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Abstract

Therbenefits and ecosystem services that humans derive from the oceans are threatened
by numerous global change stressors, one of which is ocean acidification. Here, we
describe the effects of ocean acidification on an upwelling system that already
experiences inherently low pH conditions, the California Current. We used dao-end-
ecosystem model (Atlantis), forced by downscaled global climate models andedform

by ametaanalysis of the pH sensitivities of local taxa, to investigate the direct and
indirectreffects of future pH on biomass and fisheries revenues. Our modelpeofe2t
unitdrop=inspH during the summer upwelling season from 2013 to 2063, which results in
wide-ranging magnitudes of effects across guilds and functional groups. The most
dramatic direct effects of future pH may be expected on epibenthic invertgorates
shrimps, benthic grazers, benthic detritivotasalveg, and strong indirect &fcts

expected osomedemersal fish, sharks, and epibenthic inverteb(@aageness crab)
because they consume species known to be sensitive to changing pH. The model’'s
pelagic community, including marine mammals and seabirds, was much less influenced
by future pH. Some functional groups were less affected to changing pH in the model
than might be expected from experimental studies in the empirical literatute lligé
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population productivity (e.g. copepods, pteropods). Model results suggest steutg ef

of reduced pH on nearshore statanaged invertebrate fisheriésit modest effects on

the groundfish fisherpecause individual groundfish species exhibited diverse responses
to changing pHOur resultgprovide a set of projections that generally support and build
upon previous findings and set the stage for hypotheses to guide future modeling and
experimental analysis on the effects of OA on marine ecosystems and fisheries.
Introduction

Humans'rely on healthy ocean ecosystems for the benefits rmimksehey provide.
However,global climate changes caused by continued fossil fuel emissions are subjecting
the oceansito multiple stressargcludingincreasing temperature and changes in water
chemistry(Harley et a/, 2006; Crainet a/, 2008; Solomoret a/, 2009) As oceans cover

a majority ofthe Earth’s surface and provide critical resources for human communities,
understanding how future climate conditions will affect factors such as foodtgendi
coastaleconomies is a central question in climate change re§éeauher a/, 2008).

This question must be addressed at a global scale, but also for downscalegsiial
interactions‘within individual ecosysterfBarangeet a/, 2014), expressed in terms of
regional.and national ecosystem services such as fisheries, recreation, and coastal
protection (Gattuset a/, 2015).

Global change manifests in the ocean in multiple ways, one of which is ocean
acidification (OA), the process by which oceans absorb anthropogenitr@®the
atmosphere and experience decreased pHabnate ion concentratiof@rr et a/,

2005; Deneyet a/, 2009). Dissolution of C®in water creates free hydrogen ions,
lowering:the:pH and thus altering a defining trdithe seawater to which marine
organisms are adapted. The oceans absorb about one-third of the anthropogenic CO
released into the atmosphere. Since the 1i#i@0s this CO, uptake has decreased mean

pH in surface ocean waters by 0.1 units; by the endoténtury, surface ocean pH may
decline by an additional 0.3 units (Caldeira & Wickett, 2003), with changes likely to vary
spatially(McElhany & Busch, 2013).

Upwelling systems may be particularly vulnerable to OA because they already

experience seasonal dropid compared to other ocean ecosystems (Feged/, 2008).
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The upwelling process brings deep, cold, nutrieti-waters p onto the continental

shelf, fueling highly productive coastal ecosystems. However, these upwelled alate
have relatively low pH and low oxygen concentrations, and thus introduce potentially
stressful conditions into coastal areas. Alternativelyleegexposure to low pH could

lead to _higher rates of adaptation to changing ocean chelfiRgtaynet a/, 2014).
Regardless; changes to ocean chemistry have the potential to affect susceptible marine
organisms; particularly those that lay dow calcium carbonate sh@froekeret a/,

2013; Wittmann & Portner, 2013)Calcifiers include species such as bivalves,
crustaceans, and echinoderms that are commercially and ecologically important; as such,
the directand indirect effects of OA may be widesg throughout a foodeb (Kaplan

et al, 20105 Buscthet a/, 2013).We definedirect effectsas changes caused by exposure

to corrosive\waters, whil@idirect effectsare changes caused by interactions with species

that aredirectly affectede.g., predators or prey of calcifiers).

Here, we focus on the California Current, an Eastern Boundary Current ecosystem wher
the physical processes that combine upwelling with changing ocean chemistry have bee
studied-extensivel{Feely et a/, 2008; Grubeet a/, 2012). Understanding cumulative
impacts of.OAat the scale of an ecosystem like the California Curegntiresmodels
that'can projeatirect and indirect effect&or example, entb-end models (Plaganyi,

2007; Traverset al, 2007; Roseet a/, 2010)thatincorporate procsedike physics,
multi-species trophic effects, and fistesrcan be usetb simulate future projections of
ecosystem dynamics and to evaluate teffle amongalternative fishery management
strategieglulton et a/, 2014) while evaluating consequences of global change (Lehodey
et alx2010)and coupling between oceanography species dynamid$-iechteret a/,
2014)-Atlantis (Fulton, 2004; Fultoref a/, 2011) is a spatially explicit entb-end model

that includes physical oceanography, biogeochemistry, food web dynamics, and human
uses and impacts such as fishamginutrient loading. The Atlantis framework has been
applied in simple ways to test impacts of ocean acidification in Aus(@titith et a/,

2011, 2012) and GuafiVeijermanet a/, 2015). Atlantis models have been developed

for the California CurrenBrandet a/, 2007; Horneet a/, 2010) and applied to test

impacts of new and existing fisherig&planet a/, 2013; Marshalet a/, 2014) and
alternative management strategi@aplanert a/, 2012; Pacific Fishery Management
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Council & NMFS, 2014)as well as coarse scale effects of ocean acidific@tiaplan et
al, 2010).

Building on these earlier Atlantis modeling efforts, we projected the cuneikefiects of
future"ocean acidification on the California Current ecosystem. FirgirajectedoH in

the California Current 50 years in the future (2068ing global earth systems models to
force a regional ocearlimate mode(dynamical downscaling)-his regionalmodel
provided the physical conditions that underpinned Atlantis simulations of marine food
webinteractions and US West Coast fishedgaamics Welowered survival of
functional'groups sensitive to changing pH, based metaanalysis of experimental
studiesWe then ran Atlantis scenarios that simulatedhe directeffects ofa 0.2 unit
changesirpH:by 2063 on biomass of organisms sensitive to acidification; 2htiect
effectssofschanging pH on thiest of thfood web; and 3)heresulting effects on

fisherieslandings and revenues.

