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Running headCO, and prey abundance effects flatfish larvae

ABSTRACT

Multiple.aspects of climate change are expetanb-occursuch that ocean acidification will
take placan conjunction with warming and a range of trophic changesvious studies have
demonstrated that nutritional conditiplays a significant role in the responses of invertebrates
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to ocean acidification, but similatudies have yet to be conducted with marine fishes. In this
study, weexamined the potential interactive effects of elev&@d levels and nutritional stress
on the growth and development of northern rock dadpiflopsetta polyxystjaSeparate
experiments examined the effects of these two environmental strdasiosthe pre-flexion3-
31 days) and postexion (31-87 days)arval stagesin both stages, larval feeding regime has a
much larger impact on growth rates than @@, level, and there was no observed interactio
between stressors. By 31 daasthatch, larvaén the high feeding treatment were 84.2%
heavier than.the fish in the low feeding treatments, but there was no signififeahb&é€O,

level on body size or condition. Whileerall growth rates were fastéuring the pre-flexion
stage, the effects obdd limitation weregreaterfor post-flexion larvae undergoing
metamorphaosisyith high feeding treatment figbeing 3.3 times as heavy as fish in the low
feeding treatmentd.hese results have important implications for understandingects of
themulti-faceted naturef climate change on populatipnoductivityof commercial fish species
in the North Pacific.

Key words:. climate change, feeding environment, flatfish, growth, metamorphosis, ocean
acidification

INTRODUCTION

Understanding the impacts of environmental variation on the popugabauctivity of
resource species is a fundamental issue in contemporary fisheries science. It is important to
understand*how naturallyarying environmentahctorsinteract withlong-term anthropogenic
impactsofclimate conditions at regional and global scales. The (comparatively) recent
recognition that.anthropogenic increase€y, levels are not restricted to the atmosphere have
prompted,concern that ocean acidification may bedaitianal stressodisrupting fishery
production.and/ecosystem dynamics (Denman et al.,; MHigh et al. 2015). Given the
importance.ofarly life growth and survival rates on population dynamics of marine fish and
invertebrates,.recent research effort has focused on evaluating the impacts of Eéydésels
on the egglarval, and juvenilestagedor a diversity of marinespecies.

Experiments with marine fishes have found varyiriga$ of ocean acidification. Most
experiments with juveniles have found them to be robust to the energetic effecterabipya
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(Ishimatsu et al., 2008; Hurst et al., 2012). While, some studies with fish larvaeldsareed
negative impacts on growth and survival (Baumann et al., 2012; Pimentel et al., 2014) or
increased incidences of developmental anomalies (Chambers et al., 2014; Froeim20&4),

other studies have found no such evidence of negative effects of eletésl/els on larvae
(Munday et al., 2011; Bignami et al., 2014). In studies of Alaskan fishes, laboratory experiments
at elevatedCO, levels indicated a trend toward higher mortality rates and reduced condition
levels in, post-flexion larvae of northern rock sole (Hurst et al., 2016), but not wpb#égek

(Hurst et ak,;.2013).

It is'wellirecognized thathanges ithe prevailing climate willead to simultaneous
changes in multiple aspects of the environment, suctatidificationwill occur alongwith
warming temperaturesswell aschanges irstratification deoxygenation, and precipitation
patterns Censequently, studies have started to examine the potential for ioteobng
factors, pairing‘elevatedO, with other environmental stressors in migtctor experimentsro
date, mosbf these factorial experiments hgvaired highCO, with elevated temperaturés.g.,
Munday etal., 200%o et al, 2015) However throughout muclof their rangemostspecies
are not living near their thermal tolerance linated may not face a physiological risk from
increased temperaturda these caseslimate effect®ther than temperature may exert the
strongest influeceson population dynamics (Rijnsdoep al, 2009. Because they havinited
energetic reservet)e survival oimarine fish larvags egecially sensitive to the foraging
environment encountered during the first few weeks of life.idba that interannual variation in
the spatial-pattermndseasonal timingf prey production can besggnificant determinant of
yearclass/success is encapsulatedath the*Critical Period Hypothesis (Hjort, 1914) andthe
“Match-Mismatth Hypothesis” (Cushing, 197%). mismatch occig when prey availabity is
lower than necessary to support the growing cohort of larvae or when the phenology of fish
reproduction oceurs such that prey are not available when larvae complete abswitheir
yolk resreyes.and must start exogenous feedlirejevatedCO, imposes additional energetic
stress on larval fish or disrupts patterns of prey produaticegn acidification could exacerbate
the risk of “preymismatchesturing critical periods whefisheries recruitment is determined

Several studies ororals and othenvertebratefiave demonstrated that the effects of
ocean acidificatioon growth, survival, and other ttaiare sensitive to the nutritional status or
foraging condition of the animalslortality of juvenile orange cup coralBdlanophyllia
elegan}increased at elevat&iD,, but this effect was partially mitigated by hifgeding rates

