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Chapter 1: Introduction

Ocean Acidification Research Interest in the Arctic

Atmospheric carbon dioxide concentrations are rising ave been steadily
increasing in recent decades from activities like burning of fossil fuels, deforestation and
other land use changes, and cement produdignCiaiset al. 2013Le Quéreé et al.
2015) The ocean acts as a siaksorbing about 30% of tleathropogenic produced GO
(Sabine and Feely 2007), and it has bseggested that onraultiple thousand year time
scale, about 90% of the anthropogenicpligduced C@will be absorbed by the ocean
(Sabine et al. 2004Changs to ocean chemistry, causedibgreases of dissolved GO
into the oceandermed ocean acidificatioaye expected to digpt the balance of the
chemicalequilibria and change the carbonate chemistry and speciation of carbon in the
oceange.g. Caldeirand Wickett 2003, 2005, Feett al. 2004, Orr et al. 2009)he
changing ocean chemistry around the world has potentially strong impacts for calcifying
marine organisms (e.g. Kleypas et al. 1999, Riebesell et al. 2000). Decreases in pH and
the subsequemltecrease in the saturation statealcium carbonats seawatecan affect
organisms in two primary ways: changes to calcification rate and disturbances to acid
base (metabolic) physiology (Fabry et al. 2008, Feely et al. 2009, Waldbusser et al.
2014), utit may also cause changes to physiology, development, and behavior

(Melatunan et al. 2013).

Undersaturation ofadicium carbonates expected to occur in the high latitude
seasand theArctic and Southern Ocearearlier than other regions becatlsesemarine
watersoften have naturally lower pH valuesherently low concentrations of carbonate

ions, and cold water temperatures that lead to enhanced solubility of gases, including CO

1



(Orr et al. 2005, Bates and Mathis 2009, Fabry et al. ZB@hacher et al. 2009). T¢e

high latitude systems, thereforan act as bellwethers for more temperate and tropical
ecosystems (Fabry et al. 200Fhe saturation staté q is the value that determines if
calcium carbonate, the material many shelts t@sts are comprised from, is in

equi |l i brwitliseawaterg=rl )i f it wi | | preci)pasadat e ( q°3
upon exchange with the car bomeaeadglogwert em i n
in the high latitude regions because the sditytwf calcium carbonate increases with
decreasing temperatures. The saturation hortbendepth at whicbharbonates are
saturated above, but undersaturated belwexpected tshoal,(i.e. become shallowgyr

as CQ concentrations increase (Fabry et2008).Becauseahe saturatiostates in the

high latitude regions are alreamsfativelylow, increasing C@concentrationsvill drive
furthershoaling of the saturation horiz@Rabry et al. 2008 Model predictions suggest
aragonitgthe more solubléorm of calcium carbonateyill be undersaturated in the
surface waters of th®outhern Oceaas early as 2050 (Orr et al. 2005), while the surface
waters of the Arctic were predicted to see signs of ocean acidification as early as 2016
(Steinacher et al. 2009}ases of seasonal undersaturations in bottom waters of the
Arctic were reported as dgras 202 (e.g. Bates et al. 2009, Mathis et al. 2011a, Mathis
and Questal 2013). Several studiese documenteithe changinghemistryof the

Pacific Arctic in regard to ocean acidification (pH and p@@asurements) and

changing saturation states (eBgtes et al. 2009, Mathis et al. 2011a, Mathis and Questal
2013, Mathis et al. 2015); however, currenyy little is known about hothe

organisms of this areaill respond to the chemical changes.



This study aims to determiniee potentiabiologicaleffects ofdecreased pH,
which arealready observed seasonally in the Chukchi Sea (Mathis and Questal 2013,
YamamoteKawai et al. 2016)on threecommonPacific Arctic bivalve speciesjacoma
calcareg dominant in the SEhukchi SeaandAstarteborealisandAstartemontaguj
both dominant in the NEhukchi SeaAdditionally, | placeobserved changes from
laboratory ocean acidification experime(@hapter 2)nto context witha timeseries
data set of changing abundance and dominant size clékscafcaeaat six other
locations, five in the northerBering Sea and one in the SHukchi SedChapter 3)

(Table 1.1)

Ocean Acidification and the Calcium Carbonate System

Concentrations aditmosphericCO, during the preandustrial periodlfased upon
the800,0® year icecorerecord)fluctuated between 200 and 280 ppm (Sabine et al.
2004, Liithi et al. 2008)By 2004 concentrations averagadound 380 ppm, and today
the global average atmospheric concentration of &©eedst 00 ppm (A Trends |
At mospheri c Car Becausdiheoakeiatdvhich thé @ricénjration of
atmospheri€C O, is risingfaster than it ham the last 50 million years (Caldeira and
Wickett 2003, Honisch et al. 2012), the role of the o@=aa ptential sink for the
increased atmospheric releases ot & become increasingly important. Without the
ocean as a sink, atmospheric concentrations efv@Dld be 556 higher (Sabine et al.

2004).

The net effect of adding G@o seawater it increasehe concentration of
carbonic acidK,COs, Eq.1), bicarbonatéHCOs', and H (Eq. 2, andto decrease
concentrations ahe carbonate ior00s”, Eq. 3 (see formulas below

3



CO,+H,O Z ,CBgs(carbonic acid) (Eq.1)
H,COsZ H+ HCOs (bicarbonate) (Eq.2)
H"+CO(carbonatse) Z HCO (Eq. 3)

The carbonate ions in the water bond with the additiofabit favoring the product
(HCO3) in Eq. 3 thuscausingcarbonate ions to become unavailable for organismseo u
in shell and test creatioblnder these conditiorf ocean acidificationpH decreases
Importantly thehigheracidity makesthe water corrosive to daonate structure3.he

lowest emission scenas from the Intergovernmental Panel on Climate Change (IPCC)
projecta decrease of 0.3 open oceasurface pH by the end dfis century, while the
highest emission scenaripsojectdecreasgin surface pHy asmuch ag).5 (Calckira

and Wickett 2005)As of 2005 the global average of surface pHildecreased by 0.1

(Caldeira and Wickett 2005).

Many marine organisms, e.g. molluscs and corals, precipitate carbonate ions into

solid calcium carbonate strucas €q. 4.
Ca®*+2HCO;z C,®H,0 + CaCQ (Eq. 4)

The saturation stat&(. 5) dictates whethdhe precipitatedalcium carbonate will

remain stable as@ecipitate omwill be subject tadissoltion.
q= [Ha0s]/ Ky (Ea. 5)

Dissolution of calcium carbonate structures is favored when the water becomes
undersaturated in carbonate i@re. whenq 9, but organisms have shown varying

responsesandprecipitation can occur at apparently undersaturated cond{Bams

4



Barton ¢ al. 2012, Waldbusser et al. 2014). Calcium ions in the oceans are conservatively
distributed anato-vary with salinity, sochanges in the carbonate ion directly relate to
changes in the carbonate saturation state (Fabry et al. 2008). Modeling intiiaates t
doublingof atmospheri€€O, concentrations will lead to a decrease of 30% in carbonate

ion concentration and a 60% increase bfdds (Sabine et al. 2004).

The two common forms of calcium carbonate that organisms utilize in mollusc
shell production i@ aragonite and calcite, which are precipitated in saturated
environments. Aragonite is more soluble, and is therefore more susceptible to dissolution
in undersaturated waters. Calcite and aragonite global satufatistates, when
atmospheric C@concentrations were around 280 ppm, averaged around 5.2 and 3.4
respectively (Caldeira and Wickett 2005). In 2000, after atmospherc@©entrations
rose to about 380 ppm and the global surface pH dropped about 0.1 units, the global
saturation state afalcite was approximately 4.4 and the global aragonite saturation state

was about 2.9 (Caldeira and Wickett 2005).

Ocean Acidification in the Pacific Arctic

Under t PAR busineds Gsdusual scengrieeaning no changes in
mitigating atmospheric carbahoxide emissions will be undertaketf)e atmospheric
CO, concentration increases to 552 ppyn2054,andat that concentration, 50% of the
Arctic Oceands surface Iis expected .to be
Predictions indicate thahe entire water column will be undersaturatgten
atmospheric carbon dioxide concentrations incréa3é5 ppm (Fabry et al. 2009).
Althoughcarbon dioxide concentrations are currently not that hiegis@nal ocean

acidification eventsre already baig documented in the Pacific Arctic, in both the
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Bering and Chukchi Seas (Bates and Mathis 2009, Bates et al. 2009, Mathis etal. 2011

Mathis et al. 2011b, Cross et al. 2013, Yamanitdwai et al. 2016).

In addition toalow carbonate ion concentratiand cold waters, the Pacific
influencedArctic possesses other characteristics Wikhtexacerbate ocean acidification
events The primary system that drives undersaturations in this region is the biological
pump and the Phytoplankton Carbonate Satur&@tate (PhyCaSS) (Bates and Mathis
2009, Mathis et al. 201 Mathis et al. 2011b). Phytoplkton bloomsat the surface
utilize dissolved inorganic carbon (DIChcluding CQ, in the mixed layerThis uptake
of CO, decreases the'libn concentrationHq. 1-3), which leadgo an increase in the pH,
which is he opposite of theequencelescribed abovahe arbonataon (Eq. 3 is also
morebioavailable, thus increasing the saturation state of calcium carbonate in the surface
waters (e.g. Cross et al. 201P)owever, productiomluring abloom isuncoupledrom
grazers (Bates and Mathis et al. 2009, Mathis et al. 208dbjganicmaterial from the
bloom sinks to the bottom, where it is remineralized by benthic orgatismgyh
respiration.This produces Cg) thusdriving the pH andhe calcium carbonate saturation

statedown in bottom waters (Bates and Mathis 2009

A second mechanism leading to enhanced ocean acidification events is the
changes in sea ice extent and retesatell as other sources of freshwater infgeasonal
sea ice extent is declining and retreat of the sea ice is occurring earlier in the season (Frey
et al. 2014)Freshwater input froreeaice melt decreases total alkalinity, which reduces
carbonatduffering capacityand therefore can lead to undersaturations of aragonite in
the surface waters (Steinacher et al. 2@Baes et al. 2014Additionally, as sea ice

declines more open water is exposed creating a greater surface areadir esezhang
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of gases, including anthropogenic £&5 well as a greater area for a potential increase of
primary productiorfe.g. Cross et al. 2014). An increase in primary production could
presumably intensify the PhyCaSS procesa#s additional uptake of inorgamcarbon.
This exposure of more open water has also led to an increase of carbon uptake by the

Arctic Ocean from 24 to 66 Tg C per yearerthree decade®8gtes et al. 2006

Biological Consequences of Ocean Acidification

Changing ocean chemistry around the world has potentially strong imypamts
calcifying marine organisms (e.g. Kleypas et al. 1999, Riebesell et al. Zl}ti)ges to
calcification, physiology, and behavior have been documented in molluscs due to
decreasegH (Fabry et al. 2008, Feely et al. 2009, Melatunan et al. 2013, Waldbusser et
al. 2014).Shells and hard structurésat providemany benefits, including protection
from predationfor the organisms that produce thare often affected by these changes
Therefore, threats, such as dissolution from caat®undersaturations and stresses from
decreased pltb shell compositioomay lead to reduced fitnessthese organismshus
potentially giving a competitive advantage to faaicifying organismshat ae not
facing the same stressors in how to allocate energy for maintenance of a calcium
carbonate she(Fabry et al. 2008Biological studies in theiph latitudesare needed
becausehese regionsas documented aboware expected tbe impactedoonemunder

high CQ conditionand how organisswill respond is poorly understood.