Materials and Methods

Atlantis'is a sp@ally explicit modeling platforn{Fulton, 2004) that couples three sub-
models®1) an oceanographic sub-model, 2) an ecology sub-model, and 3) a human sub-
model(Fig 1). We focused on the first two components for this application and used a
simple representation of fishirigr the third component.&ow we summarize the three
sub-models; how we parameterized pH sensitivity, and the scenarios we developed to
investigate the effects of changing pH on the California Current ecosy3teraurrent
application of the California Current Atlantis model buitats and updates earlier

versions (Branat a/, 2007; Horneet a/, 2010; Kaplaret a/, 2012) Additional details

are available in thenline Supporting InformatiofS1).

Model domain

Our modekdomain covers 1.475 million krwith 92,000 krf on the continental shelf
(0-200:m), 127,500 kfon the continental slope (2200 m), and 1.12 million kfin
pelagic waters offshore of the 1200-m isobath. The model daroaers theextent of
the California Currenfrom its origin where the North Pacific Curremeetsthe coast of

North America athe north end o¥ancouver IslandCheckley & Barth, 20090outh to
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141  PuntaEugenia, Baja California, Mexid#ig. 2). Thedomain is divided into 2-

142 dimensional polygons. Polygon boundampesallel to the coagtunning NorthSouth,

143  approximately) follow the bathymetry of the 50-m, 100-m, 200-m, 550-m, andrh200-
144  isobaths, and the 20Gutical mile (376km) limit of the Exclusive Economic Zone

145 (EEZ).Pelygon boundaries perpendicular to tbast (unning Eastest, approximately
146  werebased©n a compromise between biogeography, fishery management and catch
147  reporting-areas, and areas utilized by particular fleets and fishEnregdimensional

148 model'cellstare created by addubgpth layersn vertical dimension, which were set

149  using thesame interval as isobaths listed abduee offshore pelagipolygons, which

150 extenddrom,the 1200-m isobathttee EEZ limit, areassumed to be 2400 deep(with

151 an open‘boundary representing deeper waters lying underneath and along the western
152  boundary ofithis upper ocean slalje refer readers to the onliBepporting Information

153  (S1)for further description and justification of the model domain.

154

155

156  Oceanographic Sumodel: Regional Ocean Modeling Syste¢ROMS)

157 To capture the local effects of global change betweans 20142020 and 2061-2070,
158  we coupleda high resolution Regional Ocean Modeling System (ROMS, version 3.7,
159  (Mooreet al/, 2011)) to global circulation models and Intergovernmental Panel on

160 Climate ChangelPCC) CO, scenarios. The results capture effects of global change on
161 pH, temperature, nutrients, and oxygen on an ecologically relevant spatial’éeale.

162  discusssthis:briefly below, and detail in theSupporting InformatiorfS1, Figs. S1.2-

163  S1.5)

164  To represent global climate, we used output from the GFDL ESM2M earth systerin mode
165 (Dunneetal, 2012, 2013) driven under IPCC climate scenario RCP8.5, alsgimes

166  continuation of present emissions trajectories (Marsa/, 2010). ESM2M includes an

167 embedded:global biogeochemical/NPZ mqd€PAZ, Stocket a/, 2014) We used

168 ESM2M results to generatbe initial and boundary conditiofer ROMS. ROMSis

169 well-suited to resolve smadicale coastal phenomena, and has been successfully applied
170 in a wide range of regional studies worldwide (Haidvagfed/, 2008).The ROMS
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171  spatial domain was chosen to encompass the domain of the Atlantis model witm ~10-
172 grid spacing. We included tidal forcing, and applied atmospheric fofi@ngthe

173  ESM2M projections using bulk formuldEairall et a/, 1996, 2003)We used aegional
174  nutrient-phytoplanktorzooplankton (NPZ) modeoupled within thd(ROMS code, which
175 is based.on that of Fennel et @ennelet a/, 2006, 2008) and includes carbonate

176  dynamics. Initial and boundary conditions for the NPZ variables were supplied from the
177  global TOPAZ output. The primary output of this coupled ESMRUIMS system is 8-
178 dimensional gridded field dfme series of temperature, salinity, water flux (currents),
179 and pH (derived from the carbonate outpathhe California Current. We interpolate

180 these foeurwvariables onto the Atlantis spatial domain, and forced/éieés within the

181  Atlantisssimulations described belqgeeS1for detailed description)Ve note that

182  future climate scenarios did not include changes to primary productivity dueré¢ased

183  atmospheric carbon dioxide.

184  Ecology Sub-model

185  Our ecolagy sub-model represents the food web of the California Current, saqulati

186  population-dynamics, movement, and ecological interactions of 75 different functional
187  groups. The'functional groups, data sources, and core biological and ecological

188 parameers and functional forms are detailed in the Supporting Informa&inrP@art 11)

189  Generally functional groups are aggregates of species with similar life histories, habitats,
190 and diets, with finetaxonomic resolution for harvested fish or species nseovation

191 concern, and coansaggregation of many invertebrate groups. This model updates and
192  improves.en data sources used in an earlier version of the California CurretisAtlan

193  model(Herneet a/, 2010), and functional groups were added to aftmvibetter

194 representation of processes related to ocean acidificatiparticular, groups added or

195 given finer taxonomic resolution in tipeesenmodelwerethree coral taxa (stony corals,
196  soft corals, and black corals), Dungeness cldd¥&carcinusnagistey, pteropods,

197 coccolithophores, and market squidoyyteuthis opalesceydn total the model includes
198 25 benthic and planktonic invertebrate groups, five primary producer groups, 36 fish
199 groups, 10 marine mammal groups, two bird groupsaadietritusgroups

200 Invertébrates and primary producers are represented as simple dynamic biomass pools
201  per 3-dimensionahodel cell, while vertebrate age and size structure are modeled
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explicitly and vary through time. Results below are presented both as functiona group
andalsoin simplified, aggregated guilds such abasks’ or DemersaFish’.