This article is protected by copyright. All rights reserved



95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

(Crook et al. 2013). Similarly,Atlantic golf ball coral Favia fragum and staghorn coral
(Acropora cervicorniswere able to maintain growth rates under elev@®d levels while

feeding exogenously, but not when relying exclusivelploaosynthetic symbionts for nutrition
(Drenkard et a).2013 Towle et al, 2015). In both oysters@strea luridg and musseldMytilis
edulus the negative effects of elevat€®, levels on growth weremallerthan the effectsf

prey levelimanipulatiofHettinger et al. 2013; Thomsen et al2013). These results suggest a
potentiallyimportant role of nutritionatondition and feeding status on the responses of marine
organisms teelevatedCO, levels associated with ocean acidification. Howetgedate there

have been no published studies examiningrtezactive effects o€O, level andnutritional ina
marine fish.

A commercially important flatfish in the North Pacific Ocean, northern rock sole
(Lepidopsettaspolyxystyapawn semadhesivedemersal eggpelagic larvae occur in the upper
30 m of theswater column (Lanksbury et al., 2007). Following metamorphosisefitdinto
shallowcoastal habitatat sizesof 12 —18 mm TL(Laurel et al, 2015) Previous work (Hurst et
al., 2016) foundhat elevate€O, levels had modest effects the survival, growth, and
condition of larval northernock sole. However, these experiments were conducted toater
replete conditions and it is unknown if nutritional stress wenkterbate the effects of elevated
COs.

In‘this.study we present two experiments examining the influence oapadgbility and
elevatedCO; levelson the growth, development and survival of larval northern rock sole.
Experiments:wereonducted on both pridexion (Experimentl, 28 d exposure) and post-flexion
(Experiment 2,56 d exposyrarvaeto evaluateéhe potential for stagspecificinteractive
effects of ocean acidification and nutritional stress in tiejgresentativélatfish species.

METHODS
Experimental.System

Larvae were rearad a flow-through system under controlled temperature and pH
conditions fnodified fromHurst et al. 2012). Ambient temperature and chilled seawater were
mixed to achieve 8°C in two conditioning tanks. Injection of,@@o one of these conditioning
tanks was regulated with a pH prolb#ofeywell Durafet 1) to achieve the high CQreatment
(pH ~7.6). The second tank was maintained at the ambiente®€l (pH ~ 80). The target pH
of 7.6 corresponds to@O; level of approximately 1100gim, chosen to refleaxpected
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conditionsin the North Pacific Ocean and Bering $e#he next 100 years (Mathis et al., 2015).
Water from these conditioning tanks was pumped to two headerdadi®r the “high” and
“ambient” CQ, treatmentsEach heagr tank gravityfed four100-L rearing tanks at 500-700
mL/min (8 tanks in each pH treatmenfn identicalpH meerwas used to measure pH in the
high and lowCO, treatments daily and to measure pH in all rearing tanrksiBes per week. In
addition, @rbonate conditions during experiments werare completely characterizég
chemical analysis of water samples drawn from each treatment headei3tanke2 per week.
Water samples.were poisoned with Hg@hdanalyzedatthe Ocean Acidification Research
Center at the University of Alaska at Fairbanks for dissolved inorganic cddb©hgnd total
alkalinity (TA) using a VINDTA 3C (Versatile Instrument for the Determination of dissolved
inorganic carbon and Total Alkalinity) coupled to a UIC 5014 coulometer. These data eere us
to calculatesthespH, pCQand carbonate mineral saturation states (Q) of the rearingwateis using
the program.developed by Wwes and Wallace (1998; Table.1)

Parental broodstock

Eggs forithese experiments were produced by a captive broodstock of northern rock sole
at the Alaska Fisheries Science Cestiboratory in Newport, Oregon. Fish for the broodstock
were collectedsas adults (3D cm total length) from coastal waters of Kodiak Islandshka
(57°46'IN.152°21'W) and reared in the laboratory (see Laurel and Ba®ad for additional
details). The fislwere held in a6n tank under seasonally varying temperature and photoperiod.
Temperatures:in the spawner tank were maintained,@tC during the summer and reduced to
4-5°C during the winter; light was provided on a seasonal cycle varying from 14.5 h light during
the summerto a minimum of 9.5 h prior to the spawning season. During the spawning season,
water samples were collected from tireodstock tank once per week and analyzed to determine
CO, (415 # 76 patm SD) and pH (7.99 £ 0.08) conditions as described above. Although we did
not moniterpH.or CQlevels in the adult broodstock tanks regularly outside the spawning
season, measuremsraf ambient seawater during experiments in Hurst et al. (2012) demonstrate
strong seasonal variation. During the summer when coastal upwelling bringacbQvater to
the surface(Gruber et a22012) ambient C@levels can reach more than 700 patm dyrin
prolonged upwelling events.

Male and female fish were allowed to ripen naturally without the use of hormonal
injectiors. When females showed external signs of egg ripening (distended abdbeemere
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captured from the tank and checked for spawning condition by gently squeezing the abdomen. If
eggs did not flow freely, the fish was returned to the tank actieeked at 3! day intervals.

