resolution Radiometer (AVHRR) instrument aboard the Polati©per
Environmental Satellite (PES) at a resolution of 1.4 km and 8-day composites. SST
observations within 5 km of sampling stations the day of sampling were averageaincaobt
SST value for each station. Depending on satellite coverage and location, anywhere 4@m 15-
observations.@re used to yield a daily SST value.

The ModeratdResolutionimaging Spectratordiomet@ODIS) instrument aboard the
Aquasatellite'was used to obtain surface chlorophylalues at a resolution @f5 km and 14-
day composites. Data points within 5 km of a given statiere averagetbr the day of
paralarvalsampling and thprecedingday. Depending on satellite coverage and station location,
anywhere from 5-15 chlorophyélvalues were averaged to yielde valudor that statio.

Spawning peaks, inferred from monthly commercial landdt@daprovided by CDFW,
typically.oceur.during autumn in the SCB, and sprimghe MBR with paralarvae hatching
during the winter in the SCB and summer in the MBRe fishery for market squiopens on
April 1*'and closes March 8'bf the subsequent year when thenaximumcatchlimit of
107,000 MTis reachedA value between 1 and 12 was given to the sampling month and
included'in the model. Five regiongre alsancluded: Monterey, north and south Channel
Islands, and north and sowgbuthern Californidight (SCB) (Fig. 1). These regions are not
independent, but were included to account for geographic patterns in the data. Wkele mar
squid can freely migrate across broad north and south gradients off the Califorhishesas

regions were selected as they adequately separated stations into nortaréssntthe SCB, as
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well asbetweenslands and the coast along a general nedhbtto southeastgradientthat
semelparous, spawning adults were unlikely to migrate bet(i@rewiczet al. 2004; Perretti
2014). These regions can providesight into geographic sitgilization by adultsSST, ZPDV,
and SCHL values were included as main effects in the model, while temporal and geographic
factorswereallowed asnteractiors. Station wasllowed to interact with regignd month was
allowedto interact withfishing yearas the former variables were dependent on the.latter
Severalkconstraintavereincluded in the modeb prevent overfittingwhile allowing the
model to beflexible enough fredictsquid responséNe limited the number of knots in the
smoothsplinesta four. Secondly, we set the ‘gamma’ value in the gam formula to 1.4 in order to
increase the penalty per degree of freedom fit and to minimize over{iitingd 2006) We
performed'modeselection by using the shrinkage feature in the “gam” funatistead of a
forward/backward stepwise approagsing theREML error criterion. This option allowed
coefficients with little or no predictive ability to be shrunk to zero, effelt dropping these
variables from the model.

Results

Relative paralarval abundance

We conducted 649 net tows in the SCB and MBR from January, 2011 through January, 2016,
samping >62;000 market squighralarvaeA total of 247 (38%) of these tows werabsent

market squidsparalarvae, mostly from spramgisummereffortsin the SCB(Fig. 2) and during
strong El Ninoyears(2014-15 and 2015-16). For example, during peak El Nifio conditions in
January, 2016, 84% of net tows conducted in the SCB and the MBR were devoid of paralarvae.
During the.moderate La Nifia of 2012, whgaralarval abundance whamghest, only 13% of net
tows were hsent market squid paralarvaeeri3ities varied widelpoth spatially and temporally
The mean.abtindance across all effort was 60.8 paralarvae I{@0sm1 SE)Paralarval
densitiesveregreatest during imter months in the SCBarticularlyin January(Fig. 3, Fig. 4.
Maximum paralarvaldensityencountered at a single station we&94 paralarvae,@00 ni,

which occurred in January, 2013 in the north SCB. The greatest marghlyelative

abundance in the SOBas 37 (+ 1005SE) paralarvae D00 m*and occurred during January,
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2012.The lowest mean relative abundance was 0.08 (+ 0.04) parala®@@eni®* and occurred
during January, 2016 (Fig 3).