Description of Study Area
Bivalves for the study were collected from sevenedédht sites, one in the SE
Chukchi Sea (station UTN B7.050N, 168.728W), one in the NEChukchi S®a (station

ML 5-10,71.6@ N, 162.2@ W), and five in the northern Bering Sea (Table 1.1, Figure

v



1.1). Animals were collected from station ML1B aboard the RWorsemen lhs part of
the Arctic Marine Biodiversity Observing Network (AMBON) project in 2015 and used
for ocean acidification experiments presented in Chapter 2. Collections for bivalve
growth characterizations were made from station UTN 2 aboard the Canadian Coas
GuardShip (CCGS)Sir Wilfrid Laurier (SWL) in 2014 and 2015 as part of the
Distributed Biological Observatory (DBO) effort that undertakes repeated observations of
biologicalvariables aecologicallyproductive locations in the Pacific Arctic. The gtaw
data collected from th8E Chukchi Se&2014 and 2015 sampléSWL UTN 2) were used
for comparison to the growthath collected from the NEhukchi Seatation (AMBON

ML 5-10). Additionally, these datareadded to a timseries of abundance and size
(1998-2012) ofM. calcareafrom the five sites in the northern Bering Sea and the SE

Chukchi Sea sitayhich arepresented in Chapter 3.

Thegeneral area where these samplese collected, the northern Bering Sea,
and theSEand NEChukchi Sea are recognizas some of the most seasonally
productive areas in the world, while also acting as a carbon sink particularly in May and
June, when large phytoplankton blooms associatedmeéttingsea ice occur (Springer
et al. 1996, Lee et al. 2007, Gradinger 2008pieret al. 2012).de melt during the
spring permits greater light penetration and increased stratification allowing for nutrients
in the surface waters to be utilized by phytoplankton (Grebmeier ZDi2)sea ice
dynamics and the variability of the ice cover, affects the length and intensity of the
phytoplankton production in this region (Arrigo et al. 2008). Pacific waters advected into
the area bring nutrients, heat, and organic carbon to the ghatigao the organic

material already produced there (Grebmeier et al. 2015). Because of reduced zooplankton



grazing, this large amount ofganic matters deposited to the sediments below
(Grebmeier et al. 2006b, Nelson et al. 2014) credtioglized ad regionally high

biomass in the benthoshich have beetermed hotspots (Grebmeier et al. 2006a,
Grebmeier et al. 2015). The location of these hotspots coincides with high levels of
chlorophylta in the water column (e.g. Lee et al. 2007, Brown et 4l1 2Cooper et al.

2012, 2013)These areasf high benthic biomaggrovide productive foraging grounds

for higher trophic predators such as walrus, gray whales, and diving sea ducks (Lovvorn

et al. 2009, Jay et al. 2012, Moore et al. 2014)

The northern Beng Sea, which includes the St. Lawrence Island Polynya (SLIP)
sites has sediments comprised mainly of figained silt and clay (~#13%) with high
total organic carbon (TOC) concentrations due to low current speeds (Grebmeier et al.
2015). Nutrient cocentrations in the bottom water are often high as well due to the
proximity to nutriendrich upwelled Anadyr waters (Figure 1.2). Bottom temperatures,
however, tend to be colder, with mean values even in summer averaging -dréuit
(Grebmeier et al. 25). The ice dynamics in this area have been relatively stable over the
last severayears (Grebmeier et al. 2013he dominant benthic organisms in this
particular hotspot are bivalves and polychaetes that provide food for spectacled eiders,
bearded ses) and walruses (Lovvorn et al. 2014, Moore et al. 2014, Jay et al. 2014,
Figure 1.3). Feeding by these benthivores generally occurs during the winter and early
spring, while there is still sea ice (Grebmeier et al. 2015). The persistence of this hotspot
is likely due to early primary production that settles because of slower currents into
consistently cold bottom waters prior to significant grazing (Grebmeier and Barry 2007,

Cooper et al. 2012, 2013).



Staticn UTN 2 lies within the southeaGhukchi Sea hispot (SEG) (Figure 1.3).
Water advected into this region comes from three sources: salty, cold Anadyr water,
warmer and fresher Alaska Coastal Water, and an intermediate Bering Sea water that is a
mixture of thetwo (Spall 2007, Figure 1.2Jhe sedimerst of this region are very similar
to that of the northern Bering Sea, with ~73% of the sediment comprised of silt and
clay,and these sediments have a high total organic c&ilf08) content (Grebmeier et
al. 2015) While similar in sediment compositiand TOC concentration, the average
bottom water temperature here is much warmer in summer (2.2 °C froiSejtigmber)
due to variable stratification and stronger mixing (Grebmeier et al. 2015). Sea ice
persistence in this hotspot has changed in theséasral decades. Annualbea ice
extent is declining by-Q2 days per decade, breag of icein the springs occurring 35
days earlier per decade, andmreezingin the fallis happening -B days later peratade
(Grebmeier et al. 2015These changein ice conditions have implications for the
phytoplankton blooms that ultimately feed and maintain the benthic biomass. Arrigo et al.
(2011) hypothesized that primary production may initially increase as sea ice declines
because more exposed open wallemas more light penetration. However, with warming
and increases of freshwater input, stratification of the water column may increase causing
nutrient depletion, thus ultimately reducing primary production (Grebmeier et al. 2006b).
These changes in primyaproduction may not onlgffect the benthos, but also have
implications for ocean acidification events. Similar to the northern Bering Sea, this
hotspot is dominated by bivalves, specificdlgcoma Nuculanidaeand,Nuculidae as
well as polychaetesindit alsoprovidesforaging grounds for upper trophic organisms

(Grebmeier 2012, Figure 1.3)elemetrystudies indicat¢hat walrusesorage here during
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spring and the fallandthe latter seasomas beenvhen ocean acidification events have
been documaed (Jay et al. 2012, Mathis and Questal 2013). High annual primary
production, mixing of several water masses, including Anadyr water with high nutrients,

and varying sediment composition helps to sustain this hotspot (Grebmeier et al. 2006a).

Finally, collections were made at the ME1D® sitethat occurs within the
northeasteriChukchi Sea hotspot (NES} (Figure 1.3). While silt and clay are still the
primary sedimentype here, it makes up a lowmgercentage (~52%) in the more
heterogeneous sedimegpés than it does at the other two hotspots (Grebmeier et al.
2015). Bottom temperatures here lie between the means for the northern Bering Sea and
the SECS averaging0.7 °C from May to September (Grebmeier et al. 2015). Annual sea
ice changes here afeet most prominent, but show similar trends as aStB€Ssite.
Persistence of sea ice decreased by approximately 30 days per decade and freeze up
occurred about 15 days later per decade (Grebmeier et al. 2015). Again these changes
will have consequencesrfprimary production in the region (Grebmeier et al. 2006b,
Arrigo et al. 2011), which may lead to changes in seasonal ocean acidification and
associated consequences. The offshore locations in this hotspot are dominated by
bivalves, polychaetes, and simulids, while at the inshore stations amphipods dominate
(Grebmeier et al. 2015). As is the case iInSECS walruses use this area as a foraging
ground, and they are present during thmmser months (Jay et al. 201R)aintenance of
this hotpot is dueo variableorganiccarbon contersissociated with variable
productivityand steering of cold bottom waters with high nutrient cortteough the

complex bottom topography (Blanchard and Feder 2014, Grebmeier et al. 2015).
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Overall, among these three sitéenthic biomasgneasured as both g wet weight
per square meter and dry weight g C per square meteeases northward, but overall
biomasgdecreased during 20#D12 Benthic biomasgmeasured same as abowe)he
northern Bering Sea averaged 16rganicC m, theSECSaveraged 32 grganic
C m?, and theNECShotspot declined to 13 grganicC mi? (Grebmeier et al. 2015).
These sites providgudyareas for examining biological responses #hallow shelf
system to changes sea ice, ther physical factors like temperature, and phenomenon

like ocean acidification.

Description of Study Organisms
Benthic macrofanual communities in the Arctic provide good indicators of
changing environmental conditions because of kmd) sessile lifspans that allow them
to be easily and consistently sampled (Warwick 1993, Grebmeier et al. 2010, Iken et al.
2013). Bivalves were chosen as the study organism because of their prevalence in the
Pacific Arctic, calcium carbonate shells, and their role amanrtant prey base for
higher trophic animals including walrus (Sheffield and Grebmeier 2009) and diving sea

ducks (Lovvorn et al. 2009).

| used three species for the ocean acidification experiments in CRajgleacoma
calcarea, Astarte montaguandAstarte borealisChapter3 focused on historical
abundance and size data br calcareabased upon collections made in 1948.2.M.
calcareagenerally reach up to about 45 mm, and those used in the ocean acidification
experiments ranged from ¥ mm. They are both deposit and suspension feeders that

live in muddy/gravdly benthos, and have free swimming pelagic larvae. Their shells are
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comprised of aragonite (Wassenaar et a88)dding to the value of studying them

under conditions of ocean acidiftaan.

The twoAstartespecies have similar characteristics. Both are suspension feeders,
benthic as adults, with free swimming pelagic larvaenontaguusually reach about
12.520 mmin length(Gofas 2004a) and. borealiscan reach up to 250 mm (Gdas
2004b). Thdength oforganisms used in the experiments ranged fror23lhm and 25
35 mm, respectivelyAs is the case witM. calcarea both produce an aragonite shell
(Majewske 1974, Simstich et al. 2005), making trsenitablefor studies of ocean

acidification vulnerability.

Rationale for Study

The Pacific Arcticecasystemis sustained by high production lafge
phytoplanktorspecies, such as diatoifesg. Grebmeier et al. 20p8nda large
proportionof water columrorganic matter is exported to the bottom waters because this
production idargelyuncoupled fronwater columrgrazing (Mathis anQuestal013).
Up to 75% of the production from the phytoplankton bloom can be expirtte
bottom because of delays imetinitiation ofgrazing (Mathis et al. 2007yhese high
rates ofcarbonexport to the bottom from surfaeeaters supplyood for the benthos, but
it alsomakes this region a strong seasonal sink for atmospherig(®@this andQuestal
2013). Annual uptadk estimates for C£On the Chukchi Seare as high as 53 Tg C/year
(Bates 200pBates et al2011), and because of shalltrathymetry (-50 metery
anthropogenic C@inputs can immediately infiltrate bottom wetdYamamoteKawai et
al. 2016) The reminealization of organic matteand production of C&from respiration

results in decreased pH, increased partial pressure Hfad@ suppressed aragonite
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saturation states (Bates and Mathis 2009), with the strongest suppression to date
occurring at the head of Barrow Canyon (Bates et al. 2009). In gbilid,somebottom
watersof the ChukchSeadeclined to asow as 7.75 andragonite undersaturationgre
present in bottom watéhroughoutSeptember and October (Mathis @destal013).