When eggs flowed freely, they were collected in a clean, dry container and fertilized with milt
from three male §h randomly selected from the broodstock. Gametes were mixed for 1 minute
and repeatedly rinsed with ambient pelawater to remove excess milt and disperse egg clumps.
Eggs were incubated in a single layer in a 175 L flow-through tank at 6°C and a@0jent

levels (z 3B.patm).

Experiment 1 Pre-flexion (days 0 -29)

Three'days after the estimated migint of thehatchcycle (operationally defined as 3
days postiatch, DPH)yolk-sac larvae were gently scooped from the surface water of the egg
incubationstanky warmed to 8°C over a 1-hour period and introduced to larval rearindz&atks.
100 L rearing-tank was stocked with approximately 2,500 larvaesd stocking densities are
similar to those used by Hurst et al. (2016) and below levels expected to induce density-
dependent effects on growth rates. Larvae were reared in black, 100-L tanks with weak
upwelling circulation maintained by light aeration and positioning tH®im{~500 mL- mif)
at the bottom center of the tank. Light was provided by overhead fluorescent bulbs on a 12:12 h
light:dark photeperiod at a level of 6.7 uE#mat the water surface. Prey was introduced 1 day
after stocking..L.arvae were reared on rotif@sathionus plicatili} enriched with Algamac
3050 (Aquafauna, Hawthoe, CA) initially supplied at densities of 5 prey- thtwice daily.

Oneday-aftefish stocking,CO; injection was initiated, reducing pH levels in the high
CO, treatmentQn the second day after stockitapks were randomly assigned to three feeding
treatments (low = 3; mediunm = 2; highn = 3) within eaclCO, treatmentFeeding rates in the
medium f@od treatment were maintained @rey- mL*, providedtwice daily(similar to feeding
rates used in Hurst et a22016); the low food treatment wasduced to 0.5 prey- il provided
twice daily;.and.the high food treatment increased to 5 prey; provided four timeslaily.

Over.the next 4 weeks5 fish were sampled from each rearing tank for measurerents
weekly intervalsAfter 4 weeks, all nmaining fish in each replicate were counted. Fish were
thenpooledracrosthe replicate tankaithin eachCO, and feeding treatment (low and high food
only) and 300f these fish wereestockedn a single tank for extended rearimdp fish were
transferre across treatments for the extended rearing pkasten this extended rearing phase
were sampled for measuremeatg8, 62, 76, and 90 DPI$ampled larvae were anaesthetized
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with MS-222 and digitally photographed under a dissecting microscope and measurements were
made ofstandard lengthSL) and myotome height at the andH). The fractional deviation
from the overall relationship between MH and SL was calculated for each fish individodlly
used as in index of larval condition (M&). Stage of developmental flexion was determined for
each fish according to the criterialddwkyard et al. (2014)5tage 1 no signs of flexion; Stage
2) formation of a “node” near the posterior end of the notochord, but no bending of the
notochord;Stage 3) bending of the notochord and extension of the notochord into the caudle
peduncle; Stage 4) bent of the notochord not extending past the caudle pe&ftercle.
photographing, subsampled larvae were pooled into groups of 5 lar¥&&#replicate) and dried
for 24 hours'at 50°C for determination of dry weight (DW). Because DW was not measured
separately for each fish, dry weight condition factors @YWvere estimated for each replicate
tank on eachssamplirdpte as the percent deviation from the observed relationship between
mean SL and-smean DVWhe underlying relationship was described by fitting a negative
exponential smoothing function to the SL-DW data as ontogenetic patterns in gnowth a
development ofhe larvae resultexh systematic departures from simple exponential, power, or
polynomial functions (based on patterns in residubdggn size of fish in each replicate tank
was used as the level of observation in statistical analyses.

Fish size, (SL.MH, and DW) and conditiorMH gev andDWe,) Were analyzed with-3
way ANOVA.with feeding treatmenCO, level, and ageas main effectsAll 2-way interactions
were included in the model. In addition, growth rates in length §@n/d) and mass (weight-
specific growth-(y, /d) were calculated from linear regressudmean length and In-
transformed mass against fish dgeeach rearing tankGrowth ratesvere compared across
treatments with 2vay ANOVA.

Experiment 2- Bostflexionlarvae

Northern, rock sole eggs were incubated and allowed to hatch as describedhébove.
hatching, yolksac larvae were transferred from the-@gmubation tanks to larval rearing tanks
(n=8). Fish.were reared afBC for 4 weeks under ambie@O, levels.Initial rearingat ambient
CO, levels'was done to isolate the stapecific effects of elevatedO, level onlate-stage NRS
larvae (see Hurst et al. 2016, for experiment rearing NRS from hatch to settlement at elevated
CO,). Fish were fed enriched rotifers at 5 prey-hiwice daily. Microparticulate dry food
(Otohime A, Reed Maricultureyas provided twice daily starting at PPH. After 29 days, fish
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223 were captured from these rearing tanks and randomly distributed across 12 identical tanks for
224  subsequent rearing under ambient and elev@@gdconditions. Fish were stocked at densities of
225 300 fish per tank. Wit eachCO, treatment, 3 tanks were randomly assigned to either a low or
226 high food treatment, with the change in feeding rates initiated 1 day after traesi@ing-rate in

227 the low food treatment was reduced to x8y- mL* provided twice daily anchicroparticulate

228 dry food 1 time per day. Feedjin thehigh food treatmenwasincreased t& prey- mL*

229 provided fourtimeslaily and supplemented withicroparticulate dry foo® times per day.