Environmental conditions

A transition,from cool to warm ocean conditions occurred dutiegcourse obur study. The
study period'began duringnaoderatd_a Nifiain 2011. Conditiongraduallywarmed, and artl
Nifio was issued by NOAAuring early spring, 2015 and peaked as a strong El Nifio in
December, 2015 (cpc.ncep.noaa.gov, Tabl@4gific Decadal Oscillation (PDQpluessteadily
increasedhroughout the study period, from approximately -2 in September, 241D ito
March, 2015 indicating that the eastern north Pacific becamemalously warmer during the
investigation (Fig. 3). Local SST values were low duringit&l three year®sf the studyand
werehigher duringhe finalthree yearsSurface chlorophyl& and ZPDV were considerably
higher during thenitial three years compared to tteal three(Table 1 Fig. 4). These variables
indicate thatdeal waters were cooler and more productive during the La Nifia phase, and

warmer and less productive during the El Nfiase

Density trends

Spawning shifted spatially and temporally during the transitmm coolto warm ENSO
conditions.Relative squid paralarvabundancén the SCBwas high during thanitial three

years of thesstudy, and steadily declined to very low levels durirfgntiehreeyears (Fig. 3).
Sampling(in the MBR began in the summer of 20Mdderate levels of paralarval abundance
were observed In the summers of 2014 and 2015 in the MBR. Gpaaddairvhabundancevas
observedn.the MBR than the SCBuring both the 2014-2015 and 2015-2016 fishing year
(commercial fishing year extends fronp#l 1°'—March 3%Y). Paralarval abundance was greatest
during the_.summer in the MBR (Fig. 3henumber of net towabsentmarket squid paralarvae
increasedluring the study period as ocean conditions warmed. Only 9 out of the 92 (9.78%)
January net tows conducted in the SCB during the first three years of cool ocean conditons

absenimarket squid paralarvain contrast, 49 out of 86 (57.7%gt tows conducted in the SCB
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267 during Januaryrom the last three yeavgere absenmarket squid paralarvae, indicating a

268  contraction ouitablespawning habitadluring warmer periods the SCB.

269 Relativeparalarval abundance during Januarthe SCBwas high (291.®aralarvae

270 1000 m® + 898.9SE) duringthecool La Nifia period from 2011-2012, moderate during the
271 winter of 2013-2014 (65. 125.0, andquitelow (0.08 £ 0.04) during the strong El Ko of

272 January, 2016 (Fig. 4irRelative January paralarvabundances the SCBduring both the cool
273  (2011-2013)and neutral phase (2014) ofdtuely were significantly greatep € 0.001) than

274  relativeJanuary paralarvabundance during thearmEl Nifio phase (2015-2016) of the study.
275

276  Spatial andstemporal trendsin density

277

278 Squid shifted northwarfitom the SCBto the MBR, and spawning occurredrlier in the
279  seasorduring theENSOtransition as evidenced by botlaralarval densitieand landings data
280  from the fishery(Fig. 3).Commercial squidandings were very high in southern California
281  during thedra=Nifia, and gradually declined through the study period beginning in the fall of
282  2012. As landings declined in tB€B, they increased in the MBRntil the summer of 2015,
283  when statewide landings dropped (Fig. 3). Approximately 88% of market squid landings
284  occurred.in'southern California (SC) during the 2011-2012 fishing seakda 22% came from
285  northern California (NC)ConverselySClandings dropped to 52% (48% frad€) during the
286  2014-2015. fishingeasonRelative paralarval abundancashe traditionaspawning grounds
287  showed asimilar south to north shifarRlarvaldensitiesn both the SCB and the MBRere

288 lower statewide during the 2014-2015 fishing seasslativeparalarvalbundance wagreater
289 in the MBR than the SCB during July, 2014, August, 2@l$ Q.01)andJanuary, 2016 survey
290 efforts

291 The portion of the market squid population analyzed in this study appeared to spawn
292  earlierin theyearduring the 2012014 commercial fishingear. This temporal shifbccurred
293  during theENSO-driventransition fromcool to warm oceanonditions. During this cool to

