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Abstract

Since the Industrial Revolution, anthropogenicatigreased C®has altered oceanic surface
seawaters through warming and acidification. Previa@eso acidification research has mainly
focussed on sheterm laboratory manipulations of conditions. Incorporating different
approaches investigating both the impacts of past and future environmental change provides a
more complete understanding of orgr? VY] UHVSRQVHV 5K\QFKRQHOOLIR!
DOO RI WKH ZRUOGYY RFHDQV KDYH EHHQ LPSRUWDQW
potentially one of the most vulnerable phyla to ocean acidification because >90% of their dry
mass resiésin ther skeleton. Little is known, however, about the effects of lowered pH and
warming on these taxa. A polatidthyrella uvg and a temperateC@lloria inconspicua
brachiopod were cultured under predicted -eadtury environmental conditions in separate
CO, perturbation experiments for 7 months and 3 months, respectively. Multiple shell
characteristicswere analysed to determine the effects of future ocean acidification and
warming on shell production and maintenance. Impacts of past environmental change were
also evaluated oshell characteristics df. inconspicuausing museum specimens collected
from the same sampling site in New Zealand every decade since 1900 to the present day. In the
experiments on live specimens, lowered pH did not affect shell gnatgh, ability to repair
shells, punctal densities, calcite fibre size or elemental composition in either species. Shell
dissolutionwith decreasing pH will impose a threat to bahecies with more extensive
dissolution occurring irL. uva because of théower temperatures in its habitat. This was
correlated with a decrease in ttieckness of theprimary layer that was counteracted by an
increase in secondary laytricknessand total shell thickness in. uva The less extensive
dissolution inC. incongicuawas reflected in the unaffected inner shell layers thicknesses and
total shell thickness with decreasing pH. Shell growth rate was only affected by temperature in
L. uva with a 2°C rise increasing growt8imilarly, calcification index, total shethickness,
primary and secondary layer thickness, punctal density and elemental compositin of
inconspicuahave not changed over the last century. Shell densiBy inconspicuahowever,
increased from 1900 to 2014 as this species appeared to layndanershell by constructing
thinner punctaeThe majority of shell characteristics have remained unchanged over the last
110 years andrelikely to continue to be unaffected by environmental change over the next 84
years. This indicates that shell prodaot and maintenance are robust in a polar and a
temperate brachiopod to recent past and predictedceamdry acidified and warming
conditions. Longterm laboratory experiments and historical specimens in this study have
produced insights into how theseespes can acclimate and their possible ability to adapt to

future change.
il
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Chapter One

Introduction

1.1 Ocean Acidification

Since the industrial revolution, atmospheric carbon dioxideimagasedl00 times faster
(~0.5% year compared to ~0.005% yéhm the past 650,000 years) than the Earth has ever
previously experienced(Doney & Schimel, 2007 Doney et al., 2009 The oceans have
absorbed 280% of the total carbon dioxide releagadough burning fossil fuels and other
human activities (Siegenthaler & Sarmiento, 1983bine et al., 2004Siegenthaler et al.,
2005; Forster et al., 2007; Doney et al., 2009 Queré et al., 2013 While this has mitigated
global warming, it has caudehe oceans to become more acidic (Caldeira & Wickett, 2003,
2005; Feely et al.,, 2004; Orr et al., 20@Battuso et al., 20}4This has resulted in the
average surface ocean pitecreaseof 0.1 pH units (~30% increase in hydrogen ion
concentration) overhe last 250 years to pH 8.1 (Brewer, 1997; Caldeira & Wickett, ;2003
Orr, 201). This rate of change is expected to increase significantly causing pH to decrease
further by 0.3 pH units by 2050 and 0.5 pH units by 2100 (Caldeira & Wickett, 2005; Orr et
al., 2005 Ciais et al., 20L,3PCC, 2013.

Increased anthropogenic carbon dioxide has also caused a change sarface ocean
seawater carbonate chemistrfhe ocean carbonate system is governed by a series of

chemical reactions:

COZ(atmosphere)< & Z(aqueous)"' H2 2 < iCOS < F+ HCOs_ < + + COsz_

Once atmospheric CQs dissolved in seawatetr reacts with water to form carbonic acid
(H2COs) which can then disassociate by losing hydrogen ions to form bicarbonateYHCO
and carbonate (Gf) ions (Doney et al., 2009; Fabry et al., 2008)l these reactions are
reversible and near equilibrium. Increasing atmospheric, @reases aqueous GO

1



bicarbonate and hydrogen ion concentrations which lowers seawater pH because pH =
logio[H']. Carbonge ion concentration decreases, however, due to the increasing H
concentrationgGuinotte& Fabry, 2008)

Ocean acidification may have profound effects on marine biota directly through the impact of
lowered pH orextracellular, intracellular aniditercdlular transport mechanisms that control

the physiology and metabolism of marine organisms (Kroeker et al., 20h8).most
susceptible animal group to ocean acidification is considered to be marine calcifying
organismgdue to the predicted reduction iretavailability of carbonate ions making it more
difficult and/or require marinealcifiersto use more energy to make their calcium carbonate
structural components such as skeletons and shells (Doney et al., 2009; Cummings et al.,
2011; Watson et al.,, 201XKroeker et al., 2013 Rates of calcium carbonate (CagO
IRUPDWLRQ DQG GLVVROXWLRQ YDU\ ZLWK VDWXUDWLRQ VWI
calcium and carbonate ion concentrati(@sinotte& Fabry, 2008Doney et al., 2009; Fabry

et al.,2009)

> &mo32_] /. ﬂp

The apparent solubility product §, depends on temperature, salinity, pressure and the
mineral phaséFeely et al., 2004)Therefore, ie extent thamarine calcifiersare affectedy

ocean acidificatiordepends largely ro which CaCQ@ polymorphis used toconstructtheir
skeleton/shellAragonite is the most soluble form followed by high magnesium calcite then
calcite and lastly low magnesium calciten@lersson et al., 200&attuso& Hansson, 2001
Generally, shell form&on occurs in supersaturated conditions ¥ DQG GLVVROXWLRQ F
LQ XQGHUVDW XU D WDdriey 20y 2009/ Fabry et al., 200%he depth of the
calcite and aragonite saturation horizons determine the limit at which precipitation of biogenic
calcium carbonate by marine calciBeis favoured gbove thesaturation horizon) and when
dissolution will occur ljelow thesaturation horizon) in the absence of protective mechanisms
(Figure 1.1;Guinotte & Fabry, 2008)The forecasted changes in seawater pH and ocean
carbonate chemistry a@d have significant consequences for individual marine organisms,
communities, ecosystems and food webs (Doney et al., 2009; Kroeker et al. H®48Yyer,

many biological questions remain unanswered including the timing, scale and magnitude of

effects.
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Figure 1.1 Increases in atmospheric CQcause decreases in [C§] at all latitudes. Data shown
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scenariosfor 2100 ZRUVW FDVHT,D QB E VW F Dadeptéd from Qré &t al.,
2005).

1.2 Ocean acidification researchmethods

A number of methods have been useddeam acidification researcBiudies havehowever,
largely been based on laboratory experimémtassesshe effectof future pH conditions on
marinespeciesField experiments, such aesocosms; O, vent sites and more recently free
ocean CQ@ enrichment (FOCE) systems, have also been incorporated in at®enpt
understandhe impacts of future environmental conditioms organisms and ecosystems
Investigating how animals have already responded to past environmental change, through
analysinghistoric specimens, is another useful toat@oyed by researchers in tHisld. All
these approaches have benefits and linoitativith no singleideal methodA combination of
approachegrovides data and information that allow a mechanistic understanding of the
impacts of ocean acidification and the necessary ptopredict responses fature change
(Dupont& Pértner, 2013 Andersson et al., 2015

1.2.1 Laboratory experiments

Early acean acidificatiorstudiesinvestigating organism responseminly involved placing
individuals in lowered pH seawater bgid addition Marubini & Atkinson, 1999;Riebesell
et al., 2000; Zondervan edl., 200). This method decreases the pbyt the dissolved
inorganic carbon (DIC) concentration remains constant. These early spediesated very
high mortality rates and drastically deased physiological processes (Gatt&sélansson,

2011).Laboratay studies themoved tomore realistiexperimenty bubbling CQ gas into

3



seawater to lower pH and elevate DIC concentration. ThB&}eperturbation experiments
wereoriginally short term lastingonly a few days to weekand with pH levels well below

the predictedevelsfor 210Q These early perturbation studies suggested negative effects on
growth, calcification and survival (e.Ringwood& Keppler, 2002Kurihana et al., 2004;
Michaelidis et al., 2009Berge et al., 2006 Most laboratory based expments are still short

to medium term (days td-2 months).There hashowever,been a recent increase in leng
term studies (many months to over a yeary(Hazan et al., 2014; Suckling et al., 2014,
Cross et al., 2015, 201Queiroset al., 201% Longterm experiments are crucia evaluate

D V SHE&HlWE acclimate and possibly adapt over multiple generations to ocean
acidification. Laboratory experiments haywoducedmixed responses of marirgpeciesto
lowered pH with positive, negative an@utral effects on a range of physiological processes
(Doney et al., 2009Ries et al., 2009; Hofmann et al., 2010; Byrne,120cCulloch et al.,
2012; Parker et al., 2013). The general conserisuthat differences are due to speecies

specific responseglated to different calcification mechanisms (Gatt&sdansson, 2011).

Laboratory experiments have the advantage of manipulating seawater to futore
predicted environmental conditioasd measure the response of marine organisms to specific
parametes or the interaction of multiplestressordAndersson et al., 2015 hey also are
often costeffective offer highlevelsof replicationand are excellent at identifying individual
species responses to ocean acidificatibimitations of this most commdy employed
approachinclude difficulies generatingreliable longterm predictions of responses due to
their relatively short durations, although, longer term experimesatroduce data othe
acclimation antbr adaptation pntial in organisms with shit generation timesCollins et

al., 2014;Andersson et al., 2015%5econdly, the change in pH in such experiments is abrupt
with wild caught individualsexposedeither immediately to low pH conditions or over a
period of days to weeks which wild poputats would not experiencéviost laboratory
experiments have also not incorporated the role of intraspedfi@tion in responses
although differences among populatiahge toplasticity or localadaptatiorare likelya major
long-term response ilmanyspecies(Hofmann et al., 2010f-ew studies also include effects
on ecological interactions, e.g. predation and competifsa® review by Kroeker et al.,
2014) and community level impactsPé¢ck et al.,, 2015Ghedini & Connell, 2018.
Multistressor laboraty studies are increasing with these studegising ontemperature,
food availability and hypoxia whicban modify organismesponses to lowered pl.¢. Rosa

& Siebel, 2008; Rodoltdetalpa et al., 2011; Thomsen et al., 20XFowever, othefactors

4



such as wave exposure are largely neglected in laboratory stidBesrthelesslong-term
laboratory expriments allow the testing cfingle or multiple environmental variables in
highly controlled settings whicbanreveal the sensitivitieand potential adimation abilities

of marinespeciedo lowered pH.

1.2.2 Field experiments

In situ mesocosmsvere developed to increase the degree of realismabo the studyof
speciesand population/communityesponsedn a more naturakontext (Nagelkerken &
Munday, 2015). Limitations include the difficulty of maintaining acidifil conditionsin situ

for sufficient periodsthe acclimation and adaptatigotential of organisms is not assessed
due to their relatively short duration times, they are costly and logisticatiylenging
(Nagelkerken & Munday2015. To date, they have only been used with smaller organism
such as plankton (Riebesell et al., 2013).

Comparison of areas with different carbonate chemistry conditions such as neeer®O
(Hall-Spencer et al2008; Martin et al., 20Q&abricus et aJ.2011; Uthicke et al., 20160r
along spatialgradients (Thresher et al., 2011) provide ingghto longerterm impacts of
acidification on benthicspecies communities and ecosystems (Hafencer et al., 2008;
Martin et al., 2008; Wootton et al., 2008; Fabricus et al., 2Qthicke et al., 2016 CO,
ventsejectvolcanic fluids which altethe local ocean chemiston large spatial and temporal
scales(Hall-Spencer et al., 2008They arecommonin Mediterranan rocky shores (Hall
Spencer et al., 2008)Vhite Island New ZealandNagelkerken & Munday2015) and in coral
reefs inthe Mariana Islands and Papua New Guinea (Fabricus et al., Hidchs et al.,
2015; Uthicke et al., 2016)and are considered natutaboratories for ocean acidification
researchAlong with the ability to investigate lorgrmdirecteffects, this approach considers
potential secondary ecological consequences of ocean acidification such as habitat
modification and altered food supplfNagelkerken& Connell, 2015;Nagelkerken &
Munday, 2015).Limitations of spatial canparisons include no control tkatment conditions
where organisms near vent sites are locally exposed totshortextreme pH levels as well
as vents releasing potenlya harmful gases The movement of animals in and out of
experimental sitealsomakesresultsdifficult to interpret (Gattuso et al., 201Andersson et
al., 2015. Furthermore replicationis limited, and it is difficult todetermire the separate

effects of multiple drivers and the potential for the seawater chemistry not to be
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representative of other oceanic regions (Andersson et al., 2DaSdly, there islittle
knowledge of the history of ergure to acidified conditions, which produdesh spatiahnd

temporal uncertainty.

The newestmethod in ocean acidification research are theefocean CQ enrichment
(FOCE) systems which are designed to assess the impact of lowered pH on biological
communitiesin situ over weeks to monthK(ine et al., 2012Barry et al., 2014Gattuso et
al., 2014 Kirkwood et al., 201p They are partially opesystemghat aim toprovidenatural
conditions, apart from pHo prevail in themanipulatecareas despite the partial confinement
They allow control ofpH while retairing a flow-through of ambient seawatasinga CG
mixing system(Barry et al., 2014Kirkwood et al., 201p Sensors monitor the ambient and
enclosure pH where a control loop regulates the auhddf gases or liquids to eaehclosure.
These systemdave the advantage thaCO, enrichmentis controlled accuratelyby
maintaining pH as an offset of ambient pHhus including natural daily and seasonal pH
changes They also includenterspecific relationshipdood webs andkeep communities in
their natwal environment overelatively long timescalegKline et al., 2012 Gattuso et al.,
2014) The movement of G, perturbation experimentsto field settingsis still relatively
nowvel, with only five FOCE systemsurrentlydeployedin different habitats aoss latitudes
(Gattuso et al., 2014)The logistics of thse systems are extremely challenging with
replication being a particular limitation due to cost and feasibilfuture FOCE
developmentaimto includeother stressors.g.oxygen and temperatur&éttuso et al., 2014
Kirkwood et al., 201p

1.2.3 Historic data from museum collections

While both laboratory and field experiments provide useful insights into how marine
organismscould respond to future environmental changejseum specimens demonstrate
how organisms have alreadgspondedo changing abiotic and biotic conditiofidoeksema

et al., 20111.ister, 2011) Historical specimens collected since the Industrial Revolutian

also be used as a reference for future respomseproviding unique data on rates and
magnitude of change we might expectild populations.They also provide lonterm data

that could allow the assessment of possible adaptations that have already occurred in marine

calcifiers. The use of museum collections in additiorfiedd andlaboratory experiments,



provides greaterunderstanding of species responses to environmental ch@egpite all

these benefitsthis approach is rarely used in ocean acidification research.

1.3  Brachiopods and ocean acidification

Brachiopods havexisted for over 550 million years, surviving mass extinctions and rapid
shifts in environmental conditioriadicatingthe resilience of this phylum (Rudwick, 1970;
Richardson, 1981a; Rhodes & Thompson, 1982)ynchonelliform brachiopodmhabit all

the worlGTV RFHDQV IURP WKH L QUVdids &t biGDDPHIR 260Ds@MIO GHS
are one of the most calcium carbonate dependent groups of marine animals because their
calcareous skeleton and other support structures make Q@86 of their dry masgPeck,

1993 2008. They are also locally important organisms in shallater communities by
providing a habitat for a diverse range of epifauna including encrusting sponges and algae
(Barnes & Peck, 1996s well as being a main conseinmof sedimenting biomass. A large
scale loss of brachiopods would therefore not only affect local communities, but could also
have wider consequences such as eutrophicatioch potentially could lead to changes in
benthic ecosystems (Peck, 200Bgspie ths, there are limited studies that have addressed
the potential climate change impacts on extant brachiopods (Peck, 2008; McClintock et al.,
2009; Peck et al., 2009; Watson et al., 2012; Clark et al., 2016). Peck (2008) highlighted the
biological trais of brachiopods that suggesiey potentially might not cope with climate
change. These include a low energy lifestyle and slow rates in life history characteristics
inferring poor abilities to raise metabolic rates to cope with elevated tempeoatotieer
stressors Peck (2008) also suggested that brachiopods are less likely to adapt than other
marine taxa due to slow growth rates, deferred maturity and low feeding rates with their
restricted ability to migrate to new more favourable sites increasagwhlnerability. Peck

et al.(2009) and Clark et a{2016) investigted the temperature toleranoefintarctic marine
invertebrates includingiothyrella uva, which is one of the target taxa this thesisPeck et

al. (2009)discoveredthat smaller indviduals survived to higher temperatures than larger
individuals within a species and sessile species were less resilient to warming than more
active specieClark et al. (2016) reporteithat L. uvahas intermediate thermal toleranoe
comparison to fivether Antarctic marine invertebrates with an upper lethal temperature limit

of 18.1°C at a warming rate of 1°CthMcClintock et al. (2009) and Watson et al. (2012)

both investigated ocean acidification impactsLomuva Watson et al. (2012) measurecckh
thickness in a number of marine invertebrates from polar and temperate latitudes and reported

no latitudinal trend in shell thickness among brachiopod spéciasa (polar species ém
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Adelaide Island, Antarctica) andothyrella neozelanicgtempera¢ speciedrom Doubtful
Sound New Zealand)That study did, however, report that skeleton mass decreased at polar,
low temperatures. McClintock et al. (2009) used laboratory experiments similar to those in
this study to investigate acidification impacts the shell ofL. uva. They found significant

shell dissolution after only 14 days in pH 7.4 conditions, however, dnidg empty valves

were used so the biological response and abilitiz.aivato compensate any acidification

impacts on their shells rexims unknown.

1.4  Phylum Brachiopoda

Brachiopods areiliary suspensiofieedingmarine invertebrates enclosed by two calcareous
valves(James et g11992; Williams, 1997)The phylum Brachiopoda was restructured intro
three subphyla in 1996 from their prengtwo classes (articulate and inarticulate) following
advances in the understanding of anatostyell morphology, ontogeny and phylogeny
(Williams et al., 1996). Thehree subphyla ar@ow Linguliformea, Craniiformea and
Rhynchonelliformea Williams et al, 1996; Emig, 2009). Linguliformea have
organophosphatic shells and the pedicle develops from the ventral mantle (MacFarlan et al.,
2009). Craniiformedavecalcium carbonate sheland nopedicle. Insteadn this subphylum

shells are directly cementéd the substratunfMacFarlan et al., 2009). Rhynchonelliformea
also have calcium carbonate shells and thdicee develops from darval segment during

ontogeny(MacFarlan et al., 2009).

Brachiopod valves argypically bilaterally symmetricalvith the vahes differing in size,
shape and ornamentation between species.pedicle (ventral) valves usuallylarger than

the brachial (dorsal) valv@lames et al 1992; Williams, 1997)These shells enclose the
interior organs (Figure 2), with the coelomate [y being divided dorsoventrally. The main
portion of the coelom lies posteriorly with a pair of mantle lodendinganteriorly(James

et al., 1992) This posterior coelomic cavityvhichcontains all the major organs separated

from the mantle cavitypy the anterior body wallThe mantle cavity encloses the feeding
organ the lophophore(Figure 1.2) Brachiopods also haveervous, digestive, open
circulatory, reproductive and muscular systems and pairs of metanephridia which function as
excretory orgas and gonoducts (Rudwick, 1970; Richardson, 1986; James et al., 1992).
Anotherbrachiopod characteristis the pediclgFigure 1.2)which they use to attach tthe
substraiim or to anchor theselveswithin sedimentlt may be a relatively rigid structutbat
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acts as a pivot around which the shell moves as a result of the contraction and relaxation of
attached muscle to favourably orient themselves in the direction of wate(Jtones et al.,
1992)

Coelomic cavity

Metanephridium

~~ Pedicle

Dorsal valve
Lophophore

Vascula genitalia

Figure 1.2 tDiagrammatic representation of the prircipal brachiopod organsas typified by
Terebratulina retusa(from James et al., 1992).

Brachiopodsmay be unique among metazoans in their continuity and diversity in the
geobgical record (Williams, 1997) and areell represented amonifpe earliest Camhan

fossil assemblages (Rudwick, 1970; Richardson, 1981a; James et al., TB8&)were
dominant marine invertebrates in both diversity and abundance throughout the Paleozoic and
Mesozoic eras (Curry et al., 1989; Rhode¥hompson, 1992; Lee, 2008). Theeclinewas
primarily caused by the majority of brachiopod species becoming extinct during the-Permo
Triassic mass extinction event approximatéd5 million years ago (Thayer, 1986;
Penningtor& Stricker, 2001). Only 400 species from 100 genera rerodaytfrom the 5000
genera identified from fossil recordkee, 2008; Zezina, 2008; Emig, 2009he Perme
Triassic extinction also caused global plankton compositions to change, which affected many
brachiopod speciethat had evolved specialised feedingbkia (Zezina, 2008)It has been
suggested thahis resulted in bivalves outcompeting brachiopodde to their broad feeding
capabilities and occupying the many ecological niches that wenee occupied by
brachiopods (Zezina, 2008ivalveshave sinceadiaed WKURXJKRXW WKH ZRUOG
brachiopods have begenerallyconfined to areas where competition between the two phyla

is low (Rhodest. Thompson, 1992, 1993Ik has, however, also been argued that there was

no direct competition and thesefdilences are niche separation as they each coped differently
with postPaleozoic times (Gould & Calloway, 198@jvalves tend to dominate higgnergy,
food-rich, nearshore habitats whereas brachiopods generally occur heih@sgy, fooepoor

habitats sutc as cavesovehangs, dark fiord walls, polaregions and abyssal waters
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(Rudwick, 1970; Rhode& Thompson, 1992; Lee, 2008Brachiopods have been able to
occupy areas of low bivalveompetitiondue to their low metabolic rates and low energy
demands (Rihardson, 1986; Grange Singleton, 1988; Rhod&s Thompson, 1992).

The majority ofresearchon brachiopodssi confined topalaeontologyand geology due to
their high abundance and diversity throughout the fossil recorcbacduseheyhave little or
no @wmmercial value (Richardson, 198Bennington& Stricker, 2001). Brachiopod shells
have beerextensivelyused tostudy isotopic signatures of paenvironments due to their
thermodynamically stable low magnesium calclieing less susceptible to diagenetic
alteration tharnthe less stable aragonitishells of manymollusc (e.g. Lowenstam, 1961;
Grossman et al., 1996; Veizer et al., 1999; Brand et al., Z0€l8nahl et al., 20048 erez
Huerta et al., 2008; Brand et al., 2Q01Research on living brachiopodsas increased
markedly over the last 40 years focussing on the distribution, ecologytlaid general
biology, as they areconsidered modebrganismsfor understanding adaptans needed to
survive in relatively harsh conditions (Peck et al., 23861987ab; James et al., 1992ge,
2008). Due to the typicigl inaccessible habitats ahost brachiopodsresearch on extant
specieshas been mainly conductedin areaswith high numbers ofrelatively accessible
individuals, e.g. Antarctica and New Zealarféek et al., 1986,5 1987a,b 1997, 2001,
2005 Peck, 1989, 1992, 1992001a,bPeck& Holmes, 1989a,Peck & Brey, 1996Hiller

et al., 2008; Harper et al., 2009, 2011; Peck & Harper, 2010; Lee et al., 2010; Cohen et al.,
20117).

The standard brachiopahell consists of an outer organic lay#re periostracumunderlain

by two or three biomineralisadner layersthe primarysecondaryand tertiarylayers(Figure

1.3; Williams, 1997) The periostracum and primary layer are always present, with the
secandary layer almost always present apart from in thecideiditese it is abserdnd the
tertiary layer is limited to a minority of extant species (Williams, 199Fg function of the
periostracum is to separate the site of calcification from externalasea to provide a
template for the shell to form and to protect the underlying shell layers (Harper, TB87).
terebratuli@ periostracumconsists of a basal layer which underlies a superstructure of
vesicles the pitted layer (Figure 1.4; Williams & May, 1978).The distribution of these
vesicles varies between species widldially alignedcastsin L. uva and constant pits in
Calloria inconspicua The vesicles in the terebratelloid periostracuary from spherical
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bodies(up to 2 um in diametegrto flattened diskgup to 250 nm thickwhich are commonly
stacked against onanother (Williams, 1997)The function of these vesiclas unknown
(Williams, 1997). The primary layer of calcitic brachiopods is usually finely granular or
acicular (Williams, 1968, 1973, 1997; MacKinno& Williams, 1974). The secondary layer
constitutes the majority of the shell which can comprise three structurally different fabrics
including calcitic fibres, tabular lamination or crddaded lamination (Williams, 1997). A
fibrous fabric is the mostommonfeature of calcitic brachiopods, which comprises single

fibres in protein membrane sheaths interlocking with each other to form a shell layer of
stacked fibres.
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Figure 1.3 +Schematic representation of the main components oflcitic-shelled brachiopods
(from Williams, 1997).
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Figure 1.4 £Scanning electron micrographgx4000 magnification)of the vesicles in the pitted
layer in the outermost part of the periostracum in the terebratulid brachiopodMagellania
australis (from Williams, 1997).