230 Fishywere sampled from each experimental tank after 12, 26, 40, and 5f dayssure

231 to experimentaCO, and food conditionsAfter 54 day<of rearing (at 84 DPH}he experiment

232 was terminated antthe number of fish remaining in each tank was determiveelach

233 sampling, 10t2 fish were sampled from each tank and measured as describedGidve last

234 date of sampling, all fish in the high food treatments had completed flexion (3tage gome

235 had settled-from the water column to the tank bottom. To avoid any possibbigscissociated

236 with size differences between pelagic and demersal fish, the number of fish in each position was
237 independently determined and both groups were sampled independently. Individual dry weights
238 were determined independently fofish from each sampl€ondition metrics oMH 4y and

239 DWgey Were calculated dsactionaldeviations from the underlyinfgL-MH and SLBW

240 relationshig, respectively.

241 Mean.size of fish in each replicate tank was used as the level of observation in statistical
242 analyses. On the last sampling date, the mean size of fish in the high feeding treatment was based
243 on measures:of fish from both the water column and on the tank bottom, weighted by the fracti
244  of fish in each group within each replicate tankhFsize (SL.MH, and DW) and condition

245 (MH ey andDWye,) were analyzed with-8ray ANOVA with feeding treatmenO; level, and

246 ageas main effectsAll 2-way interactions wre included in the modekrowth rates were

247 calculated,for each tank and compared across treatments as described above.

248

249 RESULTS

250 Experiments#Posthatch larvae

251 During,the first month of life, feedinigvel had a much larger effect on growth of pre-

252 flexion northern rock sole than d@O, concentratiorfFig. 1). This is reflected in thsignificant

253 main effecs of fealing treatment as well as tlsggnificant interaction wittageon mean size

254 expressed as SL, Mind DW (Table 2). At 31 DPH, fish in the high feeding treatmeats
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1.38 mm longer and 84.2% heavier than the fish in the low feeding treatment. Fish in the
medium treatment grew only slightly slower than fish in the Feglling treatment, being only
0.21 mm shorter and 15.1% lighter than fish in the high feeding treatment at 33 DPH.
Converselythere was no significant main effeaftCO, treatment ootherinteractions with age
or feeding treatment on fish size (3UH, or DW). These differences are reflected in growth
rates calculated acrodse experiment (Fig. 2). Feedifeyel significantly affectedG,. and Gy
(2-way ANOVA; p < 0.01), buive observedo significant effects o£O, level or aninteraction
with feeding.treatment (p > 0.5).

Responses inondition of pre-flexiorarvaemirroredthe patterns observed in growth.
There were Significant age and feeding treatment main effects qg, fbindition factor
expressed as deviatitrom the relationship between MH and Sls)well as a significant
interactionsbetween these factoBgnificant effectson DWye, Wereconfined toageandthe
interaction-ofage andeeding treatmentAs with growth there were no significant main or
interactiveeffects ofCO, treatment on larvatondition MH gey Or DW gey).

Feeding treatment also had a significafe&fon fish development (Fig. 3a). At 31 DPH,
>90% of fish in'the medium and high feedingatments had reached flexion stage 2, whereas
over 50% of fish in the low feeding treatments were still in flexion stage 1.

Survivalvariedwithin andacrosgreatmentsThe highest number of fish surviving to 31
DPH occurred.in the ambie®O,-medium feeding treatment and the fewest in the Gigh-
high feeding treatment (Fig).3There were notably more survivors in the amb@&at treatment
at the twoshigher feeding levels than comparable feeding treatments in tlieigleatments.
However, due to the high variation in survival observed within treatntbetg was no
statisticallysignificant effect of feeding treatme@Q, level, or their interaction on the number
of fish in each tank after 28 dagEexposure to experimental conditionsway ANOVA of log-
transformed counts, P > 0.10).

After.sampling on day 28 of the experiment (31 DRRBdium feedigtreatments were
discontinued..Surviving fish from the four otliezatments werpooled across replicates and
300 fish stoeked into one tafir each treatmerior extended rearingnder the sam€O, and
feeding conditionsBecause there was tankievel replicationduring ths extended rearing
formal statisticavere not performed. However, the earlier obseresgonses t€0, and
feeding treatments persisted ottds extended rearingeriod. At 87 DPH, fish in the low food
treatmerg were2.5 mm shorter aniéss than 1/3 the masstbk fish in the high food treatments.
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In addition, there were more surviving fish in the high feeding treatments oCéxdevel.
Whereas approximately 50% of fish in the low feeding treatment had completed flstage
4), all fish in thehigh feeding treatments, regardles<a¥, level, had completed flexion (Fig.
3b).