Similar patterns were observed at Hope Valfethe SE Chukchi Sea, nestationUTN

2,in 2012 (Yamamotdgawai 2016).In the end, thigxport production that providelsa

food for a successful and biologically diverse benthic community, which in turn supports
higher trophic levels like diving ducks, whales, seals, and walruses (Grebmeier et al.
2006a) also leads to elevated rates of respiration and remineralizatiogasfio matter
(Grebmeier and McRoy 1989, Grebmeier et al. 2006a) causing reductions in pH and
saturation states that may affect the production of calcium carbonate shells and tests of

these benthic organisms (Mathis et al. 2011a).

Based upomlocumentatiomof ocean acidification events and decreased pH in the
bottom waters in the Chukchi Searing the summer and fall months (Bates et al. 2009,
2013, Mathis et al. 2014, Bates1H) YamamoteKawai et al. 2016), it is crucial that
biological studiecomplementhe chemical and physical observasofhese studies are
necessary tanderstandnd forecasthe biological impacts this region will undergo
However theseémpacts are uncertain because different speaadeexpected to
respond differently. ArctipteropodgLimacina helicind and juvenile red king
(Paralithodes camtschaticuand tanner crabi€hionoecetes bairidemonstrated
negativeresponsefo carbonataindersaturations (Comeau et al. 2009, Long et al. 2013),
whereasstudies ofwalleye pollock(Theragra chalcogrammaincoverecho negative

effects, but the eficts on their calcifying prey atmknown (Hurst et al. 20)2The
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saturation state in th@hukchi Seas seasonally variable, but it is expectedriftout of

the historicatrange( q = 1 . 8f vaXabilty fdr Jnost of the year as early as 2027
(Mathis et al. 2015)posing an environmental challenigeshell production and
maintenanceTherefore, there is an urgency to understanding what impacts this will have
on benthicorganisns,which arecurrently experiencing undersaturations in the summer

and fall inthe Chukchi SegMathis and Questal 2013

Bivalves are an important componentoé IChukbi Sea benthog.g. Grebmeier
et al. 2015). Mlluscs in other studies and ecosysig have exhibited reductions in
growth, decreased calcification rates, and reductions in metabolic activity (e.g. Feely et
al. 2004, Orr etl. 2005, Gazeau et al. 200Bome of thérigher trophic animalthat
feed on bivalvesire a source of subsisterfoed inin localvillages These trophic
connections maki crucial to understandow these sustained, seasonal ocean

acidification eventsvill affect the biologyof lower trophic organisms in the region.

My study aimgo evaluatehe potential effects afecreased pH on the growth and
oxygen consumption dhree Pacific Arctic bivalve speciespresentative of the lower
trophic food base in the Chukchi Sea. Laboratory experiments aim to characterize these
changes oM. calcareg A. borealis andA. montagui Additionally, use of timeseries
data (length and size M. calcarea)will allow me to try and place any observed changes

from laboratory ocean acidification experiments into a larger context.
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Statement of Hypotheses and Thés Structure
Six objectives were identified and explored in two subsequent chapters to help
understand the effects of ocean acidification and decreased pH on the three bivalve

species specified above:

2.1Do elevated C@concentrations and therefore subseqdecteased plh bottom
watersalter growth and oxygen consumptiortliethree Pacific Arctic bivalve
species?

2.2Will food availability playthe sameole in thevulnerabilityfrom effects associated
with decreased pH and ocean acidificatidthethreePacific Arctic bivalve8

2.3Does the size of the bivalve affect the growth or oxygen consumption response to
decreased pH?

3.11 frame these studies of abundance and siié. @lalcareainto hypotheses to test for
changes over the past fifteen years at the six study sites in the northern Bering Sea
and the southeastern Chukchi Sea.

3.2 Does total abundance adubtribution ofsize classediffer among the six sites (SLIP
1-5, and UTN 2) thoughout the fifteetyear timeseries?

3.3Do allometric growth equations of recently collected bivaldiéfer between

sampling sites?

In trying toaddresshese six objectives,develop hypotheses and future experiments to
test whethea sustainedecrease ipH values couldcausechanges in dominant siné

bivalves in the northerBering Sea and theE Chukchi Sea
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The hypotheses described above are tested and explored in two of the following
chapters. In Chapter 2, results from two sets of exyaris investigating the effects of
decreased pH and controlled food availability are presenteishgtdsipotheses 2.2,2,
and 2.3 The first set of experiments wasdertakerfor seven weeks from October
December 2015 antbnsisted ofwo separat@H treatmentsThe second set of
experiments wagndertakerfor eleven weeks from Januapril 2016 andconsisted of
four treatmentsaltering both pH and food availabilitgtatistical tests, includingtéest
comparisonsKruskal Wallisone way analysis ofariance and tweway analysis of
variance (ANOVA) were used to analyze differencesaveralparameterancluding %

change in length (mm) and wet weight (g) and oxygen consumption giatihQur).

Mateiial in Chapter 3 tests hypothesg. 1, 3.2, and 3.3sing timeseries data
from 19982012 of changing abundance and dominant size class of selevebiaakites
in the northerrBering Sea and the southeast Chukchi Sea (Table 1.1)utilized
dynamic factor analysis and additional clustering technitpuesgplore how abundance
has changed at these sites in the fifteen year time frame and to make inferences as to how
it will continue to change in the future. Results from these analyses were used to make
predictions about the role ocean acidification rhaye played in smaller bivalves and

shifting abundance.

Chapter 4ramesthe role ocean acidification is potentially playingdiiving
changesn bivalve abundance and dominant size classes in the Pacific Arctic. This

chapter also contains concluding ks andecommendationfor future work.
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Table 1.1 Latitude and longitude for the six stations used in abundance and sitbme-seriesanalysis.

Tables

Station

Latitude (N)

Longitude (W)

SLIP 1
SLIP 2
SLIP 3
SLIP 5
SLIP 4
UTN 2

62.011
62.049
62.390
62.5@
63.03
67.049

-175.059
-175.209
-174.570
-173.549
-173.460
-168.728
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Figure 1.1 Map of stations with bivalve collections used in this study. Collections from the red station (ML-50)
were part of the Arctic Marine Biodiversity Observing Network (AMBON) in 2015 and used forocean
acidification experiments (Chapter 2). Collections from purple stations (SLIP 5, UTN 2) were part of the
Distributed Biological Observatory (DBO) cruises from 199&015 and were used to characterize growth
relationships and changes in abndance anddominant size clas§Chapter 3).
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Chapter 2: Implications of Ocean Acidification in the Pacific Arctic: Experimental
Responses of three Arctic Bivalves to Decreased pH and Food Availability

Abstract

Recent sea ice retreat and seawater warming in the Pacific Arctic are physical
changes that are impacting arctic biological communities. Recently ocean acidification
from increass in anthropogenic Gas been identified as an additional stressor,
particularly to calcifying organismsuch asivalves, which are common prey items for
walruses, bearded seals, and diving seaducks (Moore et al. 2014). | investigated the
effects of decreased pH and food availabilityboth growth (% change in length and wet
weight and allometric growth characteriions) and oxygen consumption (@g/L/hour)
of three commomrctic bivalves,Macoma calcarea, Astarte montagandAstarte
borealis.Two sets of experiments were run for seven and eleven weeks, exposing the
bivalves toambient(8.05 + 0.02 and 8.19 +@D3, respectively) and acidified (7.76
0.01 and 7.86 + 0.01 respectively) treatmeftthoughlength, weight, and oxygen
consumption were not significantly different among treatments, particularly in the seven
week exposure, negative effects were obegitwy the end of the eleveveek exposure.
Specifically, shells oA. borealisdisplayed a decrease in length in response to decreased
pH andM. calcareashowed a decrease in length in response to limited food. While these
negative effects were small, agplecies responses varitlieseobservations suggest that
with sufficientlylong exposureggrowth may be affected by decreased pH in some of

these species.
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1. Introduction

1.1 Ocean Acidification in the Pacific Arctic

Atmospheric CQcontinues to increasdue to human activitiesich asurning of
fossil fuels and deforestatiofhe oceas actas a sink for this anthropogenic €O
absorbing about 30% of tlaathropogenic contributions (Sabine and Feely 2007).
Increases of dissolved G@to the oceans are expectedlierthe balance ofhemical
equilibriafor the inorganic carbon system, changagbonate chemistry and speciation
of carbon in the ocear{€aldeira and Wickett 2003, 2005, Reet al. 2004, Orr et al.
2005).The net effet of adding CQto seawater is an increase in the@antration of
carbonic acigbicarbonate, andHand a @crease in the carbonate idine carbonate
ions in the water bond with the additional, ldausingcartonate ions to become less
availablefor calcifying organisms to use in shell and test creatiémder these
conditions, pH decreases, making the water more acidic arabi@ to carbonate

structures.

The changing ocean chemistry around the world has potentially strong impacts for
calcifying marine organisms (e.g. Kleypas et al. 1999, Riebesell et al. 2I9).
sat ur at i descrilses whetlesal¢iun)carbonate, the material that comprises
many shells and t e switsseawateor ifithe coacgnirationid r i um (
ionsis low enough to favor precipitation q > 1 high@nough to favor dissolution
(g<@)values for bot h ar agatve iowahighalatiddsc al ci t e
because the solubility of calcium carbonate increases with decreas@mgemperaturs.
The carbonate saturation horizon, the dept

above, but undersaturated below with respect to calcium carbonate, is expected to
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become shallower as G@oncentrations increase (Fabry et al. 2008). Organisms
primarily use one of two forms of calcium carbonate, aragonite, which is the more

soluble of the two, and calcite.

Decreases in pH and the subsequent decrease in the saturatiohatagenite
or calcitecan affect organisms in two primary ways: changes to calcification rate and
disturbances to acidase (metabolic) physiology (Fabry et al. 2008, Feely et al. 2009,
Waldbusser et al. 2014), but changesy also occuto physiology, development, and
behavio (Melatunan et al. 2013). Additionally, shells and hard strucpn@gdemany
benefits, including protectioinom predatorgor the organisms that produce them.
Therefore, threats, such as dissolutidsshell structurédrom carbonate undersaturations,
may lead to reduced fitness, thus potentially giving a competitive advantage to non

calcifying organisms (Fabry et al. 2008).