Biomineralisation process differ betweenthe three brachiopod subphyla resulting in
dissimilar microstructures. Rhynchonellifasrgrow their shell from the protegulum to the
anterior margin, which is called mixoperipheral growitiiljams et al., 1997; Perelduerta

& Cusack, 2008)Shell growth is a biochemical process controlled the outer epithelial

cells of the mantle lining of the shell (Williams, 1956, 1868 Williams & Wright, 1970).

Each cell performs aange of secretgroperations with each calcite fibore emerging from a
single mantle epithelial cell (Figure 1.5). These secretory cells originate in a groove
separating the inner and outer lobes of the mantle edge. The outer lobe is a mantle fold which
acts like a conveyobelt moving these newly proliferated cells posteriorly along the shell
generative zone by the addition of new cells behind them (James et al., 1992). The youngest
cells secrete theroteinaceouperiostracum(Williams, 1966).When these cells reach the
mantle tip they start secreting calcite crystallites between the periostracum amdiénkying

cell walls which formthe start of the calcareous primary lagéfilliams, 1966) This layer is
continuously madecrossintercellular boundarieand forms a rigl corstantlayer without
imprints of cell outlinegWilliams, 1956) Primary layerthicknessdepends on the number of
rows of epithelial cells involved in its secretiavhich is fairly constantwithin a species.
Adding new cells at the tip of the mantleblemoves the cells along the conveyor to form the
innermost rows underlying the primary lay@¥illiams, 1966) Here these cells exude protein
through the anterior intercellular boundaries as well as secrete calcite crystallites laid down
within the protén boundaries.Secondary layercalcite is segregated into fibres by the
continuous deposition of protein along the intercellular boundamiesre each fibre is
contained by a protein shea(Williams, 1956, 1966) Further calcite fibregrowth is
controlledby the outer surface of the celhd secondary layeahicknessis highly variable
(Williams, 1956). Energetic costs of shell formationin 15 prosobranch gastropodgere
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estimatedo be < 0.070.3% than that of protein synthe¢Balmer, 1983)These costhave

not been investigated in brachiopptswever, the energetic cost of shell production could be
higher due to the larger ratio of shell to animal tissugure predictedncreass in acidity

and warmingcould makethis crucialprocessnoreexpensiveThe impact ofan increasedost

is unclear but it could havelongterm detrimental effects to this highly calcium carbonate

dependent phyla.

Figure 1.5 £Schematic of the longitudinal section of a shell indicating the relationship between
an outer epthelial cell and the three layers of rhynchonelliform brachiopods (from Williams,
1966).

15 Study areas andspecies
1.5.1 The Southern Ocean

The fastest rates of change in carbonate chemistry are expected in the SouthefFiQaee=an
1.1; Caldeira & Wickett, 2006McNeil & Matear, 2008 Carbon dioxides more soluble in
cold water(Revelle & Fairbridge, 195y resulting in naturally low carbonate ion saturation
levels compared to temperate and tropical regions. -Bage coefficients are also more
sensitive in cold temperatures making this high latitude region a forerunner of biological
oceanacidification impacts for other oceaffsabry et al., 2000 Furthermore, the absence of
shellcrushing predators, such bsachyurarcrabs, lobsters and heavily jawed figkronson

et al, 2007 and the difficulty of extracting Gafrom seawater at low temperatuidarper,
200Q Aronson et al., 20Q7has resulted in Antarctic species generally having thin, weakly
calcified shells(Vermeij, 1978 Watson et al., 2002 This, added to the low physiological
rates of Antarctic marine speci@Reck et al., 2007 especially low metbolic rateJPeck &

Conway, 2000 slow growth rategArntz et al., 1994 Peck, 201§ delayed reproduction
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(Pearse et al., 199Meidlinger et al., 1998Tyler et al., 200Band high longevityPearse et

al., 199}, indicates that these organisms are likely to be amongst the most vulnerable
worldwide to acidifying oceanslhere are several studies on the potential impacts of this
aspect of climate changm the larval stageof Antarctic calcifying organisms (see review by
Byrne (2011), but studies on adultare limited(McClintock et al., 2009Cummings et al.,

2011 Watson et al., 2032and the longest of these lasted 4 mof@wnmings et al., 2011)

1.5.1.1 The polar brachiopod - Liothyrella uva

L. uva (Broderip, 1833) is a largai to55 mm), epifaunal, sessilterebratulide brachiopod

with a circumpolar distributiofFigure 16; Peck et al., 20011t is found downd 300 m and

is highly abundant in habitats protected from anchor ice and ice scour with reported densities
up to 3000 individuals th (Foster, 1974 Brey et al., 1995Peck et al., 2001 L.uva is
typically found attachedingly or in clumps to vertical and overhanging rocks around the
South Orkney Islands, the Antarctic Peninsula and Peter | |§fster, 1971

Previous research dn uvadescribedody size and morphology (Peck et al., 1987a, Reck
Holmes, 1989a; Peck, 199Xeasonal changes tissuemass (Peck& Holmes, 1989b),
respiration andmetabolism (Peck et al., 198§ 1987%b; Peck, 1989, 1996) larval
development (Pec& Robinson, 1994)eproductionMeidlinger et al., 1998)eeding(Peck

& Holmes, 1989bPeck et al., 2005nd growth rate@Peck& Brey, 1996; Peck et al., 1997)
Shell growth inL. uva has been reported to be slower than temperate rhynchonelliform
specieswith the Antarctic brachiopod limg for over 55 yeargPeck& Brey, 1996 Peck et
al., 1997. Fastergrowth rateswere also recordedn winter to maximise the efficiency of
annualresource utilisation (Peck et al., 199T). uva shell microstructureconsiss of a
nanocrystalline primary layer and a fibrous secondary |éBarkinson et al., 2005; Goetz et
al., 2009)andthe shell texture more defined than the temperate rhynchonellfakanuiella
chathamensigGoetz et al., 2009). There was no differentehell texture betweeh. uva
and the closely relatetemperatelL. neozelanicaalthoughL. uva shels were reporteds
harder thanL. neozelanica(Goetz et al., 2009)Studies have also showthe Antarctic
brachiopod hasimited tolerance taaisedtemperaturevith a longterm upper thermal limit
reportedas4.5°C (Peck, 2005Peck et al., 20Q12014. Given thatpolarmarine calcifiers are

considered the most vulneralsigeciego acidifying oceanslue to diffcultiesextracting C&'
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from low temperatureseawaterL. uvais an ideal species &tudyfuture change impaston

this highly calcium carbonatependentaxon.

Figure 1.6 £L. uva(Broderip 1833)on a vertical rock wall at Adelaide Island, Antarctica
(Photograph from Pete Bucktrout, British Antarctic Survey).

1.5.2 New Zealand

Carbon dioxideconcentration has increased by-BID ppm over the last 120 years in New

Zealand lttp://www.climatechange.gbwz/sciencgl Brachiopods are found worldwide, but

often with patchy distributions. In New Zealand, many species live at relatively accessible
shallow depths (< 30 metres) at several different locations, including drowned valleys,
harbours, the HaurakGulf, Stewart Island and in the fiords such as Doubtful Sound
(Rudwick, 1962; Doherty, 1979; Grange et al., 1981; Richardson, 1981b; Peck, P6@Et

al., 2010). Brachiopod biodiversity is also high in New Zealand with 22 genera and 50 species
living in this biogeographic region, which represent 13% of the extant brachiopod fauna
(Dawson, 1991; Lee, 1991; MacFarlan et al., 2009; Lee et al., .ZlYi€ye factors makgew
Zealandan idealtemperate study siteor this type of research and for comparisonghw

AntarcticL. uva.

1.5.2.1 The temperate brachiopod- Calloria inconspicua

C. inconspicua(Sowerby,1849 is a small gp to 28 mm; Stewartl981), epifaunal, sessile
terebratellid brachiopod endemic to New ZealdRtbure 1.7 Doherty, 1979 It has a
widespread distribution throughout New Zealand and is highly abundant in intertidal and
shallow subtidalhabitats with reported densities of over I0ndividuals n? (Doherty,
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1979. C. inconspicuas usually found individuallyr in conspecific clumps attached to hard
substrata such as rock, other brachiopods, bivalves, bryozoans, gastropods andlemrals
1991).

Calloria inconspicuawasfirst classified asValtonia inconspicudy Davidson(1850). This
namewas abandoned by Davidson in 186Mo realisedhat the genu¥Valtoniawas based
on a juvenile, imperfect specimen of Bbed brachiopod belonging the genus Terebratula
(Sowerby, 1846)C. inconspicuavas referred to ab. inconspicuauntil Cooper& Lee (1993)
eliminated the confusion of these names and proposed the new n@aléoah inconspicua.
This complex historyof the nomenclature of. inconspicuawas attributed in part to the
limited knowledge of brachiopod loop development in the-ningéteenth centurgCooper&
Lee, 1993). Previous research o@. inconspicuahas focussed odemography (Doherty,
1979), shell norphology (Aldridge, 1981)mortality (Doherty, 1979)longevity (Rickwood,
1977; Doherty, 1979)espiration (Shumway, 1982), larval deymment (Chuang et al., 1996;
Luter, 1998),reproduction Rickwood, 1977Doherty, 1979 Luter, 1998 Lee et al., 2010
predation (Harper et al., 201ahd growth rates Rercival, 1944Rickwood, 1977 Doherty,
1979) An early study reported slow growth in this species which is unevenly distributed
throughout life; fastest during the first four years (up to 10 mm lersgttl)decreasg after
reproduction commencé€Rickwood, 1977. Shell mcrostructure ofC. inconspicuas similar
to the Antarctic brachiopod withnaouterproteinaceougperiostracum anéhner calcareous
primaryandsecondary laysr(Williams, 196&b). Unlike L. uva, C. inconspicuhas a broad
temperature tolerance ofIB°C (Lee, 199]). C. inconspicuds in the same order ds uva,
therefore, the impacts of predicted esmhtuy conditions on this species providegeod

comparisorto the polar brachiopod.

= i - “‘ 5. 2 - 2 P
Figure 1.7 +C. inconspicua(Sowerby 1846 collected from a shallow subtidal site orStewart
Island, New Zealand(Photograph by Dr Elizabeth Harper, University of Cambridge).
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1.6  Aims and objectives

The shell is essential to the existence of rhynchonelliform brachippomading protection

from predatorspreventing encounters with harmful substances and the loss of body fluids
(Harper et al., 2002 Any environmental insult negatively impacting the production,
maintenance and/or integrity of ttehell could thus prove fataDcean acidification research

is now moving towards more longterm studies, which is cruciab tbdter understand
responsg to climate change and abib to acclimate and adapt to changing environmental
conditions. Given this, and the limited knowledge on how one of the most calcium carbonate
dependent groups of organisms will be impacted by futoveé@mental change, the overall

aim of this thesis is to determine how the shell characteristics of a polar and a temperate
brachiopod will be impacted by ocean acidification and warming.

Aim 1: Investigatehow shell characteristics of rhynchonelliformabhiopodswill be affected

by an increase iseawatencidity and temperatugredictedo occurover the next 84 years

Objectives Evaluate the impact of longerm exposure tdowered pH and increased
temperatureconditions predicted for 2050 and 2160 theability of a polar brachiopod.

uva (7 months) and a temperate brachiog@dinconspicua(3 months)to contirue shell
deposition (Chapter 2)produce the same sheih terms of structure and elemental
composition(Chapter 3) andto maintainshell integrity (Chapter 4)This was determined
through measuringhell growth rates and trability to repair shell (Chapter 2), calculating
punctal densities, calcite fibre dimensions and elemental compositions (Chapter 3) and

assessing shell condition arttef thickness (Chapter 4).

Aim 2: Determine how shell characteristics of rhynchonelliform brachiogwse been

impactedby environmental change over the last 110 years.

Objectives Establish the féect of changing environmental conditions the shell poperties

of museum collections of mperate brachiopod. incorspicuafrom a singlesamplingsite
(Patersorinlet, Stewart IslandNew Zealand) every decade from 1900 to 2014 (Chapter 5).
Shell characteristics measuredrevenorphometrics, calcificationdex, shell density, punctal
density, punctal width, elemental composition, shell condition index stuedl thickness
(Chapter 5).
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Chapter Two

Do predicted endcentury acidified and warming
conditions impact shell growth or repair in
Liothyrella uva*, Calloria inconspicu&* , Liothyrella
neozelanicaand Notosaria nigrican®

*Cross, E. L., Peck, LS. and Harper, BM., 2015. Ocean adification does not impact shell
growth or repair of the Antarctic brachiopadbthyrella uva(Broderip, 1833). Journal of
Experimental Marine Biology and Ecology, 462-2%.

** Cross, E. L., Peck, LS. Lamare, M. D. and Harper, El., 2016. No ocean aification
effects on shell growth and repair in the New Zealand brachidpaibbria inconspicua
(Sowerby, 1846). ICES Journal of Marine Scient3,920926.

2.1 Introduction

Shells are essential to the existencesloéltbearing organismas theyprovide potection

from predatorsand desiccation in intertidal speciggevent any encounters with harmful
substancesand prevent the loss of body fluid@Harper et al., 2002 Rhynchonelliform
brachiopodsare potentiallyone of the most calcium carbonate dependgotis of marine
animalsas a result of their large shell in comparison to the small proportion of animal tissue
(Peck, 1993, 2008}herefore, shell production is a critical process for theirigairvGrowth
isalsoDQ LQGLFDWRU R thénQ irbapamddlér envidmir@rd as it represents the
combination ofresponses of physiological, cellular and biochemical processes within the
organism(Riisgard& Randlgv, 198 Another essential process to the existence of the vast
majority of marine shelled organisms is shell repair. Brachiopods become damaged in their
natural environment due to impacts from a variety of causes incltdingafrom saltating
clasts and predator attafarper et al., 2009 Such damage requires quick shell repair
survival (Harper et al., 20)2Shell repaiffrom external tauma can be very common in some

populations previously recorded to range uprépair frequencieof 0.355 (number of
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damaged individuals/total number of individuails)C. inconspicua(Harper& Peck,2016.
Any environmental insult negatively impacting the production, maintenance and/or repair of

their shell could thus prove fatafermeij, 1983)

Many oean acidification studies have investigated calcification with the general consensus
that the response of marine organisms is spagesific (Ries et al., 2009)However,these
studies have all been conducted on marine calcifiers such as (@gal&atuso et al., 1998;

Form & Riebkesell, 2012; Hennige et al., 201d4hd molluscs(e.g. Nienhuis et al., 2010;
Thomsen et al., 201MHiebenthal et al., 20}2There islimited research on the impact of
acidified conditions on brachiopod®eck, 2008;McClintock et al., 2009 Watson et al.,
2012. Other thanthis chapter (see Cross et al., 2015, 201®), other study to my
knowledge,hasinvolved ocean acidificatioreffects onbrachiopodshell growth rates and

repair.

Given the importance ainderstanding themits to maintaining shell production and repair,

in addition to theestrictedresearch on ocean acidification effects on brachiopods, the aims of
this chapterwere to establish how shell growth and the ability to repair shell unva C.
inconspicua L. neozelanicaand N. nigricans were affected byforecasted future
environmental conditiongGrowth rates and the frequency of shell repair following damage
were measured ipH controled conditions and predicteshid and enecentury pH levels in

these spaesand alsdn increased temperatucenditions inL. uva.

2.2  Materials and Methods
2.2.1 Sampling mllection

Specimens of.. uva (Broderip, 1833) were hand collected by SCUBA divers from Trolval
,VODQG 5\GHU %D\ $QWDUFWLFD £5 m defithGn May 2012 1 : DW
(Figure 2.1) Animals were keptin their conspecific clumps with only the pedicle of the

central brachiopod attached to the cliff face being cut ensuring that the majority of specimens

were not damaged during collection. Environmemanhditions in Ryder Bay at 1%5 m

depth consist of seawater temperatures that range-fr@o +1.0°C, however, temperatures

rarely exceed +0.5°@nd salinity is 33.4B4.0(Clarke et al., 2008andthe pH rage is 8.04

8.10 (McNeil and Matear, 2008 Brachiopods were kept underwater during the short
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transportation from the sampling site to the marine laboratory ineRo#Nd in recirculating
aquaria (0.0 £ 0.5°C) whilst being transported back to the UK. Specimens remained in an
ambient recirculating seawater system in the UK in similar conditions for a further two weeks

to habituate to aquarium conditions before thgeeixnent began.

h T
e Slgry bland B8
&
Sriw beland g b
s =y
a 103 200 And
Duabrawoiaki 04 %
Islaind f Filomalras
[l S
Galindez ; [
Iskand A S0y
fL
BRSE WEDDELL SEA 657y
$hEE !
Sl
otz 2
i i}
| g - Aran of man map
\.-% P b
) (i“ 5
T Wiy )
W s T £ BOCWY SO A0 FOT
F, — |
b ADELAIDE ISLAND e
4] 1 i !
R
Kilometnes | !
i
i
P i
-3 ey L
TS e :'J
Ro:nr;ra.‘:\_ -~
Point | #®
RYDER BAY
e A o |~
VP T L8 .
; : HE Ty
! | ;N T
| Leonie lziand| £ L
¢ 2 - Anchorage Island
s oond
Leonie Islands L b
BEDEW EATHIW BEEW EREW BE14W ERTW BEOW BEBW A

Figure 2.1- Location of sample collection site folL. uva(Trolval Island, Ryder Bay, Adelaide
Island, $QWDUFWLFD f 1 6 f T :

Specimens o€. inconspicuawere hand collected at low tide from under rocks in Portobello
%D\ 2WDJR +DUERXU 1HZ =HDODQG f 1 gFigure f

2.2). Sampleswere keptin their conspecific clumps and, in order to minimise disturbance,
were only collected if they were attached to removable substratum to ensure geticles

were cut. Environmental conditions in Otago Harbour are surface seawater temperatures of
6.4-16.0°C(Roper& Jillett, 1981 Greig et al., 1988 pH range of 8.148.21 (K. Currie, pers.
comm.) and salinity is 32-84.8 (Roper & Jillett, 198). Brachiopods were kept in seawater
during the short transportation from the sampling site to Portobello Marine Laboratory, Otago

Peninsula. Specimens were then immediately placed in the experimental system.
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Specimens ok. neozelanicandN. nigricanswere collected by SCUBA divers at-28 m at
Tricky Cove, Doubtful 6 R X Q G

January 2013 (Figure 2.3). To minimise disturbance, only the pedicle of the individual

attached to the wall was cut ensuring all specimens remained in their conspecific clumps.

JLRUGODQG

1HZ

~HDODQG

f

Environmental coditions in Doubtful Sound are seawater temperatures €f5°6 (Peake et
al., 2001), average pH of pH 8.1 + 0.01 SE (Clark et al., 2009) and salinity e80.0elow
the surface low salinity layer (Peake et al., 2001). Specimens were placed inbluddeds

with fresh seawater for transport back to Portobello Marine Laboratory, Otago Peninsula with
the seawater being replaced in the buckets after an hour of transport to try to minimise

temperature and oxygen stress on the brachiopods.
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2.2.2 Experimental design
2.2.2.1 Polar experiment

A temperaturecontrolledrecirculating CQ microcosm at the British Antarctic Survey (BAS),

UK was adapted fromSuckling et al. (2014and usedfor the experiment involving the
Antarctic brachiopodl.. uva (Figure 2.4). Fourseparate closkcircuit systemavere useds

different treatmentsvhere two functioned as lowered pH treatments {pFb and pH7.54)
EDVHG RQ WKH - B&&XERYLMFHNMMULR RI WKH-®3pH@AtEF WHG |
from the preserday average of pi8.05 in oceanic surface waters by 2100 (T&dé (IPCC,

2013. The third was a pH control as the seawater remainathbient pH (pH8.05). As a
concurrent 2°C increase in temperature is expected to occur alongside this forecasted decrease
in pH by the end of the centuiitchell etal., 1998, these three systems were maintained at

2°C throughout the experiment. The fourth remaining system was a temperaturé contro
which was held at the presetdy averagesummersurface seawater temperature for Ryder

Bay, 0°C(Clarke et al., 2008 The average pH of this treatment was pi98 which was

slightly lower than, but close to, the pH of the pH control treatment probably as a result of the
increased solubility of CQand carbonates (GO) in ssawater at the lower temperatures.
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Figure 2.4 +Schematic of theAntarctic CO,microcosm with an 80L header tank, two20 L
experimental tanks and a 120L sump tank (adapted from Suckling, 2012) Arrows indicate
direction of water flow.

Lifting Mechanical Settlement
pump filtration

The pH of theacidified treatments wasontrolledby intermittently bubbling C@gas through

a ceramic diffuser to maintain the pH at the predetermined levels via a solenoid valve
connected to an Aqua Medic pH controlled computer and glass electrode (with plastic shaft)
system. The pH contrateatmenthad a similar set up but without the pH control system. An
Agua Medic Ocean Runner power head 2000 circulated the seawater in the mixing tank to
ensure a constant pH. Seawater was then gravity fed from each mixing tamakead0.65 +

0.03 L mintinto the experimental taskSeawater temperature was manipulated by the use of
temperatureontrolled laboratories. Air temperature was maintained-225°C in the
laboratory with the pH control and both lowered pH treatmbuatsthe lifting pumps (Aqua
Medic Ocean Runner 3500) and the mixing power heads (Aqua Medic Ocean Runner 2000)
LQ HDFK WUHDWPHQWYV PL[LQJ WD Q NbérbisedliGe egireld VHDZD W
~2°C, withlittle variability (Table2.1). The tempeature control treatment was situated in the
main BAS aquarium where the air temperature was s€it.5tC and the absence of lifting

and circulating pumps caused the seawater temperature to be maintained at ~0°C.
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Table 2.1 - Mean (+ SD) seawater parameters in all four treatments during the 7 month
experiment following the format recommended byBarry et al. (2010. Values forpCO, FDOFLWH

DQG DUDJRQLWH ZHUH FD qQleXi©d al, HI99 MitR iefitted cérstints
(Mehrbach et al., 1973 Dickson & Millero, 1987).
Seawater | Temperatureg oH Control oH7.75 pH 7.54
Parameter control
PHNisT 7.98 £ 0.02| 8.05+0.03 7.75+0.03 | 7.54 +0.03
pCO; (patm) 417 + 15 365 + 67 725 + 133 1221 + 179
&DOFI| 1.20+0.10| 1.49+0.15 0.78+ 0.11 | 0.50+0.10
$UDJRY{ 0.75+0.06| 0.94+0.10 0.49+0.07 | 0.32+0.06
Te”&?g;at”re 03+01 | 1.7+03 1.9+0.4 2.2+0.4
Salinity 35+1 35+1 35+1 35+1

Seawater temperatures (°C, Digital Testo 106) and,gpHAquamedic pH controlled
computer and electrode system) were monitored and recorded daiygr ptds also more
accurately measurgd 0.01 pH unitspnce a week with a temperature compensated HANNA
bench top meter pH/ORP 115 v pHQ1). Salinity (Tropical Marine Centre V2 Handheld
refractometer), TC®mmol L'; Ciba Corning TC@Analyzer 965, Olympic Aalytical. UK)

and nutrient content (silicate and phosphate; according to methods in Nicke(2€108)) of

each treatment were also measured weekly. Twice a week, the Aqua Medic pH probes were
calibrated with NIST certified pH budfs. Other carbonate system parameters, including the
partial pressure of CQpCO,) and the saturation values for calcitez) and aragonite (a),

were modelled from applying TGGnd pHst data to the program CO2SY&ewis et al,

1998 with refitted constantéMehrbach et al., 197®ickson& Millero, 1987). Brachiopods

in each treatment were fed weekly with microalgal concentrate of approximately 331 x 10
cells L which is within the ntural range of phytoplankton cell abundance aldmey west
Antarctic Peninsula (62150 x 10 cells L' Garibotti et al.2003,2005. Water quality was
maintained and alkalinity and othenmreplenished through water changes twice a week and

weekly siphoning of th aquaria to remove any debris.

2.2.2.2 Temperate experiment

The temperate experiment was conducted in a-floaugh CQ perturbation system which
involved C. inconspicua, L neozelanicaand N. nigricans. Seawater pumped from Otago
Harbour passed through sand filters {(B@) and a finer cartridge filter {50 um) before

entering the system (Figu&5). Three treatments were used; a control at the average local
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current pHyst (8.1), the pedicted oceanic pH fo2050 (pH 7.8) and the predicted pH for
S+ DFFRUGLQJ WR-WKMXDB&& VMEXNQDYHRVRI WKH IRUHF
of 0.3-0.5 pH unit{IPCC, 2013 with three replicate 10 tanks for each treatment. The pH of
the acidified treatments was lowered in header tanks by intermittently bubblingy@30
through a ceramic diffuser to maintain the pH at piexteined levels via a solenoid valve
connected to a TUNZE 7070/2 pH controlled computer and electrode system. The
experimental pH control system had an identical set up except that it lackaedj€@on. A
circulating pump in each mixing header tank eadua constant pH. This set ppeviously
providal stable pH conditions over 200 days(Cunningham et al., 2@). Seawater was

gravity fed from each header tank at a rate of @505 L min‘into the experimental tanks.