There wa®nly a minor effect of£O, treatmentfish in the highCO, treatmentvere
12% and 5% heavier than fish in the respective amli@atlow and high feeding treatments.
There was.ho.apparegtfect of CO, level on flexion stageHowever, within the high feeding
treatments;,more fish in the ambi€®, treatment (46%) than in the higlO, treatment (33%)
had completedflexion and settled to the tank bottom.

Experiment 2 Postflexion larvae(33 to 87 DPH)

In post=flexion larvaethe effects of feeding levélad a much largempacton growth
and development than d@O; level (Fig 4. There was a significant main effectfeéding
treatment/on SLMH, and DV as well as significant interactions with sampling date reflecting
the increasing difference in size ang feeding treatments (Table 3). Fish in the high feeding
treatments averaged 1.77 mm longer and were 3.3 times as heavy as fish in the low food
treatnents after 54 days of rearing (87 DPHhese differences resulted in a significant feeding
treatment effeet on Gand G (p < 0.01).

There.was a smaliutsignificant main effect o€0O, treatment on SL andlH among
postflexion fish (and a significan€O, treatmenifeeding treatment interactiarijligh feeding
treatment.fiskathigh CO, were 0.29 mm longer than fiseared aambientCO, levels andlow
feeding treatmerfish at high CO, were 0.07 mm longehan fish reared ambientCO, levels
However, these size differences did not translate into a signifi@neffect on overall tank
growth (G, p = 0.36).There was no significant maar interactiveeffect ofCO, level on fish
DW or Gy, (Table 3).

Different.responses wembserved betwedhe twomeasures of larval conditiofihere
were significant effects of botBO, level and feeding treatment &H 4.\, as well as a
significantinteraction between age afekdingtreatment. Interestingly, while both SL alkiiH
were loweramong fish in the low feeding treatmellid,qey Was higher in these fish than in fish
in the high feeding treatments indicating a greater impact of prey availailigngth than body
depth.MH 4y Was highefor fish reared at ambie@O, levels than those reared at elevai®o}
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levels.Conversely, the only significant effect on @QWwas an interaction between age and
feeding treatment.

Although differences were not statistically significant (ANOVA of logisfarmed
counts, P > 0.10), the high feeding treatmentraged0% more survivors tmethe low food
treatments (Fig 5)There was little difference betwe@®, treatments in survival or
developmental stage. In the low food treatments, over 60% of fish were still irBstaflexion,
whereas allfish,in the high food treatments had completed flexion (stage ghraeldad settled
from the water.column to the tank bottom. Again, ttepearedo be little effect ofCO,
treatment/On survival or gja of development within feedinigeatmentalthough a higher
percentage of fisamong the high food tanks settled to the bottom under ambienglthaated
CO, conditions(14.1% \s. 7.4%).

DI SCUSSION

Population level productivity of marine fishes can be significantly influencexibtic
factors as'well as thferaging conditions that offspring encounter during their dddystages.
Upon hatching, most fish larvae can only survivesfoelatively short timen their endogenous
yolk reservesafter whichthey must find sufficient suitable prey swccumbto starvation
Beyond thatfirsffeeding stage, the foraging conditions encountered by larval fish sigrificant
influence growth rate, regulating exposure to size-dependent predetrality. The match
mismatch hypothesis suggeshat rapid growth and high survival of a coladrénergetically
fragile fishdarvae occurs when larval production is spatially and temporally coincidéntheir
prey (Cushing, 1975; Durant et al., 2p0Aowever, he physo-chemical environmeranalso
influence he'severity of thesgreymismatchesslarvalfish are more vulnerable to mismatches
of prey in'wam waterdue to temperature-dependemireasesn basal metabolisri{fSuneetha et
al., 1999;L.aurel.etal., 2011). The potential role otlevaed environmentaCO; levels associated
with ongoing.ocean acidification has not been examined in this context.

In this.studywe examined the relative impacts and potential interactions befwegn
availabity andCO, level,two aspects of the larval méag environment that are predicted to shift
under prevailing patterns of climate change. ConcentratioB©gin the surface waters of the
world’s oceans have risen demonstrably in association with increases in atmdSgheric
concentrations resulting in decreasing oceani¢pbhey et al., 2009). Models uniformpyedict
a continuation of ongoing ocean acidification with the magnitude of predicted changes varying
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350 with specific assumptions of the trajectory of anthropog€de emissions (IPCC2014). In

351 addition, regional oceanographic factors dspatial variation irCO, and pH levels. In the

352 Bering Sea and Gulf of Alaska (primary range of northern rock sole), acidificatexpéected to
353 be exacerbated Iseaice melt, increased river rufipand organic matter respiratighathis,

354 2011; Mathis and Queste2013).The most recent estimates for these Alag&ters are that

355 surface water pH has already decreased by 0.10 units and will decrease an additionak0.35 unit
356 by the year.2100 (see s et al, 2015 for details).