Recruitment of vertebrates (the production of juveniles) is based totahabundance

of adults;"and recruits in the model are distributed spatially proportional to adult
abundanceRecruitment of fish follows BevertelHolt stockrecruitment dynamics

(Beverton & Holt, 2012)When stock assessments were alsielanitial parameter
estimates for BeverteHolt parameters were calculated based on estimates of steepness
(slope of the stockecruit curve at the originunfished recruitment, and unfished
spawning*biomasfRecruitment of marine mammals, sharks, hinds were based on

estimates of a fixed number of offspring per adult per year.

We parameterized diets by drawing from multiple sources. We largely dvewtlie
database.coempiled by Dufault et al. (2009)t updated these estimates to refleetnew
functional.group structure of the model and also to incorpoeateliteratue sources,
including many contributed by Szoboszlai et al. (2015). Those additions are ntted in

Supporting Informationg1, Part II).

Human sub-model: Fishing mortality

As noted above, the representatiomoian activities (other than anthropogenically
drivengclimate change) in thesensllations isrestricted to fishing, and this

representation iguite simple We assembled catch information for all Atlantis functional
groups,. summingptal catches across US, Canada, and Mekags. S1.8 and S1.9)Ve

did notymedel specific fleetbut instead implemented a fixed fishing mortality ratéYyr
This*fishing"mortality gives a catch for the initial year of the simulation (204:&l¢o
summed 2013 US, Canadian, and Mexican es¢hshing mortality rates were

distributed evenly in space and we did not include marine protected areas or other forms
of spatial managemerBecausdishing removes a fixed proportion of a species in each

year,eatches are proportional to biomass throughout these simple simulations.

Parameterizing pH sensitly and response to changing pH
Our scenarios for pH impacts on invertebrate survival derive from a study by Busch a

McElhany(2016), which synthesized 393 papers repottemgperate species sensitivity
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to changes in seawater carbon chemidtrghat manuscript, summary understanding of
the relative sensitivity of functional groups in the California Current ecosystesm

based omow wellpublished studieselatad to functional groups in and pH conditions of
the California Current ecosysteexperimental design and quality, and the type of
variables.measured to characterize sensitiityisch and McElhany (2016) provided
“relative survival scalatswhich were derived from qualitative scoring of three factors:
direction"of pH effect recorded gach study, total amount of evidence available for the
functional'group, and the level of agreement among the studies with respect to the
functional group’s response. These qualitative scores seatedrelative to the most
sensitive functional groupsaooreto arrive at a relative survival scalar that describes the
relationship’between survival and pH (Tableld)his study, we focuesd on functional
groups that'shoedthe strongest direct negative effects of pH on surgamnarily
calcifiers). Thids consistent with previous global efforts to synthesize eftdcts
acidification namely strong negative impacts on calcifiers such as corals and mollusks,
but a breader range of detectable impacts on other invertebrates (Krodke2(t3

2010; Wittmann and Portner, 2013).

Therelativesurvival scalarén Busch and McElhany (20)8epresent our best
understanding of acidification impacts in the California Current. We tradsih&se
relative values into quantitatiedfects on mortality that we implementiedthe Atlantis
model, Specifically, we defined mortality due to pH effectsefachfunctional groupfin
Atlantisspoelygonpattime-steptas:

(1) MPY = (8.0- pHp) X —0.1%S;

WhereMﬁ; is in units of yr', pH is specified by Atlantis spatial polygon and tirsiep,

and Swis the relative survival scalaoifeach functional group éble 3. A pH of 8.0 was
chosen beecause average pH in the top 200 m of the water column for ROMS year 2013

was ~7.95If pH),;was greater than 8.M}’£

parameterization implies thédr the most sensitive functional group (Benthic

was set to zerdAs an example, th

Herbivorous Grazergontaining speciesuch asionnearshore sea urchins), a decrease
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in pH from 8.0 to 7.Gncreased theimortality rate by0.1 yr. This induced mortality rate
is twice the maximum predation mortality rate on Benthic Herbivorous grazers during the
100 year baseline simulation, without ocean acidification impacts (0\8&/caledS

by 0.1 aftettesing a range of values from 0.1 tqdescribed below).

OceanAcidification Scenarios

We simulatedlirect effects of acidification on the ten functional groups with the
strongestiegative ocean acidification responses, based on Busch and McE2Ba6y.
We grouped these ten functional groups fioler scenarios: Benthic Calcifiers, Non
CalcifyingsBenthos, Copepods and Pteropods, and Crabs and ShFaytesl(). Note

that scenarimames are capitalized to differentiate them from functional group names.
For each scenario, we tested the effects 08306 and oceanographic conditicenrsdpH
sensitivityon the functional groups within that scenario. We also tested an additional
scenaio,where all groups iffable 1weresimultaneouslhgensitive to pH (referred to as

the “Cumulative” scenario below).

All seenariosan for 100simulated year, with initial biological conditionset to year

2013, and-€onstant fishing mortality at 2013 rates (units Bf put with theROMS
oceanography (including pH) for a single year looped 100 times. We ran two baseline
simulations with no OA sensitivity, one using 2013 ROMS oceanography and one using
2063 ROMS oceanography. Runs with OA sensitivity used 2063 ROMS oceanography.
We used a single year of ROMS oceanography for two reasons: 1) creating a 50 year
downsealed:hydrodynamic model was too computationally intensive, and 2) using a
single-year.of ROMS oceagraphy controlled for interannual variability in ocean
conditions'and allowed us to isolate the effects of ocean acidification frenmitential
drivers of change. We note that 2063 ROMS oceanography included increases in
temperature, as well as deased pH, and we isolated the effects of changing pH using
the baseline runs (sdéetricsof pH effectdelow).

To test model sensitivity to our quantitative interpretation of the rankingsBresch and
McElhany (2016)werepeated alb scenarios but wit 2.5, 5, and 10x stronger increases

in mortality per 1 unit decline in pH. The most extreme case (10x) viotiease
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290  mortality ratesfor Benthic Herbivorous Grazeby 1.0 yr' if pH fell from 8.0 to 7.0, and

291  proportionallysmallermortality increases aong the other groupbased on theelative

292  survival galars (Table )1

293

294  Metric of pH effect

295 Recognizing that multiple factors in the physical environment change when projecting
296 future oceanography, we wanted to isolate the effects of changinyetkveloped a

297 metric'that'standardizes the pH sensitivity of functional groups within a scenario (Table
298 1) while accounting for changes in circulation and other food web eff§etslefine he

299 relativeseffeci £) of changing pH on biomas#)for each functional grougs

300 (2) E — Btest—B2063Baseline

B013Baseline

301 whereB;sIs the biomass of a group in a given scen@igssaseinelS the biomass for
302 the group in_the baseline model with future circulation, Bagdzaseinels the biomass for
303 the graup inithe baseline model with present circulaion.eactsimulation we used the
304 meanshiomass of the final 10 years of a ¥6@r run forB. This metric represents the
305 marginal effect obcean acidificatiomver 50 years, subtracting out affect of a

306 change'intemperaturand translates thahange ito the context of the ecosystem that
307 most closely matchesurrent data (2013YVe calculated a secomadetric that

308 standardiesby 2063 rather than 2013 baseline biomass, witaphesents the percent
309 change in biomass due to changes in phbsE resultsvere qualitatively similar and we

310 refer readers to theupporting hformation (S4) for comparison.