First
mechanical
filtration

Second pH
mechanical computer
filtration

Solenoid
valve

Aeration pipe

] <71 AirlN

Seawater
o

sansor .
/\ EXPERIMENTAL
TANKS

1 2 3
Co2
diffuser — ®

Circulating
., pump L * t

Figure 2.5 £Schematic of the flowthrough New Zealand CQ perturbation system with an 80 L
header tank and three 10 L experimental tanks. Arrows indicate the direction of water flow.

Seawater temperatureag not manipulated and was ambient for Otago Harbour. It was
measured up to three times a day (°C, Digital Testo 106) with only small differences (<
0.5°C) between treatments (Table 2.2) and no variation between replicate tanks in each
treatment. Flow ratevas also checked three times per day as was the computer controlled pH.
pHnist was measured in each treatment tank accurately (x 0.01 pH units) twice weekly with a
EUTECH instruments pH-%0 pH/mV/°C meter and calibrated with pH buffers of pH 4.0,

7.0 and9.2 (Preanalys, Biolab, New Zealand). Salinity was measured once a week using a

YSI data logger. A water sample from each treatment was fixed with saturated mercuric
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chloride (HgC}) at the beginning, middle and end of the experiment. DIC (dissolved
inorganic carbon) and total alkalinity were later determined from these samples by a Single
Operator Multiparameter Metabolic Analyser (SOMMA) and closmdl potentiometric

titration, respectivelyDickson et al., 2007 Other carbonate system parameters, including the
partial pressure of CQpCQO,) and the saturation values for calcitec( DQG DUDA RQLWE
were calculated using G€alc (Robbins et al., 20)0 Seawater properties were determined

using CQ equilibrium constants from Mehrbach et @973 refitted by Dickson& Millero

(1987 as recommended biwanninkhof et al., 1999 Brachiopods were fed three times a

week with microalgal concentrate of approximately 39l0%cells mL* of Tetraselmisspp.,

which is within the natural range of phytoplankton cell abundance in Otago HaHamaes

and other debris were removed twice weekly by siphon.

Table 2.2- Mean (x SD) seawater parameters in all three treatments during the 12 week
experimentfollowing the format recommended byBarry et al. (2010. Values forpCO, FDOFLWH

DQG D U D J R QalcWatbdusing CO.calc (Robbins et al. 2019with refitted constants
(Mehrbach et al. 1973 Dickson & Millero 1987) as recommended by Wanninkhof et al(1999.
Seawater pH control pH7.8 pH 7.6

parameter
pPHNisT 8.16 £ 0.03 7.79 £ 0.06 7.62 £ 0.05
DIC (umol kg?) | 20828 + 22.0| 2211.4+8.3| 2252.4 + 25.3
Alkalinity 55705+ 18.8 20607+ 9.2| 2271.9+6.5
(umol kg~)
pCO; (patm) 464.8 £ 82.8| 1130.2 + 11.8] 1535.6 + 234.8
&DOFL 35+£05 1.6+0.0 1.3+0.2
$UDJRQ 22%+0.3 1.0+£0.0 0.8+0.1
Tem(f,’g;at“re 165+17 | 169+17 | 166%17
Salinity 33.9+0.2 33.9+0.2 33.9+0.2

2.2.3 Growth r ates

One hundred and elevdn uva specimensacross a wide s&zrange (2.810.9 mm length
(maximum shell dimensiohfomprising clumps with garying number of individuals in each
conspecific clump (30 clumps withI5 individuals and 20 single specimgmgere used in

the polar experiment. Prior to the beginning ofiet experiment, shell lengths of each
individual in each clump were measured to the nearest 0.1 mm using Vernier calipers. Clumps
were placed into one of the four treatments ensuring there was a similar size range of

specimensnumbers of conspecific clumpmnd single individuals in each treatment. The
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experiment began in mid June 2012 and lasted for 7 months. At theayidnd end of the
experiment, the length of each specimen was measured again, recorded and the shell edge
photographed. Growth rat§sm day™) were then calculated from the increase in length.

One hundred and twenty thr€einconspicuaspecimens between 614.5mm length Figure

2.6), one hundred anfibrty eightL. neozelanicaspecimendetweenl.7-44.9mm lengthand

one hundred and égN. nigricansindividualsbetweenl.4-18.5mm lengthwere used in the
temperateexperiment. At the start of the experiment, shell lengths of each individdiadm

in lengthwere measured to the nearest tim using Vernier calipers. For individuals3<

mm, shell lengths were measured on a graticule eyepiece in a field microscope. The
conspecific clumps otach speciesvere then divided evenly across all tanks ensuring a
similar size range of specimens in each treatnidrg.experiment began in Januaryl2@Gnd

lasted for 12 weekdAfter 6 weeks and at the end of the experiment, indivitkrajthswere
measured and the shell edge photographed. Growth ratesagagrecalculated from the

increase in length

A

Foramen Commissure

Length

a
A/

Figure 2.6 £(A) Schematic of the length measurement defined as the measurement betweea th
foramen and the commissure. (BVernier callipers were used to measure the morphometrics of
each species.

2.2.4 Shell repair frequencies

Forty twoL. uvaspecimeng8-12 individuals in eeh treatment) of 5:37.0 mm length were
selected at random and damaged by creating anin deep notch at the valve edge using a
metal file. Care watakento create notches gfmilar size and severity and not to break shells

or cause other damagghis style of injury replicated damage seen in natural populations of
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rhynchonelliform brachiopods and interpreted as indicative of either predator attacks or
abiotic stressefHarper et al., 2009 After 3.5 and 7 ranths of the experiment, lengths were
measured for each specimen and the damaged region of the shell edge photographed

The largest 10 or 1I. inconspicuaindividuals (> 14 mm length, 15 L. neozelanica
individuals (> 40 mm length) and10 N. nigricans individuals (> 16 mm length) in each
treatment weralso damagedusinga metal filecreating a 22 mm deep notch at the valve
edge.Again, rotches of similar size and extent were made and care was taken not to break
shells or cause other damage. After 6 4Bdveeks, the damaged section of each shell edge

was photographed.

2.2.5 Statistical analyses

All data were analysed using Minitab (Statistical SoftWAréersion 15). Growth rate data
each treatmerfor bothL. uvaandC. inconspicuawere all significantlydifferent fromnormal
(AndersonDarling Test; p< 0.008). These data were still not normally distributed after
square root, logarithmior double logarithmic transformations because of the presence of
zeros in the datasdtion-parametric KruskalWallis tess were thus used to determine whether
treatment affected growth rates lin uva and C. inconspicuaand whethedamage affected
growth rate in each treatmemt L. uva When significant differences were found in the
different data sets, further Krusk@lallis Multiple Comparison tests were used to identify
which treatments were different from each otl@mi-squared tests were used to determine if
treatment affected the percentage of individudlst thad completed shell repair and the
percentage of undamagyendividuals that did not grow throughout the experimerit.inva,

C. inconspicua, L neozelanicaand N. nigricans. Chi-squared tests were also performed to
reveal if treatment affectetthe percentage df. uvaindividuals that had produced shell after

fully repairing their notch

2.3 Results
2.3.1 Saturation states

Throughout the polar month experiment, the saturation states of aragonite and calcite were
close to, bujust below the range usually reported for polar shallow coastal seawater (Table
2.1; Barry etal. (2010 ,Q ERWK FRQWUROV DUDJRQLWH ZDV VO
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ZKHUHDV FDOFLWH ZDV VXSHUVDWXUDWHG ! 6DWXUDWL
calcite in every other treatment were undersaturated (RableThe order of treatments with

decreasing saturation state with respect to calcite was pH conteohperature control pH

7.75> pH 7.54.

In the temperate experimera] seawater parameters in the control were within the ranges
reported for shallow surface seawater (Tablg Barry et al. (2010) although seawater
temperature was unusually high for Otago Harbour in Jarijany 2013 (M. Lamare, pers.

obs.) and slightly above the reported range ofi6.0°C(Roper& Jillett, 1981 Greig et al.,

1988. Saturation states with respect to calcite and aragonite in both acidified treatments were
just below the reported shallow surface seawater values1.9 and < 1.2, respectively),
however, calcite was supersaturated ( in both treatments and aragonite was

supersaturated in pH 7.8 but undersaturated ( in the pH 7.6 treatment.

2.3.2 Mortality

Despite thepotentially challenging conditions both experimenfsmortalityin L. uvaacross

all treatments was low at 3.9% (total N155) with no differences between treatments
(temperature control = 4% (n=3), pH control = 8% (n=2), pH 7.75 = 0% (n=0) and pH 7.54 =
4% (n=1) and no mortality occurckin C. inconspicuain any treatmentAlso, both these
speciesshowed none of the previously reported signs of stress (slow snapping responses,
remaining closed for extended periods, wide gape when open;(Z&tk)) and responded
rapidly to physical stimulation when disturbed, througheadh experimenA few females of

L. uvain each treatment also managed to successtoliyplete brooding and release larvae
with large numbers (up to 100) settling on shells of older brachiopods and continuing
development to juvenile@~igure 27). Survival of these newly settled juveniles between 3
and 7 months was also high90%).
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Figure2.7 1L. uva tExamples of larvae released during the experiment, settled @dult
brachiopod shells and continuing @velopment to juveniles aftefr3 months(A) and 7 months(B).
6FDOH EDU P

Mortality across all treatments bothL. neozelanicandN. nigricanswas higler thanL. uva
andC. inconspicuaat 8.86 (N = 193) and 18.8% (N = 138), respectively. Treatmenndid
affect mortality in L. neozelanica $= 2.889,p = 0.236),but acidified conditions affeed
mortality in N. nigricans $= 10.758, p = 0.005), with lower mortality in the most acidified
treatment (Table 2.3).. neozelanicaand N. nigricansboth showed all theeportedsigns of

stress throughout thexperiment (Peck, 2001b).

Table 2.3 +Mortality in each species in every treatmerdt the end ofeachexperiment. N denotes
the total number of individuals in treatment.

Experiment Species Treatment Percenta_lge ol
mortality
Temperature contrg 4% (N=80)
0, =
Polar L ua pH control 8% (N=25)
pH 7.75 0% (N=24)
pH 7.54 4% (N=26)
pH control 0% (N=50)
C. inconspicua pH 7.8 0% (N=52)
pH 7.6 0% (N=48)
pH control 10% (N=62)
Temperate L. neozelanica pH 7.8 12% (N=69)
pH 7.6 5% (N=62)
pH control 28% (N=47)
N. nigricans pH 7.8 23% (N=40)
pH 7.6 8% (N=51)
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2.3.3 Shell repair frequencies

In the AntarcticL. uva,all damaged individuals had started shell repfti@r 3 monthswith >

50% of individuals fully repging their notch across all treatments (Tabl4) 2Following the

completion of shell repair, 33% of specimens had also produced new shell at the anterior
margin(Figure 2.8. After 7 months, 383% of individuals had completed shell repair in every

treament (Table 2 ZLWK QR VLJQLILFDQW GLIIHUH®IBY pEHWZHHQ
0.840). Punctae, shell perforations, which are part of the shell structurmost
rhynchonelliform brachiopods, apart from the rhynchonellicere present imll the remired

notches and the new shell growfhRigure 2.8, J, K, L). A high proportion (>64%) of

specimens had also produced new shell at the growth margin in three of the four treatments,
including in both acidified treatments. However, only a moderate propo(88%) of

specimens produced growth at the shell margin in the pH control treatment. Treatment
affectedthe proportion of individuals that had continued shell productiar #ie completion

RI UHS$Ha.670,% = 0.022), however, a further Ghuaredest on the same dataset but
HIFOXGLQJ WKH S+ FRQWURO LQGLFDWI—?GOMK,I-ﬁFUGTB6Z)DV QR VLJ
All individuals that had completed shell repand then made new shell growth after 3

months continued to produce new shell after 7 months (Fiy8re

Table 2.4 £L. uva £Shell repair frequencies and the proportion of specimens that had produced
further shell growth after completion of shell repar after 3 and 7 months in the stated
conditions. n denotes the number of individuals that had completed shell repair or produced
further shell growth after completion of shell repair.

Number of Percentage of | Percentage of individualg
individuals Length mnge| individuals that| that had produced furthe
Treatment | damaaed of damaged| had completed shell growth after
at stargt] of individuals repair completion of repair
experiment (mm) After 3 | After 7 After 3 After 7
P months| months| months months
Temperature (moans | 5% | 83% | 78% 70%
control 22.3) (n=9) | (n=10) (n=7) (n=7)
pH control 8 (5m0e2a‘r115= 75% | 100% 33% 38%
15.5) (n=6) | (n=8) (n=2) (n=3)
11.027.7
50% | 90% 60% 78%
pH 7.75 10 (mean = _ _ _ _
15.7) (n=5) | (n=9) (n=3) (n=7)
5.022.9
_ 58% | 92% 71% 64%
PR 7.54 12 (”I;ag; = | 0=7) | (0=11)| (n=5) (n=7)
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o e o I P~ 3 e oY)
Fig

ure 2.8 xL. uva tOptical microscope image®f shell repair and further shell growth in
damaged individuals after 3 months (top row) and 7 monthsnjiddle row) and SEM
micrographs of shell repair after 7 months (bottom row)in pH control (A, E, 1), temperature
control (B, F, J), pH 7.75 (C, G K) and pH 7.54 (D, H L). The same individual is showrior each
treatment where the arrow indicates the notch createdtahe start of the experiment. Scale bar =
P

All damagedC. inconspicuahad started to repair their notelfiter 6 weeksand >36% of
specimens had completed shell repair across all treatments (T8pldr2atment had no

effect on shell repair fref HQ F I VL.718, p = 0.424). After 12 weeks, 80% of
individuals had fully repaired their notch in every treatment (TaldleFAgure 2.9 with only

3 individuals (1 specimen in pH 7.8 and 2 specimens in the pH 7.6 treatment) not completing
shell repa. Treatment did noaffect RYHUDOO VKHOO UHSBIVR 34 UFSBXK HQF L F
the morphologyof the shell repair (Figure 29 E, F) Even though the majority of the
damaged individuals managed to fully repair their shell, none of the (farte mmlength)

notched individuals continued to produce new shell once the repair was complete.
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Table 2.5 C. inconspicua £Shell repair frequencies after 6 weeks and 12 weeks in the stated

conditions. n denotes the number of individuals that had completed shell repair.

Number of individuals| Length range of Percentage of |nd|V|dua|_s
that had completed repai
Treatment | damaged at the start ¢ damaged After 6 After 12
the experiment individuals (mm)
weeks weeks
H control 11 14.217.8 36% 100%
P (mean = 1%) (n=4) (n=11)
14.1-:17.6 40% 90%
pH7.8 10 (mean = 15.8) (n=4) (n=9)
14.2-17.5 50% 80%
PH 7.6 10 (mean=153) | (n=5) (n=8)

Figure 2.9 +C. ihconspicua tExamples of completed shell regir in damaged individuals after
12 weeks in the pHcontrol (A, D), pH 7.8 (B, E), and pH 7.6 (C, F) treatment. The arrow
indicates the notch created at the stdrof the experiment.Scale bars indicated.

e —

S

In L. neozelanicap> 80% of individuals in each éatment had startet repair their notch

after 4 weeksbut no specimen had completed shell refraianytreatment (Table 2;6-igure

2.10). After 10 weeks, only 487% of individuals in each treatment had completed shell
repairandthere waso effect 6tr HDWPHQW RQ WKH DEFEQ458 p WOR9B)HSDLU VK
Of the individuals that did complete shell repair, none continued to produce new shell once

therepair was complete.
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Table 2.6 L. neozelanicatShell repair frequencies after 4 weeks and 1@eeks in the stated

conditions.
Percentage of

Number of individuals|  Length range of individuals that had

Treatment damaged at start of | damaged individuals completed repair
experiment (mm) After 4 After 10

weeks weeks

42.955.9 0 47%

pH control 15 (mean =46.8) 0% (n=7)

45.451.9 0 46%

pH7.8 13 (mean = 47.9) 0% (n=6)

41.1-50.8 o 40%

pH 7.6 15 (mean = 4614 0% (n=6)

Figure 2.10 £L. neozelanicatExamples of completed shell repair in damaged individuals after
10 weeks in the pH controlA), pH 7.8(B) and pH 7.6 treatment(C). The arrow indicates the
QRWFK FUHDWHG DW WKH VWDUW RI WKH H[SHULPHQV

In N. nigricans > 80% of specimens in each treatment had started shell repair after 3 weeks,
but no individuals had completed shedipairin anytreatment (Table 2;#Figure 2.1). After

9 weeks, only 50% of indigualsin each treatment had fully completed repairing their shell
across all treatmentsvith no effect of treatment on the ability to repair shell. Again, of the
individuals that did complete shell repair, none continued to produce new shell once shell
repair was completdt is noteworthy that shell repaproceeed differently in N. nigricans

than the threeetebratulidspeciesinvestigated in this chaptehmages of mconplete shell

repair after 3 weeks (Figure 24, B, C) demonstrate that th&hellis repairedrom the side

of the notch first then both sides join to fully repair the notch. This is in contrast tosnepair

the terebratulids which lay dowrew shellto repairthe damage from the base of the notch to

the shell margin (Figures&2.10).
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Table 27 +N. nigricans xShell repair frequencies after 3 weeks and 9 weeks in the stated

conditions.
Percentage of
Number of individuals | Length range of individuals that had
Treatment damaged at start of damaged completed repair
experiment individuals (mm) | After 4 After 10
weeks weeks
17.321.3 0 50%
pH control 10 (mean = 18.8) 0% (n=5)
16.621.7 0 50%
PH7.8 10 (mean = 18.1) 0% (n=5)
18.020.5 0 50%
PH7.6 10 (mean = 18.9) 0% (n=5)

Figure 2.11 +N. nigricans zExamples of completed shell repair in damaged individuals after 3

weeks (top row) and 9 weeks (bottom row) in the pH contrdlA, D), pH 7.8(B, E), and pH 7.6

treatment (C, F). The arrow indicates noth created at the start of the experiment. Scale bar =
P

2.3.4 Growth r ates

In L. uva,the majorityof theundamagedhdividuals,but not all, grew (Figure.22 and2.13).

In those that did grow, growth rates ranged from334 pm day in all three teatments at

the higher temperature (pH control, pH75 and pH7.54; Figure 212). However, growth

rates in the lower temperature trial (temperature control treatment) were lower ranging from

1.2-13.2 pm day (Figure2.13). The only clear ontogenetic tigin every treatment was that
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individuals with initial lengths of >32.0 mm produced no growth. Growth rates of
undamaged individuals in both the acidified treatments were not significantly different from
the pH control (KruskaWallis, H = 3.96, p = 0.138A further KruskalWallis test including

the temperature control, showed a significant effect of treatment on the growth rate (H =
13.06, p = 0.005). A Kruskawallis Multiple Comparisons test indicated that higher
temperature increased the growth raterothe temperature control in two treatments (pH
control: Z = 2.20, p = 0.028; pA.75: Z = 3.21, p = 0.001put growth rate in the lowest pH
treatment (pH7.54) was not significantly differéfrom the temperature contr(d = 0.93, p =
0.352).Damaged.. uvaindividualsthat produced new growth at the shell margiewgt.2-

23.1 pm day across all treatments with no ontogenetic trend (Figut2 &nd 2.13), and

there was no effect of treatment on growth rate of damaged individuals (Kska, H =
1.24,p = 0.743).Growth rates were not significantly different in damaged and undamaged
individuals in any treatment €mperature controkH = 0.24, p= 0.623; pH controltH =

2.82, p=0.093; pH7.75 £H = 3.96,p = 0.046; pH7.54 +H = 0.06,p = 0.807%. Treatment

also had no detectable effect on the proportion of damaged or undamaged individuals that did
not growin WK H H[S HA+2BS0OP N0.459).

The majority ofC. inconspicuaindividuals grew with growth rates ranging*dl5 pm day*

in the pH control and the pH 7.6 treatment and up to 10.70 pridae pH 7.8 treatment
(Figure 2.8). The onlydetectablentogenetic trend was a slight decrease in growth rates for
individuals > 10mm in length. Growth rates of undamaged individuals mr in both
acidified conditions were not significantly different from the pH control (Kru$kallis, H =

4.04, p = 0.133). Whereas growth ratigd differ among treatments in undamaged individuals
<3mm (H = 6.23, p = 0.044) and also when all undamageididuals across the total size
range were pooled (H = 7.90, p = 0.019). A further Kru$¥allis Multiple Comparison test

on undamaged individuals < ®m indicated that growth rates were higher in the most
acidified treatment (pH 7.6) (Z = 2.488, p = BYXTompared to the moderately acidified
treatment (pH 7.8) but not in comparison to the qatrol (Z = 0.826, p = 0.409). Growth
rates of undamaged individuals < 3 mm in the moderately acidified treatment were not
significantly different to the pH contrdZz = 0.746, p = 0.456). A further Krusk#allis
Multiple Comparison test on all undamaged individuals indicated that in the most acidified
treatment growth rates were higher than in the pH control (Z = 2.762, p = 0.006) but not in
comparison to the modately acidified treatment (Z = 1.918, p = 0.055). Growth rates of all

undamaged individuals in the moderately acidified treatment were also not significantly

36



different to the pH control (Z = 0.980, p = 0.327). There was also no treatment effect on the
propRUWLRQ Rl XQGDPDJHG LQGLYLGXDOV WKDW=G8W0B, QRW JUR

p = 0.472).
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1.9°C+0.4)and (C)pH 7.54 (pH 7.54 £ 0.03, T =2.2 °C £ 0.4).
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The majority of the undamagéd neozelanicaandN. nigricansspecimens did not grow with

very low growvth rates in both species across all treatments. Only 15.3%nebzelanicand

6.8% of N. nigricans grew > 5 pm day during the 10 week and 9 week experiments,
respectively. These low growth rates in addition tohtigger mortality, reduced shell repai
frequencies and prolonged signs of stress indicate that all individuals of both species were
stressed throughout the experiment. Therefore, subsequent analysiheion shell

these species have been removed from further analysis.
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left undamaged at the start of theexperiment after 12 weeks in (Athe pH control (pH 8.16 +
0.03), 8) pH 7.8 (pH 7.79 £ 0.06), and (CpH 7.6 (pH 7.62 + 0.05) treatmentdDifferent symbols
have been used for individuals above and belo@mm for the two different methods used.
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2.4 Discussion

All individuals of bothL. neozelanicaandN. nigricanswere ckarly stressed throughout their
9-10 week experimest However, it is unlikely that this stress was caused by acidified
conditionsasevery treatment halkigh mortality, low shell repair frequencieandlow growth
ratesas well as prolonged gis of stress. Instead, it is likely thidie stress camé&om
transportation from the field collection site to the experimental laboratodythe holding
conditions in the Portobellaquarium Both these species were collected from Doubtful
Sound on thesouthwest coast of New Zealanathich is a 5 hour drive from where the
experiment was conducted the Portobello Marine Laboratory, Otago Peninsula on the
southeast coast of New Zealamlring transportmeasures were taken to minimise stress
such as rdpcing 50% of the seawater in th&ansport containersluring thejourney to
replenish oxygen level€On arrival at the Portobello Laboratogpecimens were placed in
ambientaquarium conditions for-3 weeks to acclimate tthe Otago Harbouenvironmenth
conditions.Seawater temperatures the aquarium systemvere higher than expected at the
beginning of the experimeriiecauseOtago Harbour was experiencing higher than usual
summer temperaturedA( Lamare, pers. obs. Therefore, it is likely that allndividuals in
every treatment were experiencing oxidative and temperature stress, whicHidhegt
recover from during the experimews a result, both species have bheemoved from further

analysis.

The polar brachiopotl. uvaand the temperate braopod C. inconspicuaare clearly able to

tolerate predicted 2050 and 2100 pH levels as specimens showed no signs of prolonged stress
and mortality was lown L. uvaat 3.9% and no mortalities occurred @ inconspicuaA

similar mortality rate otf.. uvawasrecordedn a study of growth rates of this species in their
natural habitat (2% V¥ Peck et al(1997). Mortality rate in a similar ocean acidification

study with the mollusérctica islandicawas also low at 3.3% (Hiebenthal et 2D,12).

The ability of damaged. uvato repair their shells was not affected by acidified conditions or
temperature and 90% of all injured specimens had completed shell repair aé8% had
continued shell deposition after comjpd@ of repair after 7 month#cidified conditions also
did not impact the ability of damag&l inconspicuao repair their shell as > 80% of injured
specimens in all treatments completed shell repair after 12 wek&bl.repair and growth in
the pH maipulated conditions wathereforenot different to the controls in both the polar and
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temperate brachiopo@his suggests that uvaandC. inconspicuawill be able to repaishell
damageand continue to produce shell the ratural environment in the neg84 years.The
Antarctic experiment was conducted over 7 months whereas the temperate experiment lasted
12 weeks, suggesting repair mechanisms may be faster in temperate brachiopods than
Antarctic species as has been reported for grdqeck et al., 1997Baird et al.,, 2018

Growth and development in Antarctic marine invertebrates has recently been shown to be
markedly slower than expected, or predicted from normal temperature effects on biological
systems (Peck, 20163hell repair in the gastropd@ubninella undulatavas also unaffected

by ocean acidification, however, the gastropadgtrocochlea porcathad a de@ased shell

repair rate suggesting a speesgecific response of mariralcifiersin the ability to repair

shell (Coleman et al., 2034 Shell repair rates in living brachiopods hgweviouslyonly

been investigated in purposeldamaged specimens of the temperate brachiopod,
Terebratulina retusain ambient seawater where shell repair began after four weeks and caeca
developed after eight weekalexander et al., 1992 This species had the ability to repair

drill holes, slits and bevelled anterior shell regions but het most severe damage of
amputations of the anterior third of one valve (Alexander et al., 1982)otches inbothL.
uvaandC. inconspicuawere made in the anterior margin where new shell is laid down, and

so relatively easily repaired. The chemicalieonments differed between the treatmants
eachexperiment but this did not affectepair ratein either species possibly reflecting an
increase in the rate of shell regeneration in the altered pH conditions as seen in some other
species (e.g. Woodt eal., 2008. The majority of damaged.. uva also continuedshell
production after the completion of rep&urther demonstrating the tolerance of this species.