294  warm oceanransition peakcommercial landings shifted tbe summer months in SButumn
295 months particularlyOctober and Novembea)yetypically the peak fishingimesin SC. Relative
296 paralarval densitiesxhibiteda similar trendGreater paralarvalensitiesn the SCBoccurred
297  during summer surveys (Fig 3) aredative SCB paralarvabundancg37.3 + 124.3 SE) in 2013
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was greatethan all other summer survegtimatesand significantly greatep(< 0.05) than
paralarval abundance in the summer of 2011.

Model output

Strong relationshipletween paralarvalensity andSST, ZPDV,SCHL, and geographic
andtemporal'variables wemvident (Fig. 5)Greaterdensities wreassociated with cooler
temperature¢< ~16.5 °C).Paralarvabensiy increased with increasing ZPDV until
approximately=200 ml 1,000t After this zooplankton concentratiche paralarval density
decreased;but the associated model error increased considerably, indicatingytzankton
concentration is less important after ~200 ml 1,080perhaps because food was no longer a
limiting factor. Greater paralarvalensitiesvere associated with low SCHL values, and declined
with increaseSCHL values (Fig. b Themodel explained0.6 % of the deviance associated
with predictingparalarvadensity,andhad an adjusted value of 0.31. 8a surface temperatyre
ZPDV, theinteractionpairs of temporal and spatiariables(p < 0.001), and SCHalI
contributed,significantly to the moded € 0.05) and are biologically important in determining
market squid paralarval abundance at the traditional spawning locations inBren&the
MBR.

Discussion

High marketsquidparalarvaldensitiesover the traditional spawning grounds in the SCB
and MBRwereassociated with co@nd productive La Nifia conditionBensitiesdeclined as
the ocean moved to a warm and unproductive EbNiate Gradually warming ocean
conditionswere related to earlienarket squid spawning and northwatfuft in distribution
toward cooler.water. Subsequent years of anomalonalyn temperaturehencause dramatic

declines inrelativeparalarvadensitiesand landings to the fishery.
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Ecological and physiological effects of warm water on squid

Ocean temperature, squitetabolism, and pregvailability are coupledandthese
variablessynoptically drive the variability observedparalarvaldensitieghrough ecological
and physialegical mechanismsc€antemperaturenfluences the survival and growth of squids
in manyecesystemgBellido et al. 2001; Denist al. 2002; Staaét al. 2013). Cool ocean
temperaturesften indicate upwedld waterselevated primary productivity, greater nutrient and
oxygenavailability, and consequentlgreaterzooplankton standing stock, which benefit the
fithess and survival aharket squidLynn et al. 1995; Mackagt al. 2006; Checkley &arth
2009).

Warmoceantemperaturepose physiological restraints ararketsquidat each life
history stage. During the embryomhaselab studies demonstrate hatching preference
between 914 °C and a greatly reduced hatching edterarmer temperatur¢geidberget al.

2011). We.found high paralarval density associated with cooler surface tempgratttés5

°C), similartothe ambient temperatures found in the Zeidéieag (2011) study, and very few
paralarvaeat'high&ST, indicating poor survivorship at the embryonic stayaters warmer

than that'eventually yield malformations in sq(ftbsaet al. 2012). Additional variables beyond
temperature can affectelprocess of embryogenesis and market squid development, however.
Navarro (2014) found oxygen availability, important for the growth and survival of embryonic
squid, increased over the shelf environment during El Nifio.