357 Theyprimary factors limiting growth and survivak expected tohange through

358 ontogeny (Houde, 1987). In this study, we performed independent tests with pre- and post-
359 flexion larvae due to previous observations of stage-specific sensitivity to botG@@jglHurst
360 etal, 2019 and prey limitation$uneetha et al199). These experiments further demonstrate
361 the need tosconsider stagpecific environmental influences he effects of both prey limitation
362 and elevate€O; levels differed between the prand post-flexion stages of northern rock sole.
363 Prey restriction had greatermpact on the growthates ofpostflexion fish (43% decline in (g
364 from high food treatment) than pre-flexion fish (30% decline ). his stagespecific

365 difference may be related to the energetic demands of flatfish metamorphosis occurring in post
366 flexion larvae.

367 Mostofsrepors reduced stvival of marine fish larvae alevdaed CO; levels have come
368 from studies.incorporating the earli¢atval stages (althougtomeexperiments extended into
369 later stages; Baumann et al., 2012; Pimentel et al., 2014; Frommel et al.2(31an effect
370 was observedsin a previous study of northern rocklaol@ewhere Hurst et al. (2016) observed
371 atrendof decreasing survival at high€O, levels.In this study we observed a similar trend of
372 higher survival at ambier@O, levels, but in this case the effect was only observed in the pre
373 flexion experiment. In the post-flexion experiment, we observed equivalent or highieak

374 survival rates inithe higB8O, treatment. In addition, exposures of northern rock sole eggs to
375 elevatedCOq.levels did not lead to reduced hatching rates (Hurst et al. 2016). Todkdse

376 results may.suggest that the effects of elev@®gllevel on survival of northarrock sole larvae
377 are primarijrestricted to the earliest larval stages.

378 Themegative effects of elevat€®d, levels on growth and condition of post-flexion

379 northern rock larvae observed by Hurst et al. (2016) wersimdarly observed in this study
380 (although it shald be noted that the higbO, treatment of 1171 patm in this study is lower than
381 the 1541 patm used in the previous stuttyontrast, this studytind thalarvaereared at
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382 elevatedCO; levels had a slight, but notsignificantly, reduced growth rate compared to

383 ambient controls during the pre-flexion stage and asigmificanty increasd growth rate

384 during the posflexion stage (Fig2). These contrasting results between studies could be the
385 result of genetic differences amoing tgroups of tested fish. But in general, we believe that these
386 differences are associated with the general observation that the effects of elf¥akeekls are

387 relatively malest in this speciggompared to other aspects of the rearing environment).

388 However, this,variation in outcomeatso demonstrates thalue of conducting multiple,

389 independent.experiments evaluate the effects of ocean acidifica and the need for caution in
390 broad application of results across populationspecieserrari et al.2011 DePasquale et al.

391 2015).

392 Experimental investigation of the effects of ocean acidification on marinaisngahas

393 broadenedsrapidly to ihade potential interactions with emcurring environmental stressors

394 sud as elevated temperatures (Harvey et al., a8 hypoxia (DBasquale et al2015).

395 However, /it should be noted that, to our understanding, all previous experiments witifearly |
396 stages of marine fishes have beenductedunder nutritional conditions expected to result in

397 high (or optimal) growth and survival in ambient control treatments. While the @tenti

398 importance of nutritional conditions on the organismal response to acidificationdmas be

399 demonstrated«in multiple invertebrate species (Drenébadl, 2013; Hettinger et al.2013;

400 Towle etal.2015),this study is the first to integrate ocean acidification with nutritional stress in
401 amarine fish(but see Bignami 2015).

402 Theforaging environment that larvae encountdl also be impacted by broadale

403 aspects of climate change including warming and acidification. Of partioydartance to the

404 survival and"growth of many commerciaityportant fish populations willéthe annual timing

405 and magnitude of the spring bloom and associated secondary production of microzooplankton,
406 the primary prey for most marine fish larvae. Production in these lower trophic levels is driven
407 by a complex.set of physical and biological fogcmechanisms which vary at a variety of scales
408 and may be undergoing lortgrm changes associated with afeagition and warming.ricreased

409 warming of.surface waters generally predicted to increase stratification, resulting in earlier and
410 more intense primary production blooms (Rost et al., 2008; Kristiansen et al. 2011). Howeve
411 suchchangesn timing will not necessarily result imorefavorable foraging environmenfor

412 newly hatched fish larva&or example, in the Bering Sea, warm temperatures actually result in a
413 delay in the spring bloom as the lacksef ice cover (and the meltwatdejaysstratification in
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this lightdimited ecosystenfHunt and Stabeno, 2002). Recent years of high temperature and
reduced sea ice cover have resultedterlgpring bloomsvariationin thermal conditions has
also been shown to influence the composition of the zooplankton community, presenting another
variablein the foraging environment for larval fishes (Hooff and Peterson, ZHif6er et al.
2014).