No C. inconspicuaaid downnew shellafter repairing their notgreven though the majority

of the damaged individuals managed to repair their shell fliHis is probably a result dhe

wider size rangeH.0-37.0 mm lengthof L. uvaused in comparison tonly usinglarge C.
inconspicua> 14 mm)in the temperate experimerithis size coincides with the reported 14

16 mm size of sexual maturity i€. inconspicua(Doherty, 199; Lee & Wilson, 1979
indicating that growthrates were already low in these individuals due to a transfer of
resources from somatic growth to reproduction. Therefore, once the critical process of repair
was complete, these individuals wemuch less likely to grow than specimens of all ages
included in the Antarctic experimentGrowth in undamaged reproductively mature
individuals was low in both species (Figure2dnd Figure 2.3), furthering supporting this
explanationShell repair inN. nigricansoccus from the sides of the notch as opposeérom

the base of the notch in the other three species investigated in this chapter. This could be a

result ofphylogenetidifferences between different orders of brachiopods.asgricansis a
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rhynchonellid wheread.. uva, L neozelanicaand C. incongicua are all in the order
terebratulid.However, moraesearch o multiple species from each order of brachiopods is
needed to confirm this possible pattern.

Growth rates in both undamaged and damageava were not different among any ofhe
treatmentsndicating thatL.uvahas the phenotypic plasticity to make shell in predieted
centurypH conditions without any genetic adaptation that may occur in the next 84 years.
This species should, therefotwe able to continue shell production in the presticfuture
ocean acidification conditions even after the disturbance of completing repair to shell damage.
Shell production inC. inconspicuashould also be unaffected by changing pH levels in the
natural environment up to the year 2100, as growth ratesydamaged individuals were
either not affected (> 3 mm in length) or positively affected (< 3 mm in length) by acidified
conditions. Other studies of shell growth in altered pH conditions, which have all been
conducted on molluscs, have demonstrated mmesgonses. Early studies showed reduced
growth in two congeneric bivalveslytilus galloprovincialis(Michaelidis et al., 2005andM.
edulis (Berge et al., 2006 after mediuraterm exposure of 90 and 44 days, respectively.
However,stronglyacidified conditions as low as pH3 (Michaelidis et al., 2006and pH6.7
(Berge et al.2006 were used and no growth occurred in the latter. The negative effiéct in
edulis started between pH.4 and pH7.1 (Berge et al., 2006 a level which isbelow the
range of pH used in the current wpbut alsowell below the predicteéndcenturyacidified
oceangIPCC, 2013) More recently, studies have predominantly used predicted midrahd
centurypH levels (>pH 7.5). However, short or mediuterm eyosure (48B4 days, or less)

is still generally the norm and this migmot allow for phenotypic plasticity through
acclimationto become effectivegnddoes not incorporate othexsponsenechanisms such as
anytransgenerational effects. Decreased grovates in somenolluscs(Urosalpinx cinerea,
Littorina littorea, Nucella lamellosa are still seen in more environmentally relevant
experimentgNienhuis et al.201Q Ries et al., 2009 In contrastlowered pH conditions have
had no impact on growth rates in some mollusgsct{ca islandicaand Mytilus edulig
(Hiebenthal et al., 201 Ries et al., 2009Thomsen et al., 20)@ndCrepidula fornicatahas
even demostrated a positiveesponsdo intermediatgpCO; levels (605 and 903 ppniRies

et al., 2009 An extensive studon 18 benthic marine calcifiers concluded thateffiect of
ocean acidification on the calcification process is spespesific (Ries et al., 2000 The
ability of L. uva and C. inconspicuato continue shell production in low pHdicatesthat

thesespecies can generate suitable conditions at the site of calcifi¢Ries 2011 Gazeau
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et al.,, 2013 Wittmann & Pdrtner, 2013 It is believed that marine calcifierseghte pH in
calcifying compartments to facilitate calcium carbonate precipitation, however, the
mechanisms are largely unknown, especially in the-dagfiedtaxa such a®rachiopods.
Potential methods are via either proton channel{MgConnaughey& Falk, 199}, C&*-
activated protosiranslocating ATPaséMcConnaughey& Falk, 1991 McConnaughey&
Whelan, 1997 Cohen & McConnaughey, 20p3transcellular symporter and -t@nsporter
protonsolute shuttling(McConnaughey& Whelan, 199Y or cellular extrusion of hydroxyl
ions into the calcifying mediur(Ries et al., 2009Ries, 201). Further research is needed to
determine which mechanism is usedmchiopodshoweve, it is apparent thdt. uvaandC.

inconspicuahave a robust control fothe calcification process similar to molluscs.

Increasing temperature to predicteddcentury conditions alongside ocean acidification
positively affected growth rasanL. uva. This suggests shell deposition coblelfaster in 50

100 years as a consequence of elevated temperdespgethe predicted fall in ocean pH.
The longterm upper temperature tolerance limit of the Antarctic brachiopdds5°C(Peck,
1989 and higher shell growth rates have been shown wwitteasing temperatures in other
speciegAlmadaVilela et al., 1982Stor et al., 1982Lewis & Cerrato, 199Y. The data here
showwarming to 2°Cdoes not have any negative impacts on shell growth rates. A warming
to this level over the next 84 yearauislikely to negatively impact shell productionlinuva.
Several ocean acidification studies have combitad pH with other environmental
variables especiallytemperature(Reynaud et al., 2003indlay et al., 2008 Martin &
Gattuso, 2009Rodolfo-Metalpa et al., 201, 1Hiebenthal et al., 201Zourtney et al., 2013
Wolfe et al., 2013; Hardg Byrne, 2014 Hyun et al., 201 Organism responsesvolving

the nteraction oftemperature hee both increased and decreaseutan acidificatioreffects
(Ericson et al., 2012Ko et al., 201% which has bee found in closely related molluscs,
Mytilus edulis and M. galloprovincialis (Rodolfo-Metalpa et al., 2011Hiebenthal et al.,
2012. RodolfoMetalpa et al(201]) found a negative synergistic effect of low pH {pH4)

and elevated temperature (25°C) on the gross calcification ratd. afalloprovincialis
whereas Hiebenthal et gR012 reportedacidified conditions gCO, 1093.3 + 123.6 patm
and 1654.5 = 82.7 patm) did not impact shell growth of closely reMtesdlulis but elevated
temperature did. Growth iM. edulis increased up to 20°C but then decreased at 25°C
indicating that 25°C is above this species temperature threshold (Rartner, 2008
Hiebenthal et al., 2032Growth rates in the temperature control treatment here, which was

used to compare the predicted scenarios to current Antarctic conditionsinvtbee same
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range (615 pm day') as individuals of the same size (28.9 mm) in a study of. uva

growth rates in the wildPeck et al., 1997 Other variables included in multiple stressor
ocean acidification studieseafood availability and hypoxia whiabiften have a greater effect

on marinespecieshan lowered pH (Ros& Seibel, 2008; Thomsen et al., 2018jthough

some studies demonstrate an interactive effect (Reymond et al., 2013; Gobler et al., 2014)
Thomsen etal. (2013) found that an abundant food supply outweighed ocean acidification
effectson calcificationand growthin M. edulis Oxygen availability, along with temperature

but not pCO,, were also the dominating factors determining metabolic rate in thd squ
Dosidicus gigagRosa& Seibel, 2008

Even though brachiopods hapessiblythe largest proportion of skeleton to tissuessaf

any group(Peck, 1993)data in this chapter shatlat both polar (L. uva) and temperat€C.
inconspicua brachiopodscan survive, repair shell damage and deposit new shell after 7
months and 12 weeks exposure, respectively, to forecasted 20500hg@r2onditionsL.

uva has the additional challenge of inhabitittge Southern Ocean which has tjebally
lowest carbonate ion saturation levéigther indicating the tolerance of this specigtidies
reportingresilienceof marine species to oceanidification are increasing, especially with the
wider use of longer term experimenthich allow for acclimation and adaptatiiHazan et

al., 2014 Suckling et al., 2014Queiré et al., 2015Cross et al., 2015, 20L6There may
however,be a cost to this apparent resilience under future climate chaegar®s. The
ophiuroid brittlestar,Amphiura filiformis, increased its metabolism and calcification to
compensate for increased seawater acidity, which came as a substantial cost as muscle
wastage was reported to coincide with this incrg&i$eod et al., 2008 Therefore,further
researchis essential to determine efther these brachiopods will be able to continue to
produce the same shell and maintain their shell integstyell as maintaining all other
critical biological functions foreven longer term survivalthan that studied herander

changing environmentabaditions.
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Chapter Three

Do polar and temperate brachiopods produce the
same shell structurally and elementally under
forecasted endcentury acidified conditions?

3.1 Introduction

Robust external keletonsare crucialto the survival of shelbearing organisms due the
protection the shell provides from abiotic and biotic stresdes.shell microstructure dfoth

L. uvaandC. inconspicuaconsists of a outer periostracum, a nanocrystalline inner primary
layer and an inner fibrous secondary layafilljams, 196&b; Williams, 1997;Goetz et al.,
2009). The primary layer consists of namom microsized calcite crystallitegand is the only
shell layer whergrowth lines persistThe secondary layer below is constructed of thin, long
monocrystalline calcite fibresrganisedn astacked array just below the primary layeith

a sectionbelow thisof disorientation with the calcite fibres occurring in different directions
(Figure 3.1;Williams, 196&; Goetz et al.2009). Increased disorientation occursLinuva
comparedto other brachiopods from less extreme habitats, sudfesebratalia transversa
(Griesshabeet al., 2007) andNotosaria nigricans(Griesshabeet al., 2008), which often
display large stacks or layers of parallel fibres (Goetz et al., 2009¥de, no studies of
brachiopod shell microstructure havevastigatedany effects of environmental fluctuations
therefore, the ability of these highly calciuraribonate dependent organismsptoduce the
same shell structurally under predicttttcenturyacidified and warming conditions remain

unknown.

Most living brachiopods, except the rhynchonellides, are characterised by conspicuous
microscopic perforations called punctae that extend from the inner to outer surfaces of the
shell (Figure 3.2). Punctdak the outer mantle epithelium and connective tissue with the
periostracum, by papillose man#atensionscalled caeca (Williams, 1968MacKinnon &
Williams, 1974; Williams, 1997; Perdzuertez et al., 2008). Each caecum inside garitta
is separatedrom the periostracum by a bruke structure comprising fine, hollow, tubular
extensions of a proteinaceous membrane (Owen & Williams, 1969; Rudwick, 1970; Williams,
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1997; PérezHuertaet al., 2009). Membrane secretions, lipids, proteins and polysateha

are present within each puncta (Williams, 1997). Punctae persist through both the primary and
secondary layers of the shell, becoming narrower proximally due to the thickening of the
secondary layer (Williams, 1997). Punctae also deflect the chloiés in the secondary layer
(Figure 3.1).Punctalmorphology is speciespecific PérezHuertaet al., 2009) with punctae

in C. inconspicuaand L. neozelanica a close relativeof L. uva, described as simple
cylindrical structure that curve in the poster end of the shell (MacKinnon & Williams,
1974; PérezHuertaet al., 2009). The distribution of punctae is essentially regular with the
arrangement in terebratulides definedbesng arranged at intervals of about 45 um in a
dominantly hexagonal, clospacking pattern (Cowen, 1966; Owen & Williams, 1969;
Williams, 1973; Williams, 1997). Densities of punctae vary between species, and this

character has been extensively used in species identification (Foster, 1974).

Primary

Figure 3.1 - Scanning electronmicrograph of a cross section of. uvaillustrating the
rhynchonelliform brachiopod shell layers and the deflection of calcite fibres in the secondary
layer caused by punctaeScale bar =50 pm.

Punctae are one of the most characteristic features shtiestructure of rhynchonelliform
brachiopods and even though a significant proportior8(P in 57 mm length individuals

and 3045% in 25 mm length individuals (Peck et al., 1987a)) of the soft tissue of the animal
is situated withinthem their roleis still undeermined Suggested functions are sensory
(Sollas, 1886), storage (Owen & Williams, 1969; Curry & Ansell, 1986; Curry, 1983a; Pan &
Watabe, 1988; Curry et al., 89) and in respiration (Thayet986; Shumway1982). The

early idea that punctaare sensory devices was dismissed asyn@mctatespecies are
heavily encrusted with other organisms and punctae do not have direct contact with the

exterior due to the periascumoverlaying the whole shell surfadéurthermore, punctae
46



[asanagananpeuapnpiiinagaquipinsneepning] 11 pERajapdl ujnnlnmumnlm—penoskacun

7 it

GAGs

_ microvillus

primary shell

peripheral cel

core cell

secondary shell

lumen

outer epithelium

nucleus

__basal lamina

connective tissue

a——— ——— —— P — P —

Figure 3.2- Diagram of cross section of terebratulidgpuncta and caesum showing the relation to
shell and mantle (Williams, 1997).

lack any obviousreceptorspigment spots or nerve endings (Rudwick, 1970) saalikely

to be sensory devices. Caeca mainly consistore cells, situated just below the briigie
structure, whichcontainglyco- and mucoproteins with some protein, glycogen and a small
amount oflipid (Owen & Williams, 1969), supporting the idea that punctae serve as storage
compartmentsAlthough, tis idea is questionabées the only function as punctal morphology
varies markedlyamongst terebratulide brachiopod®éfezHuertaet al., 2009) yet recent
rhynchonelliform brachiopods have similar metabolic and physiological requirements (Peck,
2008). Rinctae could also aid in respiratidDriginally they were thought tact as avenues

for diffusion to the inner mantle tissues potentially enabling their wide distribution in various
environments with differing oxygen availabilities (Shumway, 1982; Thay@86).However,

the periostracum and/or encrusting organisms overlaying punctae would also limit this
oxygen diffusion. Peck et al. (1988 reported decreased oxygen tension resulting in the
animal switching to anaerobic metabolism experiments moniting the oxygen tension
within the mantle cavity of closed brachiopod$is demonstratedhat diffusion through

caeca does not provide a significant amount of oxygen to the mantle tissues. Peck et al.
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(1986) concluded that caeca absorb enough oxygenetet e respiratory demands of the
caecal tissue itself, which could represent a significant proportion of the total respiratory
requirement of the animal. This could explain #aiationin punctd morphology between
brachiopods living in environments thi different oxygen availability as different surface
areas of punctae would be required to provide enough oxygen to the EaeezHyertaet

al., 2009). Even though the function of punctae remains in dispute, punctae house extensions
of the soft tissueof the animal which accounts for a large portion of the tissue mass of
punctate brachiopods. Therefore, any modification to the density or size of punctae could

have an effect on their defence against increasing ocean acidity and seawater temperatures.

Rhynchonelliform achiopods contain low Mgalcite wheresome of thecalcium ions have

been replaced by magnesium ions in the calcite latteae, 1952Brand et al., 2003
Andersson et al., 2008%ubstitutionof calcium ions with much smaller magnesiions in a
random fashion causes variations in the mineralogical structure such as a disorder of
carbonate anion and cation positions in comparison with pure calcite (Reeder, 1983; Tribble
et al. 1995)This results in Mecalcite being less thermodynamigastable than pure calcite.
However, low Mgcalcite is considered to be less susceptible to diagenetic alteration than
other calcium carbonate polymorphs (Brand et al., 2003), which coupled with the extensive
geological record of brachiopods has enabltesl phylum to be extensively used as proxies to
reconstruct ancient ocean conditidhewenstam, 1961; Veizer et al., 1986; Bage8rand,

1991; Brand et al., 2003)hese studieassumehat brachiopod shell calcite is precipitated in
near elemental eqirium with ambient seawatefThe same principle and laboratory
methodscan be used tdetermire how future predicted environmental conditions will affect
shell elemental composition by measuring shell precipitated under such conditmdste,

ocean adification andwarming studies investigatinglemenal compositiols of marine
calcifiers have focussed on other taxa suckarals (Cohen et al., 2008ray et al., 2014

and bivalves (Hahn et al.,, 2012014. It is important to determine if erzkntury
environmental conditions will affect shell geochemistry of skeletalMdigglling organisms,
including brachiopods, as any variations to their current elemental compositionatieaid

their shell integrity.

L. uvaandC. inconspicuawill be able to conhue shell production and repair shell damage
under future environmental conditiong to 2100 (Chapter 2; Cross et al., 2015, 2p16
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however, itis unknown whethethese species will be able to produce the same shell both
structurally and elementallyAny variation toshell structure or elemental composition could
negatively affect shell integrity and prove potentially fatdlerefore, he aimsof this chapter
were to determine whethahynchonelliformbrachiopod will be able to produce shell of
similar punctal densitycalcite fibre sizeand shell elemental composition under predicted
endcentury acidified conditionsin both L. uvaand C. inconspicuaand also in increased
temperature conditiorfer L. uva

3.2 Materials and Methods
3.2.1 Experimental design

Experimental designdetails for both CO, perturbation experiments ofL. uva and C.
inconspicuaare presentesh section 2.2.2.

3.2.2 Sample preparation

After the completion of the COperturbationexperiments, alindividuals were carefully

killed by removingthem from thesubstratum, separating the valves to drain seawater from the
internal cavity and then being placed in 70% ethanol. All specimens were stored individually

in sample tubes and labelled wipecies name, treatment and individual numbBer.each
speciesfive undamaged specimength the highest experimental growth incremewesre
selectedrom each treatmerior further shell analysisMorphometric data for each specimen
aredetailed in Table 3.1 and 3.2.Due to laboratory equipment timernsiraints, only three
specimens from each treatment warelysed forelemental compositionSpecimenswvere

carefully cleaned of epibiotancluding bryozoans, sponges, polychadéibes and other
brachiopod using ascalpel Extra care was taketo avoid damagng the shell surfacef |

epibiota could notasilybe removedhen that areavasavoided inlater shell analysisThe

valves of each specimen were separated, the soft tissues removed and the empty valves were
further cleaned in an ultrasoni@ath for 3 minutes. All samples werthen air dried for 24

hours before the pedicle valves were used in analyses that investigated the shell surfaces and

the brachial valves were used for methods ushedlcross sectios

Dry pedicle valves were carefully placedth the outer shell surface facing upwards on

aluminium stubs. The pedicle valves were then golated EMITECH K550 sputter coatér
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for 1 minute at three differenialve orientations (rotated 12@&fter each 1 minute coating) to
ensure the whole specam was coated and prepared for Scanning Electron Microscopy
(SEM; JEOL 820 foiL. uvaspecimens and FEI QEMSCAN 650F forinconspicua

Brachial valves were placed with the outer shell surface facing downwards in 35 mm by 35
mm plastic moulds with roudfn a 5 mm layer of seMetprep Kleerset Type FFResin to

ensure the shell was not touching the base of the mould. Resin was poured into the moulds
ensuring the entire valve was submerged and left for 24 hours in a fume cupboard for the resin
to harden. Th resin blocks were removed from ithmoulds and labelled usinghatching

pen on both sides of the resin block. A 1 mm thHis&mant Boart diamond roakutting saw

was used to cut the valves longitudinally from the hinge to the commissure along thie growt
axis (Figure 3.3. One half of the valve was used in further shell analsdthe other half

was stored as a spare. A lapping wheel with 180 sized grit was used to remove the larger
scratches from the cutting saw on each cross seafch wasthen phced in an ultrasonic
bathfor 2 minutes to remove excess grit. Each resin block was then polished by hand using an
increasingly fine sequence of Kemet met papers of grit size P400, P800, P2500 and P4000
then placed in an ultrasonibath for 3 minutes to emove excess grit and reduce
contamination. Further polishing followed with MetPrep diamond solutions at 6 pm, 3 um
and 1 pmto ensure a smooth shell surfaadth individuals being placed in aritrasonicbath

after each stagd.o provide a thin conducté/coat over the cross sectiottse resin blocks

were carbon coatedfor 20 secondausing a Edwards Auto 306 carbon coaterady for

analysis in a Cameca SX1&ectron Microprobe andEM.

Figure 3.3 £Schematic to illustrate the longitudinalcut of the brachial valves from the hinge to
the commissure
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Table 3.1- L. uva tMorphometrics of individuals selected for further shell analysiof punctal density, calcite fibre sizeand elemental composition Initial
length is given to indicate sizef the individual. Grey cells indicate the use of this specimen in the respective shell analysis.

. Shell characteristics
Initial Overal Pedicle valves Brachial valves
Treatment Individual ID Length Growth Calcite fibre|Elemental
(mm) (mm) Punctd density . L
size compaosition
Temperature controlN7 19.6 1.1
Temperature Temperature contrelN20 20.3 1.2
Control Temperature controIN28 7.2 0.7
Temperature controlN49 12.2 0.7
Temperature controlN52 9.1 0.8
pH control- N4 8.9 1.6
pH control- N5 8.1 1.4
oH control pH control- N6 9.8 0.8
pH control- N7 16.1 1.7
pH control- N9 14.9 1.3
pH control- N10 23.3 2.0
pH 7.75- N1 7.5 1.9
pH7.75- N2 10.6 0.9
pH 7.75 pH 7.75- N5 13.6 2.3
pH 7.75- N8 17.3 2.7
pH 7.75- N9 17.9 2.5
pH 7.54- N1 10.5 1.3
pH 7.54- N4 14.0 1.8
pH 7.54 pH 7.54- N5 17.8 1.0
pH 7.54- N6 21.5 1.2
pH 7.54- N8 22.2 1.0
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Table 3.2- C. inconspicuatMorphometrics of individuals selected for analysi®f punctal density, calcite fibre sizeand elemental compositioninitial
length is given to indicate the size of the individualGrey cells indicate theuse of this specimen in the respective shell analysis.

initial o I Shell characteristics
nitia vera - :
Treatment Individual ID Length Growth Pedicle valves : Brz.achlal valves
(mm) (mm) Punctal densiyy CCite fibre | Elemental
size composition
pH control- N1 6.7 0.6
pH control- N13 8.0 1.3
pH control pH control- N14 5.3 0.8
pH control- N29 8.3 0.8
pH control- N49 9.8 0.5
pH 7.8- N3 10.1 0.9
pH 7.8- N5 10.5 0.6
pH 7.8 pH 7.8- N8 10.3 0.8
pH 7.8- N14 5.2 0.8
pH 7.8- N25 8.1 0.6
pH 7.6- N11 7.0 1.4
pH 7.6- N19 4.9 1.0
pH 7.6 pH 7.6- N31 6.2 0.7
pH 7.6- N40 6.1 0.7
pH 7.6- N46 7.1 0.8
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3.2.3 Punctal densities

Scanning Electron Micra®pes (JEOL 820 fdt. uva specimens an8El QEMSCAN 650F

for C. inconspicua at the Department of Earth Sciencesiversity of Cambridge, UKvere

used tamagethe pedicle valvesf 19 undamaged specime(5 in each treatmendf L. uva

and 15 undamage individuals (5 in each treatment) 6f inconspicuato calculatepunctal
densities Both JEOL 820 andFEl QEMSCAN 650F were operated using an accelerating
voltage of 20 kV Micrograplts of 1 mm by 1 mmvere collectecht 10 different areas on each
specimen5 areas in the growth laid down in their natural environment and 5 areas in the
growth laid down in the experiment (Figu8eda). Punctal densitymm?) was calculated by
counting the number of punctae in each 1°mmitrograph(Figure3.4b). To minimisehuman

error, eachmicrographwas counted three times odifferent dayswith the mean punctal

densityand standard errdtypically + 2)used inlater statistical analyse

A Experimental B

Figure 3.4 tCalculating punctal densities (A) schematic of a pedicle valve licating the 5 areas
of shelllaid down in the wild and the 5 areas laid down in the experiment where SEM
micrographs wee collected for analysis and (Ban example of a 1 mni SEM micrograph of the
outer shell surfaceof L. uvacollected to countpunctal densities

3.2.4 Calcite fibre size

Polishedbrachial valvecross sectionsiere etched1% HCI for 20 secondsand then carbon
coated foranalysisof the calcite fiores A FEI QEMSCAN 650F SEMat the Department of
Earth SciencedJniversity of Cambridge, UKvasoperatedvith a20 kV accelerating voltage
to collect SEMmicrograpls of shell laid down in the wild and of sheibrmed in the
experiment fromcrosssections of the brachial valves bf uva and C. inconspicuaThree

different areadn both the wild growt and experimental growth were imaged fromot
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individuals from the pHcontrol and compared to two specimens from rinest acidified
treatment foreach specief~igure 3.5) SEM micrographs were taken of the total thickness of
the cross section and alsologher magnification areas of each shell layerageJ was used

to measure thehicknessand length of 10 randomly selected calcite fibres from €a2mm

x 0.07 mm micrographin L. uvaand 0.3mm x 0.15 mm micrograph i€. inconspicuaCare
was taken oy to measure whole fibreand each micrograph was counted three times on
different days, to minimise human error, with theanthicknessor length and standard error

used in statistical analyses.