311  While it is difficult to determine what constitutes a reero effect, we follow the

312 conventions:of similar ecosystem modeling exerdiSesith et a/, 2011; Kaplaret a/,

313  2013; Marshalkt a/, 2014), focusing ord > 0.20. The intended use of this model is to
314 informgstrategic (e.g., big picture, contextual, geeiting risk assessmeéntrather than
315 tactical(e.gs, specific actions over short time scaleapagemenguestions (FAO 2008).
316  Therefore, wedcus on large magnituakfects that arékely to be readily detectable
317 should they occur in real world observational dB&low, we present pH effects in two

318 ways: 1) at the scale of the ecosystem, grouping functional groups into guilds, and 2) by
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functional group. @ild-level pH effects were calculated as biomassghted means of
the pH effects of the functional groups within the guild. Guild membership is defined in

TableS12 in the Supporting Information.

pH effects on fishery revenue

We translated the effeatd pH on biomass& in Eq. J to revenue using 2013 landings

and revenue data (PacFIN 2013). Because fishing mortality was fixed at 2018 cates
simulations, the effect of pH on fisheries catches is equivalent to the pH effect on
biomags. Within theUS fishery management system, individual spe@ed therefore
Atlantis functional groups) fall within distinct management units, governed by one of
several federal Fishery Management Pi&MPs)or by stateplans(deReynier,

2014) We-grouped functional groups into management units and projected the effects of
changing=pH on revenue at that scale. We show results ftlliheing units: State

(including all crabs and shrimps, nearshore urchins, bivalves), Groundfish (all
commercially landed groundfish except Pacific Hake), Pacific Hake, and Coastal Pelagic
Fish (sardine, anchovy, mackerel§ye calculated the pH effechaevenue @) for each
management unikas a weighted average of its component functional group effgxts (

such that:

U, = ZEj *Rj2013
k X Rj 2013

Where the weighg) is the 2013 revenue for functional grofipnd revenue was
calculated-as the product of U.S. price per metric ton and expected 2013 catch for each
functienal-group. Additional details on reconstructing 2013 catch are provided in the
Supporting Informationg1, Part II).

Calibratingthe ecology sb-model

Following guidelines developed for an earlier version of the California CurreanttAst|
model (Horeet a/, 2010) we calibrated the model in two phases: initial simulations
with no fishing; and secondary calibrations testing constant fishing preatargis
explicitly models numberatage (or number-per-cohort), and dynamic wegjfdage,

and we evaluated thes®odel outputs following a Pattern Oriented Modeling approach
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(Grimm et a/, 2005). Specifically, we evaluated Atlantis outputs of biomass, spatial
distributions, age structure, and weigittage that resulted from the simulations without
fishing and those with constansfiing pressure. The POM approach and iterative
calibration leads to refinement of both model processes and parameterization, as these
outputs.are compared to observations at multiple spatial and temporal Seatasdary
calibration tested a range of éalevels of fishing mortality applied simultaneously to all
groups/Asarule of thumb we expected thatsk might fall within 0.50.8 of natural
mortalityrateqPatterson, 1992; Pattersena/, 2001; Walters & Martell, 2002).

Results

ROMSioreed with ESVI2M

Our R@MSprojection of future ocean conditionge@r2063) suggests marked declines in
pH relative tgpresent day simulations (ye2013). In the top 10én of the water column,
meanAugust pHin the ROMS modatieclines from 7.96 in the present day to 7.77 in the
future (Fig. 3); thisis equal to the ~0.2 unit drop in pH predicted by the co&S&f2M
modelkGl;-Fig S1.2), and represerdss5% increase in acidifge.g., 55% change in

[H']). As expected, thiate summer periodepicted in Fig3 has the lowest pldf the

year, in‘response to the precedspygingsummerupwellingperiodthat characterizes the
California CurrentROMS effectively representbe present day spatigtternwe expect
for the systemas well with summertime reductions in pH along the coast, and a shoaling
of pH clines'near shor&g, Fig. S14). Compared to ESM2M, the spatially downscaled
ROMSyields much finer predictions of spatial patchineskitfre acidification; for
examplesoeme of the lowest pMaluesare predicted to occwery close toshore at depth
(Fig."3d);"and the northern contirtahshelfis predicted to experience slightly greater pH
than in regions south of 49 latitude(Fig. 3c, d). This spatial resolution is critical for
driving the future pH responses of biological groups within each Atlantis polygon. In
additien, ROMS predicts warmer conditions in 2063 relative to 20&Z&nnual mean

temperature increase the upper 100 m of the water column is°G.9

Calibraing the ecology stimode/
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Initial simulations with no fishing resulted 86% of functional groups persistihgy

more than 50 year$(, TablesS1.1 and512), with quasi-stable population dynamics for
most groups after approximately year Similar to other simulation modeling efforts
(Gaichast al., 2012; Thorpet al., 2015) we found that ensuring persistence of all
functionalgroups was not trivial, and we were forced to accept a parameterization that
allowedl1 functional groups tdecline to low levels ithase case simulations (without
ocean'acidification)This is largely a reflection of the fact that AtlantiEgedback
structure"complicates optimization and finding ecologically feasible parameter
combinations is difficult given the need for a human stdpe praess (to check for
nonsensical,outcomegjhis iterative, manudy intensive searching of a large parameter
spacdsparticularly difficult when combined with the relatively long run times for this
model. To provide some context a similar bod web model, Gaichas et al. (2012)
found that randomly drawn predatorey interaction terms led to persistence of all
species.in less than 1 in 400 cagesa suitable parameter combination could not be
found atthis time, these functional groups were excluded from the anafysigtooth
flounder, mlagicsharks, ea stars and brittle staggndalid shrimpgrenadierslarge
phytoplankton, market squid, Pacific Ocean perch, large pelagic predators, Chinook
salmonyanddrge demersal predators. The excluded species comprise <2% of vertebrate
biomass and ~1% of heterotroph (consumer) biom@&sle the excluded species
represent 28% of the revenue generated in 2013, they do not include the top two fished
species’by"2013 landings (Pacific sardine and Pacific Hakepdfsisting species, we
obtained:sensible age structures and weagthge within tolerance; e.g., within £50% of
initial values and ideally within +20%orne et a/, 2010).