The overalresponses of lower trophic levels to ocean acidification remastear due to
the wide range,of taxonomic and life history diversityhese communitieSeveral experiments
have suggested that increas&d, levels would be favorabler some but not all, primary
producersKing et al, 2015). However, the foraging environment of most marine fish larvae will
be dependent on the conversion of that primary production into biomémesraiooplankton
prey.Experiments with zooplankton species have observed a range of effects, in some cases
varying acressglife stages within a specfesagonite shelforming pteropods are expected to be
among thesmest sensitive zooplankton groups to acidification (Comeau et al., 2010) along with
the early pelagic larval stages of bivalves and cr@bpepods and krill are primary energetic
pathways 'in high latitudeeasand serve as critical forage base for young marine fishes. Several
experiments'have suggested that although Gighexposures had minimal effects on adult
copepods, negative effects were observed in early life stages (Crippe13). Wile there
have yet beenfewxperiments with krill, agative effect®f eevatedCO, have been observed
(Sperfeld et.a):2014). The range of responses amomgccurringspecies hagesulted in a
range of effects in communitgvel experimentgRoseet al, 2009; Aberle et a).2013).
However, even:if ocean acidification doest directly resultn reduced production and
availability of zooplankton prey, the currently observed levels of variation cutbéo
environmental influences would suggest that fish living under future elevates ¢¢ @D,
would beexpected t@xperience episodid not persisterly degraded foraging conditions.

As species are known to respond differently to the physiological effects of el&@ied
we similarly.expect species to be differentially impacted by cliraag®ciated changes in the
foraging environment. By adopting standardized prey treatments used in previous experime
we were able'compare the influence of reduced feeding conditions across life stages and species.
Northern roek.sole and Pacific cod exh#iinilar patterns in repductive timing and
distributions of early life stages in the Gulf of Alaska (Matarese et &3)2But markedly
different growth rates during early larval stages (Hurst et al., 2010; Letuak| 2014). Due to
the overall higher demands for prey associated with fast growth, we would have expected the

This article is protected by copyright. All rights reserved



446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477

more rapidly growing Pacific cod to be more sensitive to deprdéssdohgconditions.

However, ths did not appear to be the caaesimilar reduction in foraging conditions resulted in
only an 8% decres in Gy of preflexion Pacific cod larvae (Laurel et al., 2011), compared to
the 30% reduction observed in northern rock sbie differential effects among species and life
stages in response to depressed foraging conditemsnportant implication®f the

recruitment of wild fish populations in tidorth Pacific under shifting environments.

Conclusions

The resultof theseexperimerd support the observations from previausk examining
the potentialimpacts alimate changen the growth and survival of north Pacific marine fishes.
As observed in earlier work on walleye pollock arwdthern rock sole, elevat&D, levels
resulted ins@nly=minor impacts on growth andvseal (Hurst et al. 2013; 2016).In this first test
with a marine-fishdiminished foraging conditions did not appear to induce stronger responses to
elevatedCO,. However it should be noted that experiments with other species have revealed
clear, negative, direct physiological effectsadévatedCO, (Baumann et al2012;Frommel et
al., 2014 Pimentel et a).2014), and it might be expected that a poor nutritional environment
could exacerbate the observed effectsiore CO,-sensitivespeciesConversely, the foraging
environment'encountered by northern rock sole larvae had a substantial impact on the growth
and development rates of both pre-flexion and post-flexion stages. Other envirorvaeakdés
are also known to impact larval dynamics. For example, in both laboratory experimengddand f
studies the time: required for rock sole larvae to reach metamorphosis and settle to demersal
juvenile habitats has been shown to be affected bgrwatnperature (Laurel at., 2014;
Fedewa et al2015).These results suggest that for some spgfaewors other than the direct,
energetic effects of acidificaticare most likely to determine population productivity under
future climate conditions.

It isdmpaertant to recognize that this study examined enbrgetic aspesif the
response toceanacidificationin this species. lmerous experiments have indicated that
physiologicalresponses to hypercapnia may disrupt the transmission of nerve(blissds et
al., 2012),altering the behavioral responses to serssionyli (Leduc et al.2013). It is possible
that these behavioral or sensory deficits could significantly impair prey réicogaind capture,
with ocean acidificatiomesulting in gohysiologically-induced diminished foragiadpility in
wild fish. Alternatively, ocearmcidification in conjunction with other aspects of anthropogenic
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climate change, couldegatively impact the foraging conditions faced by larval fishes, ultimately
impacting population production. Continued research on the independent and interactise effec
of acidification on the primary and secondary producers that serve as a forage base for larger
organisms will be critical to predicting how changes in the lower trophic levelprapagate
through the foodveb, influencing the fisheries of the world.
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660 Table 1. Conditions during experimental exposures of northern rock sefgdopsetta

661 polyxystrg eggs and larvae to projected ocean acidification. Carbonate system parameters
662 (dissolved inorganic carbon, DIC; totkalinity, TA; temperature; and salinity) were measured
663 2-3times per week and used to calculate pH and,pZ&ues shown are meanslistd. dev.
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664