1\ W / /}/56

wild Experimental
growth arowth

Figure 3.5 tMeasuring calcite fibre dimensions: (A) Schematic of the cross section view of a
valve indicating where the SEM micrographs were taken in the wild growth (green box) and
experimental growth (blue box) and (B) an example of an SEM micrograph of the cross sectio
of L. uvacdlectedto measure calcite fibre dimensions.

3.2.5 Elemental composition

A CamecaSX100 electron microprobeat the Department of Earth Sciencemiversity of
Cambridge, UKwas used to measure the elemental compositiobrathial valvescross
sections othreeundanagedspecimens of both. uvaandC. inconspicuain each treatment

(12 and 9 individuals in total, respectivelihe probe was operated Hb keV acceleration
voltage a 20 nA beamcurrentand a5 pum spot size. Barium (Ba), calcium (Ca), iron (Fe),
magneaim (Mg), manganese (Mn), phosphorus (P), silicon (Si), sodium (Na) and strontium
(Sr) were measuredpatite (P), benitoite (Ba), celest (Sr), diopside (Ca & Si), fayalite (Fe),
jadeite (Na), manganes (Mn) and ROLYLQH Wg) wBr& (s%d/as standis. Matrix
correction was performedbllowing Pouchou and Pichoif1984) (the PAP procedure
Standard analysireproducibility was < % for eachelementanalysed PAP corrected data

were stoichiometrically calculated as carbor{&eed, 1993)
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Elementalcomposition of the shell was determinatirandomly sele&d individual points
starting at the top of the secondary layer amaving diagonally through théhickness of
secondary layeto the bottom of this shell lay@n a horizontal direction in bottild shell
growth and in thexperimental growth (Figure 3§. This spot point method covered all of
the shell growth laid down in the experiment amquivalent area of shell laid down in the
wild (Figure 3.8\). To ensure elemental compositidid not clange vertically through the
thickness ofsecondary layemne vertical profilefrom each growttiype wasalso measured

and compared to data from the spot point method. The vertical profiles involved analysing

points from the outer surface of the shell gv&b um to the inner surfaggigure 3.®).

Punctae and other shell perforations were avoidd&sdth methodby visual selection of areas

for analysis.
A — / c
<€ > € >
wild Experimental
arowth arowth
B D

Figure 3.6 tElemental composition analysis metnoas#, 5) Spot pointmewnod ana (L, U)
vertical profile method. (A) schematic illustrating the areas in wildand experimental growth
where individual points were measured,B) SEM micrograph example of L. uvaindicating the
diagonal direction of individual points being collectedn the horizontal direction, (C) schematic
illustrating where the vertical profiles were taken in the wild ard experimental growth and (D
SEM micrograph of L. uvaindicating the points analysed in a vertical profile.

3.2.6 Statistical Analyses

All data wereanalysed using Minitab (Statistical SoftwBfeVersion 17). Punctal density
data for botH.. uvaandC. inconspicuavere normdy distributed (Andersoiarling test; p >
0.05) apart from when comparing the two spec@gen after square root, logarithmitguble

logarithmic andarcsin transformations. Therefore, a yuarametric KruskalWallis test was
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used on this latter data set. Parametricwag ANOVA tests were used to determine if there
were any differences in punctal density in the growth laid dovthe wild to ensure punctal
density was similar amongst individuals used in each experiment. Parametrgajywo
ANOVA 1 Were then used to determine if treatment and/or growth period (wild vs
experimental growth) affected punctal density in each spedsway ANOVA tests were
also used to determineshell positioninfluenced punctal density in each specieadses#
different shell regionsvaried inthis characteristic. Calcite fibthicknessand length datan

each speciewereall normally distibuted (AndersofDarling test; p >0.05), thereforetwo-

ZD\ $129%TMV ZHUH FRa3&hamtteHs s tR etermine if treatment and/or wild

vs experimental growth affected calcite fibre sizbicknessdata comparing the two species
was also norméf distributed, however, length data was only noraftdr log transformation.
OneZD\ $12931V, thdreibke used to comparboth calcite fibrethicknessand length
betweenL. uva and C. inconspicua.Elemental composition data fdr. uva and C.
inconspcua were also mainly normally distributed (AndenDarling test; p> 0.05) apart
from P data from the spot point methaa L. uvawhich were nomormaleven after square
root, logarithmic, arcsin double square root and double arcsine transformations. Mg
concentration data from the spot point method..imvaand C. inconspicuavere normally
distributed after squam®ot and log transformatios, respectivelyData comparing Mg, Na
and Sr concentrations between the two spegere also nomormally distritutedafterall of

the abovdransformationsData comparing the P concenitoas between the two species were
normal after log transformatiofwo-ZD\ $129$ TV ZH Ua$sesH HeatmariR and/or
growth period (wild vs experimental growth) affected eatdment in both the spot point
method and the vertical profiles. For the srmrmally distributed® data inL. uva,a twoway
ANOVA was still performed but after ranking the data as there is no equivalent non
parametric test that includes tHactor interactions. OneZD\ $12939qV ZHUH XVHG
compare the two methods assessiny differences horizontally or vertically in the secondary
layerand to compare the Ca and log tramsfed P concentrations betwegpecies. For the
non-normally distributed Mg, Na &hSr concentration data tmmpare between the species
KruskalWallis tests were useddata from the primary layer in the vertical profiles were
excluded from this analysis. Pdstc Tukey tests were performed when significant
differences were found to t&#Emine which treatments, growth period and/interaction factors

were causing thdifferences
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3.3 Results
3.3.1 Punctal densities

Punctal density i.. uvaranged from69-96 mm? (Appendix FigureAl) and themeanwas
82.1+ 0.4 mm. C. inconspicuahad significanty higher punctal densitiesith values in the
range of 141168 mm? (Appendix FigureA2) and ameanof 1563 + 0.4 mm? (Kruskat
Wallis: H = 143.41, p < 0.001There was no significant difference unctal densitiesn
shell depositedin their natural emronment between treatments lin uva (Figure 3.7and
Appendix FigureAl, Oneway ANOVA: F3 go= 0.66, p = 0.58Ror in C. inconspicuaFigure
3.8 and Appendix FigureA2; Oneway ANOVA: F,63= 1.80, p = 0.178 All individuals of
each specieghereforehad similarpunctal densitiebefore the experiments begactidified
conditions or increased temperature did not affectctal densityn L. uva (Figure 37 and
Appendix FigureAl;, Two-way ANOVA zTreatment: gigs = 0.94, p = 0.422; Wild vs
Experimentagrowth: F 165= 0.17, p= 0.676; Interaction: F165= 0.93, p = 0.426 Similarly,
lowered pH did not affecpunctal densitiesn C. inconspicua(Figure 38 and Appendix
Figure A2; Two-way ANOVA zTreatment: k134= 2.32, p = 0.102; Wild vs Experimeiht
growth: k134 = 1.68, p= 0.198; Interaction: J73, = 1.82, p = 0.166 There isalso no
indication of a difference ipunctal densitypetween different areas of the shalleitherL.
uva (Appendix FigureAl; Oneway ANOVA: Fy 166 = 0.62, p = 0.77Por C. inconspicua
(Appendix FigureA2; Oneway ANOVA: Fy130= 1.04, p = 0.414).
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Figure 3.7 £L. uva *Average punctal densityfor shellgrowth laid down in the wild (dark bars)
and growth laid down in the experiment (ight bars) for each treatment.Values plotted aremean
+ SE.
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Figure 3.8 £C. inconspicua *Average punctal densityfor shellgrowth laid down in the wild
(dark bars) and growth laid down in the experiment(light bars) for each treatment.Values
plotted are mean + SE.
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3.3.2 Calcite fibre dimensions

Secondary layecalcite fibres inL. uvaranged from3.04-4.61 umthicknessx 140.6185.4
pm lengthin the pH control an®.00-4.96um x 140.2191.9 pmin the pH 7.54 treatment.
inconspicuahad ggnificantly smallersecondary layecalcitefibres with a thicknessof 2.14-
4.07 um and lengttof 126.0-173.5 pum in the pH control an2.26-4.10um thicknessx 133.5
179.6 pm length in pH 7.6Thickness £ Oneway ANOVA: F;239 = 119.55 p < 0.00%
Length + Oneway ANOVA: Fj 239 = 42.13 p < 0.001) Lowered pHhad no effect on
thickness(Figure 3.9 Two-way ANOVA +Treatment: 116 = 0.01, p = 0.916; Wild vs
Experimental growth: £16= 0.02, p= 0.881; Interaction: f116= 1.24, p = 0.267) or length
(Figure 3.9; Two-way ANOVA zTreatment: [£116= 0.05, p = 0.821; Wild vs Experimental
growth: R 116= 0.35, p= 0.556; Interaction: f116= 0.03, p = 0.8569f the calcite fibresn L.
uva Similarly, acidified conditions had no impact on tfiere thickness(Figure 3.9 Two-
way ANOVA zTreatment: 136 = 013, p = 0722 Wild vs Experimental growth: k16 =
0.03 p=0.8686 Interaction: kr116= 0.06, p = 0809 or length Figure 3.9 Two-way ANOVA
tTreatment: F116= 0.12 p = 0726, Wild vs Experimental growth:if16= 0.8, p= 0.359;
Interadion: F 156 = 0.00, p = 0.%9) of calcite fibresin C. inconspicuaTherefore, calcite
fibres laid down in eidified conditions wee the same size as those produceden ambient

pH levels in both speciem the scale investigated h¢Fegure 3.10and 311).

165 - L. uva
162 -
E
2
= 159
IS
=
o
% 156 ~ C. inconspicua
g -
>
< 153 - F——k |
—
150 -
147 T T T T
3.0 32 34 36 38 4.0

Average thickness (um)

Figure 3.9 #Average @lcite fibre dimensionsof both speciesn shell laid down in the wild (black
circles) and in the experiment (black square) in the pH control and in shell precipitated in the
wild (white circles) and in the experiment (white sgares) in the most acidifiedtreatment. Values
plotted are mean + SE.
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Figure 3.10 tMicrostructure of L. uva £SEM micrographs indicating calcite fibres in the

secondary layer in the experimental growth of an individual from the pH controlA, B) and

from an individual from the pH 7.54 treatment (C, D). Scale bars are indicated on each
micrograph.

Figure 3.11 tMicrostructure of C. inconspicua+SEM micrographs indicating calcite fibres in
the secondary layer in the expermental growth of an individual from the pH control (A, B) and
from an individual from the pH 7.6 treatment (C, D). Scale bars are indicated on each
micrograph.
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3.3.3 Elemental composition

All the major elementsda Mg, Na, SrandP) were abovehe Electron Meroprobedetection
limits whereasall the minor elements $i, Fe, Mn andBa) were consistently belowletection
limits in bothL. uvaandC. inconspicuaTable 3.3. The minorelements weréhusexcluded
from further analysis.

Table 3.3 +Detection limits for all major and minor elements measured.

Major elements Minor Elements
Element (I\\A/I/te(z;g SE Element (I\VCF% SE
Ca 0.14 <0.01 Si 0.02 <0.01
Mg 0.01 <0.01 Fe 0.05 <0.01
Na 0.04 <0.01 Mn 0.07 <0.01
Sr 0.05 <0.01 Ba 0.21 <0.01
P 0.01 <0.01

Overall, Caconcentrationn L. uvaranged fron38.3840.01 wt %, Mg from 0.02-0.57 wt %,
Na from0.24-0.40 wt %, Sr from0.10-0.24 wt % and P fron0.01-0.05 wt % (Table 3.4. Ca
concentration inC. inconspicuawas higher tharlL. uva ranging from 3831-40.34 wt %
(Table 3.5) whereas all other major elements had lower concentratiGnsniconspicughan
L. uva(Table 3.6) Mg concentration irC. inconspicuaangedfrom 0.04-0.20 wt %, Na from
0.15-0.30 wt%, Sr from0.06-0.20 wt % and P fron0.01-0.05wt % (Table3.5). There was no
significant differencan any elementbetweenthe spot point method and the vertical profiles
in both L. uva (Appendix Table A1) and C. inconspicua(Appendix TableA2). Elemental
composition thereforedid not vary haizontally or vertically throughout the secondary layer
within the accuracy attainable hemad further analysis focaedon the spot point method.
Data from the vertical profiles ih. uvacan be found in Appendix Tabk3 and Appendix
FiguresA3 and A4 and in C. inconspicuan Appendix TableA4 and Appendix Figured5
and A6. Concentrations of all major elements were not affected by acidified conditions or
temperature i.. uva(Table 37, Appendix TableA3, Figure 3.12and Appendix Figured7-
A11) or byacidified conditions irC. inconspicugTable3.8, Appendix TableA4, Figure 3.13
and Appendix FigureA12-A16). However,Ca concentrations in the experimental growth of
L. uva (Figure 3.12 and Mg and Na concentrations in the experimental growth @n
inconspicuaFigure 3.13in all treatments were significantly higher than growth laid down in
the wild. Thesetrends wee not reflected in the vertical profilddppendix FigureA4 and
Ab), apart from Mg concentration i@. inconspicug Appendix FigureA5), therefore, more
data areneeded to confirmanypossiblepatterns.
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Table 3.4- L. uva #minimum, maximum and meanweight % and standard error of each element from each growth period from each treatment.

Wild growth Experimental growth

Treatment | Element| Minimum | Maximum| Mean SE Minimum | Maximum| Mean SE

(wt %) (wt %) (wt %) T (wt %) (wt %) (wt %) o

Ca 38.42 40.01 39.10 0.05 38.52 39.88 39.21 0.05

Mg 0.08 0.57 0.24 0.01 0.07 0.49 0.29 0.01
Tegﬁrrglt”“ Na 0.25 0.40 031 | <001 | 024 0.38 032 | <0.01
Sr 0.12 0.23 0.16 <0.01 0.14 0.23 0.18 <0.01
P 0.02 0.04 0.03 <0.01 0.02 0.05 0.03 <0.01

Ca 38.41 39.85 39.12 0.05 38.51 39.86 39.25 0.05

Mg 0.02 0.55 0.23 0.02 0.03 0.56 0.26 0.02

pH control Na 0.25 0.38 0.31 <0.01 0.24 0.39 0.31 0.01
Sr 0.08 0.24 0.16 0.01 0.11 0.24 0.17 <0.01
P 0.02 0.05 0.02 <0.01 0.01 0.04 0.02 <0.01

Ca 38.38 39.85 39.09 0.04 38.56 39.87 39.20 0.03

Mg 0.06 0.53 0.22 0.01 0.07 0.54 0.25 0.01
pH 7.75 Na 0.24 0.40 0.32 <0.01 0.25 0.39 0.32 <0.01
Sr 0.12 0.24 0.17 <0.01 0.12 0.24 0.16 <0.01
P 0.02 0.04 0.03 <0.01 0.02 0.04 0.02 <0.01

Ca 38.51 39.91 39.02 0.05 38.51 39.98 39.18 0.05

Mg 0.07 0.44 0.27 0.02 0.03 0.48 0.25 0.02
pH 7.54 Na 0.26 0.38 0.32 <0.01 0.26 0.38 0.31 <0.01
Sr 0.11 0.22 0.17 <0.01 0.11 0.22 0.16 <0.01
P 0.02 0.04 0.03 <0.01 0.01 0.05 0.02 <0.01
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Table 3.5 +C. inconspicua minimum, maximum and meanweight % and standard error of each element from each growth period from each treatment.

Wild growth Experimental growth
Treatment Element | Minimum | Maximum Mean SE Minimum | Maximum Mean SE
(wt %) (wt %) (wt %) T (wt %) (wt %) (wt %) o
Ca 38.44 40.34 39.25 0.04 38.44 40.08 39.18 0.06
Mg 0.04 0.19 0.10 <0.01 0.07 0.16 0.13 <0.01
CopnTrol Na 0.15 0.30 0.22 <0.01 0.15 0.25 0.22 <0.01
Sr 0.06 0.16 0.12 <0.01 0.07 0.20 0.12 <0.01
P 0.01 0.05 0.02 <0.01 0.01 0.05 0.03 <0.01
Ca 38.47 40.03 39.24 0.04 38.43 40.19 39.28 0.07
Mg 0.05 0.20 0.11 <0.01 0.04 0.19 0.13 0.01
pH 7.8 Na 0.15 0.29 0.21 <0.01 0.16 0.30 0.22 <0.01
Sr 0.07 0.16 0.11 <0.01 0.07 0.17 0.11 <0.01
P 0.01 0.05 0.02 <0.01 0.01 0.04 0.03 <0.01
Ca 38.49 40.25 39.22 0.04 38.31 40.23 39.16 0.05
Mg 0.04 0.18 0.10 <0.01 0.05 0.20 0.12 <0.01
pH 7.6 Na 0.15 0.29 0.20 <0.01 0.15 0.29 0.22 <0.01
Sr 0.06 0.15 0.11 <0.01 0.07 0.15 0.11 <0.01
P 0.01 0.04 0.02 <0.01 0.01 0.04 0.02 <0.01
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Table 3.6 SStatistical analysis results comparing elemental composition data between the two
species. Onavay ANOVA and posthoc Tukey tests were used on normally distributed data and
Kruskal -Wallis tests on nonnormally distributed data to determine differences. Significant
differences are highlighted in bold.

El Meanwt % of | Meanwt % of | Statistichanalysis Posthoc analysis
ement i :
L. uva C. inconspicua results results
One-way ANOVA: | C. inconspicudas a
Ca 39.10 39.22 F1802=18.15, higher concentratior
p <0.001 thanL. uva
Kruskal -Wallis: L. uvahas ahigher
Mg 0.26 0.11 H =421.54, concentration tha
p <0.001 C. inconspicua
Kruskal -Wallis: L. uvahas ahigher
Na 0.32 0.21 H = 559.38, concentration than
p <0.001 C. inconspicua
Kruskal -Wallis: L. uvahas ahigher
Sr 0.17 0.11 H = 499.44, concentration than
p <0.001 C. inconspicua
One-way ANOVA: L. uvahas ahigher
P 0.03 0.02 F1631=5.81, concentration than
p=0.016 C. inconspicua

Table 37 +L. uva- Statistical analysis results of elemental composition data from the spot point
method. Twoway ANOVA and posthoc Tukey tests deermined significant effects of treatment,
growth period and interaction of thetwo factors. Significant differences are highlighted in bold.

Spot point method

Two-way ANOVA results (Response: weight 9
Factors: treatment, wild vs experimented\gth)
Element _
Wild vs Posthoc Tukey results
Treatment Experimental Interaction
growth
co | Fars=09L | Fiue=1480, | Fsue=0.13, TXPEOMeNtal growth fas
a 20438 p < 0.001 0 = 0.966 higher concentration thar
p="0 ) ' wild growth.
F3,465= 230, F1,455: 2.74, F3’465: 246,
Mg p = 0.076 p = 0.099 p = 0.062 N/A
F37473: 467, F1,473: 116, F3,473: 276,
Na | p=0.047 pP=0283 | p=0.046 N/A
Fs476= 1.60, F1,476=0.15, Fs476= 2.59,
S 0 =0.188 D =0.703 0 = 0.052 N/A
P F37345: 171, F1,345: 268, F3,345: 061, N/A
p= 0.165 p =0.102 p =0.608
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Figure 3.12 L. uva +Ca (A), square root of Mg (B), Na (C), Sr (D) and P (E)
concentrations in wild growth (dark box plots) and experimental growth (light box plots) in each
of the four treatments.
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Figure 3.13 #C. inconspicuatCa (A), square root of Mg (B), Na (C), Sr (D) and P (E)
concentrations in wild growth (dark box plots)and experimental growth (light box plots) in each
of the four treatments.
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Table 3.8 +C. inconspicua- Statistical analysis results of elemental composition data from the
spot point method. Twoeway ANOVA and posthoc Tukey tests determind significant effects of
treatment, growth period and interaction of these two factors. Significant digrences are
highlighted in bold.

Spot point method
Two-way ANOVA results (Response: weidhi,
Element Factors: treatment, W!ld vs experimental growt
wild vs Posthoc Tukeyresults
Treatment Experimental Interaction
growth
F2,381=1.15, F1,381= 0.65, F2,381=0.73,
Ca | v=0317 D = 0.421 0 = 0.484 N/A
o | Fao=223, | Frae=3044, | Fpae=0.70,| DXPErmental growth has
g = 0.109 p < 0.001 0 = 0498 higher concentration thar
p=5 ' ; wild growth.
_ _ _ Experimental growth has
Na Fz'sﬁga 59348’ F1'36_96 50359 F2'3ef’6 gé907, higher concentration thar
P=" P =0 p=0. wild growth.
Fzyggo: 285, F1’330: 1.81, F2,380: 046,
ST 0 =0.09 p=0.179 0 =0.634 N/A
= F2,320= 0.67, Fi1320= 1.37, | F2320=1.37, N/A
p =0.510 p = 0.256 p =0.256

3.4 Discussion

Both L. uvaandC. inconspicuahave a robust ability to produceeshwith the same punctal
density, calcite fibre size and elemental composition ufatecasted pH conditions both
species and also in. uvain warmingexpected by 2100This, in addition to the unaffected

shell growth rates and ability to repahnel (Chapter 2 Cross et al., 2015, 20),6further
illustrates the resilience of shell production in a polar and a temperate brachiopod under future

environmental change.

3.4.1 Punctal density

Punctal densityn L. uvawas not affected by acidified conditions iacreased temperature
andin C. inconspicuawas not affected by lowered phVild populations of bth species
should thereforepe able to produweshellwith similar punctal density over the next 84 years
This shell characteristisas not been included the fewpreviousocean acidification studies
on brachiopods (McClintock et al., 2009; Watson et2812; Cross et al., 2015, 2016) and
cannot be compared to equivalent research on other marine calcifienscéeseponlyoccurin
brachiopods.Lowered pHdid not impact punctal density inwo species from different
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habitats suggestingthat it is unlikely thatacidified conditions affect this characteristic.
Temperature has besunggestedo control punctal density due to variations between closely
relatedspecies in different geographical areas with varying seawater temperatures (Foster,
1974).Thegenerakrendwasincreasing punctal density with increasing seawater temperature.
Punctal densities of sikiothyrella speciesincludingL. uva and eleven tebratellid species,
including C. inconspicuafrom several locations of varying winter seawater temperature were
positively correlated with temperature (correlation coefficfentiothyrella species: 0.687, p

< 0.01; correlation coefficierfor terebrat#id species: 0.457, p < 0.05; Foster, 197@is
correlation between punctal density and seawater temperature could be related to temperature
effects on shell growth rateBolar marine invertebrategow slow due tothe difficulty of
depositing CaCe@at low temperature (Graus, 1974ermeij, 1978 Clarke 1990, 1993) and

thar low metabolic rategPeck& Conway, 2000; Peck et al., 199%jow growth couldalter

the spacing of punctae gnitherefore punctal density. This could explain the significantly
higher densities in the tempera@ inconspicuathan in polar L. uva. Even thougha
temperéure effect on punctal densityas previouslydentified based on variability between
habitats, datdhere suggests that predicted eoentury warming will not impacthis shell

characteristiovithin a species

On evolutionary scales, food availability is a potentaler of punctal density (Peck &
Holmes, 1989a). Punctae house significant porti@@80% in 57 mm length individuals

and 3045% in 25 mm individual (Peck et al., 1987a)R | WKH DQLPD @fredu¢eRIW WLVYV
space constraints within the mantle cavitygher punctal densities magherefore persist in

species inhabiting environments with abundant food segpPunctal density habeen

reported tovary within an individualwith a wide range of densities (8®8 mm?) recorded

within one valve othe terebratellidMagellania joubini(Williams & Rowell, 1965).Punctal

densities inL. uvaand C. inconspicuaheredid not vary between differershell aras This

could be attributed tahe careful consideration of each micrograplefore measuring

ensuring punctae were clear enough to count accurately as some areas had extensive wear on
the shell surface or the periostracum was so intact that the punctaeeath were difficult

to see.
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3.4.2 Calcite fibre size

Calcite fibre size in both. uvaandC. inconspicualid not differ between the pH controls and
the most acidified treatments. This demonstrétesthese speciesan makeshell with the
same calcitdibre sizes under predictezhdcenturyconditionsin terms of the scalased in

this study This is in contrast tonicreased alcite lath thicknessrecorded in the oyster
Crassostrea virginicainder low pHconditions(Beniash et al., 2010The authors sxulated
thatin lowered pH cell division rates in mantle tissue decrease, as a result of their measured
reducedsomatic growth ratesThe slower mantle growth llws increased time for the
deposition of a single calcite foliurkitzer et al. (2014a) showehell production inMytilus
eduliswas maintained in 1000 patpCO,. Shell integrity was however,compromised as
disorientated calcite crystatecurred instead ahe uniform structural orientatioproduced
under ambienpCO, conditions.Therefore, sheproduction under predicteendcenturypH
conditions comes at a cost to shell integritynich could impact shell strength and reduce
protection from predators and changing environmesiisll texture was noassessedh this
study, but lowered pH did ot impact calcite fibre size suggesting brachiopods could have a

stronger control on biomineralisation proasthan mussels.

The @lcite fibre sizes .. uvaweresimilar to thosepreviously reported fok. uva(150-200

um x 5 pm) byGoetz et al(20M), but theywere significantly larger than the fibres @
inconspicua Shells in colder waters tend to have a coarser shell masaletermined by

crystal fibre sizein the inner secondary layer. An early study by Wilbur (19$@wedthat

low temperéures slowed growth angroducedarger crystals in molluscsyhich is the same

trend inthe rhynchonelliform brachiopodm this chapter Similar numbers of crystal fibres

have been reported between each punctarachiopodsof widely varying punctal desity

(Foster, 1974). This suggests that punctae are formed after a certain number of crystals are
deposited Species with larger calcite fibreshould, thereforehave more space between
punctae and a lower punctal density. The larger calcite fibresuwacomplement the lower

punctal density in the polar brachiopoaimparedo the temperate species in this chapter.