Both the Bering and Chukchi Seas in the Pacific Arctic are already showing signs
of intensified seasonal ocean acidification events in the surface and bottom waters (Bates
and Mathis 2009, Bates et al. 2009, Mathis et al. 2011a, Mathis et al. 2011betCGxioss
2013, Yamamotdawai et al. 2016)The natural variability in the carbonate system and
pH of the Pacific Arctic arpartly controlled bythe local seasonal oceanographke
Bering and Chukchi Seas are affected by freshwater input from both naf,ru
including runoff that is entrained within the Bering Sea inflow to the Arctic Ocean
(Mathis et al. 2011a), along with sea ice mieteshwater input frorseaice melt
decreasetotal alkalinity, which reduces tlearbonatdufferingcapacity and theefore
can lead to undersaturation of aragonite in the surface waters (Steinacher et al. 2009,

Bates et al. 2014Additionally, seasonal sea ice extent is declining and retreat of the sea
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ice is occurring earlier in the season (Frey et al. 20A4)seasnalseaice diminishes, a
greater extent of open water is expgsehichcreatesa largersurface area for sesr
exchange of gses, including@O; (e.g. Cross et al. 20140)his expsure of more open
waterbecause of sea ice retreat lesto anestimatedncrease of carbon uptake by the

Arctic Ocean from 24 to 66 Tg C per year in the last three de¢Bd#ss et al. 2006

However, the primary driver decreasing pH in the two systemsislogically
driveni Phyt opl ankt on Cat @oyCasSE)eatiShatediupan upgtaken St
and respiration in the water colur(Bates et al. 2009, Mathis et al. 2011a, Mathis et al.
2011b, Cross et al. 2012). Phytoplankton blooms result in uptake of dissolved inorganic
carbon (DIC) in the mixed layer, @tng anincrease in pH and saturation state in surface
waters (e.g. Cross et al. 201Rowever, due ta decoupling from grazers (Bates and
Mathis et al. 2009, Mathis et al. 2011phytodetritussinks to theseafloorandresults in
elevated rates of rpgation and remineralization of organic matter (Grebmeier and
McRoy 1989), which decreasiee pH andncreasgCQ; in the bottomwaters (Bates and
Mathis 2009 Mathis et al. 2014 Therefore the exporbof surfaceproduction that
provides the food for auccessful and biologically diverse benthic commucety also
lead toreductions in pH and satuia states that may affeptoduction of calcium
carbonate for shells and other structures (Mathis et al.ag0lle PhyCaSS system
could be intensified wit the potential increasen primary productiorasgreater open

water area become available dueearlier sea ice retreat (Cross et al. 2014).

The Pacific Arctic regiorhasnaturally variable carbonate chemistry; however,
exchange o€0, from anthropogeic sourceprovides enough extra C&xo facilitate the
persigent seasonalndersaturationthatarenow beingobservedMathis et al. 2014).
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Early calculationsndicate that without anthropogenic €@put, both calcite and
aragonite would be supersaturafed, >id the spring and the summer in the Bering Sea,
and aragonite undersaturations would not be predeiepths<100 meterswith no

evidence forcalcite undersaturation (Mathis et al. 26812011b)

Carbonate undersaturation is present in bottom waters of the Chukchi Sea during
the summer and fall montii{Bates et al. 2009, 2013, Mathis et al. 2014, Bates 2015,
YamamoteKawai et al. 2016). Up to 75% of the production from the phytoplankton
bloom can be exported to the bottom becausenited seasonafjrazingin the water
column(Mathis et al. 2007)The high benthic biomass supported by this organic carbon
export (Dunbn et al. 2005, Grebmeier et al. 2006a) allows these areas to also support
higher trophic levelsncludingdiving ducks, whales, seals, and walruses (Grebmeier et

al. 2008).

However, hese high rates afarbonexport to the bottom from the surfaalso
make this region a strong seasonal sink for atmospheriq@&his andQuestal013).
Annual uptake estimates for G the Chukchi Seare as high as 53 Tg C/ye&ates
2006 Bates et al2011), and because of shallow bottom depths of around 50 meters,
anthropogenic C@inputs can immediately infiltrate bottom waters (Yamardotovai et
al. 2016. The remineralization of organic mattesultsin decreased pH, increased
partial pressure of Cand suppressed aragonite saturation states (Bates and Mathis
2009), with the strongest suppression to dateervedat the head of Barrow Canyon
(Bates et al. 2009Bates et al(2009 noted that the aragonite saturation state dropped
below the saturatin horizon at depfranging from40-150 meters over the northern

shelfof the Chukchi Sedn 2010, some areas of the ChukS8kahadpH valuesas low
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as 7.75with bottom watei aragonite<1 in September and October (Mathis &pulestal
2013). Similar pa#rns were observed at Hope Val(®jstributed Biological
Observatory (DBO) 3 transecy known biological hotspot, in 2012 (Yamamdtawai

2016).

1.2Biological Consequences of Decreased pH in the Chukchi Sea

Althoughthe changingarbonate chemistin the Chukchi Segs relatively well
documentedit is not known howbiological organisms will be affectedMany effectsof
decreased pldre expected to be species speckimr. examplepteropods anfivenile
red king(Paralithodes camtschaticuand taaner crabgChionoecetes bairjihave
shown negative effects tmrbonataindersaturation (Comeau et al. 2009, Long et al.
2013),but on the other handp specific impacts owalleye pollock(Theragra
chalcogrammajvere detected (Hurst et al. 2018yenif there are probableffects on

thecalcified preyof these fisi(Hurst et al. 2012).

Beyond seasonal aragonite undersaturattenBering Sea iprojectedo
experiencé ower q Val ues obdserseddrmamyosganismsby 204nt |y
while the Chukchi Sea is expectedetdnibit similar lower omega values early as 2027
(Mathis et al. 2015). Therefore, there is an urgenantterstandheimpactsof ocean
acidificationon the calcifying animals particularlybenthic organisms where
undersaturation will be greatest,the Bering and Chukchi Seaghebenthic community
of theChukchi, in particularis dominated bgarbonate producinigivalvesand molluscs
(Grebmeier 2012rebmeier et al. 2015 other expemental studies and ecosystems,
these taxdnave exhibited reductions in growth, decreased calcification rates, and

reductions in metabolic activity (e.g. Feely et al. 2004, Oat.€2005, Gazeau et al.
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2007).1 developed this study to followp on these earlier efforts and to further
understanishg of how theseersistentand seasonal ocean acidification events in the
Pacific Arctic will affectthe specific species found in this region and how such changes

mayimpactthe biologyof upper trophidevel animals.

1.3 Objectives of Study

The goal of these experiments was to test the effects of decreasad fibbd
availability onthe growth and oxygen consumptiontimfeecommonPacific Arctic
bivalve speciesThethree bivalves includMacoma calcareadominant in the southeast
Chukchi SeaandAstarte borealisndAstartemontaguj both dominant in theortheast
Chukchi SeaAdditionally, | compared the allometric growth relationships between
length and weight of the three species from the collection site-l #-igure 2.1) in the
NE Chukchi Sea and in the six treatment conditions from both the 2015 and 2016
experimentsl conducted two sets of laboratory experiments on these three Pacific Arctic
bivalve species; one was undertaken for seven weeks in the fall of 2015 and one was run
for eleven weeks in the spring of 20tb&determinehe potentiakffects of decreased pH

on these organisms.

1.4 Statement of Hypotheses
2.1Do elevated C@concentrations and therefore subsequent decreased pH in bottom

waters alter growth and oxygen consumption in the three Pacific Arctic bivalve §pecies

Hypothesis 2.There is no significarnthange in growth, measured as % change in
both length (mm) and wet weight (g), or in oxygen consumption (pligt@@ur) between

treatments for each species.
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2.2 Will food availability play the same role in vulnerability from effects associated with

decrease pH and ocean acidification of the three Pacific Arctic bivalves?

Hypothesis 2.2 o significant difference exists in growth (% change in length (mm)
and wet weight (g) or oxygen consumption (mglL@hour) amongbivalves of each
speciesrom fourfeeding ad acidificationtreatments: fed/ambient, fed/acidified, ron

fed/ambient and, nefed/acidified.

2.3 Does the size of the bivalve affect the growth or oxygen consumption response to

decreased pH?

Hypothesis 2.%ize does not affect how the growth of ogggconsumption of the

bivalve responds to decreased pH.
2. Material and Methods

2.1 Sample Collection

Bivalves used in this study were collected using a G.¢an Veen grab, with 32 kg
weights, in August 2015 from the RNorseman Il A total of 408 bivalves, includiniyl.
calcarea(n=87),A. borealis(n=116) andA. montagu{n=205) were colected at station

ML5-10 (71.6@ N, 162.2@ W, Figure 2.1)

Bivalves collected at sea were maintained in groups of 15 individuals in sealed 950
mL high density polyethylene containers at approximately 3°C for the remainder of the
cruise. Daily maintenance for the bivalves included alternating water changes, in which
half the volume of water (approximately 500 mL) was removed every other day and

replaced with fresh bottom water (~324linity) collected from the CTD rosette as
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needed, together with gentle rotation of the container for approximately ten seconds to
introduce more oxygen. At the end of the cruise, the containers were sealed with
electri@al tape, packed in insulated containers with ice packs, and flown from
Wainwright, Alaska, back to the Chesapeake Biological Laboratory (CBilpmons,

Maryland

At CBL, the clams were stored in a waftkcold room set to 2.5° C. FoudE-liter
tanks wereset up with approximately 150 clams in each tank. Artificial seawaiterd
with Instant OcealY! (Spectrum Brands, Inc., Blacksburg, Virginia) to salinity (32.5)
similar tothe waterfrom whichthe bivalves were collected from and mixed in over time
to season the new seawateo. rEduce stress on the animadsnperatures were held
between 2 3°C to mimic natural condition®ased orin situ CTD measurements at
station ML 510 (-0.31°C, 32.19 salinity, Bering Sea winter watdfe cold room was
kept dak, except for short periods necessary for tank maintenance and feeding, consistent
with the natural conditionis the Chukchi Seat the depth of collection (<0.1% light
level, Frey et al. 2011). In the first couple weeks following tank set up, | alsibomazh
nitrate+ nitrite and ammoniaoncentrationand pH using aquarium test kits from
Aquarium Pharmaceuticdl$ (API Mars, Inc., McLean, Virginia). Tank maintenance
after the initial setp included checking salinity and temperature every other dag asi
YSI85™ multi parameter probgr'Sl, Yellow Springs, Ohio) and feeding each tank with

1 mL of Shellfish Diet 180 (Reed Mariculture, Campbell, California).
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2.2 Experimental Set up

2.2 a2015Experiments

In 2015 (hereafteyear ), experiments werendertaken from October 28
December 1¢sevenweek exposure). All three species of clams were randomly assigned
to one of fourteen 20ter experimentatanks. Seven tanks were held at ambient pH
levels (8.05 + 0.02) and seven tanks were heldedaedpH level (7.76 + 0.02).
Within eachexperimentatank,three 475 mlhigh-density polyethyleneHDPE)
containeravere establishedyith representatives from each speciebivélve Each
container wasilled to the rim withcleansand collected from lacal Chesapeake Bay
beach(Cove Point, Maryland)which had beerinsed with deionized water three times
The sandvas soaked for 72 hours in Instant Oc&sseawater to acclimate it to cold
room conditions and to allow for development of microbial flsaociated with the
incubated bivalvedsach tank held sik. calcarea eightA. montaguiand onéA.

borealis. Tanks were covered with polycarbonate plastic covers.

| used carbon dioxide (Airgas RD300) additions to manipulate the pH in two of
thefour 75-liter experimentatanks. Eaclexperimentatank was monitored with a Cele
Parmer pH electrode (Celarmer model 270082. ColeParmer, Vernon Hills, lllinois)
coupled to an Alpha pH 190 pH/ORP controller (Omega Engineering Inc., Stamford,
Connecticut) @ continuously measure the conductivity (mV) of the water within the tank.
pH electrodes were checked for Nernstian behgumrconsistent with the Nernst
equation)oefore each experimemillivolt readings were later converted to pH using

equation Eg. 1), the Nernst equatiofor a pH electrode at 2.5°C.
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o ——— (Eq.