At theparalarvastage lab experiments indicate warm waters caeesder hatchingat a
smaller sizeproduce individualsvith reducedegg yolk, and cause these individuals to utilize
their egg yolk fastefVidal et al. 2002; Oosthuizest al. 20®). This would indicatgaralarvae
would need to feed earlier and with a greater success rate compared to paralarvaelhatuiped
cooler conditionsConverselyfield work by Perrett& Sedara(2016) found larger lengtatage
paralarvae during El Niflo compared to La Nifia, which they attribute to largeampatdiatch
sizes duringEl'Nifo, these contretdry results indicate more research is needed to resolve this
issue Market squid paralarvae consume anywhere from 35 to 80% of their body weight daily
(Hurley 1976; Yanget al. 1986) and can starve after four days without foddal et al. 2006),
which underlies the importance of egg yolk qualgize andreliablefeeding opportunities. In
our study, we found a strong relationship between high paralarval density and moderate
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zooplankton concentration in the water column. Spawning adults may have evolved to prefer
areas of moderate zooplankton density as a way to ensure feeding opportunity for hatchlings and
to increaseheir survivability Paralarval densityvas then found tdramatically decrease tite
highest zooplanktononcentrationgncountered Severalideascould explain this trendsome of
theseplanktondense samples were dominated by a single orgagsen which may not reflect

an environment with a rich, stable, and diverse food source. High paralarval abundance would
thennot'be expectenh these example®\ zooplankton-rich environment dominated by a single
speciexouldalso indicata spawning event from a competitor spetiey mayeither

outcompete squid paralarvae, or prey directly on paralarvae. Furthermore, zooptatikton-
waterscould reduce oxygen availability to either the embryos or hatchlings and reduce
survivability.

Meansurfacechlorophylla concentrationacross th&sCB surveysco-variedwith
paralarvdabundance across the time series, indicating that squid abundance is higiger duri
productive.oceanographic regim&om a station to statigrerspective, however, we found an
inverse relationship between paralarval density and surface chloreptoleentrationwith
fewer paralarvae associated with higher chloropayjdivels This would indicate that, while the
overall preductivity of the ecosystem is likely important, there is no direct causation between
chlorophyll&’levels and paralarval abundance.

During the adulstage gradually warming ocean conditiocgusesquidto mature faster
(Forsythe'2004) and recruit to the spawning beds months earlier than antitateet al.
2001).Warm'temperatures increase the metabolic rate of squid, wbiamlyresults in early
maturationbutalso exerts additional energetic demands precisely whersfomited (O’'Dor
1982).Accelerated maturatiotould affect thephenology of squid (the timing of biological
events taenvironmental conditions), amduse a “matcimismatch” scenarithat regulate
recruitment.variatiorfCushing 1969)Market gjuid spawn in Novembehatch in Januaryand
reach the juvenile stage in spridgring normatonditions in the SCBZeidberget al. 2012).
Spring corresponds to the periofdgreatest winedriven upwellingin the CCE, which yields the
greatesbcean,productivity and highest euphausiid concentrafidasinovic et al. 2002).
Euphausiidsire an integrgbreyresourcdor market squid (Karpov & Cailliet 1979, Van Noord
unpubl.).If warming oceans causguidto spawn early, juvenile stages could miss teigble
feeding event at a critical period of growth, affecting the timing of maturatioregangitment to
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391 the fishery. Additionally, El Niflo events adversely affect the duration and ityefhsipwdling
392 in the CCEKahru & Mitchell 2000).

393

394

395 ENSO effects.on therelative abundance, distribution, and behavior of squid

396

397 Warm oceanic conditionsose ecological and physiological challenges&oketsquidat
398  multiple life"history stage$Zeidberg& Hamner 2002; Resset al. 2004).Thesedeleterious

399 effecsareevidenced by declineand distributional shiftsn commercial fisheryandings and
400 relative paralarval abundancedla traditional spawning grounds in the SCB and MB&Ra
401  result of the'strong El Nifio event of 199aralarvabbundance and suitable habitat contracted
402  in the CCE(Zeidberg & Hamner 2002; Reistal. 2004).Likewise,landings declinedfom

403 80,000 to 3,000 MT from one year to the n€&dnversely, lie population recovery during

404  favorable ENSO conditionsasequally dramatic. Paralarval abundance around the Channel
405 Islands increased 98®&me year afteEl Nifio conditions abated (Zeidbezgal. 2006) while