Secondary calibratiosuggested fishing rates at maximum sustainable YEjgs/) near
0.05-0.1 forimost groundfish stocks, with higher values (>0.2) for most pelagic species
(Fig. S2). This wasconsistent with expectatisthat demersal stocks have lower
productivity, as evidenced by lower estimates of natural mortality §2gWe also

found that most groups targeted by commercial fishing were able to sustain fishing
mortality held at 2013 levels. Two functional groupstrale sole andchsllow small

rockfish, persisted in unfished simulations aveteincluded in our analyses of outputs,
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406  but shovedstrong biomass declines under relatively moderate fishing~(ge82).
407  Therefore, mterpretation of results reghng these groups should be cautious.

408  Effects dfuture pH on biomass

409  Applying2063 pH projections within 10@ear Alantis simulations causedwide range

410 of effects across the ecosystem, and most of these effects were n@gatide In

411 general, there were few strong guild-level responses to decreasing pH (Fig. 4a). Only one
412  guild-level pH effect wastronger than theg > 0.2 thresholdEpibenthos in the

413  Calcifying Benthoscenario)Overall, tie functional groups in thedinersaFish and

414  Epibenthos gilds exhibited the highest variability, with some groups experiencing a

415 strong pH effect and others little to affiect(Fig. 4b). Several guildéMammals,

416  SeabirdsyBlagicFish, Squid, an@rimary RPoducer$ were insensitivé|4 < 0.2 for all

417  functionalkgroups) across all the scenarios.

418 In contrast.to the few guild-level effects of changing ptanyindividual furctional

419 groups responded strongtyeach scenari@Fig. 5). The scenarios directed @alcifying
420 Benthos, Non-@lcifying Benthos, and @bs and &rimps each hadve functional

421  groupswith |4 > 0.2.In contrast, aly one functional group (microzooplankton)

422  responded strongly to the scenario directed at Copepods and Ptefidpo@amulative
423  scenario, which applied future conditions and pH sensitigig}l 10 functional groups in
424  Table 1;led.to strong responses in 16 functional gr{feigs5).

425  Sensitivity to pH inthe Calcifying Benthos scenario led to strong direct effects of future
426  pH on enthic grazers anoivalves, but nalirect effects orshallow benthic filter feeders
427  (Figr5)."Declinesin benthic grazers and bivalves led to declioeshree of the

428 predatorscowcod, deep large rockfish, and Dungeness éihmegative effects

429 observed in/Calcifying Benthos scenaniere retained when pH sensitivity was added to

430 other groups in the Cumulatigeenario.

431  Applying pHsensitivityandfuture climateconditions in the Crabs and Shrimps scenario
432  resulted in strong direct effects on the general crab group and crangon shrimp, but not
433  Dungeness craff-ig. 5). Strongly negative indirect effects occurred etrgle sole,

434  shallow small rockfish, athkates and rays|l of which depend heavily on crangon
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shrimp in theimmodel diets. All of thenegative effectsbserved in the Crabs and Shrimp
scenariovere also present in tli@&umulativescenarigp and strong negative effects on

Dungeness crab emergedhe Cumulative scenario.

The Non=Calcifying Benthos scenario resulted in strdingctnegative effects in both
sensitive functional groupbenthic detritivores andenthic carnivoregFig. 5). Petrale

sole, snall demersal sharks, and Dover sole experienced strong indirect negative effects
in this 'scenario even though none of these species preys directlyptiseasitive

groups# it isylikely these indirect effects were modulated through a shayegrpup

(e.g., crangon shrimp) that was weakly affected by declines in benthic detritivores and
benthic carnivores. Alhegative effectsn the NonCalcifying Benthos scenario were also
presentinsthe Cumulativecenario, exceptenthic carnivoresvere only weakhaffected

(E<|0.2pwhen all species were sensitive to pH.

The Copepods and Pteroposisenariaesulted in no strong responses by either of the
directly affectedyroups: copepods and pteropods declined by 2 and 5 %, respectively.
However, copepods@a \ery abundant group (estimated at nearly 20 million metric tons
for ourarge model domain, approximately 28 percent of the total biomass of
zooplankionS1, Table S1.}, and this is a substantial shift in absolute terms.
Microzooplankton, a prey group for both copepods and pteropods, responded strongly in
the positive direction to theegative effects on its predatg¢Fsg. 5). This indirect effect

was also seen in tl@umulativescenario.

The Cumulative scenario produced more strong responses than the preceding scenarios,
primarily"negative responses by Demersal Fishes and Epibenthod)(Figlsoresulted

in two 'strong indirect effects not observed in any of the other scei(gign$). Deep

small rockfish, which prey upon many of the pH-sensitive groups, responded negatively
(E=-0.40).when all of the sensitive groups declined with pH. The other new indirect
response was by nearshore urchins, which had a strong positive redperség).
Nearshorairchins arded upon by many of the fish grougist experienced indirect

negative effects. Moreover, nearshore urchins were assumed not to be directly sensitive

to ocean acidificatiom our model the metaanalysis of Busch and McElhany (2016)
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suggests that these commercially harvested nearshore urchins are less susceptible to
acidification than our benthic herbivorous grazers group, which includes deepengwelli
urchin speciesalthough fewer experimental studies have targeted the nearshore urchin
species (Busch and McElhany 2016).