Once a week, the electrodes were calibrated with a gtiuBion using 1 L of 2.5°C
deionized water, welinixed with 43.83 grams of NaCl, and 1 mL of 1N H@tdividual

electrodes varied in performance, so a constant was determireatfoelectrode using

equation Eq. 2.
GOl EGA Qo1 £WZ0 wEET OWE O (Eq. 2

Once the constant was calculated, | determined a set point for the electrode in the

acidified stock tank to ensure the water stayed at the appropridtasgid upoequation

(Eg. 3.
[ Opé QEOUBIXA OOahoHHD QRGE O (Eq. 3

If the water pH went above the set point, a solenoid, wired to the controller and electrode,
opened, allowing C&xo flow thraugh the onavay valve into a glass air stone to disperse
the gas into the seawater tank until the set point was rea¢bkgigesfor each stock

tank were recorded once a day when water changes occurred.

Over the seveweek exposure period, approximat200 mL of seawater were
removed from each of the fourte2d-L experimental tankkolding the clamsat the
same time each day. New seawater, from either the control or acidified stock tanks, was
then added back to the small experimental tanks to mamtEaan water supply, as well
as the target treatment conditions. Once the water was changed, an Oakton General
Purpose sealed, douglenction, epoxy body, handheld pH electrode (calibrated with the

methods described above for the stock tank electrddksyito a VWR Scientific
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(VWR, Radnor, Pennsylvania) handheld pH meter model 2000 was used to measure pH,
by conversion of measured mlues to pH usingg. 1 In addition to daily water

changes and pH measurements, temperature and salinity measureenentsade daily

using the YSI85 conductivity meteklkalinity was later calculated usiran equation

that derived estimates frogalinity (Table 2.1, Table 2.2Flams were fed every other

day in each tank with 0.5 mL of Shellfish Diet 1880

2.2b 2016Experiments

In 2016 (hereafteyear 3, experiments were run from Januaryta®pril 4, (eleven
week duration). All three species of clams were randomly assigned to one of twelve tanks
and a 2 x 2 factorial design with pH and food availability variation was @fetie
twelve 20L tanks, hree were held at ambient pH leve3sl© + 0.004ard fed 0.5 mL of
Shellfish Diet 1808" every other day; three were held at ambient pH le@el9(+
0.003 and not fed over the course of the experiment; three were held at the experimental
pH level (.86 + 0.0} and fed 0.5 mL of Shellfish Diet 180bevey other day; and the
final three tanks were held at the experimental pH lex86(x 0.02 and not fed ovethe
course of the experimenwithin each tank, there were three 475 HDPE containers
filled to the rim with sand collected from a local Chesd@eBay beachs described for
the previous experimerEach tank held threld. calcarea severA. montaguiand two
A. borealis.Monitoring of this experiment followed the same procedures as in the 2015

experiments.

2.3 Net Body Growth and Shell Measuremnts
Differencesin growth were assessed by determining both wet weight and length of

each clam before and directly after both sets of experiments (2015 and 2016).
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Specifically, following the procedure used by Schram et al. (2016) for Antarctic
gastropods, each clam was patted dry with a paper towel and then weighed to the nearest
hundredth of a gram. Percent change ( %)

experimei(s) wascalculated using equatio&d. 4.

% change—Fe)r—= * 100 (Eq. 9

Similar steps were taken to document changes in clam shell length using Capri
15-cm stainless steel digital calipers to measure the length of individual clam shells to the
nearest hundredth of a mm [maximum distance along the arpesterior axis as
de<ribed by Gaspar et al. (2001)] before and directly after each experiment (Figure 2.2).

A similar percent change % o )rmula o Eg. 4 was applied to length measurements.

2.4 Oxygen Consumption

Changes ibivalve oxygen consumptiowereused as an inditor for metabolic
activity. Measurements were made using four clams each day for the lastysne da
(December 8 December 1pof the experiment in 2015, and four clams a day fotabie
twelve days (March 20April 1) of the experiment in 2016. Oxygeonsumption was
measured using a Pyroscience FireStin@ptical Oxygen Meter (Pyro Science, Aachen,
Germany) using the vendspurced software for data collection. The meter had
attachments for four probes, each of which | inserted into individual @r&iéihd one
clam each. In 201®xygen consumption was measured in six, randomly chosen clams
from each species/pH treatment combination (n=36), and in 2016 oxygen consumption in
four, randomly chosen clams from each species/pH/food treatment combimetiés) (

were measured.
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These oxygen respiration measurements were prepared as fdtdivlual
clams were placed into 100 mL jars filled to the top with seawater from either the control
or treatment pH tank and were capped tightly to ensure they wegataifhe probes
measured dissolved oxygen in mg/L. Because measurements were for dissolved oxygen
in water, the probes were calibrated at th
air/ watero setting, as weletlbyarsattached et t empe
temperature sensor, and a salinity of 32.5. Once calibrated, each of the four oxygen
probes was inserted into smal/l hol es drill
holes, one for the oxygen probe, and one for the externpktature probe. Dissolved
oxygen concentrations (mg/L) were recorded every two minutes ovehau24$eriod
and the volume of water in each jar was used to convert to an oxygen utilization rate (mg
OJ/L/hour). These measurements, beginning with calibmatiere repeated every day for

either nine or twelve days.

Oxygen use over each-2ur period was plotted as a graph of linear decay (of
dissolved oxygen); a linear regression and slope using RStudio®
(https://www.rstudio.comAwvas calculated (Figure 2.3n several cases (14% in 2015
and 10% in 2016), there was not a linear decay of dissolved oxygen, and those data were
not used in further analysbscause of the potential for sampling artifa¢tse slope of
the regression was multiplied by the voluafavater in the 100 mL jars and divided by
the time the clams were held in the jar to determine the rate of oxygen consumption (O
mg/L/hour). Differences in ratesnongspecies and treatments were analyzed using

statistical methods described below.
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2.5 Length Weight Relationships and Growth Characterizations

The wet weight and length measurements determined before each experiment were
used to determine allometric equations for the three sp&wo#sthe before and after
length (Lyweight (W) relationshos were described first withg. 5and then expressed in

a linear form usindeq. 6§ where a = intercept and b = slope.
®w (Eg. 5
DE® GEAD Qa £0Q (Eq. §

An isometric relationship was fileed as b=3, while slopes less than three were
considered to beegatively allometric and slopes greater than three warsidered to be

positively allometric

2.6 StatisticalAnalyses

All statistical analyses used RStudio® statistical softwaitps://www.rstudio.con)/

Data(individual 20GL tanks, not individual clamsyere tested for normality using the
ShapireWilk test.In 2015, the-test aad KruskatWallis rank sum test were used to

assess differences between pH treatments for percent change in length and wet weight, as
well as oxygen consumption. In 201@henfood availabilitywas added as a variabédl
measured parameters were analyzgdg a tweway analysis of variance (twoay

ANOVA). The residuals of each twway ANOVA were tested for normality using the

ShapireWilk test.

Allometric growth relationships were determined using linear regressions of the log
transformed length and weveight data in order to calculate a slope and a 95%

confidence interval (Cl) of the slope for each experimental treatment and specibk (e.g.
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calcareapre-experiment, post experiment control, post experiment acidified, etc.). If a
slope value (b) of tlee fell between the upper and lower bound of the 95% confidence
interval, the clam was classified stsowingisometric growth (b=3seesection 2.5). If
the confidence interval bounds for the slope fell below three (e-@.2)4the growth
wasclassifiedasnegatively allometric; and if the confidence interval bounds fell above

three (e.g. 3:B.4), the growth waslassifiedas positively allometric.

3. Results

3.1 Treatment conditions

Average tank conditions that were measured daily during the sedegleven
week exposure time, including pH, salinity, and temperature, were calculated for both
control and acidified tanks from the 2015 experiments (Table 2.1) arR0it6
experiments (Table 2.2). Because salinity datareadily measurableé,used shnity and
estimatedotal alkalinity (TA)obtainedfrom theChukchi Sea salinityf A regression
equation from Yamamotawai et al.(2016 in order todetermine saturation of the
carbonate systemlthough | used Instant Ocean@nd not water from the Chciki Sea,
somewater collected in the Chukchi Seas mixed into the experimental containansl
the temperature and salinityere comparable to natural conditions in the Chukchi ISea.
used the salinity, temperature, pH, and TA vakssnated from the flished
regression equatioand inserted these values into the,§@ spreadsheet (Pierrot et al.

2006) to determine pCGnd the saturation states for both calcite and aragonite.
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3.2Net Body Growth and ShellMeasurements

3.2a 201%experiments
Twelve clams in the control and acidified treatments died, includingfive
calcareafrom both control and acidified treatments, and Awanontaguiheld in the

control treatment.

A decrease in length was observed/incalcareaheld in both controf-0.72 mm
+ 1.42) and acidified-2.13 mm * 3.42) treatments. Howevgtigtistical analysis did not
indicate thathese differencelsetween control and experimental treatmevese
significant (tteg, p=0.341Figure 2.4)In contrast, with the exception f montagui
kept in the control treatment, the twWstartespecies, showed an average increase in
length after the sevemeek exposureA. montaguirom the acidified treatment averaged
an increase in length 638 mm = 1.6/whereasA. borealisfrom thecontrol treatment
averagedn increase in length 610 mm + 1.41A. borealismaintained in the acidified
treatments averagedength increase d3.30 mm + 0.60 over the course of the
experimentNo significantdifferences between treatments were ob=gina theAstarte
speciesA. montaguiKruskalWallis, p=0.57;A. borealis t-test, p= 0.74, Figure 2.4,

Table 2.3).

In addition to the aggregate analysis present above, | separatedylsizes
classes (Figure 2.5). calcareaandA. montaguivere sfit into two groups, 1€19.99
mm and 2629.99 mm, whiléA. borealiswas split into two groups of 229.99 mm and
30-39.99 mmln the control treatmenthe smaller sizeM. calcareaaveraged a2.11

mm + 3.67 decrease length and those held in the adied treatment averaged- 243
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mm = 3.55 decrease in lengihe largeiindividual categorywhile notshowing

significant differeres in length changes between the control and experimental treatments
(two-way ANOVA, F= 2.8646, p= 0.1035), displayed an increase (control: 0.31mm +
1.77) and a lesser degree of decline (acidifi®@®5 mm = 3.55) in lengthproviding

potential evidence of dissolution

TheA. montagusmaller size classhoweda decreasm length (control-0.35
mm + 2.28; acidified:0.25 mm £ 1.74), while the larger organisms had a lesser degree of
decline (control:0.05 mm + 0.68) and an increase in length (acidified: 0.77 mm + 2.12).
Again, there was no significant difference betwsize classe@wo-way ANOVA,
F=0.9323, p=0.34) or treatments (F=0.4526, p=0Alporealisfollowed the opposite
trend as the other two species. The small size clas3929) displayed an increase in
growth in both the control (1.24 mm + 0.91) andld®d treatment (0.81 mm + 0.26)
while the larger clams (389.99 mm) had a decrease in length in both treatments
(control:-0.75 mm + 1.07acidified:-0.09 mm + 0.46). Differences in length were not
significant between treatments (tw@y ANOVA, F=0.289, p=0.64); however, length

changes betwedhesize classes were significantly differért=12.1472, p=0.006).