3.4.3 Elemental composition

None of themajor elementsoncentration$Ca, Mg Na, SrandP) were impacted bijowered

pH in L. uva or C. inconspcua. Therefore, both speciesan produce shell with the same

elemental composition in predicted pH conditions for the next 84 y@aean acidification
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research on other marine calcifiers has demonstrated varying effects on elemental
composition, withgreaterimpacs reportedin Mg, Na and SrNa and Mg concentrations both
decreased iMytilus galloprovincialisshell laid down inlow pH environmerg near CQ

vents compared to individuals ioontrol conditions (Hahn et al., 2012ReducedNa
concentratios were attributed to the lack afiacreous layer production in low pH conditions

as Na concentrationare higherin nacrethan the calcite layer. Mg is only present in the
calcite layer ofM. galloprovincialis, therefore, shell microstructure does not expldia
decrease in Mg concentration shell precipitated ilow pH conditionsand the reasons for

this decrease remain unknown. These results must be interpreted with caution though as only
one individual was used in the shell geochemisinalysis by Hahret al. (2012). Sr
concentrationsvere higher irthe sea urchiParacentrotus lividugut not inArbacialixula in
response to low pH environments wher€s Mg, Na and various other elements in both
speciesdid not vary significantly with pH (Bray et al.,2014). Higher Sr concentrationfn
lowered pHhave also been reported in the urc8imongylocentrotus purpuratysaVigne et

al., 2013). Both these studies suggest incee&eincorporation, albeitwith no parallel
decrease irMg concentration, could dicate an increased mineral precipitation rate at the
calcification site (LaVigne et al., 2013; Bray et al., 2014). This could be due to the positive
relationship ofSr incorporation andorecipitation rate irsea urchins (Kinsma& Holland,

1969; Carpente& Lohman, 1992). The absence of this tren&irconcentration irA. lixula
indicates thatmpacts of lowered pH on elemental compositése speciespecific (Ries et

al., 2009; Bray et al., 2014Diet has a stronger effect on Mg/Ca ratiio juvenilesof the sea
urchin P. lividusthan lowered pH (Asnaghi et al., 2014). This study found that urchins fed
with the calcifying macroalga@orallina had a higher Mg/Ca ratio in elevate@O,, whereas
urchins fed with nostalcifying macroalgaelid not show any ifferences in this ratiavith
increasedCO,. This highlightsthe importance omultifactor ocean adification studies to
providemore environmentally relevadata onvariations in elemental compositions in marine

calcifiers.

Increased temperature didtraffect concentrations @iy major element irL.. uvaindicating
this polar speciesan produce shell with the same elemental composition in wdremd
century predictecconditions. This contrast with other elemental composition studies
brachiopodsas concentrations of major elemenitsgluding Na and Sr buyparticularly Mg,
generally increase with elevated temperatiiekmore ¢ al., 1994;Mii & Grossman, 1994,

Grossman et al., 189 An inverse correlatioetween Mgand'®0 concentrations waalso
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recorded in theCarboniferousbrachiopodNeospirifer dunbarishell which wa consistent
with atemperatureffect (Grossman et al., 1996Foncentrations of Ca ib. uvaand Mg and
Na in C. inconspicuavere higheiin experimental growth imll treatmentcompared tawild
growth These trends were present in the pH control asasdboth acidified treatments, and
are thus not an effect of lowpH. The higher Mg and Na@oncentrations irexperimental
growth of C. inconspicuacould result from the high, but isnilar, temperatures in all three
treatments due to unusually high seawater temperatures in Otago Harbogrtde 12 week
temperateexperiment (Chapter 2; Cross et al., 20I@mperature cannot explain the higher
Ca concentrations ih. uva experimenth growth as this trend wagresentin the higher
temperature treatments as well as the temperature control. Seawater used in therclosed
polar experimentvas sourced from the Norfolk coast, therefdtes pattern could be due t

potentiallydifferent Ca concentrations of the North Sea and the Southern Ocean

Other factors that might affect brachiopod shell elemental compositiomareamy, shell
growth rate andnicrostructurglLowenstam, 1961; Buening & Carlson, 1992)taxonomic

effect on Sr ad Mg was suggested to superimpose on the temperature effect (Lowenstam,
1961).Faster kell growth rates if.. uvaat higher temperature (Chapter 2; Cross et al., 2015)
and elemental composition not differing between treatmemdgate that shell growthrates

do not affect concentratiom$ anymajor elemenin L. uva.Caconcentratiorwas higher irC.
inconspicuathanL. uvaandMg, Na Srand Pconcentrations were higher in uvathanC.
inconspicua This supports the suggestidhat taxommy might be a majorfactor dictating
elemental compositionTaxonomic differences could be explained by different precipitation
rates of differentshell typesand some elementsre affected by precipitation rate. For
example, Na concentration is higher in fibraursdmatusshell than in prismatitNeospirifer

shell (Grossman et al., 1996), which could be explained by fibrous shell being precipitated
faster than prismatic shell (Busenberg & Plummer, 19B5uva hashigher Na Sr and P
concentrations thag. inconspicua which could be explained by the faster growth rate of

largerL. uva

All trace elements (Si, Fe, Mn and Ba) were below the Electron Microgteteetion limits.
Any effects of predicted engentury pH and warming conditiorms concentratioa of these
elements in rhynchonelliform brachiopodisus remain unknown.Low pH increasedMn

concentrations in botR. lividus(541%increase)andA. lixula (243% increageand loweed
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Zn concentrations inP. lividus (66% decrease; Bray et al., 201HReasons for thes
differencesare unclearhowever, he decrease in Zn was suggested tduee toreproductive
statusdifferencesbetween sites athis elementis essential for reproduction and present in
high concentrations in femalechin gonads. Mincorporationin crystal lattice often leads
to abnormal skeletal growth (Richter et al., 20@@)ich suggesttheseurchin speciegnight

have furtheproblemsin future acidified conditions.

3.4.4 Conclusions

Despite rhynchonelliform brachiopods being one of the most highlgium carbonate
dependent organisms, both uvaand C. inconspicuacan repair shell damage and deposit
new shell (Chapter;2Cross et al., 2015, 20Lén predicted environmental conditiorisr
2100 The tolerance ofhis polar and temperate spechess firther been demonsted in this
chapter through their ability tproducethe same shell structurallyn terms of punctal
density calcite fibre sizeand elementalcomposition However, data on more shell
characteristics, such as texture, hardness arahmrgontent areneeded to fully understand
the resilience ofheshell productiorprocesgo predicted future condition&iomineralisation

in marine calcifierss facilitated byactively elevanhg pH and thus the saturation states in the
calcifying compartments above that of ambient seawéiérHorani et al., 2003; Cohen et al.,
2009; Ries et al., 2009This reduction inH* concentratiorconverts HC@ to CQ;*> which
elevatesCO;* concentratiorwithin the calcifying compartmentsdarine calcifiers thacan
elevate their calcifying fluighH above ambienkevelsare generally lesnegatively affected by
low pH thanspeciesthat only maintain pH at lower levels (Ries et al., 20@3.in the
calcifying compartment in brachiopods is unknovns likely, however, thathis phylumcan

increase this pH ancbnsequently hasstrongcontrol on biomineralisation
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Chapter Four

Do polar and temperate brachiopods maintain their
shell integrity under predicted end-century acidified
conditions?

4.1 Introduction

The shell is crucial for protection shellbearing organisms (Verme1977), therefore, any
negative impets to shell integrity couldompromiseits protective function and potentially
prove fatal.Shell integrity can be affected by erosioom natural scoupr attack from shell
boring organisms and dissolutiokbrasion of the shell surface occurs throuigl novement

of individuals againseach other, with other calcified biota or substrata. Rhynchonelliform
brachiopodstypically settle on hard substrata or on older conspecific individnatome
speciesforming large clusters of animals in close proximifjames et al., 1992)n these
clustersany movement is likely to cause shell erosiBhynchonelliform bachiopod shells

are also susceptible to infestatioishdl -boring organismswhich penetrag the periostracum

and erode thenner shelllayers (Curry, 1983h. Dissolution is a physbchemical process
largely driven by the solubility of the biomineral, the chemical characteristics of the
surrounding seawater and also by potential effects of the metabolic by products released by
the adhering biofilm (Mnhuis et al., 2010Environmental conditions predicted for 2100 will
shift seawater carbonate chemistrytite point whereCaCQ; dissolutionis favoured which
potentially could further ecrease the shell integrity diynchonelliform brachiopods alread

subject to being compromised by physical abrasiorsaettboring organisms.

Shell dissolution at the external surface cannot be regulatethdyrganism Marine
calcifiers could however cownteract this potentially fataffect of ocean acidificatio through
compensatory mechanisnighenotypic plasticity of shelnorphologyhas been reported in
shelled organismdan response tthe presence giredatorgBronmark et al., 2011as well as
changingenvironmental conditionfPeyer et al., 201 (Fitzer etal., 201%). These responses

include $ell thickening and production of a more rotund shekeenin molluscs(Vermeij,
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1982; Freeman& Byers, 2006fisher et al., 20Q%Peyer et al., 201Bronmark et al., 2011
Fitzer et al., 2018. Production of alticker periostracum could also withstand more wear and
deter dissolution. Thesadicate possible compensatory mechanismsnhance protection
from abiotic and biotic stresses, including predation alteredconditions, which could also

bepresenin rhynchonelliform brachiopods.

Calcification and dissolutiorare two of the primaryprocessesinvestigatedin ocean
acidification researchdue to their direct importanc® the survival of marine calcifiers
(reviewed by Kroeker et al., 2013 While there havdeen variedmpacts oncalcification,
which aregenerally considered to be speesgecific (Ries et al., 200%roeker et al., 2013
dissolution and subsequeobmpensation appears to be more challengind potentially
more of a threat tealcifying organisms(Nienhuis et al., 2010Roleda et al., 2090 Shell
growth rates ofthe rhynchonelliformsL. uva and C. inconspicuaare not impacted by
predicted acidified conditions (Chapter 2; Cross et al., 2015,)2baédissolution icreased

in the Antarcticbrachiopod in pH 7.4 conditions after only 14 days (McClintock et al., 2009)
Only emptydried valves were usedy McClintock et al. (2009)so the compensatory ability
of brachiopodgo shell dissolutiorremaired unknown.The aims of this chaptetherebre,
were to investigate dissolution effects andpotential compensatory mechanisms of
rhynchonelliform brachiopods under acidified and warming conditions. Specifically, the
extent of dissolutiorand thickness of whole vals@and individual shell layers werassessed
under predicted endentury pHlevelsin L. uvaandC. inconspicuaand alscunderincreased

temperature .. uva.

4.2 Materials and methods
4.2.1 Experimental design

Experimental desigaetailsfor both CQ perturbation experimentsonducted or.. uvaand

C.inconspicuaare presenteith section 2.2.2.

4.2.2 Sample preparation

Sample preparatiodetails are presented gection 3.2.2For each species, five undamaged
specimens with thiargestexperimental growth increments were selected from each treatment
for further shell analysis. Morphometric data for each specianergivenin Tables 4.1 and

4.2.
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Table 4.1 +L.. uva- Morphometrics of the individuals selected for further shell analysis of shell condition index and thickness. Initial lengtk given to

indicate size of the individual. Grey cells indicate the use of this specimen in the respective shell analysis.

Shell characteristics

Pedicle valves

Brachial valves

Treatment Individual ID Initial length Overall growth
(mm) (mm)
Temperature controlN7 19.6 1.1
Temperature Temperature contralN20 20.3 1.2
Control Temperature controlN28 7.2 0.7
Temperature controlN49 12.2 0.7
Temperature controlN52 9.1 0.8
pH control- N4 8.9 1.6
pH control- N5 8.1 1.4
oH control pH control- N6 9.8 0.8
pH control- N7 16.1 1.7
pH control- N9 14.9 1.3
pH control- N10 23.3 2.0
pH 7.75- N1 7.5 1.9
pH 7.75- N2 10.6 0.9
pH 7.75 pH 7.5 - N5 13.6 2.3
pH 7.75- N8 17.3 2.7
pH 7.75- N9 17.9 2.5
pH 7.54- N1 10.5 1.3
pH 7.54- N4 14.0 1.8
pH 7.54- N5 17.8 1.0
pH 7.54 pH 7.54- N6 215 12
pH 7.54- N8 22.2 1.0
pH 7.54- N9 24.1 0.6

Shell conditionmdex

Shell thickness
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Table 4.2 +C. inconspicua Morphometrics of the individuals selected for further shell analysis ofhell condition indexand shell thickness. Initial length is
given to indicate the size of the individual. Grey cells indicate the use of this specimenlie respective shell analysis.

. Shell characteristics
Treatment Individual ID Inltlzﬂ]lringth Over?nllng]]rowth Pedicle valves Brachial valves
(mm) (mm) Shell condition index Shell thickness
pH control- N1 6.7 0.6
pH control- N13 8.0 1.3
pH control | pH control- N14 5.3 0.8
pH control- N29 8.3 0.8
pH control- N49 9.8 0.5
pH 7.8- N3 10.1 0.9
pH 7.8- N5 10.5 0.6
pH 7.8 pH 7.8- N8 10.3 0.8
pH 7.8- N14 5.2 0.8
pH 7.8- N25 8.1 0.6
pH 7.6- N11 7.0 1.4
pH 7.6- N19 4.9 1.0
pH 7.6 pH 7.6- N31 6.2 0.7
pH 7.6- N40 6.1 0.7
pH 7.6- N46 7.1 0.8
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4.2.3 Shell condition index

Scanning Electron Microscopes (JEOL 820 foruva and FEI QEMSCAN 650F fot.
inconspicua both operated using an accelerating voltage of 20 ikMthe Department of
Earth Sciences at the University of Cambridge, UK were used to image pedicle valves of both
L. uva and C. inconspicuafrom each treatmertb determineshell condition Five types of

shell condition were present including intact periostracum with pitted layer (stage 0), intact
periostracum without pitted layer (wear stage 1), wear but no dissolution (wear stage 2),
dissolution in the primary layer (dissolution stage 1) and extenssg®ldiion exposing the
secondary layer (dissolution stage 2). Fudbcriptionsand example®f each type of shell
condition for both species are presented in Table Mi8tographs(1 mm x 1 mm) were
collected at 5 areas shell laid down in the naturanvironmentand 5 areas frorgrowth in

the experimerst (Figure 4.1A). Percentage areas of each type of shell condftom each

SEM micrograph were measured in Imad&lgure 4.1B). To minimise operator error,
assessmentsf each type of shell conditiowere madethree times oreach micrograph on

different days with the averageea used in statistical analysis.

Figure 4.1 +Shell condition index (A) schematic of a pedicle valve indicating the 5 areas in the

growth laid down in the wild and the 5 areas irexperimental growth where SEM micrographs

were collected for analysis and (Batypical 1 mm by 1 mm SEM micrographof the outer shell

surface collected to determineshell condition index DS1 = dissolution stage 1, DS2 = disstibn
stage 2.Scale bar = 100 pm
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Table 4.3 £Shell condition index- Descriptions ofeach type of shell conditiorwith SEM
examples Examples given apply to both species unless stated otherwiSeale bar = 20 um.

Shell
condition Description SEM examples
index
L. uva: C. inconspicua:
Smooth, intact
Stage 0 periostracum with no
Intact signs of wear or
periostracun dissolution with a
with pitting | complete covering of the
layer pitted layer on the
surface.
Wear Stage Smooth intact
1. periostracum without an
Intact extensive signs of wear
periostracun| however, the pitted laye)
without is absent probably due t
pitting layer less invasive wear.
Abrasion of the
periostracum causes
rough, blunt and sharp
Wear Stage| surfaces or cylindrical,
2: hollow meandering phs
Wear but no from sheltboring
dissolution organismsDespite
exposing the inner shel
layers, no dissolution
OCCUrs.
Corrosionof the primary
. : layer withflaky,
Dissolution dissolvedcalcite crystals
Stage 1 :
: . and the formation of
Dissolution I : . .
i arge dissolution pits
in the AN
. within this shell layer
primary he secondary layer is
layer T y 1ayer
never exposed in this
stage.
Dissolution Extengve dissolution
Stage 2 causing the complete
Dissolution | removal of the primary
exposing thg layer and exposing the
secondary | underlying secondary
layer layer.
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4.2.4 Shell thickness

Polished cross sections of brachial valves were etched with 1% HCI for 30 seconds before
acetate pel replicasof the ethed surfacesvere prepared ofeach specimerAcetate peels

were prepared according to Richardson et al. (19B8¢fly, acebne was poured onto the

resin block and small strips of replicating material (Agar Scientific cellulose acetate) were
placed on th etched surface allowing the acetate to become afhabte after 30 seconds in
acetone. After 15 minutes, the acetone had evaporated and the peel was removed and mounted
between amicroscope slideand a cover slipThickness measurements 0.1 mm) of the

primary layer secondary layer artdtal shellwerethenmadefrom 3 area®f wild growth and

3 areasof experimental growth (Figure 4.2n a Swift monocular petrologicainicroscope

with fitted micrometer.

B
A
2
3
1 4
<€ > € >
Wild Experimental
growth growth

Figure 4.2 £Thickness measurements: (ASchematic illustrating the areas in the shell laid down
in the wild (green lines) and the shell laid down in the experiment (blue lines) whereithness
measurements were made andB{ optical image indicating the primary and secondary layers.

Scale bar = 100 pm.

4.2.5 Statistical analysis

All data were analysed using Minitab (Statistical SoftWAréersion 17).To attempt tomeet
the assumptions of parametric statistiex,cpntage area data for thleell condition indeof
both L. uvaandC. inconspicuawere arcsintransformedo remove imposed limits, however,
the arcsin values were not normally distributeelcausethere werezeros in the dataset
(AndersonDarling test; p < 0.B). ThereforenonparametrickruskalWallis testswere used
to determine whether treatmearid area numbeffected theanedianpercentage area of each

type of shell conditionn the wild growth and experimental growth separategch growth
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period was analysed separatéty determine whether treatmentdaarea number affected
thicknessof shellthat had already been potentially subjectesutostantialvear (wild growth)

and newly produced shelvith less time subjected to weéxperimeral growth) When
significant differences were found, a further KeasWallis Multiple Comparisons test was
conducted to identify which treatments were statistically different from each ®tiiekness
datafor bothL. uvaandC. inconspicuaverenormally distributedAndersonDarling test; p >

0.05). Two-ZD\ $129 39 ¥ cardltted on primary layer, secondary layertatal shell
thickness measurementswild growth and in experimental growth separatelgletermine if
treatment and/or shell positiowhere measurements were mad&gctedthickness.Each
growth periodwas analysed separately to determine whether treatarehtshell position
affected shell maintenance (thickness of shell laid down in the wild) and shell production
(thickness of shell laid down in the experimeiosthoc Tukey tests were performed when
significant differences were found to determine which treatments, shell position and/or

interaction factors wenesponsible

4.3 Results
4.3.1 Shell condition index

In L. uvawild growth, intact periostracum witpittedlayer (stage Owas only observeth the
two controls (Figure 4.3\, B and Figure 4.4), andonly one individualexhibited this shell
conditionin the temperature control pendix FigureB1A) andit was only presentin areas
4 and 5(averages of 19.8% and 22.1%, respectivatythe pH control(Figure 44 and
Appendix FigureB1C). Intact periostracum withoytitted layer (wear stage 1yvas present in
L. uvawild growthin all treatmentsbut only one individual exhibéd this shell conditionin
the most acidified treatmem\ppendix FigureB1G). Treamentsignificantly affectedhe area
of intact periostracum withouytitted layer (KruskalWallis: H = 60.98, p < 0.001)'he lower
percentage areas of thigpe of wearoccurredin the acidifed treatmentsKruskalWallis
Multiple Comparison testpH contol vs pH 7.75: Z =4.187 p < 0.001, pH control vs pH
7.54: Z =6.918 p < 0.001)with a larger percentage area in thé¢ p.75 treatment compared
to pH 7.54 (Z = 2.971, p = 0.003)emperaturehoweverdid not have anfeect (Figure 4.4;
Temperature comdl vs pH control: Z =0.735 p =0.462. Temperature appeared impact
the percentage area wfear but no dissolution(wear stage 2)n L. uva wild growth as
significantly lower percentage areas wegmesentin the threehigher temperature (2°C)
treatmats (KruskalWallis Multiple Comparison test, pH control: Z = 3.543, p < 0.001, pH
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7.75: 2 =2.873, p <0.001, pH 7.54: Z = 2.767, p = 0.0Péjcentage areas akdolution in

the primary layer(dissolution stage lyere significantlyhigherin both acidfied treatments
comparedo both controls Kigure 44; KruskalWallis Comparison test, temperature control
vs pH 7.75: Z = 6.367, p < 0.001, temperature control vs pH 7.54: Z = 6.557, p < 0.001, pH
control vs pH 7.75: Z = 5.203, p < 0.001, pH control sH54: Z = 5.459, p < 0.001wvith

no significant difference between pH 7.75 and pH 754 (0.553, p = 0.580 Dissolution
exposing the secondary layfglissolution stage 2yas alsent in both controldlt accouned

for only 0.4-1.8% area of wild growtlin the pH 7.75 treatmerfFigure 4.3, C, E, G and
Figure 44). The most acidified treatmertiowever, hadgignificantly higherpercemage areas

of this dissolution stagecompaed to the other treatments (Kruskalallis Multiple
Comparison test, temperagucontrol: Z = 5.857, p < 0.001, pH control: Z =5.611, p < 0.001,
pH 7.75: Z = 3.949, p < 0.001).

L. uvaexperimental growth veamainly characterised by intact periostracum itted layer
(stage O)as> 58.9% ofall individuals exhibited intact she{Figure 43B, D, F, Handarea
numbers 610 in Figure 44). Percentage area sfage Owas significantlylower in the most
acidified treatmentomparedto the other treatments (Temperature control: Z = 3.899, p <
0.001; pH control: Z = 6.302, p < 0.001; pt¥r5: Z = 4.730, p < 0.001ntact periostracum
without pitted layer (wear stage dyas only found in one individual in both the pH control
and pH 7.75 treatmentAppendix FigureB1B, D). Temperature appezat to impact the
percentage area of wear but missolution(wear stage 2in L. uva experimental growtlas
significantly lower percentage areas wgmesentin the threehigher temperature (2°C)
treatments (Kruskavallis Multiple Comparison test, pH control: Z = 5.877, p < 0.001, pH
7.75: Z = 3.805p < 0.001, pH 7.54: Z 5.476, p < 0.001L The percentage area of dissolution
in the primary layer(dissolution stage llncreased with increasing acidity (Figure3:4.
KruskalWallis Multiple Comparison test, pH control vs pH 7.75: Z = 2.405, p = 0.C46, p
control vs pH 7.54: Z = 7.101, p < 0.001, pH 7.75 vs pH 7.54: Z = 4.834, p < 0ta@1),
temperature did not have affeet (Figure 44; KruskalWallis Multiple Comparison test,
Temperature control vs phbotrol: Z = 0.216, p = 0.829Dissolution exposig the secondary
layer (dissolution stage Ayasabsenin L. uvaexperimental growtln all treatmend (Figure
4.3B, D, F, H and Figure 4).
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Figure 4.3 £L. uva tExamples of SEMmicrographs of shdl surfaces of shell laid down in the

wild (A, C, E, G) and in the experiment (B, D, F, H) in temperature control (A, B), pH control

(C, D), pH 7.75 (E, F) and pH 7.54 treatment (G, H). SO = stage 0, WS1 = wear stage 1, WS2 =
wear stage 2, DS1 = dissolutiostage 1 and DS2 = dissolution stage 2. Scale bar = 20 pm.
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Figure 4.4 £L. uva tAverage percentage area dhe different types of shell conditionsn wild
growth (area numbers 15) and experimental growth (area numbers 6L0) intemperature
control (A), pH control (B), pH 7.75 (C) and pH 7.54 treatment (D)Lighter grey tones indicate

an increase in wear and/or shell dissolution (see legend).
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In contrast td_. uva, C. inconspicuavild growth in all treatments was mainly characterised
by intact periostreum with pitted layer (stage 0; > 43% across all treatments; Figbiand.
Figure 46). There was, however, a treatment effect on this shell condition (Krigkidis, H

= 44.49, p < 0.001)rhe most acidified treatment had a significantly lower percensaga of
stage 0 than the pH 7.8 treatment and thecphtrol KruskalWallis Multiple Comparisons
test,pH 7.8: Z = 4.562, p < 0.001; pH control: Z = 6.495, p < 0.001) with no differences
between pH 7.8 and the pH control (Z = 1.934, p = 0.058¢ perentage area of intact
periostracum withoupitted layer (wear stage 1ljvas also affected bytreatment(Kruskak
Wallis, H = 7.89, p = 0.020)There weresignificantly lower percentage areas of intact
periostracum withoupitted layer in the pH 7.6 treatmenban both the other treatments
(KruskalWallis Multiple Comparisons tespH 7.8: Z = 2.564, p = 0.010; pH control: Z =
2.274, p = 0.023yith no differences between pH 7.8 and the pH control (Z = 0.290, p =
0.772) The percentage area of dissolutionhe primary laye(dissolution stage lihcreased

with increasing acidity (Figure 3and Figure 4; KruskalWallis Multiple Comparison test,

pH control vs pH 7.8: Z = 4.032, p < 0.001, pH control vs pH 7.6: Z = 7.316, p < 0.001, pH
7.8vs pH 7.6: Z=3.28 p < 0.001)Treatment did not affect the proportion of wear without
dissolution (wear stage 2)n the wild growth (KruskaWallis, H = 0.02, p = 0.988) and
dissolutionexposingthe seondary layerdissolution stage 2) did not occur any treatment
(Figure 46; Appendix Figure B2

Similar toL. uva, C inconspicuaexperimental growthn all treatments mainly consisted
intact periostracum wittpitted layer (stage O)with > 71.4% of all expemental areas
classified as thishell condition(Figure 45 and 4.6). There wasa significant effect of
treatment on the percentage coverstdge O(KruskatWallis, H = 20.96, p < 0.001).
Significantly lower percentage areas occurrechanrmost acidified treatmenbmpared tdghe
pH control KruskalWallis Multiple Comparisons test, = 2.810, p = 0.005) and the pH 7.8
treatment (Z = 4.535, p < 0.00Ihere washoweverno significant difference between pH
7.8 and the pH control (Z = 1.725, p = 0.08%)Jeatment affeed the percentage area of
experimental greth exhibiting wear but no dissolutiowéar stage; KruskatWallis, H =
10.67,p = 0.005).Percentage cover of this wear was higher in the pH control than in both
acidified treatmentsKruskalWallis Multiple Comparison tespH 7.8: Z = 2.377, p = 0.018
pH 7.6: Z = 3.130, p = 0.002Zprimary layerdissolution(dissolution stage ln experimental
growth was onlypresentin the mostacidified treatment (Figure 4.6Intact periostracum

without pitted layer (wear stagel) and dissolution exposing the sedary layer(dissolution
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stage 2was absenin the experimental gwath in dl treatmers (Figure 46; Appendix Figure
B2).