Effects d future pH a1 catchand revenue ithe Cumulative scenario

Our simplistic representation of fishing and revenue projected that most fishery
management units we explored were negatively affected by future pH in the Cumulative
scenario (Table 2). Proparhal effects of pH on catch and biomass at the functional
group levelare equal because we parameterized fishing using fixed fishingtynates

for eachfunctional groupThe Statemanaged unit hatlhe largest mjectedpH effect on
revenue:g==-0.29, driven by the strong negatiuwadirecteffect of pH on Dungeness

crab, whieh’supports a valuable fishery (200 million USD in 2013). Other crabs and
bivalveswerenegativédy affected by future pH, but the 2013 revenue from those fisheries
is an order bmagniude lower than the Dungeness crab fishery. The urchin fishery
targets the nearshore urchin group, which was the only harvested functional group that

wasypbjected to increasander future pH conditions.

The Groundfish management unit (excluding Pacific hake) did not experience a
substantial.pH effect on revenue=-0.18). This groupf speciegienerated $88 million
in revenue in 2013Nhile this declinavas notdramatic(|(] < 0.20) for the total revenue
from species managed under the groundfigi* Four model projets more substantial
declinedfor particular commercially importagroundfish such asgprale sole, Dover

sole, and deep large rockfish (mostly shortspine thornyltestth stolobus alascahpus

The remaining management units did not show strong effects of changing|pHI(R).

The modelprojeeidavery smallpH effect(U=-0.038) on Hake fishery revenue, in a
fisheryagenerating 76 million USD of revenue in 2013. For species managed collectively
under theCoastal PelagiSpecied=MP, thepH effectwasless than 0.01. We do not

show results for Salmon or Highly Migratory Species FMPs due to the poor performance
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of those species in the model (Chinook and large pelagic predators were removed due to

low biomass in baseline runs).

Sensitivty of pH efffects to strength of the pH response

As would"be expected priori, the effects of future pH at the guilelvel were sensitive

to the magnitude of the mortality scalar. The magnitude of positive and negatists eff
increased as the scalar ieased to 2.5x to 10x our base case values $B8gHowever,

the directions of pH effects at the guild and functional group levels were cohsisten
regardless of the mortality scalar, as was the set of functional groups and guilds identified

as likelyimpated by pH effects.

Discussion

Interpretation of Atlantis results

Global ehange is projected to have pronounced impacts on marine ecosystems and
resources.in temperate zones. The climate change scenario applied here, IPCC scenario
RCP 85 will have highimpactson mid-latitude bivalve fisheries and aquaculture, and
high to moderate impacts on matitude finfish fisheriesaccording to a growing body
of researeh (Barangef a/, 2014; Gattus@f a/, 2015). In fact, many symptoms of global
change are already being observed in the California Current ecosystem, including
warming, shifts in community structure and phenology (Thoetay, 2016), and major
hypoxic.events (reviewed in Doney a/, 2012) There is already evidencé ocean
acidificatiomimpacts: episodic yealass failures of Pacific oyster€fassostrea gigas
along the"US West Coast have been attributed t¢Ba#ton et a/, 2012), andBednarsek
and Ohman (201%)ave documented GAriven shell dissolution in the pteropod

Limacina helicindan the southern California Current.

Our modeling effort, which synthesized downscaled climate models, experiraedtal
empiricalstudies, and a welistablished entb-end marine ecosystem modeling
framework, provides a broad overview of potential ecosysteate effects of OA in the
California Current. We saw widanging effects across multiple guilds and functional
groups, but me losers than winners in terms of biomass and lost fishery revenue. Model

predictions suggest the most dramatic effects of future pH decreases will be felt by
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demersal fish, sharks, and epibenthic invertebrates, and less so by pelagic species, marine
mammnals and seabirds. This was likely driven by the stronger responses of sensitive
benthic organisms to changing pH, compared to relatively weak responses of sensitive
zooplankton groups. Our approach demonstrated that combining multiple scenarios into a
single, cumulative scenario can lead to unanticipated, indirect responses bytabups

were relatively insensitive in simpler scenarios.

The value of taking both a population and systepmmoach isurtherevident when
comparing“eur preliminary ranking oirdct pHresponse¢Tablel) to the cumulative
impacts‘pojected by the Atlantis model (Fig and 5) Although experimental and
empirical/literature suggests that copepods, shallow benthic filter feeders, and Dungeness
crabs may-bsensitiveto OA (Busch and McElhany, 2016), none of them responded
stronglysinsscenarios where they were directly affected by pH. All three dmatiroups
exhibitedrelatively high productivitywhich prevergd substantial declines in their
biomasdue to direct effds. Indirect effects were responsible for decline®ungenes
crab, a major fishery target. We only observed a strong pH effect on Dungeness crab
whentheir-preydeclined due to OAGalcifying Benthoscenario), but not due to direct
pH-driven_mortality(Crabs and Shrimp scenario). This insight highlights the utility of
endto-end models for comparing multiple scenarios (Buath/, 2013) as well as the
ability of theAtlantis modelto integrate over direct effectsdirect trophiceffects, and

population-level productivity.

From a fishery management perspective, economic impacts in the California Current may
stem from indirecbcean acidificatiorffectson high-value target spesisuch as

Dungeness crab and groundfish. Aggregating pH effects on revenue telewvigst to
management bodies allows usdentify particular management bodies, and teams within
those bodies, that may benefit from moniigrof OA effectqe.g., nearshore state-

managed fisheries, or the groundfish management team with the Pacific Ldumsil

kind of strategic targeting of advice may help prioritize efforts, rather tlekmma

blanket statement that managers should be concerned about OA, for example. Previous
research has focused on global economic and nutritional losses due to projected direct

ocean acidification effects on shellfi@@ooleyet a/, 2012), but our work suggests
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careful consideration must also be given tosingporting role thathellfishand other
species play in the food welt a minimum, economic impact assessments should
includefisheries that target species dependm calcifying prey (e.g., Cooley & Doney,
2009). However, our model results do not take into account potential shifts in effort
across fisheries that may occur as a result of reduced catches of one speciesferinag
unit (e.g, potential tradeoffs between crab and groundfish).

Other inveStigations of future change in the California Current provide more catext f
interpreting our results. Using an earlier version of the California Current Atlantis model,
Kaplan et al(2010)forced moderate, acidificatiettriven declines on benthic

invertebrates, which caused declines in flatfish, small demersal sharks, and skates and
rays. These projected declines were consistent with ours, even though ttamatgses

of Busch and McElhany (201&)at informed the current analysis suggested that seastars
and brittlestars are lesgnsitive to acidification than was assumed by Kaplan et al.
(2010). Kaplan et al. (201@)so found indirect effects leading to increased canary
rockfish-and:the shallow miscellaneous fish group. These increases were naesuppor
by our analysis because we changed the functional group composition to bettentepres
groups susceptible to QAvhich resulted in changes to the diet parameterization in these
groups. In a food web model with much simpler spatial structure and no oceanographic
forcing, Ainsworth et al(2011) found very limited systetavel effects of changing pH

on the northern portion of the California Current. In contrast to our results, curaulati
impactssefsmultiple stressors ineir study were greater for the pelagic than demersal
compenents of the food web; this is likely because Ainsworth et al. (28%ijned that
euphausiids were also sensitive to OA, which was not robustly supported by Busch and
McElhany (2016).