Changes in wet weiglgienerallyfollowed the same patterns as changes in length.
M. calcareadecreased in wet weights after seven weeks (Glor6.39 g + 6.25,
Acidified: -8.12 g £ 6.29), and allstartespecies showing an increase in wet weight (
montagui:Control: 0.44 g + 4.58, Acidified: 3.44 g + 8.3X, borealis Control: 0.68 g +
0.88, Acidified: 1.00 g + 0.91). No significant difeerces weréoundbetween treatments

in wet weight for any of the speciestésst, all pvalues > 0.05, Table 2.3, Figure 2.4).
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3.2b 2016experiments
Only three clams died during the 2016 experiments; all of themMecalcarea
One was held in the AF treatment, one in the ANF treatment, and one in the CNF

treatment.

The experimental and control treatments are summarized in TabM.2.3.
calcareaonly showedanincrease in length in the CF treatment (0o + 0.34), but
showel a decrease in length after eleven weeks in GBIB§gmm £ 0.58), AF (0.52mm
+ 0.68), and ANF-0.25mm+ 0.31).Two-way ANOVAsindicatedthe interaction of
food and pHyenerateane significant effectf=9.65,p=0.02).M. calcareaheld inCF
tankshad a hjher percentage change in lentjthn those held in control tanks that were
not fed(Figure 2.§. Only animals held in the CNF treatment average@eease imwet
weight of-0.45 g + 4.76. All other treatments showed an increase in wet weigh? ({5~
g+0.62; AF: 4.12 g + 3.53; ANF: 2.25 g = 0.2Rp significant difference was found for
two-way ANOVA tests among any of the treatments for wet weigM.afalcarea

(Figure 2.6, Table 2.3).

A. montaguiength and wet weight changesgre not significantly differerfor
treatmenbr control(Figure 2.6, Table 2.3All treatments, for both variables, except
one, showed an increase. The average length measurement in the AF treatment was the
only one to show a decress0.04 g £ 0.53)Average lengthfor CF, CNF, and ANF
treatmentsvere 0.30 mm + 0.14, 0.50 m#0.34, and 0.13 mm + 0.16, respectivéiet
weightincreased irall four treatment¢CF: 0.94 g £ 0.29, CNF: 0.45 g + 0.27, AF: 1.54

g +3.31, ANF: 1.61 g + 1.30).
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A significant effect of pH wasbservedor the change in length &. borealis
(two-way ANOVA, F=7.9032, p=0.02, Figure 2.6, Table 24).animals held in
control treatments regardless of food treatment displayed an increase in growth (CF: 0.56
mm ; 0.30; CNF: 1.06 mm + 0.66), while those held in acidified treatments had a
decrease in growth (AFO0.14 mm + 0.85; ANF:0.23 mm £ 0.51) after the elevareek
exposure. All treatments demonstrated a decrease in average wet weight at the end of the
experimets, but no significant difference was noted (€F11 g £ 0.56; CNF0.33 g =

0.33; AF:-0.21 g £ 0.09; ANF:0.75 g £ 0.84) (Figure 2.6, Table 2.3).

| ran the same size class analysis as described in the 2015 experiments (Figure
2.7).Because there we more treatments, a few clams did hate any representatives
in specific size classeBor example, thereere noM. calcareaspecimensn the 20
29.99 mm size class in the CNF treatment, anA.rworealisin the same size class in the
CF treatment. AdditionallA. borealisin the smaller size class only had one
representative in both the AF and ANF treatmehist as in 2019\ calcareaandA.
montaguiwere split into two groups, 109.99 mm and 2@9.99mm, whileA. borealis
was split into two groups of 289.99 mm and 339.99 mm.n the control treatmeri.
calcareaof the smaller size averagadiecrease 60.005 mm * 0.79 in the fed
treatmentand-0.98 mm + 0.58 in the nefed treatment Individuak held in the acidified
treatment averageddeecrease in length 69.90 mm + 1.88 in the fetleatmentand an
average decrease .17 mm = 0.32 in the nefed treatmentLarger individuals
displayed a similar pattern as those from 2015, in that thegelsan length of the larger
individuals had a larger range than the smaller clams (CF: 1.06 mm + 0.65; CNF: no

representatives; AF0.36 mm + 0.75; ANF:0.26 mm £ 0.40)but overallthere was not
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a significant difference amorigeatments (twavay ANOVA, F=1.7156, p=0.22) or size

classes (F=0.8578, p=0.37).

In the2016experimentA. montaguishowedan increase in length in all but two
treatments. The smaller and larger individuals held in the AF treatment (Sh@mm
+ 0.64; large:0.10 mm % 0.31) were the only tweherea decrease in lengthas
observedThe rest of the treatments in both sifasses showed positive growth (small:
CF: 0.51 mm £ 0.19, CNF: 0.55 mm £ 0.60, ANF: 0.07 mm % 0.15; large: CF: 0.13 mm %
0.11, CNF: 0.20 mm £ 0.19, ANF: 0.22 mm + 0.5B)ere was no significant difference
among treatments (twavay ANOVA, F=1.7132, p= @0) or size classes (F=0.7995, p=

0.38).

A. borealishad no representatives from the CF treatment in the small size class
(20-29.99 mm) and only one representative from the AF (1.44 mm) and ANHE (mm)
treatment in the same size class. The CNF tredatmene small size class averaged a
increase in length df.74 mm + 1.11The larger size class showed an increase in length
in the two control treatments (CF: 0.56 mm + 0.30; CNF: 0.84 mm £ 0.60) and a decrease
in growth in the two acidified treatmer&F: -0.34 mm + 0.50; ANF:0.25 mm £ 0.52).

Both treatment (twavay ANOVA, F=5.2515, p=0.02) and size (F= 5.4151, p=0.04)
differences were significant. The treatment significance matches the significance noted in
the change in length iA. borealiswith all the size classes combinddhe larger

specimens had smaller overall increases in changes in length than the smaller
representatives. While differences between treatment and size classes were not significant
in the 2015 data, there was a similar tresd/as the case witthe 2016 dateSmaller

individualshada largemercentincreasen growth, whilethe larger individuals showed a
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smaller percenhcrease in growthiThese results suggest that the smaleborealismay

be less vulnerable tacidifiedwaters than larger individuals.
3.3 Oxygen Consumption

3.3a 201%experiments

For all species, oxygen consumption (mg/L/hour) was not significantly different
between treatments-gst, all pvalues > 0.05, Table 2.3)1. calcareaheld in the control
treatment averaged 5.59x18 4.51x10" mg/L/hour, while those kept in the acidified
treatment averaged 3.99x1fhg/L/hour + 4.32x10 (Figure 2.8) A. montagui
maintained in both the control and acidiftedatmentdad similar average oxygen
consumpin rates, 1.90x10mg/L/hour + 1.05x10 and2.02x10" mg/L/hour +
9.28x10°, respectively (Figure 2.8)\. borealiskept in the control treatment averaged
2.74x10" mg/L/hour + 2.30, and thoseaintained in thacidified treatment averaged

2.89x10" mg/L/hour + 1.96 (Figure 2.8).

Oxygen consumption and weigatawere log transforme Oxygen
concentrations were modified so oxygen consumption was a positive number before
transformation in order to complete the log transforma#dirspecies in all treatments
showsimilar linear pattersiin oxygen utilizatior{fFigure 2.9).TheA. borealisin the
acidified treatment were slightly, but not significantly larger than the rest aptiwes

used, but had similaxxygenconsumptiorrates

3.3b 2016experiments
Average oxygen consumption fbot. calcareavaried from 4.26x18 to 2.28x10/

mg/L/hour, and showed no significant difference among the four treatmentsa@yo
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ANOVA, F=2.78, p>0.05, Table 2.3, Figure 2.10he twoAstartespecies also showed

no significant difference in oxygen consumption among pH and feeding treatments (two
way ANOVA, p>0.05, Table 2.3Ratesaveraged between 3.00x1t 1.86x10
mg/L/hourfor A. montaguiand betwee.27x10” and 2.81x10 mg/L/hourfor A.

borealis(Figure 2.10).

Oxygen consumption and weight were again log transformed as described above
(i.e.the absolute values okygenconsumptiorrateswereused and plotted (Figure
2.11).Again, dl species in all treatments show similar linegygen utilization ratesAs
in 2015, theA. borealisspecimens were larger than the other two species, and clustered
away from the other species consumptiates However, this species stdppeardo
follow the same general pattern of increasing orygensumption with increasing size as

was observed ithe other two species
3.4 Growth allometry

3.4a2015experiments

Allometric growth equations were calculated for all spebesed upon botpre-
experimerdl and post experimeait measurement{dable2.4). The M. calcareacollected
from stationML 5-10 collectivelyexhibited negative allometric growfpre-experiment)
M. calcareaheld in both the control and ambient treatment also displayed negative
allometric growth(postexperiment) (Figure 2.32Both of theAstartespecies showed
positive allometric growth in measurements directly after colle¢pozmexperiment)
(Figure 2.13, 2.14 Those kept in the control treatment displayed isometric growth

differing from what was observed in the fiekktartemaintained in the acidified
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treatment also demonstrated positive allometric growth, matchingefexperiment

observations.

3.4b 2016 experiments

Bivalves used in the 2016 experiments were part of the same collection at ML 5
10 as those used the 2015 experiments; therefore, the-pxperiment relationships are
the same as described abolke post experiment characterizations showed isometric

growth in all species and all treatments (Table 2.4, Figure214).

4. Discussion

Oceamacidification events in bottom waters in tRacific Arctic shelf waters
result from loss of ice covénat inturn can result iprimary productiorblooms These
factorsinfluence the supply of organic matter to the benthos. Uncertainties concerning
how primary production and zooplankton graziagchangng introduce uncertaintiess
to how ocean acidification events will change and influence this region and its associated
biology. Changes in physical factors and seasonal ice cover have the potential to
reorganize the Pacific Arctic ecosystem (e.g. Grebmeier and McRoy 1989, Grebmeier,
20064, 2006b). If the system becomes a peldgiinated system (Grebmeier et al.
2006a), the question arises whether natural variability of pH in the bottom waters will
stablize, or if the increases in anthropogenic G®@the atmosphere will eventually cause

undersaturation in the entire water column.

The results of this study indicate tiattic bivalves are likely not stronglgnd
directly affectedby the episodic levelof ocean acidification expectedAnctic bottom

watersover the shelvemm thecoming yearsin experiments conducted in two separate
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years, over time scales retet to the expected exposurelocument only marginal

effects of ocean acidification on growth in three species of bivales speciesstarte
borealisshowed a decreasepercentagehange of lengtiinderacidified conditions, but
only after eleven weeks of exposure, suggestingloinger exposure times may be
required for negative effects to be appar8&eime comparisons can be made to other
polar systems. For exampkchram et al. (2016) found very minimal negative effects of
ocean acidification on two Antarctic gastropod spedespite using two different
molluscs, the Schram et al. (2016) study is comparable to ours because they used a
similar exposure time, seven and six weeks, respectively, a short amount of time in the

long life spans of the organisms.

| examined the effds of decreased pH on two size classes of adults in each
speciesResults from both experiments showed no significant difference in response
between the two size classedvbfcalcareaor A. montaguihowever the smaller
individuals did have a greater pentage decrease in length than the larger ones,
suggesting that younger and smaller individuals may be more negatively affected by
acidified waters. However, largér borealisindividuals had a larger percent decrease in
growth than the smaller individlsasuggesting that the larger individuals of this species
may be more vulnerable than smaller individutie opposite case tfe other two
speciesUltimately, there may be an optimal shell size for maintenance in undersaturated
seawater that differav@aong species. Although there was only one significant difference
noted in the size class analysts borealis2016 experiments), it does appear that size

may play a role in determining vulnerability to acidification. Therefore, future
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experiments would be warranted to address effects on multiple size classes of the same

species of bivalves in order to determine the most vulnerable stage in growth.

| used allometric growth relationships as an additional metric for further
evaluating theffects of acidified seawatenthe health of the three specig@fe slope of
the linearized allometric relationship varl®gspecies, and can also fluctuate among
different conditions a given species may be exposed to throughout the year. Therefore,
the relationship should be determined empirically for each species and system of interest,

and not universally applied (Glazier 2005, Seibel 2007).