Experiment Temp. DIC TA pH pCGO,
Treatment (°C) (umol kg") (umol kg") (seawater scale) (patm)
Parentabroodstock 5.1 +£0.5 2011.2 +56.1 2127.2+59.0 7.99 +0.08 415+ 76

Trial 1 —preflexion, larvae
Ambient 7.1+£05 2016.3+74.8 2160.8+82.6 8.07 +0.07 349 £ 60
High CO;, 71+05 21371+76.1 2132.1+70.1 7.63+0.13 1079 + 396

Trial 2 —postflexion larvae

Ambient 74+08 2043.3+925 2173.4+69.1 8.01+0.18 453 + 213
High CO; 74+10 21825+67.2 2183.8%64.0 7.59 +0.10 1171 + 277
665
666
667
668
669

670 Table2. Analysis of variance of size condition factoifpre-flexion northern rock sole

671 (Lepidopsettapolyxystjdarvaeas a function of feeding regime a@@®, level. Response

672 variables areshe tank mean value measured on each sampling date in each of the replicate
673 rearing tanks.

674
Size Length(SL) Body depth MH) Dry weight(DW)
df. F p F p F p

Age 3 363.1 <0.001 263.5 <0.001 254.5 <0.001
CO; levelwsd 1.6 0.212 0.7 0.393 0.4 0.513
Prey level™2 77.0 <0.001 60.6 <0.001 58.7 <0.001
Age X 3 0.21 0.891 <0.1 0.995 <0.01 0.988
CO;

Age x'prey 6 9.0 <0.001 10.7 <0.001 12.2 <0.001
CO; x 2 0.2 0.835 0.2 0.789 0.4 0.701
prey

Error 44
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Condition Factor MH gey DW gey

d.f. F p F p

Age 3 6.5 <0.001 55 <0.001
COzlevel 1 <0.1 0.932 0.7 0.392
Prey level 2 6.9 <0.001 0.2 0.836
Age X 3 1.8 0.157 2.4 0.080
CO;
Age X prey..6 11.3 <0.001 3.7 <0.001
CO; x 2 155 0.223 0.5 0.586
prey
Error 44

675

676

677 Table3. Analysis of variance of size condition factofpost-flexion northern rock sole

678 (Lepidopsetta polyxystjdarvaeas a function of feeding regime a@@®, level. Response

679 variables are the tank mean value measured on each sampling date in each of 3 replicate rearing
680 tanks in.each.experiment.

681
Size Length(SL) Body depth MH) Dry weight(DW)
d.f. F p F p F p
Age 3 304.5 <0.001 600.1 <0.001 165.3 <0.001
COzlevel 1 5.5 0.025 1.42 0.393 0.5 0.502
Prey level 1 506.6 <0.001 932.9 <0.001 361.0 <0.001
Age x 3 0.2 0.928 0.2 0.995 1.2 0.308
CO;
Age x prey=3 21.3 <0.001 102.9 <0.001 60.2 <0.001
CO; x 1 4.4 0.044 3.5 0.789 0.6 0.429
prey
Error 35
Condition Factor MH gev DW gev
d.f. F p F p
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682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704

Age 3 5.1 0.004 5.5 0.003

COlevel 1 7.7 0.009 0.9 0.349
Prey level 1 10.9 0.002 1.3 0.254
Age X 3 0.4 0.741 .06 0.595
CO;

Age x prey 3 10.0 <0.001 3.4 0.029
CO; % 1 1.2 0.280 0.4 0.533
prey

Error 35

Fig. 1. Lengthrand weight of pre-flexion northeotck sole Lepidopsetta polyxystjdarvae

reared at ambient and elevate@, levels at three prey densities. Points represent mean ¢t se)
two-three replicate tanksithin each treatment through 8PH. For measurements 45-87

DPH, points are mean fish size in one taleach treatmeniote: all tanks sampled on the
same days, points offset horizontally for clarity.

Fig. 2. Growthirates (£ se) in length and mass of northern rocklsspappsetta polyxystya
larvae as-affunction @O, level, feeding regime, and developmental stage.

Fig. 3. Abundances and developmental stages of northern rock sole lapampsetta
polyxystrg larvae reared as a function@©@®; level prey densityTop: mean abundances within
treatment averaged across replicate rearing taitkg1 each treatment &1 DPH; Bottom,
abundance in one tank at each treatment at 87 DPH.

Fig. 4. Lengthsand weight of post-flexion northern rock sbépidopsetta polyxys) larvae

reared at ambient and elevate@; levels and high and low prey densities. Points represent

mean (x se)'of three replicate tanks within each treatment. Note: all tanks sampled on the same
days, pointstoffset horizontally for clarity.

Fig. 5. Abundances and developmental stages of northern rock sole lapampsetta
polyxystrg larvae reared at ambient and elevd@€y levels at two prey densities from 31 to 87
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705 DPH. Values are mean abundances within treatment averaged across three regtiogte
706 tanks.

Author Manuscript
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