Oceansacidication is not the only global change stressor affecting this ecosystem. King
et al.(2011)used conceptual models to forecast the effects of climate change on the
California Current, and focused primarily on changes in temperature, dissolved oxygen
and precipitation. They predicted that many demersal fish (such as Dover sofestsable

and rockfish) may be buffered against ocean warming because they can move north or
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581 into deeper water temperature refuges. Theyndidconsider ocean acidification,

582 however, and our results suggest that OA may create vulnerability for defrggrsaten

583 relatively mobile ones, through erosion of their prey base. King et al. (2(Hl)

584 forecasted that warmer waters may support lasgatine populations, and since our

585  Atlantis.results did not indicate indirect sensitivities to OA in the pelagic fish guild, this
586 may be.an.opportunity for a global change “winner” when combining the effects of

587 temperature and OA. Overall, further consad®n of the joint effects of temperature,

588 ocean'acidification and hypoxia are warranted within the California Current. Kaig e

589 (2011) noted that some demersal fishes, such as Dover sole, may be able to take

590 advantageref expanding hypoxic zones on the continental shelf. Global modeling by
591 Barange'etial2014) that includes temperature effects but omits acidification suggests
592 that some mid to higlatitude fisheies may benefit in the future, and that primary

593  production may increase in the northern portion of the California Current. Striélesors

594  OA, warming temperatures and low dissolved oxygen will likelypcodr and interact

595 (Reumetal; 2014), and future Atlantis scenarios that attempt to address these combined
596  stressors will have to rely on experimental studies that examine their cumulative effects

597 on Keysspecies.

598  Uncertainty, caveats, and gaps

599  Projections of living marine resources under global change contain uncertaintyirsgem

600 fromthree sourcesnternal variability, model uncertainty (including parameter and

601  structural uncertainty), and scenario uncertainty (Chetialg, 2016).We controlled for

602 some ofitheseffects of internal variability (e.g. interannual climate variation, interdecadal
603 climateregime shifts) by forcing Atlantis with a single representative year of

604 oceanography and biogeochemistry (2013 or 2063), and accounted for interannual effects
605  of ecological dynamics by averaging over the final 10 years of each model run.

606 Model parameter uncertainty is harder to address: large numbers of input parameters
607  withinumadels such as Atlantis preclude some formal quantification methods such as
608 Bayesian or Monte Carlo approacti€heung et al. 2016T.he computational expense

609 and long runtimes ofAtlantis model simulationpresent an additional challenge. In the

610 future, parameter uncertainty may be addressed by bounded parameter{Eationst

611 al., 2011) that bracket stock productivities, i.e. conducting simulations with a base model
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but also testing at least tvadternate, realistic parameter sets that result in higher or lower
productivity for the ecosystem or species of interest. Tppsaach that has been applied
for an earlier version of the California Current Atlantis md@elcific Fishery
Management Council & NMFS, 2014)ncertainties stemming from model structure can
be understood via model inteomparisons and skill assessm@dyneet al., 2015).
Scenario_uncertainty is likely to be the most important faotolong term projections
(Hawkins"& Sutton, 2009) beyond the 2060s; we agree with Cheung et al. {Ratléis

is best*captured using scenarios for not only emissions and climate but also fishery
development and management. Though our smenhere assume simple fixed fishing
mortalitiesyglobal effortéMerino et al., 2010; Msanget al., 2013)and nascent local
efforts(Kaplanet al., 2012) to develop meaningful socedonomic scenariasfer

promise in this respect.

Ecosystem model outcomes are fundamentally affected by modsdstshptions and
decisions about input data, parameter development, and model structuret @link

2012). An assumption that is central to the present study is our parameterization of
sensitivity-te: pH. Despite a large body of experimental work (e.g., Busch and McElhany,
2016), the sensitivities to pH for functional groups in our model are known with very
little"precision. We expect the ranking of pH sensitivity to be generally tabwisthe

scale ofthat sensitivity is hard to quantify in part because we are translatingseffect
individuals under controlled experimental conditions to functional gtewgl-effects in

the madel. Further, we modeled pH sensitivity as reduced survival becausehbat is t
most straightforward to implement and an approach similar to ofi&planet al.,
2010xGriffith et al., 2011; Weijermart al., 2015). However, metanalyses suggest the
physiological effects of changing pH may also involve reproduatjowth, or

behavioral changg¥roekeret al., 2010; Wittmann & Pértner, 2013). Modifying

mortality rates as we have done here may be an appropriate proxy in some cases but may
over or underepresent the effect of changing pH on some organisms. Using mortality
rates to capture pH sensitivitadanother limitation in our Atlantis model; we are unable
to project direct effects of OA that are positive (e.g., for seagrasses), which limits the
scope of our forecasts. However, we can, andpdaject some positive indirect effects

of future pH. L&tly, our results reflect the way we chose to model the process of ocean
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acidification—by projecting pH, not aragonite or some other calcium carbonate
saturation state. Alternate ways of modeling OA may lead to different cantdesbout

ecosystem and fishery effects.