The experiments conducted in 2015 showed negative allorgedriidh, meaning
length increasethster than wejht, in the preand postexperiment measurements fdr
calcarea bothin the control and acidified treatmenktowever, the twdstartespecies
held in control treatments displayed isometric growth only following the experiment,
while pre-experimenmeasurement@ndmeasurements from the acidified treatment
exhibited positive allometric growth, where weightreases faster than length. |
collected these organisms in the late summer (August 2015), when acidification has been
observed in the Chukchi &gtherefore, théAstartel collected could have already been
exposed to lower pH conditions peellection, potentially explaining why the initial
growth equations and the equations from those individuals held in the acidified aquaria
displayed the sameppitive allometric growth patterAstarteheld in the control aquaria,
however, may have had sufficient resources to allocate more energy to growth that was
isometric in nature, whereas those in the stressed, lower pH aquaria increased weight

faster tharlength.
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In 2016 postexperiment allometric determinations, all species from all four
treatments showed isometric growth. These determinations all fudferthepre-
experiment values which M. calcareadisplayed negative allometric growth, and the
two Astartespecies displayed positive allometric growkthereplicationof each species
in each aquaria during this set of experiments was low (Mrealcareg severA.
montaguj and twoA. borealig. With little replication, the confidence intervals geated
by the slope calculations were wide and therefore all of tharlappedvith a slope
value of three (Table 2.4). The low replication and subsequent wide confidence intervals
are likely the reason why all of the relationships were classified agigonm the 2016
postexperiment analysigidditionally, clams used in 2016 experiments had been stored
in stock aquaria in the cold room since collection in August of 2015, so they may have
acclimated to the cold room conditions, including the constantt §upplied while 2015

experiments were conducted.

M. calcareademonstrated negative allometric growth in the pre and post 201
experiment calculations, btitose held in the acidified treatment displayed a much
shallower slope (b value) than those frifra field and those kept in control conditions.

The length of these clams increase quickly, with very little change to weight. This may be
consistent with a negativedfect of acidified seawater because length measurements were
calculated by measuring thangest point of each shell; therefore, faster increases in

lengh than weight could suggeaitocation of resources and energy to shell production,

but at a cost to maintaining growth of internal structures that add to the overall weight of

the organismWhile there was no significant difference between treatments in the percent
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change in length or weight, the relationship between the two parameters clearly differs

between treatments

This study used only adult bivalvelsutlife history stage responseedikely to
vary (Byrne 2011). The larval stageti®ughtto be the most vulnerable for many species
(Kurihara et al. 200£004b, Dupont et al. 2008, Kurihara 2008, Brennand et al. 2010,
Byrne 2011). Negative effects, including increased mortality, haea observed in the
larvae of several organisms including sea urchins, copepods, Pacific grass shrimp, and
brittle stars (Kurihara et al. 2004, 2004b, Dupont et al. 2008, Kurihara 2008, Brennand et
al. 2010). All three bivalve species used in this stualye pelagic larvae. Therefore,
when discussing adultersudarvae, it is noteworthy that lower pH values and
undersaturations are observed primarily in bottom waters, while at sites of high primary
production, surface pH values are higher in the sunas&1C is removed. As a result,
larvae may not be exposed to acidified conditions for as many months as the juveniles
and adults are exposed to undersaturation on the bdBates(and Mathis 2009, Mathis
et al. 2014, Mathis et al. 2011Cross et al. 2@®). In addition to studying the direct
effects to the larvae, few studies, particularly in the polar regions, have investigated the
effects of ocean acidification on larvae produced by adults that have been exposed to
acidified conditions (Suckling et &014). Studies that test larval survival under
undersaturation in the spring, when spawning occurs, could determine if these conditions

are detrimental.

Several studies have shown ocean acidification has synergistic effects with the
other main, contemponathreat to marine organisms, warming temperatures, but the
interaction between the two is widely unknown (Walther et al. 2010, Harvey et al. 2013).
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Harvey et al. (2013) conducted a mataalysis of 107 peer reviewed articles examining

the collective effets of acidification and warming and found that the combination of the

two stressors led to a stronger response, both positive and negative, than exposure to only
one of these stresso¥arming alone has been shown to lead to increased metabolic

c 0 s t Gonnfr@tél. 2009), as well as increased prey consumption (Sanford 1999).
These measurements of oxygen consumption presented here did not result in significant
responses to decreased pH or food manipulations, but warming water temperatures,
which were notndependentlyested in this study, may introduce responses

synergistically with changes in food availability and pH. If warming waters increase food
consumption, the projected potential implications for decreases in phytoplankton blooms
include an additinal stressor to the system in the form of food availabiline Harvey

et al. (2013) metanalysis noted that mollusc growth was affected negatively when both
warming and acidification eoccur. Therefore, the negative effects observed here from
acidification alone to growth iA. borealis suggest thatuturestudies could profitably

examine the combined effects of warmer temperatures, decreased pH, and limited food
supply; especially because the temperatures at the sediment water interface affect
metabolic rates, whicim turnaffects growth and remineralizati intensity (Grebmeier et

al. 2015). Because these organisms are not solely exposed to one changing condition, it is

important to look at the interactions among all of the likely changes.

Decreased pH in the bottom waters in the Chukchi Sea currentlysanche
summer and fall (Mathis and Questal 2013, Yamarkatwvai et al. 2016)With
changing sea ice dynamics, the timing and intensity of phytoplankton blooms will likely

change (Grebmeier et al. 2015), with both increases and decreases in primactigonod
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potentially possiblePrimary production mayncrease because there will be more open
surface area for penetration of sunlight (Arrigo et al. 2008, 2011). Such an increase in
primary production could lead to more organic carbon exported to theobenth

potentially leading to more remineralization and additional seasonal decreases in pH in

bottom waters.

Scenarios for decreases in primary production dtieniaog changes foice edge
blooms are also possible (Grebmeier et al. 2006a). While more surface area will be
exposed with lesige extentand earlier retreating ice, warming and freshening of the
upper seawater layers may increase stratificatind,prevens ventilationof surface
waters withnutrient resupply from bottom wateré reduction in primary production
will decrease the organic carbon deposition to the benthos and thus decrease benthic
remineralization, potentially limiting how low pH can drop in the bottoatens
(Grebmeier et al. 2006a)lowever, becase the shelf system is shalldvgttom waters
could still remain undersaturatedth respect to carbonater much of the yeaas
described previous)ydespite potential decreases in remineralization. A desteas
primary production scenario could also cause surface pH to decline as uptake by smaller
phytoplankton blooms may not be able to keep up with the increassebdiluxes of

atmospheric C@

These potential changes to light and nutrient availability, as well as the ongoing
warming and decreases in sea ice extent, not only affects what will happen to primary
production, but also has implications for zooplankton. Earlier warming would increase
zooplankton growth, abundance, and grazing (Coyle et al. 2007), limiting the quality and

guantity of organic matter exported to the benthos.
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Changes in the timingf the phytoplankton blooms coutdsopotentially change
the timing of ocean acidificatiorvents For example, if the occurrence of fall blosm
increase due to wind mixing of open water when sewaseformerly presenthere is
the potential for ocean acidification eventeitend intahe winter months, when there
is no newly produced foods demonstrated in this current study, food availability can
affect the growth of bivalve$d. calcareadisplayed a significant difference jpercent
change in length in aquaria with food additions versus aquaria where food was not added,
with those fed sbwing an increase in length, and those not fed showing a decrease in
length.Therefore, if exposure to acidified conditions expands into a time when food is
limited, the negative effects of limited food could be intensified by the presence of low
pH valuesthus adding to the complexity of understanding how these organisms will
respond to changing acidity. Future research efforts should include experimentation on
bivalves collected at different times of the year, i.e. spring, summer, fall, and winter, to

test how preconditioning to acidified conditions may alter responses.

While most of the results from both sets of experimditsot indicate
significant effects from pH and food treatmenigre were a few significant changes or
differences observed theonfirm that changes to organisms in response to decreased pH
and ocean acidification will be species specific, and that some negative effects are being
observed on bivalves in the Pacific Arctfc.borealisdemonstrated decreased length in
response tan elevenveek exposure in acidified treatments regardless of food
availability. M. calcareadisplayed decreased length in aquaria with food limitation
versus aquaria in which food was available, suggesting that food availability plays a role

in their shdlgrowth, and if bloom timing and location changels,calcareamay be more
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susceptible to acidification impacts even though no effects mated in these

experiments. &ssume here thangthof exposure to decreased pH is likely to be one of
the factorcontrollingnegative effects. These organisms are exposed to seasonally
variable conditions, but if pH values decline below their natural range and exposure time
increases dum changes in pytoplankton blooms and ice conditions as described above,
it is likely the minimal effects observed in these experiments will increase in more

prominent ways.

5. Conclusions

As anthropogenic emission of GGontinues to increase, the effects of decreased
pH and other subsequent changes to ocean chemistry from increased{ecome
more pronounced and critical. Both the Bering Sea and the Chukchi Sea display naturally
varying pH conditions because of mechanisonsh agthe PhyCaSS interactions and
remingalization at depth (e.g. Bates et al. 2009, Mathis et al. 2011a, Mathis et al. 2011b,
Mathis and Questal 2013, Yamamdtawai et al. 2016)However,estimatedvased upon
current atmospheric concentrationsgad, indicate thatvithout anthropogenic
contributionsboth calcite and aragonite woubé supersaturated in the spring and the
summer in the Bering Sea, and aragonite undersaturation would not be present until
depth of100 meters at the shelf break, withsign of calcite undersaturatighlathis et
al. 2014k, 2011b). As human induced changes continue to occur, monitoring of responses
by calcifying organisms should continue because the system is expected to move out of
the natural rangef the carbonate system parametees gaturationtate( gagonite= 1.2 +
0.1), pH, etc.ps early as 2027 (Mathis et al. 2015), and once this happens, the responses

by organisms will likely become more significant and obvious.
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| quantified howbivalves common in the Chukchi Sea would respond to these
documented decreases in pH (Mathis and Questal 2013, Yam&maot et al. 2016).
Several determinations were made of bivalve growtldieg percent change in length
and wet weight, as well as determinatioratbbmetricgrowth classificationsThese
measurements were coupled with oxygen consumption rates to assess the vulnerabilities
of these organismsnderacidified treatments. Since bivalves are important prey for
higher trophidbenthivoresincludingwalrus, negative impacts on the prey base could
impact larger portions of the food chain. As increases in atmosphesiar€@xpected to
continue, understanding the consequences of changmgnate chemistig crucial,
especially in regions like the Pacific Arctic, where duration and intensity of such events
are expected to continue to increase in the coming decades and have impacts much

sooner than other regions of the world.
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Tables

Table 2.1 Water column parameters(meanz1 SD)measuredfrom the CTD in 2015 in the NE Chukchi Sea as
part of the AMBON cruise (temperature and salinity) as well as control and teatment pH used in the
experiments.* Total alkalinity (TA) was determined from salinity with the regression equation from Yamamote
Kawai et al. 2016. Salinity, temperature, pH, ad total alkalinity were inserted into the CO,sys spread sheet to
calculate pCG,, cal ci t e s ataodramdonite saturatipnestate( q(Key} Control Fed=Control
conditions; Acidified Fed=Experimental, lower pH conditions.