Figure 45 +C. inconspicua+SEM micrographs of shell surfaces of shell laid down in the wil
(A, C, E) and in the experiment (B, D, F) in pH control (A, B), pH 7.8 (C, D) and pH 7.6 (E, F).
SO = stage 0, WS1 = wear stage 1, WS2 = wear stage 2 and DS1 = dissolution stage 1. DS2
(dissolution stage 2)vas asent in dl treatment in this species. Sale bar = 20 pm.
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Figure 46 +C. inconspicua tAverage percentage area ahe different shell conditionsin wild
growth (area numbers 15) and experimental growth (area humbers 6L0) in pH control (A), pH
7.8 (B) and pH 7.6 (C)Lighter grey tonesindicate an increase in wear and/or shell dissolution
(see legend).
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4.3.2 Shellthickness
4.3.2.1 Primary layer thickness

Primary layer thickness ib. uvaranged fromD-96.7 um (black bars imMAppendixFigureB3).

In L. uvawild growth, lowered pH caused the primary émyto become progressively thinner
There waso difference between the two controls e primary layerwasthinnerin pH
7.75 andwas thinnestin pH 7.54(Figure 47A; Two-way ANOVA - Treatment: k45= 68.20,

p < 0.00). The primary layer also got pgoessively thinner towards the um@aack bars in
Appendix FigureB3A, C, E, G Two way ANOVA - Shell position: E45= 22.41, p < 0.001
All three positimsin pH 7.54 wee thinner than all other treatmentémbo regions (position
1) in both controls ah pH 7.75 wee thinner than the middle of the shell (position 2) and
nearer the experimental grdw{position 3). Each position in pH 7.75 svthinner than the
equivalent position in both controfblack bars in Appendix FigurB3A, C, E, G Two-way
ANOVA - Interaction: k45 = 3.69 p = 0005). In L. uvaexperimental growthprimary layer
thickness was not affected by treatmesttell position or the interaction of the twiactors
(Figure 47B and black bars in Appendix Figur&3B, D, F, H Two-way ANOVA -
Treatment: k45= 1.35, p = 0.271; Shell position; ks = 0.17, p = 0.840; Interactions ks =
1.15, p = 0.360).Temperature did not affect primary layer thicknessLinuva wild or
experimental growth

Figure 4.7 £L. uva tAverage primary layer thickness in wild growth @A) and experimental
growth (B) in all four treatments. Values plotted are mean + SE. Different letters above columns
indicate significant differences (p < 0.05).
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C. inconspicuaprimary layer thicknessanged from14.340.9 um (black bars inAppendix
Figure B4). In C. inconspicuawild growth, primary layer thickness was not affected by
treatment or the interaction of treatment and shell position (Fig8te Zwo-way ANOVA -
Treatment: k3= 1.85, p = 0.172; Interactions ks = 1.8, p = 0.175)Primary layernearthe
umbo (position 1)howeverwas thinner than the middle of the shell (position 2) and nearer
the experimental growth (position Black bars in Appendix FigurB4A, C, E; Two way
ANOVA - Shell position: k3 = 5.46, p= 0.008)in all treatmentsin C. inconspicua
experimental growthprimary layer thickness was not affected by treatment, position or the
interaction of the two factord={gure 48B and black bars in Appendix FigurB4B, D, F;
Two-way ANOVA - Treatment: k3= 1.25, p = 0.297; Shell positionz 5= 1.97, p = 0.154;
Interaction: 3= 1.43, p = 0.245).

Figure 4.8 +C. inconspicua +Average pimary layer thickness in wild growth (A) and
experimental growth (B) in all three treatments. Values plotted ae mean + SE.

4.3.2.2 Secondary layer thickness

Secondary layer thickness L. uva ranged from84.3339.8 um (grey bars in Appendix
Figure B3. In L. uva wild growth, secondary layer thickness was affected by acidified
conditions with the most acigdd treatment causing a significant increase in thickness but
there was no difference between pH 7.75 and the conEgjsré 49A; Two-way ANOVA -
Treatment: g45= 15.27, p < 0.001 Shell position and the interaction of treatment and shell
position dd not affect the thickness of this shell laygrefy bars in Appendix Figuig@3A, C,
E, G; Two-way ANOVA - Shell position: E45= 0.09, p = 0.915; Interactions s = 0.10, p =
0.996).In L. uvaexperimental growt, treatment and the interaction of treant and shell
position did not impact secondary layer thicknedsigire 49B; Two-way ANOVA -
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Treatment: k45 = 2.61, p = 0.063; Interactionsfs = 1.79, p = 0.123). However, this shell
layer did get progressively thinner with the direction of growirtbng position 4 to position 6;
grey bars in Appendix Figu®3B, D, F, H; Two-way ANOVA - Shell position: F45=26.92,

p < 0.001). Temperature did not affect secondary layer thicknesd..iruva wild or

experimental growth

Figure 49 #L.uva *Averagesecondary layer thickness in wild growth AA) and experimental
growth (B) in all four treatments. Values plotted are mean + SEifferent letters above columns
indicate significant differences (p < 0.05).

C. inconspicuasecondary layer thicknessanged from 27.93646 pm (whole bars in
Appendix Figure B3 In C. inconspicuawild growth, secondarylayer thickness was not
affected by treatment, position or the interaction o$diactors (Figure 40A and grey bars
in Appendix FigureB4A, C, E; Tweway ANOVA - Treatment: k3= 2.60, p = 0.088; Shell
position: ks = 2.04, p = 0.145; Interaction:s ks = 0.06, p = 0.994)In C. inconspicua
experimental growth secondarylayer thickness was not affected by treatment or the
interaction of treatment and sh@bsition (Figure 4.0B; Two-way ANOVA - Treatment:
Fo36 = 0.33, p = 0.718; Interaction:s ks = 0.41, p = 0.800)The secondary layer in the
youngest position (position 6) wablowever,thinner than the older experimental growth
(position 4 and 5; greydrs in Appendix Figuré82B, D, F; Two way ANOVA- Shell
position: k3= 15.90, p < 0.001).
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Figure 410 #C. inconspicua tAverage condary layer thickness in wild growth A) and
experimental growth B) in all three treatments. Values plotted are meant SE.

4.3.2.3 Total shellthickness

L. uvatotal shell thicknessanged fronB84.3436.5um (whole bars in Appendix Figure B3
In L. uvawild growth, treatment affeed total thickness with pH 7.54 significantly thicker
than the other treatmen(Bigure 411A; Two-way ANOVA - Treatment: k45 = 5.66, p =
0.002. Shell position and the interaction of treatment and shell position didhostever,
affect the thickness of this shell layaevhple bars in Appendix FigurB3A, C, E, G;Two-
way ANOVA - Shell position: E4s5=0.53 p = 0592 Interaction: k5= 003, p= 1.00Q. In

L. uvaexperimental growthtreatment and the interaction of treatment and shell position did
not affect totakhellthickness (Figure 41B; Two-way ANOVA - Treatment: k45= 1.76, p
= 0.1@; Interaction: k45 = 0.34, p = 0.915)Total shell thickness however,decreaseavith
the direction of growth (from position 4 to positiorvéhole bars in Appendix Figuig3B, D,

F, H; Twoway ANOVA - Shell position: E45= 22.20, p < 0.001). Tempeuaé did not affect

total shellthickness in.. uvawild or experimental growth
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Figure 411 #L.uva *Average total shellthickness in wild growth (A) and experimental growth
(B) in all four treatments. Values plotted are mean = SEDifferent | etters above columns
indicate significant differences(p < 0.05)

C. inconspicuatotal shell thicknessangedfrom 42.12-405.5um (whole bars in Appendix
Figure B4. In C. inconspicuawild growth, total shellthickness was not affected by treatment,
position or he interaction of the two factors (FigurelZA and whole bars in Appendix
Figure B4A, C, E; Twoway ANOVA - Treatment: k35 = 2.75 p = 0077, Shell position:
Fo36=1.80 p = 0.779; Interaction: k3= 0.06, p = 0.99). In C. inconspicuaexperimental
growth, total shellthickness was not affected by treatment or the interaction of treatment and
shell position (Figure 42B; Two-way ANOVA - Treatment: k3 = 0.45 p = 0644
Interaction: iz 36= 0.40 p = 0.80). Total shellthicknessn the youngestgsition (position 6)
howeverwas thinner than the older parts of the experimental growth (position 4 arnble;
bars in Appendix Figur®4B, D, F; Two way ANOVA- Shell position: k36 = 14.19, p <
0.001).
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Figure 412 *C. inconspicua tAverage total shellthickness in wild growth (A) and experimental
growth (B) in all three treatments. Values plottedare mean + SE.

4.4 Discussion

Data presented here show thatrbothe polarL. uva andthe temperaté&. inconspicuaare
susceptible tghelldissolution mder predicted endentury acidified conditionas dissolution
becane more extensive with increasing acidity and no or minimal dissolutspresentn
the controls.This trend has been widely reported in the ocean acidification literature of
several mane calcifiers includingoralline algaed.g.Kamena et al., 2013Cornwall et al.,
2014),corals €.9.Andersson et al., 200€,omeau et al., 2014ilbiger & Donahue 2014,
echinodermsd.g. Miles et al., 2007Dubois, 2014)molluscs €.g.Hall-Spener et al. 2008;
Marshall et al., 2008Tunnicliffe et al., 2009Nienhuis et al., 2010Thomsen et al., 2010
Milano et al., 201 and brachiopods (McClintock et al., 2009)hese results have been
obtained from tferent methodsncluding laboratoryexpermments(e.g. Nienhuis et al., 2010;
Cornwall et al., 2014Silbiger & Donahue 2014 Milano et al., 2016and field experiments
involving mesocosmse(g.Andersson et al., 200€,omeau et al., 20)4CO, vent sites €.g.
Hall-Spencer et al., 2008 unnicliffe et al., 2009;Thomsen et al., 20)@&ndsampling along
naturalpH gradientge.g.Marshall et al., 2008% H G Q R OlaraN, 2015 A range of time
scales are involved in these differapproachesdicating that skeletal dissolution can occur
after orly a few days in some conditionsand persis throughoutan R U J D Q lif&/ Fhey
only other ocean acidification study investigating dissoluiiobrachiopods found identical
results inL. uvato those presented in this chapgtcClintock et al.,2009) In their study,
deterioration of the primary layan thar most acidified treatmentpd 7.4 occurredafter

only 35 daysand was more extensiveafter 56 days whenatcite fibres were exposed
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McClintock et al. (2009)only used emptydried valves, ad it is interesting thain the
experiments reported hetave specimensexhibited the samedissolution pattern afer 7
months exposure to pH 7.5Bxposure ofthe secondary layeralcite fibresis indicativeof
structural disintegration that compromises sht#grity and probably strength due to the loss

of the hard outer protective primary layer (Scurr & Eichhorn, 2005; McClintock et al., 2009).

Dissolution was more extensive In uva than C. inconspicuaas indicated byincreased
deteriorationin the primary layerof L. uvathan inC. inconspicuan the mildly acidified
treatmens and exposure of the secondary lagely in L. uvain the most acidified treatment
Antarctic calcified invertebratesire probablythe mostvulnerable organismsto ocean
acidification due to being weakly calcifi€tllicol, 1967,Vermeij, 1978 Watson et al., 2032
the dissolution rates of calcium carbonate being inversely related to temp¢Rauedie &
Fairbridge, 1957)and the polar regions being predicted to become the firsbe
undersaturated in aragonite b@5P (Caldeira & Wickett, 2005; Fabry et al., 2008; Guinotte
& Fabry, 2008; McNeil & Matear, 2008This increased susceptibilipartially explains the
more severe dissolution In uvain comparison t&. inconspicuaHigher percentage areas of
wear (wear stage 1 and 2)ere also apparent ih. uva wild growth compared to the
equivalent growth irC. inconspicuaThis could potentiallype related to the additional stress
of ice causing physitaabrasion in the polar reaps (Cadée, 1999; Harper et al., 2012),
however, this is unlikely in the Antarctic brachiopod as it usually lives in protected areas, e.g.
crevices and overhangs in shallow sites where the ice persists. Increased lueavars
more likely due to itsdnger lifespar{up to55-60 years, Pecl& Brey, 1999 compared tcC.
inconspicua (up to 14 years, Doherty, 1979), therefassexposed to wear for a longer time.
L. uvaalso mainly occurs in largelumps of individualghanC. inconspicuacausingmore
abrasion from the movement individuals on their pedicleSubsequently,his increase in
wearwould have amplified shell dissolution Iin uvadue to the removal of the periostracum.
The presence of this organic protective layer is key in an org&hisrsceptibility to shell
dissolution.Wear wa also more extensive in wild growtlomparedo experimental growth
in every treatment in both speciehich was expectedasthe experimental growthad only
existed for a short timeAnother trend is thelecreas in wear inthe acidified treatments
comparedo the controlsn both speciesAsthis is coupled with increadeshell dissolutionit

is likely this is a result of the exposed inner shell lay@soming corrodeth the acidified
treatmentswhereasno or minimal dissolution occurs in ambient seawateerefore only

wear persigin the controlsPrevious research has illustratée trole of the periostracum in
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preventing shell dissolutiofTunnicliffe et al., 2009Thomsen et al., 201®odolfo-Metalpa

et al., 2011 Coleman et al., 20}4ncluding a comprehensive study ®8 benthic marine
calcifiers (Ries et al., 2009Rodolfo-Metalpa et al., (2011jound that dead limpet shells
(Patella caeruleawhich lackperiostracum dissolved nine times fasteemaftl days exposure

to pHr 6.8 conditions than dead mussel sheldyt{lus galloprovinciali3 which have
periostracum.Dissolution in closely related livéytilus edulisand M. galloprovincialis
reportedy only occursin the umbo region (Thomsen et al.,12Q RodolfeMetalpa et al.,
2011).The umbo ishie oldest part of the shell, andstoften in close contact to other mussels

or substratalt is, therefore,subject to increased damageremovalof the organic cover.
Periostracum is only formed at theogving edge and cannot be repaired if damaged.
Therefore, thinning or loss of this organic layer through physical or biotic abrasion and
epibiont erosion restricts protection from corrosive acidified watecseased primary layer
dissolutionoccurredin both L. uva and C. inconspicuaexperimental growthn the most
acidified treatments. This could be a resulipefiostracum damage froabrasion ofother
brachiopods in their conspecific sker, natural decay of this outer layer potentially the
lowered pH conditions couldhave disruptd the protective function of the periostracum
Thomsen et al. (201Quggested thisatter possibility as external dissolution was found in
newly formedM. edulis shell after 2 months exposure to 1400 patm and 4000 patme.
periostracum in brachiopods has beeporeedto be < 1 pum thick (Williams & MacKay,
1979), therefore, suggesting that this thin outer layer might not provide sufficient protection

to predictecend-centuryacidified conditions.

In addition to seawatezthemistry and the periostracum, the rate of shell dissolution could be
influenced by crystal size and morphology, the magnesium content of calcite and the organic
content of shellgHarper 2000). Crystal size and varying surface area to volume ratios will
inevitably affect dissolution rates although individual crystals eaeely completely exposed

as they are surrounded by organic matrix. Crystallographic orientation in relation to the
dissolution surface may also be importagspecially as calcite hasedén reported to be
significantly more soluble along itsaxis (Harper, 2000Magnesium content ialsowidely
reportedto affect solubility with marine calcifiers composedf high magnesium calcite
considerednore susceptible to dissolutiokl¢rse et al 2007; Ries et al., 20DBrachiopods

are however, constructed of low Mgalcite and results in this chapter demonstrate
substantial dissolutigrsimilar in extentto marine calcifiersmade ofmore soluble calcium
carbonate polymorphaVicClintock et al, 2009; Nienhuis et al., 2010 McClintock et al.
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(2009) found thathe Antarctic benthic marine calcifiers, uva, Laturnula ellipticaYoldia
eightsiand Nacella concinnaare all similarly vulnerable to ocean acidification impacts on
shell dissolutiondespite their different shell microstructures. These speciesnade of
different calcium carbonatpolymorphswith no clear trend of calcitic shells being less
resistant to dissolution than aragonitic shells even though calcite is 35% less soluble in
seawater than aragonite (Morse et al., 1980; Mucci, 1983). This supports the conclusions of
Harper (2000) who disputed the common idea that calcitic shells evolved to delay dissolution
(Taylor & Reid, 1990; Vermeij, 1993)n addition to the periostracum,elorganic matrix is

also thought to ptect against dissolution by shrouding calcite crystals (Har@éqo;
Melzner et al., 2011)1 lis thusexpected thaspecies or areas of shell witthagher organic
contentwill be less susceptible to dissolutidbata from Harper (2000) support this idea as
bivalves with higher organic contentnicrostructuresdissolved more slowly insterile
conditions. The samestudy, however,also found that dissolution in bivalves with higher
organic contenshellsoccurred at adster rate in noesterile conditions compared to sterile
seawater. This suggests that the organic metiitd potentially aid shell degradatigia acid
release fromncreasedmicrobial growthon the organic matrixissolvingexpod carbonate
crystals.L. uvashell organic conteris low at 3.46% of its dry weight (Peck et al., 1987a),
which could support the suggestion that species with a low organic caiidsotve more
easily The organic content &. inconspicuahellremains undeterminetut measwvements

on other rhynchonelliform brachiopsdire also low (e.g. Terebratulina retusa:2.8%, L.
neozelanical.9%), includingKraussina rubra(2.7%) which is in the same suborder@s
inconspicua(Copper, 1996)These similarities irshell organic contensuggest that organic
matrix is not amajor factor in the differences in dissolution betwekn uva and C.

inconspicuahowever, this warrants further investigation.

Increased dissolution &wer pH in L. uvawild growthwas coupled witldecrease thickness
of the primary layer. Secondary layer thickness tutdl shellthickness were significantly
increased in the most acidified treatment, indicating th&t #peciescan counteract
dissolution by laying down more secondary lagad increasing overalhsll thickness The
less extensive dissolution i@. inconspicuais reflected by noclear impad of acidified
conditions ontotal shellor individual shell layer thickness Despite thewidely reported
significant effects of dissolution omarine calcifies in ocean acidification researclew
studies reporbn the compensatoryability of these organismdNew shell deposited biyl.

edulisin a 9 month experiment to 7%@tm and 100@uatm pCO, was rounder and flatter with
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athinner aragonite layer thamell produced irambient conditions of 38@atm (Fitzer et al.,
201%). They attributed this new shieshape to a compensatory mechanism to enhance
protection from predators and changemgvironments as these musselsevenable to grow
thicker shellsin high pCO, conditions The gastropodSubninella undulatancreased shell
thicknessand strengthafter only 25 days exposure to pH 7.7 conditi¢g€sleman et al.,
2014) No differencesn shell thicknesand reduced shell strengtmoweveroccurredin the
mollusc Austrocochleaporcata after 3 months exposure to the same (@dleman et al.,
2014) Decreasedhell thickness has also been reported in molluscs in response to lowered
pH which is usually a result of internal dissolution of the aragonite I@ye@mnicliffe et al.,
2009; Melzner et al., 2011Fitzer et al., 2018). This highlightssome ofthe compensatory
capaities of marine calcifiers to ocean acidificatioRor compensatory mechanisnts
succed, they must occur at faster rates théme dissolution. Thcker basal shells in the
barnacleAmphibalanus amphitritevere produced under pH 7.4 comalits, however, this
compensatiorcalcification was insufficient as dissolution rapidly weakened shelis vaas
depositedMcDonald et al., 2009)The secondary leer of terebratulide brachiopod shells is
softer than the harder protective primary layer (Griesshakedr, #007; Goetz et al., 2009).
However, he ability ofL. uvato increase secondary layer thickness and the resilience of the
thickness of this inneshell layerin C. inconspicuaunder low pH suggests internal
dissolutionis unlikely in hynchonelliform brachiopodas suggested to be a problem in
molluscs (Tunnicliffe et al., 2009; Melzner et al., 2011, Fitzer et al., &0E&rthermore, a
externaldissolution of the exposed secondary laydr.afvawas observed suggesting thiag
compensatory mechanism afthicker shell consisting of only secondary lageuld provide
sufficientprotectionin predicted pH conditions expected by 2100.

Total shdl thickness or individual shell layer thickness of experimental growth a¥aand

C. inconspicuawere not affected by acidified conditionBoth these specigsshould,
thereforebe able to produce the same thickness of sirel40Q unlessthe pH orwarming
conditionsgo beyond thaspredicted The thickness of calcite and aragonite layers in newly
formed shell ofM. eduliswere also not affected by elevatp@O, (Thomsen et al., 2010).
The resilience of shell thicknesslin uvaandC. inconspicuain addition to the unaffected

shell growth rate¢Chapter 2; Cross et al., 2015, 2016), punctal density and calcite fibre size
(Chapter 3)under low pH,indicates the robust ability ahynchonelliformbrachiopods to
constructshellunder acidified condions.
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Temperaturdnas no cleaeffect on shell dissolutioar thicknessn L. uvaas indicated by the

lack of, orminimal primary layer dissolutioand no change in any thickness measureinent
bothwild and experimental growth ithe temperatureontrol (held at0°C +currentAntarctic
summer temperatures) and the pH control (kept at the increased 2°C predicted fofr2100).
contrast, temperature and not acidification reduced shell strenithedulisafter 6 months
exposure to forecasteshdcenturypH and warming contons (Mackenzie et al., 2014y ho
concluded that warming had an indirect effect on shell strength by shifting the energy budget
from shell deposition to increased maintenance coStod availability was limited
throughout the experinmé which could have rhancedthe temperature effect as low food
levelshavealso been reported ggnificantly influence themountof inner shell dissolution

in this speciesfter 7 weeks exposure to varyipg@0O, levels (Melzner et al., 2011). High
pCO, also increasednner shell dissolution highlighting the necessity offull-factorial
multistressor ocean acidification research to better understand the abilities of marine calcifiers

to maintain shell integrity under future predicted environmental conditio

The vulnerabilities of.. uvaandC. inconspicudo shell dissolution under predicted acidified
conditions for 2100 have beeavaluatedin this chapter, with more extensive dissolution
apparent in the Antarctic brachiopod/ithout any counteractingesponse, dissolution can
compromiseshellintegrity. Thiscould lead to fatal ecological consequences such as reduced
protection causingncreased susceptibility to bioeroders and microorganisms reaching the soft
animal tissues and decreased suitabilityprEchiopod shells as a habitat for other marine
organismsA compensatory mechanism was identified.iruvaas more secondary layer was
laid down resulting in a thicker shell under lowered pH levEh® less extensive dissolution

in C. inconspicuavas eflected in the lack of primary lay#ninning with increasing acidity

and was probably a function of the higher temperatures in the temperate study and the
corresponding lower CaGGsolubility. This suggestghat the level of dissolution iiC.
inconspica after 12 weeks exposute predicted enaentury pH conditionslid not require
counteractingwith increased thicknesslhis is the first study to examine the effect of
acidified conditions on shell dissolution in live brachiopods and also on the congrgnsa
ability of this highly calciuntcarbonatelependent group. Despite shell dissoluimposing a
threat the apparent compensatory mechanisin. uvaand theabsence of the requirement of
onein C. inconspicuasuggests that shell integrity both speies will not be compromised

with predictedincreasing acidityhis century However, this could come at an overall cost to

the organism ascalcification is energetically expensiyeinvolving the accumulation,
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transportation and precipitation of calcium lwamateas seen in the ophiuroidmphiura
filiformis (Wood et al., 2008). Metabolic costs of shell depositionLinuva and C.

inconspicuaunder future environmental conditions remain to be determined altitbagh
apparentesilience to therimary threatof lowered pH levelsnay provefundamental in the

survival of hynchonelliform brachiopods to ocean acidification.
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Chapter Five

Acclimation of Calloria inconspicuato
environmental change over the last 110 years

51 Introduction

Since the Industrial Revolution, our oceans have globally become 2°C warmer and 0.1 pH
units more acidic as a consequence of increasedogatienic activitiesGaldeira & Wickett,

2003, 2005,0rr et al., 2005IPCC, 2013 Museum specimensollected in the ecent past
provide historical records of how organisms haveresponded tothese changesin
environmental conditiongLister, 2011) This approach to understanding the effects of
changing environments on marine organisms complements widely used laboratory and field
experimentsas it provides a historical baseljnallows evaluation of possible loitgrm

adaptation and presergsnorecomplee understanding of species responses.