Our California Current Atlantis model does not capture the dynamics of all functional
groups in the ecosystem—for example pandalid shrimp, market squid, and tuna
functional groups do not persist in our baseline 100-year model simulation. Therefore,
we cannot infer potential effects of OA on these components of the food web (or the
fisheries that target these groups). Two of the modeled fish groups (Peeaado
shallow'small rockfish) persist in the baseline simulation and demongtatg gdirect
sensitivity to pH, but these simulated groups may be less productive in the model than
they aresinareality, and we may therefore overestimate their sensitivitd.tdds low
productivity‘is evident from calibration tests for sogmeups tlat suggest lower

sustainable yields than what has been estimated by stock assesBige88.(

The caveats associated with ecosystem model projections are a good reminder of how
these results should be interpreted and used. Our findings about wirthérseas in the
ecosystem, functional groups that are more or less sensitive to changing pH in the
Califernia Current, and potential impacts to fisheries revenues provide a set of forecasts
that build upon previous findings and pave the way for hypotheses to guide future
modeling.and experimental analysis. For example, in this study we summabsgzed t
effectsiof changing pH at a coagide scale. We found limited effects at the coarse guild
level but'stronger effects when we looked at individual functional groups. Similarly,
aggregating across space likely had a smoothing effect that obscured more drachatic
meaningful ehanges in particular locations. Spatial scale is particularly important when
consideringsthe way that fishing communities interact witham ecosystemsypically

with loealknowledge and long histories of particular fishing grounds within reach of
home portgSt. Martin & HallArber, 2008). Therefore, a key next step for this model is

to investigate how the effects of changing pH vary across space, and what that means for
placebased human communities, similar to a recent risk assessments for Alaskan fishing
regions(Mathiset al., 2015) and larger US regiofBSkstromet al., 2015).
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Implications for management

We can begin to understand cumulative impacts on large marine ecosystems by using
models that combine experimental studies, physical models, and food web models such
as the one presented here for the California Current. Describing and understardisg ef

of global.ehange on large marine ecosystems, including human communities, requires
integration of diverse methodologies and interdisciplinary teams (Hollewad
2013a)."While this type of end-end model is not intended to makegse, tactical
forecasts'for fisheries management, it can be used to identify risks to marine ecosystem
structure and functio(Hollowed et a/, 2013b). Combined with information about the
adaptive eapacity of human communit{d¥orzarialLuna et a/, 2014; Mathiset a/,

2015), endo-end models can inform risk assessments of human communities to global
change. Ocean acidification is occurring in the California Current, and our model
suggests the risks of changing pH are greatest for epibenthic invertebrates and demersal
fish, and the fisheries that target these groups. Models such as Atlantisussulie
presentsread alternatives for how ecosystems and populations may evolve under global
change; and highlight whialesourcesre likely to be affected by thesbanges. Our
resultssprovide strategic guidartcestate and federal fisheries managers on the West
Coast.ofthe U.S. that can be followed up with tactical simulation tests tdycerdiust
management strategi@@unter a/, 2013).
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917 S2. Model sensitivity to fishing mortality rates.

918 S3. Sensitivity of the pH effect of Benthic herbivorous grazers to the survivat.sca
919 S4.Ecasystem responses tmanging pH using alternative pH effect metric.
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921

922 Table 1. Scenario descriptions for projections of the effects of ocean acidification on the
923  California Current ecosystem. Affected functional groups listed by Scenahahgit
924  relative survival scalar that indicates that growgessitivity to declines in pkbs per
925  Busch and"McElhany (2016)).

Relative
Affected functional survival
Scenario groups scalar Example species
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Calcifying benthic herbivorous sea urchins (Allocentrotus
Benthos grazers -1 fragilis), snails
bivalves -0.89 bivalves

shallow benthic filter

feeders -0.55 tunicates, sponges
Copep(* mesozooplankton -0.99 copepods
H I
Pterop!ds pteropods -0.81 thecosome pteropods
Crabs &Shrimp crabs -0.7 crabs (excluding Dungeness crab)
crangon shrimp -0.45 shrimps (excluding pandalids)
Dungeness crab -0.41 Dungeness crab
Non-cg carnivorous infauna -0.39 polychaetes, nematodes
Benth deposit feeders -0.37 amphipods, isopods
—

926

927 Table 2.Effects of future pH on commercially important management units, from the
928 scenarie with all groups in Table 1 sensitive to pH. Management units are listed in order
929 of greatest to least effects of pH on revenue, anthtieefour most strongly affected

930 functionalgroups within those management units are identified.

931
pH
Effect Baseline
Biomass pH Revenue
Most Affected and Effect (millions
Management Unit  Functional Groups Catch Revenue USD)
State_'_‘ -0.29 260
Dungeness crab -0.30 220
crabs -0.61 9.5
bivalves -0.29 17
urchins 0.61 6.8
Groundfish -0.18 88
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petrale sole -1.1 7.5

Dover sole -0.39 9.0
deep large rockfish -0.35 5.0
Hake ~ hake -0.038  -0.038 76
~\
Coa!thics -0.0080 110
sardine -0.030 27
jack mackerel -0.050 1.5
anchovy -0.026 1.3
932
933

934  Figure captions:

935

936 Figured:Canceptual diagram of modeling approach for the California Current Atlantis
937 Model. Thesgeneral diagram of the Atlantis platform and the three coupleahadéls

938 are shown on the right, with the key modifications and points of entry for information
939 relatedto this application for projecting ocean acidification shown on the left.

940

941  Figure2. Map of California Current Atlantis model domain

942

943  Figure 3=ROMS projections of pH in August 2013 (a and b) and August 20&88d(,
944  at the surfacea(and c) and bottom (b anyl ROMS runs are initialized Jan 1, 2010 or
945 Jan 1,.2060, and are forced by GFDL ESM2M under IPCC RCPRB.&ithin ROMS is
946 calculated.from carbonate variables simulated using the moé&eiofel et al. (2006,

947  2008).

948 Figure4. Ecosystem responses to forecasted pH for guilds in the California Current
949 Atlantis model. We ran five OAcenarios, varying the sensitivity of Non-calcifying
950 benthoglight blug), Copepods and Pteropods (green), Crabs and Shrimp (yellow),
951 Calcifying Benthos (dark blgeanda Cumulative scenario withl @f the previous

952  scenarios combined (blacBiomassweighted mean pH effec] for each guild shown
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954
955
956
957
958
959
960
961
962
963

as the heights of the bars in (A). In (B), functional group responses for each group within
the guild are shown as open circles, with the transparently shaded area highlighting the
range of functional group responses within the guild (colors as in B). For comparison, the
meanguild-level effect shown in A is shown as a filled circle inHrizontal dotted

lines at£=+0.2 indicate the threshold that we considered a strong effect.

Figure'5:Projected effects dluture pH on functional group biomass for those groups
with a 'strong effect (|[E| 6.2).Bars areshaded bycenariqwith the same colors as in
Fig. 4 in the online version)Non-calcifying benthos (light blue), Copepods and
Pteropedsdreen, Crab andshrimp (yellow), Calcifying benthos (dark blue), and

Cumulative(black).
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