406 landings rebounded to 118,000 NKTDFG 2005) Similar trends were observed in this study,
407  relativeparalarval abundanaieclined more than 99%om the moderatéa Nifiain 2012, to the
408  to the strondEl Nifio of 2016, considering our Janu&¢B survey effort. The fishery

409  voluntarily closedduring the 2014-2015 season, just shy of readagnaximum catch limit of
410 107,000 MT. During the 2015-2016 season, the total catch was much lo@20@2 MT, with
411  a mjority efthat catch coming from northern Califoraig squid populations likely contracted
412  andmovedwmnerthseeking cooler ocean conditions.

413 While well-documented, trse= dramati®oom and bust cycles are enigm#Batler et al.
414  1999; Reis®t al,.2004; Perretti 2014Questions remain as to whether the population truly
415  contracts inways that reflect the paucity and glut of landings and paralansity Alternative
416  hypotheses suggest that squid seek non-traditional spawning habitats in aiéspee waters
417  or habitats é&rther norththan what is currently sampled @mmercially fisheqNavaro 2014).
418 Regardlesstof.where adult squid may be spawning, there is likely a substantidlredeaction
419  of paralarvae in the ecosysteBurveys targeting the pelagic environment of the Q@ising et
420 al. 2014) founda dearth of market squid paralarvae afteionged EI Nifio events. If landings
421  reflect the population biomass, then the intrinsic growth rate of the papuéatd the
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422  survivorship of paralarvae following strong El Nifio events would have to be remarkably high for
423  the fishery to recover as rapidly as it does (CDFW 2005).

424 Alternatively, ishermerreportchanges irsquid behavior that reduces catchability during
425  EIl Nifo periods_of low abundance and density. Squid observed on the seafloor during strong El
426  Nifo conditiensareunresponsivéo the highpowered lights normally used attractthemto the

427  surface where.they are harvestedghyseseine nets(N. Guglielmo, perscomm.) giventhis

428 avoidancebehavior, a commercial fishery is not posaieommercial landingsiould

429 therefore not'reflect the true populatiddnder this scenario, squid could be spawning at

430 harvestable densities but at deeper deptiere the water is colder, and they are not attracted to
431  the surfacdytraditional lighting method$?aralarval would then be spread out over a wider

432  surface area, and densities would be reduced, explaining the drop in paralarvae abundances
433  observed in this study and elsewhere (Zeidberg & Hamner 2002; Navarro 2014).

434 Navarro (2014) has found evidence that spawning habitat during some EIl Nifio scenarios
435  may expand to includgeeper shélwaters This deeper, shelf expansion would deseethe

436  observabledensity through net tows and by commercial operations, but would not rigcessari
437  indicate a reduction in the abundance if the population is spread out across aageaater

438  (Erismanetal. 2011). Reports have indicated that squid egg capsules have been observed in
439  waters hundreds of meters deBptleret al. 1999; Zeidbergt al. 2012) whichfurthersuggets

440  squid retreat to colder and deeper waters during warm ocean conditions, although pH and oxygen
441  availability.also influence habitat selection by market squid (Naehaio 2016).

442 Thesresponse by market squid to changésriperaturdnasimplications forclimate

443  change. Warmer waters can shift fisheries nortinto deeper offshore watendere they are

444  not harvestable. The inshore environment in the CCE is also expected to sufflavespH

445  and oxygen availability, further stressing market squid populatidagarroet al. 2016).

446  Ecosystem.alternatiortue to imate change caaffect the timing of the fishery and indos

447  operationandreduce thestanding stock, potentially costing millions in lost revenue.

448  Chronically,warm ocean temperatures can have cascading @ffeitted webs, as squid may

449  disappear from southern locatianghe C(E as a reliable food sourder top-predators, while

450 outcompeting and potentially replacisgmefishesin northern ecosystems due to their high

451  food demandsapid growth and high turnoverate(Pecl & Jackson 2007). Understanding the
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452  resiliencyof squid andhe effectsfrom warmingocears can helppredictclimate change impacts
453  to the CCE and the fishery.