B‘gtTtEm Control Fed  Acidified Fed
Parameter Water (mean +SD) (mean +SD)
pH 8.05 + 0.02 7.76 +0.02
Temperature (°C) -0.31 2.51 +0.09 2.53+0.06
Salinity (psu) 32.19 32.51+0.11 32.64 + 0.08
TA* (umol/kg SW) 2295.91 2303.61
pCO* (natm) 388.9 801.56
Cal cite 2.37 1.49
Aragonit 1.29 0.81
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Table 22 Water column parameters (mean =1 SD) measured from the CTD in 2015 in the NE Chukchi Sea as
part of the AMBON cruise(temperature and salinity) as well as control and treatment pH used in the
experiments. *Total alkalinity (TA) was determined from salinity with the regression equation from Yamamote
Kawai et al. 2016. Salinity, temperature, pH, and total alkalinity were inserted into th&€€O,sys spread sheet to
calculate pCO,, cal ci t e s atawnrdatairarg omti a& tee s(&ey)Condrdl F=cContrdd t at e
conditions fed during the course of the experiment; Control NF= Control conditions not fed over the course of
the experiment; Acidified F= Experimental, lower pH conditions fed over the course of the experiment; Acidified
NF= Experimental, lower pH conditions not fed over the course of the experiment.

CTD
Bottom Control F Control NF Acidified F Acidified NF
Parameter Water (mean £SD) (mean +SD) (mean +SD) (mean £SD)
pH 8.19+0.004 8.19+0.003 7.86x0.01 7.86 £ 0.02
Temperature (°C) -0.31 259+0.11 255+£0.05 2.56+0.05 2.50 £ 0.08
Salinity (psu) 32.19 3261+0.26 32.78+0.13 32.60+0.08 32.53+0.06
TA* (umol/kg SW) 2301.83 2311.9 2301.24 2297.09
pCO2* (uatm) 271.44 272.28 627.66 626.55
Calcite 3.17 3.19 1.6 1.59
Aragoni t 1.99 2 1 1
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Table 2.3 Results of statistical testing {test, Kruskal Wallis, two-way ANOVA) of the effects of decreased pH and controlled food supply fad. calcareg A.
montagui and A. borealis.Significant differences are shown in bold type.

For
Trait Year Species Source d.f. Mean Square equivalent p Test
Length
(% Change) 2015 M. calcarea pH 1 0.341 T test
A. montagui 11.637 0.5653 KruskalWallis
A. borealis 8.1059 0.7432 T test
Weight
(% Change) 2015 M. calcarea pH 12 0.6144 T test
A. montagui 9.3027 0.4272 T test
A. borealis 11.99 0.5269 T test
Oxygen
Consumption
(mg/L/hour) 2015 M. calcarea pH 8.77 0.5656 T test
A. montagui 9.84 0.8477 T test
A. borealis 3.76 0.9285 T test
Length
(% Change) 2016 M. calcarea pH 1 0.09365 0.3713 0.55922 2-way ANOVA
A. montagui 1 0.36207 3.2662 0.1083 2-way ANOVA
A. borealis 1 2.96043 7.9032 0.0228 2-way ANOVA
M. calcarea Food 1 1.19164 44242 0.06148 2-way ANOVA
A. montagui 1 0.10238 0.9236  0.3647 2-way ANOVA
A. borealis 1 0.11807 0.3152 0.5899 2-way ANOVA
M. calcarea pHxfood 1 2.43414 9.65 0.01452 2-way ANOVA
A. montagui 1 0.00079 0.0071 0.9349 2-way ANOVA
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Weight
(% Change)

Oxygen

Consumption

(mg/L/hour)

A. borealis

M. calcarea
A. montagui
A. borealis
M. calcarea
A. montagui
A. borealis
M. calcarea
A. montagui
A. borealis

M. calcarea
A. montagui
A. borealis
M. calcarea
A. montagui
A. borealis
M. calcarea
A. montagui
A. borealis

pH

Food

pH x food

pH

Food

pH x food

N N

0.25725

16.4314
2.3282
0.1991

15.0258
0.1352
0.4254
0.4038
0.2321

0.07831

6.455x10"
3.7549x10%
1.761x10*
1.0095x10™
1.2267x10%
8.042x10%°
1.3989x10
4.572x10%°
1.2576x10
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0.6868

1.8446
0.7275
0.7014
1.6868
0.0422
1.4986
0.0543
0.0725
0.2759

2.78
1.3358
0.3854
0.4368
0.4364

0.176
0.6053
0.1626
0.2752

0.4313

0.2115
0.4185
0.4266
0.2302
0.8423
0.2557
0.8367
0.7945
0.6137

0.1213
0.2723
0.552
0.5212
0.5225
0.6859
0.4516
0.6945
0.2752

2-way ANOVA

2-way ANOVA
2-way ANOVA
2-way ANOVA
2-way ANOVA
2-way ANOVA
2-way ANOVA
2-way ANOVA
2-way ANOVA
2-way ANOVA

2-way ANOVA
2-way ANOVA
2-way ANOVA
2-way ANOVA
2-way ANOVA
2-way ANOVA
2-way ANOVA
2-way ANOVA
2-way ANOVA



Table 2.4 Allometric growth equations and characterizations foiM. calcarea, A. montaguiand A. borealisfor in situ and all treatment conditions in 2015, and 2016. W=
weight in grams; L= length in mm.

Species N Station/Year Pre/Post Experiment/Treatment Mean Length + 1SD  Allometric equation R? 95% Cl of b Relationship
Macoma calcarea 120 ML5-10/2015 Pre experiment 20.51 + 3.47 =-8.2283°"° 09312  2.6672.944  (-) allometry
Astarte montagui 195  ML5-10/2015 Pre experiment 19.47 +2.71 W=-9.40138E**"" 9935  3.1683.494  (+) allometry

Astarte borealis 38  ML5-10/2015 Pre experiment 31.62 +4.14 W=-10.7297C% 99151 32934.0520  (+) allometry
Macoma calcarea 37  ML5-10/2015 Post experiment Control 2015 20.86 + 2.97 W=-7.48912%°% 59505 23602755 () allometry
Astarte montagui 54  ML5-10/2015 Post experimentControl 2015 19.17 + 2.89 W=-8.8063L*% 0.9231 2.8893.387 isometric

Astarte borealis 7 ML5-10/2015 Post experiment Control 2015 31.51 +5.68 W=-10.74545%% 8870 23245058 isometric
Macoma calcarea 37  ML5-10/2015 Post experiment Acidified 2015 20.83 + 3.49 W=-8.01063C"*" 9641  25402.804 () allometry
Astarte montagui 55  ML5-10/2015 Post experiment Acidified 2015 19.58 + 2.70 W=-9.3989L%% 9148  3.0473.600  (+) allometry

Astarte borealis 7 ML5-10/2015 Post experiment Acidified 2015 31.51 + 5.68 W=-12.4849L%7° 9676  3.3764.976  (+) allometry
Macoma calcarea ML5-10/2015 Post experiment Control Non Fed 2016 16.43 +1.88 W=-8.65261 0.9411 2.2563.606 isometric
Macoma calcarea ML5-10/2015 Post experiment Contréled 2016 22.11+5.78 W=-8.300213%4" 0.9835 2.5733.062 isometric
Astarte montagui ML5-10/2015 Post experiment Control Non 2016 19.85 + 2.26 W=-9.3373L%7° 0.9227  2.8513.743 isometric
Astarte montagui ML5-10/2015 Post experiment Control Fed 2016 20.10 + 2.83 W=-9.70737C 990 2.9653.898 isometric

Astarte borealis ML5-10/2015  Post experiment Control Non Fed 2016  30.64 + 3.69 W=-10.01315% 9905  2.0924.861 isometric

Astarte borealis ML5-10/2015 Post experiment Control Fed 2016 33.63+ 1.69 W=-15.9726C"% 98703 2.7117.567 isometric
Macoma calcarea ML5-10/2015  Post experiment Non Fed Acidified 2016~ 19.09 + 2.13 W=-8.1164L7% g go51  2.0373.480 isometric
Macoma calcarea ML5-10/2015 Post experiment Acidified Fed 2016 19.06 +1.86 W=-7.49361°%° 0.919 1.8413.222 isometric
Astarte montagui ML5-10/2015  Post experiment Acidified Non Fed 2016~ 19.15+ 2.47 W=-9.22315%" 9007  2.8283.726 isometric
Astarte montagui ML5-10/2015 Post experiment Acidified Fed 2016 19.33 +2.60 W=-9.3645L 0.9005  2.8003.828 isometric

Astarte borealis ML5-10/2015  Post experiment Acidified Non Fed 2016 31.74 + 1.54 W=-9.0151>" 0.4341  (-)0.8347.189 isometric

Astarte borealis ML5-10/2015 Post experiment Acidified Fed 2016 31.67 +2.69 W=-10.1014C4"" 98599 1.7645.196 isometric
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Figures
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Figure 2.1 Station map of AMBON cruise in 2015. Bivalves used in experiments were collected from station V{16
(hiahliahted in red).
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Figure 2.2 Location of length measurement on a
bivalve shells.
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Figure 2.3 An example of the regression analysi#\( montaguifrom an acidified tank, 2015)to

determine oxygen consumption (mg &L/hour) of each individual clam during experiments. Theslope

from the regression was multiplied by the volume of water to calculate oxygen consumption (mg
O/L/hour).
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Figure 2.4 Mean percent change in length (mm) (top) and weight (g) (bottom) (+ 1 SD)Mf calcareg A. montagui and
A. borealisfrom the control treatment (8.05 + 0.02) and acidified treatment (7.76 + 0.02) in 2015.
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Figure 2.5 Mean (£1SD) percent change in length (mm) by species and size class in 2015
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Figure 2.6 Mean percent change in length (mm) (top) and weight (g) (bottom) (£1SD) in the four

treatments of 2016 experiments.

78



Length (% change)

M. calcarea

® A. montagui

| 54 iy

CF ‘CNF‘ AF ‘ANF‘ CF ‘CNF‘ AF ‘ANF‘
10-19.99/20-29.99 ‘ 20-29.99/30-39.99 ‘

Treatment and Size Class (mm)

Figure 2.7 Mean (£1SD) percent changén length (mm) by species and size class in 2016. Key: CF= Control
Fed, CNF= Control nonfed, AF: Acidified Fed, ANF: Acidified non-fed. Note: bars with no error bars only
had one representative.
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Figure 2.8 Mean oxygen consumption (mg/L/lour) + 1SD, by treatment and species for 2015 experiments
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Figure 2.9Log transformed oxygen consumption vs log transformed weighdf all species and both treatments

from 2015 experiments.
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Figure 2.10Mean oxygen consumption (mg/L/hour) + 1SD, by treatment and species for 2016
experiments.
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