454 This study represents the most comprehensivgoamy effort to directly assess the

455  relativeabundance of market squid paralariraeearshore wateend the conditions that

456  influence thewvariability ithe stock, density, and distributioWarmtemperatures pose

457  ecological'andphysiological limitations on squid through feeding constraints and metabolic
458  stress thatalter'the timing and location of spawniigfoundthatthe densitiesand distribution
459  of market squid‘paralarvaghow a strong relationship kacal sea surface temperaturasd

460  ocean productivitywhere colder temperaturaadmoderate zooplankton displacement volumes
461  promote greater paralarvadnsities while warmer temperatures cause gopulationto spawn
462  earlier, shift'nath, and contract. These findings indicate that sqeiukity at the traditional

463  spawning grounds in the SCB and MBR, distribution, and timing of spavan@igrgely driven
464 by environmental forcingwhile the effect from théshing pressurés likely muchless

465
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Table 1 Mean values of environmental and biological variables (+ standard deviation) estimated using
the January sampling effort within the southern California bight (SCB) from the winter of 2010 — 2016.
Fishing season runs from April 1° to March 31 of the subsequent year. Ocean state is a qualitative
description and refers to the general ocean condition during the squid fishing season and considers local
sea surface temperature (SST), Multivariate ENSO index (MEI), and Pacific Decadal Oscillation (PDO)
values. SCHL refers to surface chlorophyll-a values. SST and SCHL were aggregated from NOAA satellite

data (seesMethods). ZPDV refers to small zooplankton displacement volume.
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Figure 1 Sampling areas off California (right figure) are shown as black circles in the Monterey Bay
Region (MBR), panel A, and in the Southern California Bight (SCB), panel B. Five regions are identified
across the sampling effort and include Monterey, panel A; and, the north Bight and south Bight of the
SCB, and north and south Channel Islands, panel B. Sampling occurred from 2011 — 2016 and occurred

four times each year.
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Paralarval density {(square root transformation)

Figure 2 Square-root transformed paralarval abundance and sea surface temperature are shown by
region (identified in Fig. 1) and season. Regions are indicated by panels and include Monterey, north and
south Bight of the'southern California Bight (SCB), and north and south Channel Islands. Seasons (sea)
are shown by.symbols and color. Transparency of color is related to the intensity of points at that
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Figure 3 Top panel displays the trends in the Multivariate ENSO index (MEI), dotted grey line, and the
Pacific Decadal Oscillation (PDO), solid black line. Negative values indicate a temperature that is cooler
than the long term average from 1981-2010, while positive values indicate the opposite. Bottom panel
displays market squid paralarval abundance on the left, and landings on the right y-axis. Southern
California Bight (SCB) information is displayed in grey, bars for paralarvae, and shaded areas for
landings. Monterey Bay Region (MBR) data are show in black, bars for paralarvae, and lines for landings.
Error bars indicatertwo standard error. All data span September, 2011 through March, 2015. MEIl and
PDO data‘arefrom ersl.noaa.gov and jisao.washington.edu, respectively.
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Figure 4.

Values for paralarval density and oceanographic variables sampled during the January survey effort in
the southern California Bight for the six years, 2011-2016. SST indicates sea surface temperature, MEl is
the multivariate ENSO (EI Nifio southern oscillation) Index, ZPDV is small zooplankton displacement
volume, and Chl is surface chlorophyll-a.
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Figure 5 GAM"model outputs showing the predicted paralarval density as a function of sea surface
temperature,(SST °C, left) and zooplankton displacement volume (ZPDV mL 1,000 m™, center) and the
log of surface chlorophyll-a (SCHL mg m?, right). Dotted lines represent 95% confidence intervals.
Vertical lines along the x-axis of each figure represent data points collected during the study.

This article is protected by copyright. All rights reserved