The longterm ability of a species to adapt to changing environmental condisassential

to ensure surviva{Sunday et al.2011) Acclimation of C. inconspicuato future predicted
acidified conditionsafter 12 veeks exposure hadready been demonstrated (Chapter 2, 3 and
4; Cross et al., 2016However, how this species hesspondedo increased anthropogenic
CO, emissions since the Industrial Revoluti@amd its potential for adaptatioremain
unknown. C. incorspicua has a widespreaddistribution throughout New Zealand and is
highly abundant in easily accessible intertidal and subsitiedé(Doherty, 1979)As a result,
there areexcellent museum collections tfis speciesdeposited at regular intervals oveet
last century making C. inconspicuaan ideal species to investigate variation in shell

characteristics since the Industrial Revolution

Rhynchonelliformbrachiopods are typically found in sheltered wat@shardson 1997
making Paterson InletStewat Island New Zealanda particularly suitable area for C.
inconspicuaas the entrance is constricted by Ulva Is|laiative Island and Bradshaw

Peninsula, which added to its position on the east coast, dndteampling sitédrom heavy
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seaqFigure 51; Willan, 198). Environmental conditions have also been reportatigtsite
atrelatively regular intervals with amine biological exploration d?aterson Inlebeginningin
WKH HDU \illan, 1981) Surface seawater temperatures have incrdag8d”C and
the CQ concentration has also increased 9100 ppm over the last 120 ysain New
Zealand (Figure 5.2 hereforePaterson Inlet isnideal siteto studyhow a locally common
temperate brachiopodhas responded to environmental chammex the last century
Consequently,lte aims of thischapterwere to determine ifiny impacts of change were
evident inC. inconspicuain its shell morphologyijts ability to produce the same shell and
maintain shell integrity ovethe last 110 yearsShell morphology was determined liypear
dimensionsand a calcification index, variations in producing the same shell determined
through shell density, punctal density, punetadth and elemental composition of the shell

and shell integrity measured by a shelhdition index and thickness.

Figure 5.1- Location of samping site (Paterson Inlet, Stewart Island New Zealand, f {6

foa(

Figure 5.2 tTemperature and CGO, concentration changes in New Zealand over the last 120
years (adapted fromhttp://www.climatechange.govt.nz/sciencé/
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5.2  Materials and Methods
5.2.1 Sampling Collection

Specimen®f C. inconspicuawereevaluatedrom various museums and research institutions
from around New Zealahincluding Te PapaMuseum National Institute of Water and
Atmospheic Researcl{NIWA), the University of Otago Department of Geolp@anterbury
Museum,Auckland Museumand the University of Aucklandndividuals from 2014 were
hand collected by Dr Milekamare.This data seihcludesC. inconspicusampledrom every
GHFDGH VLQFH WR WKH SUHVNb@dastra&ive mHdrphd@eéttic W K H
measurements were made on all specimens found in the various collectiordetaitad
descriptions of loation, date and depth (where possible) of the sample collectian site
Depending on theavailable sample size, three to ten specimens from each decade were
donated for further destructive shell analysis (Table ®h)y subtidal specimens between
12.1:255 mm in length were useth all shell analyses other than the morphometric
measurements when all available specimens were meafetls on the specific location

and depth of each sample are given in Appendix Takle

5.2.2 Morphometrics

Shelllengh, breadth and height of 624dividuals were measured to the nearest 0.1 mm with
Vernier calipers (Figure 8). Epibiota were carefully removed withsaalpelwhere possible
Heavily encrustedhells wereexcluded from analysis.

A B

Figure 53 tMeasuring morphometrics: (A) schematic of length, breadth and height
measurements andB) an example of measuring the length of an individual with Vernier
calipers.
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Table 5.1 +Specimens selected faralcification index, shell density, pinctal density, shell condition indexpunctal width, elemental composition and
thickness Initial length is given to indicate size of the individual. Grey cells indicate the use of this specimen in the respectivelishnalysis.

Shellcharacteristics
vear SampleD Individual| Length Whole shell Pediclevalves Brachialvalves
Number | (mm) [ Calcification| Shell | Punctal | Shellcondition | Punctal | Elemental .
. . . : : " Thickness
index density | density index width [ composition
1 24.0
1900 BR0O0O0088 2 218
3 211
1 186
1914 BR001686 2 235
3 196
1 22.0
2 219
3 225
4 22.1
1926 BR001062 3 224
6 192
7 18.0
8 181
58 223
1934 2006.12.140 59 197
60 19.3
1935 | MA79003 | 1 | 229
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Shellcharacteristics

Whole shell

Pediclevalves

Brachialvalves

Calcification

Individual| Length
Year SamplelD Number | (mm)
1 21.3
1942 MA79298 > 17 4
10 19.2
1942 2005.188.39 11 22.1
12 19.6
1 20.7
1047 | AU20001 2 21.1
3 23.0
4 22.2
1 20.6
1955 BR001331 2 20.6
3 18.9
1 20.0
NIWA 62858
1960 B243 2 18.8
3 20.7
1 22.4
1967 NIWA 62892 g ;gi
E833 .
4 23.9
5 22.5

index
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Year

SamplelD

Individual
Number

Length
(mm)

Shellcharacteristics

Whole shell

Pediclevalves

Brachialvalves

Calcification
index

1967

NIWA 62892
E833

21.0

194

184

18.9

16.9

16.5

17.0

1977

NIWA 62891
K989

23.0

24.4

w

255

Shell
density

Punctal
density

Shellcondition
index

Punctal
width

Elemental

. Thickness
composition

1980

NIWA 62919
S263

22.2

23.8

20.0

252

248

22.6

205

22.7

OO |IN|O|OBW|IN|F-

204

2010

CruiseOS15

22.1

217

21.7

AlIW[IN|F

16.1
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Shellcharacteristics
Individual| Length Whole shell Pediclevalves Brachialvalves
Year SamplelD — —

Number | (mm) | Calcification| Shell | Punctal | Shellcondition | Punctal | Elemental .
. . . : . o Thickness
index density | density index width | composition

1 213
2 188
3 17.0
4 18.5
5 18.0
6 200
7 19.9
2014 2014 8 25.0
9 21.7

10 222

11 187

12 171

13 239

14 232

15 18.4
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5.2.3 Calcification Index

Animal tissues were carefully removed through the opening of the valves using a
scalpelfrom the 70 individuals (315 specimens per decadd [FHSW IURP)WKH
donated for further destructive analysis. Whole specimens were further clieaaad
ultrasonic bath for 3 minutes and airedtfor 24 hourslindividuals with any evidence

of shell repair were removed from analy€islcification indexquantifies thesfficiency

of calcification. Efficiency is quantified as the amount of internal living space produced
per unit of shell material deposited (Graus, 19T4erefore, the calcification index is

calculated fronthe following equation:

Calcification index = dry wejht of the shel{g) /internal volume of the shejtn?)

For each specimen, the dry weight was measured to @Qfi a Sartorius LA3200D
weighing balance. The internal volume of the shell was calculated by the total volume
minus the shell volume/olume measurements were made according to Peck (1992).
Total volume was measured bgaling the foramertarefully filling the internakpace

with distilled water and placing on a suspended tray in a bealdistifed water which

was situated on the weighinglance(Figure 5.4. Thegiven weight was, therefore, of

the mass of water displaced which divided by the densitgisiilled water at room
temperature (0.99823 g/émWeast, 1975gave the total volumelo minimise error,

the total volume was measureddd times with the internal space filled with new
distilled water each time, the outer surface of the shell was dabbed dry to remove any
excess water and care was taken not to remove any fn@tethe beakewhen placing

the filled shell on the suspendedy. Meantotal volume was used in the calculation of
calcification index. The valves were then separatedaandriedfor 24 hours before

measuring shell volumiey placing both valves on the suspended tray.
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Figure 54 Calculating calcification index: experimental set up of a suspended tray in
beaker of distilled water on a weighing balance.

5.2.4 Shell density

Shell eensity was calculated for the fdividuals (315 specimens per deca@ecept

IlURP W K KHused iff the calcification index analysisingthe following equation:

Shell density = dry weight of the shétj) / shell volume(cn®)

5.2.5 Punctae
5.2.5.1 Punctal densities

Punctal densities(see section 3.2.2for methods) were calculated fror8EM
micrographsof the outer shell surfaces of 40 pedicleveal (23 valves per decade
HIFHSW I|UR P) Al lidifferenfafeas on each specirffégure 5.5.
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Figure 55 +Calculating punctal densities: A) schematic of a pedicle valve indicating the
10 areas where SEM micrographs were colleatifor analysis and 8) an example of a 1
mm? SEM micrograph of the outer shell surface collected to count punctal density.

5.2.5.2 Punctal width

Punctal widthwas measuredn the middle and the top of the punci@&egure 56B)
from acetate peelsee section 4.2.for details)of cross sections of 40 brachial valves
(3-5 valves per decadél [FHSW W)XFen punfitse were measured gpecimen
acrossthe length of the individuafFigure 5.8\) to the nearest 0. mm on a Swift
monocular petrological microscopettvifitted micrometer. Punctae were onhgasured

if the whole punctum was visibleMean punctal widthfor each position oreach
individual was then used in the analydibe percentage of shell that is punctae versus
shell matrix was then calculatefiom the meanarea ofa punctum for each yeéy the

following equation:

Meanarea ofa punctum(um?®) @& UCE rfieanpunctal widti2)?

Mean punctal widthin the middle of the shell was used in these calculations because
punctae are mainly cylindrical with only the top of the punctae near the exterior of the
shell branching outThe meanarea of a purtam was converted to nfnso that he
percentage area of shell occupied by punctae for each year could be calculated using the

meanpunctal density of 152 mifiin the following equation:
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Percentage area of shell occupied by punctémeanarea of punetm x meanpunctal
density x 100

The percentage change in shell occupied by punctae compared tonshetl was
calculated by subtracting the percentage ea014 from thator 1900.

A B
4 56
3 8
2 9
1\\\\ ////10
Umbo She!l
region margin

Figure 56 *Punctal width measurements: (A schemaic of a brachial valve cross section
indicating the 10 areas whereneasurements were madand (B) an optical image
indicating the middle and topwidth measurements of a punctumScale bar = D pm.

5.2.6 Elemental composition

Elemental compsition (see section .2.5 for methodshf the shell was determined
through analysis ofross sections of@®brachial valves (3 valves per 20 yeaBe to

time restrictions on use of the Cameca SX100 electron microprobe, ertigal/
profileswere measureth individuals evey 20 yearsaand wholeshellthickness was at
measured. Identical thicknesses of the secondary layer and 10 um spacing between
points were used to the elemental composition analysis of the experimental specimens
(Chapter 3; Figure 5.7BY.hree vertical prilles were measured per specimaparthe

umbg in the middle of the shell and near the shedirgin (Figure 5.A). Punctae and

other shell perforations were avoidey carefully selecting the start and end points of

each profile
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Figure 5.7 tElemental composition analysis: (Aschematic of dbrachial valve cross
sectionindicating areas where vetical profiles were taken and (B optical image
indicating the points analysed in a vertical profile.

5.2.7 Shell condition index

Shell condition in@x (see section 4.2.3for methods) was determined through
measuring percentage areas of each shell condition3kh micrographs of the outer
shell surfaces of 40 pedicle valves YDOYHV SHU GHFDGH H[FHSW

different areas on each sp@en(Figure 58).

Figure 5.8 £Shell condition index: (A) schematic of a pedicle valve indicating the 10 areas
where SEM micrographs weretaken for analysis and(B) an example of a 1 mmSEM
micrograph of the outer shell surfaceusedto assesshell condition index.Scale bar =300
pm. WS1 = wear stage hnd WS2 = wear stage 2.

5.2.8 Shell thickness

Primary layer, secondary layer and tathellthickness reasurementésee section 4.2.4

for methods)were made on cross sections of 48dhial valves (& valves per decade
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H[FHSW W)knear the fiMbo, in the middle of the shell and near the shell margin
on each specimg(frigure 59).

A B

Figure 5.9 £Thickness measurements: (Aschematic of abrachial valve cross section
indicating areas where thickness measurements were made and Bptical imageof the
primary and secondary layers.Scale bar = 100 um.

5.2.9 Statistical analyses

All data were analysed using Minitab (Statistical Softdfréersion 17).Calcification
index, shdl density, punctal density punctal widthand shell thicknesdata vere all
normally distributed (AnderseBarling test; p > 0.05) Parametriclinear regression
analyseswereg therefore, performed on these characteristicso determine ifthey
changed ovethe last 110 yeardMorphometric and lemental composition raw data
were both nortnormally distributedeven after squaseoot, log, arcsin, double square
root and double log transformations proballye to the large data sets 624
measurements for eachorphometric parameter and9¥3 points for each element)
causing the goodnesd-fit test to become sensitive to very smd#ipartures from a
normal distribution. Log transformeddata in each year for each morphometric
measurement werdnowever,normally distributed (Andersoibarling test; p > 0.05).
Therefore, parametricmultiple regression analyses were conducted on each
morphometric measurement to determinea€hrelationshipwith sze varied over time.
Similarly, raw data in each individual year f@a, Na and Sr and log transformed data
for each individual year for Mg and P were normally distributed (Ande=oting

test; p > 0.05). Therefore, parametric linear regression analyses were performed on each
element to determine if elemental compositdranged over the last 110 yeashell
condition indexdata (% areajerearcsintransformed to remove imposed limitsit the
transformed datavere not normally distributed because of zeros in the dataset

(AndersonDarling test; p < 0.05Non-parametridruskalWallis tests wergetherefore,
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used to determine whether treatment and area number affectptbffzetionof each
shell condition. Wherthere weresignificant differences, a further Kruskélallis
Multiple Comparisons test was useddentify differences betwedreatments

5.3 Results
5.3.1 Morphometrics

Breadth increased almost proportionatty length with size €lope = 1.0) whereas
height increased more than length (slope = 1w size (Table 5.2 Figure 5.10.
Therefore, shells géetller as thg growand growth is not isometridlultiple regression
analysis revealed that there wag difference between the relationship of length to
breadth between yeaas the regressiosiopeswere not significantly different ¢5g24=
1.63 p = 0.0®). Therewas a difference between relationshgf height and length
(Fis623= 5.45 p < 0.001) ad967 and2014 had a steeper slope than thieer years
(1967: T = 2.21, p = 0.027; 2014: T = 2,49 = 0.A3). Regression equations afl
morphometric relationshgin each yeaare givenn Table 5.3.

Table 5.2 tRegressiomanalysiscoefficientson the $ze and shape o#ll 624 shells
measured.b = slope, SE = standard error, SEy = standard error about the regression line.

Independen|{ Dependent 2
b SEb | Intercept| SE R
(x) v) P Y

logLTH logBTH 1.09 | 0.009 | -0.14 0.01 0.96
logLTH logHT 1.17 | 0.018 | -0.49 0.01 0.91
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Figure 5.10 +Relationships between breadth (A) and height (B) with length over the last
110 years. Each different symbol represents a different yeasé¢e legend). Regression lines
are plotted for all specimens.
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Table 5.3 +Regression equations for each morphometric relationship for each year. Significantly different years are highlighted in bold

Year

Breadth to Length

Height to Length

1900

logBTH = -0.257 +1.180logLTH

logHT =-0.344 +1.064logLTH

1914

logBTH =-0.158 +1.119logLTH

logHT =-0.725 +1.317logLTH

1920

logBTH =-0.439 +1.316logLTH

logHT = 0.012 40.786logLTH

1926

logBTH =-0.080 +1.049 logLTH

logHT =-0.260 +1.013logLTH

1934

logBTH =-0.007 +0.975logLTH

logHT =-0.124 +0.884logLTH

1942

logBTH =-0.084 +1.064logLTH

logHT =-0.495 +1.163logLTH

1945

logBTH = 0.739 +0.450logLTH

logHT =-0.010 +0.805 logLTH

1955

logBTH =-0.115 +1.064logLTH

logHT =-0.480 +1.161logLTH

1960

logBTH =-0.045 +1.017logLTH

logHT = 0.137 40.704logLTH

1967

logBTH =-0.223 +1.143 logLTH

logHT =-0.771 +1.378logLTH

1977

logBTH =-0.180 +1.125logLTH

logHT =-0.518 +1.233 logLTH

1979

logBTH =-0.110 +1.066logLTH

logHT =-0.680 +1.310logLTH

1980

logBTH =-0.361 +1.315logLTH

logHT =-0.534 + 1.221 logLTH

1993

logBTH =-1.46 +1.042logLTH

logHT =-0.295 +1.050logLTH

2010

logBTH =-0.128 + 1.083 logLTH

logHT = 0.059 +0.739l0gLTH

2014

logBTH = 0.101 +0.913 logLTH

logHT =-1.030 +1.590logLTH
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5.3.2 Calcification Index

Calcification index varied from 0.451L06 with no significant differencm this indexover
the last 110 years (Figurel®; Linear RegressiqrR? = 0009, F165= 063, p = 0429).

Figure 5.11 +Calcification index from each decade over the last 110 years.

5.3.3 Shell density

Shell density ranged from 2.2163g cm?® (Figure 512) and themeanwas 2.43+ 0.01g cm
3, Shell density significantly increased over the last 110 yieyr3.43% from 1900 to 20!
(Figure 512; Linear regression: = 0.20 F1 o= 17.16, p < 0.001

Figure 512 +Shell density from each decade over the last 110 years.
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5.3.4 Punctae
5.3.4.1Punctal densities

Punctal density ranged frot®3161 mm? (Figure 513) and themeanwas 152+ 0.7 mm™
Punctal density did not vary over the last 110 years (Figu® Binear Regression, R=
0.013, R 33=0.50, p = 0.485).

Figure 513 tMean punctal densitiesfrom each decade over the last 110 yearSrror bars
removed for clarity.

5.3.4.2Punctal width

Punctal widthranged fronil7.7-21.1pm (mean = 19.6 £ 0.1 pmi) the middle of the punctae
(Figure 514A) and 28.1-31.9 um (mean = 30.0 £ 0.2 ungt the top of the punctg€&igure
5.14B). Punctal widthdecreaseih the middle of the punctdsy 8.26%(Linear regression: R
=045, R 39= 31.25, p < 0.001and at the top of the puncthg 7.17%(Linear regression: R

= 0.62, F39 = 60.79, p < 0.001from 1900 to 2014The area of shell that is punctae
compared to shelinatrix decreasetly 1% over the last10 years.
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Figure 5.14 +tMean punctal width from the middle of the punctum (A) and from the top of the
punctum (B) from each decade over the last 110 yearlSach point represents the mean for an
individual. Error bars removed for clarity.
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5.3.5 Elemental composition

All major elements(Ca, Mg, Na, Sr and Pyere above detection limits of the Electron
Microprobe vhereas the minalementgSi, Fe, Mn and Bayere all consistently below their
respective detection limitsréble 5.4. Theseminor elemats were therefore excluded from

further analysis

Table 5.4 +Detection limits for all major and minor elements measured.

Major elements Minor elements
Element A(\X,?r;ge SE | Element A(‘X,?r;ge SE
Ca 0.14 | <0.01 Si 0.03 | <0.01
Mg 0.01 |<0.01 Fe 0.06 | <0.01
Na 0.05 | <0.01| Mn 0.07 | <0.01
Sr 0.04 | <0.01 Ba 0.21 | <0.01
P 0.01 |<0.01

Overall, Ca concentration ranged fr@8.2940.36wt %, Mg from0.01-0.21 wt %, Na from
0.113-:0.30 wt %, Sr from 0.060.19 wt % and P from0.01-:0.09 wt % (Table 5.5)
Concentrations of all elements were more variable in the primary. layers been previously
reported that the primary layer is not a reliable source of elemental concentrations&Bates
Brand, 1991; Brand et al., 2003¢rEBzHuerta et al., 2008Pata from the primary layer were
therefore excluded from further analysis. The primary lay&.imconspicuavas defined as
data between-80 um from the exterior as 30 um was determined asrtb@nprimary layer
thickness for this species in ChapteMNbne of theelementalkconcentratios varied over the
last 110 yearsFigure 515 and Appendix FigureC1-5; Ca linear regression:’R= 0.002,
F1112 = 1.87 p=0.17% Mg linear regression: &= 0.0, Fy 1003 = 0.11, p = 0736; Na linear
regression: R= 0003, Fi 1162 = 3.5, p = 0061, Sr linear regression: R= 0.000, Fi1132=
0.18, p = 0.674P linear regression:3 0.00L, F1 g9 = 0.99 p = 0321).
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Table 5.5 - Minimum, maximum and meanweight % and standard error of each element from ach year.

Minimum | Maximum | Mean Minimum | Maximum Mean
Year | Element (Wt %) (Wt %) (Wt %) S.E. Year | Element (Wt %) (Wt %) (Wt %) S.E.
Ca 38.40 40.36 39.43 0.03 Ca 38.29 40.21 39.26 0.03
Mg 0.01 0.19 0.06 <0.01 Mg 0.02 0.17 0.07 <0.01
1900 Na 0.11 0.28 0.19 <0.01 | 1926 Na 0.11 0.28 0.20 <0.01
Sr 0.07 0.19 0.11 <0.01 Sr 0.06 0.18 0.11 <0.01
P 0.01 0.08 0.03 <0.01 P 0.01 0.06 0.03 <0.01
Ca 38.42 40.42 39.40 0.03 Ca 38.39 40.17 39.27 0.03
Mg 0.02 0.21 0.06 <0.01 Mg 0.02 0.20 0.10 <0.01
1942 Na 0.11 0.30 0.19 <0.01 | 1960 Na 0.11 0.30 0.18 <0.01
Sr 0.08 0.19 0.11 <0.01 Sr 0.06 0.17 0.11 <0.01
P 0.01 0.08 0.03 <0.01 P 0.01 0.08 0.03 <0.01
Ca 38.83 40.35 39.52 0.03 Ca 38.91 40.12 39.50 0.03
Mg 0.02 0.20 0.07 <0.01 Mg 0.02 0.20 0.08 <0.01
1980 Na 0.12 0.26 0.19 <0.01| 2010 Na 0.11 0.25 0.18 <0.01
Sr 0.06 0.17 0.11 <0.01 Sr 0.07 0.19 0.11 <0.01
P 0.01 0.09 0.03 <0.01 P 0.01 0.07 0.03 <0.01
Ca 38.41 39.95 39.33 0.03
Mg 0.01 0.15 0.05 <0.01
2014 Na 0.13 0.26 0.19 <0.01
Sr 0.07 0.16 0.11 <0.01
P 0.01 0.06 0.03 0.00
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Figure 515 *+Ca (a),log Mg (b), Na (c), Sr (d) andlog P (e) concentrations in the secondary
layer over the last 110 years.
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5.3.6 Shell condition index

Shell surfaces in all years mairdhowedintact periostracum with pitted layer (stage 0) with

> 55% of all areas classified as this type of shell condition (Fg&é6 and 5.17 and
Appendix FigureC6). The percentage cover of stagecBanged sigificantly over time
(KruskalWallis; H = 42.31, p < 0.001). A further Kruskdlallis Multiple Comparison test
indicated that 1900 and 1914 had lower percentage cover than most other years @Jable 5.
The less severe type of wear (intact periostracumowitpitted layer) is more variablwith a
significant difference between yearkr@skalWallis, H = 68.18, p < 0.001)A further
KruskalWallis Multiple Comparison test revealed that percentage cover of wear stage 1
generally increased from 1967 onwardslfle 56). The more severe type of wear (wear but
no dissolution) has the opposite trend to wear stag@hl percentage cover of this type of
weardecreasingrom 1900to 2014 (KruskalWallis; H =96.0, p < 001; Table 56). Despite
significant differemes between years in the percentage cover of both types of anéar,
minimal dissolution occurred in the primary layer (dissolution sta@e#l?.@6) and thisdid

not vary over te 110 year time perio(Figure 516, Figure 517 and Appendix Figure6;
KruskalWallis, H = 19.37, p = 0.080pPissolution exposing the secondary layer (dissolution
stage 2plsodid not occuiin any year Figure 5.5 and Figure 5.7).

Figure 5.16 - Mean percentage area of the different types of shell conditions over the lakt0
years.Lighter grey tones indicatean increase in wear and/or shell dissolution (see legend).
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Figure 5.17a- SEM micrographs of shell surfaces in 1900 (A), 1914 (B), 1926 (C), 1934 (D), 1942
(E) and 1947 (F), 955 (G) and 1960 (H). SO = stage 0, WS1 = wear stage 1, WS2 = wear stage 2
and DS1 = dissolution stage 1. Scale bar = 20 pm.
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Figure 5.17b- SEM micrographs of shell surfaces in 1967 (1), 1977 (J), 1980 (K), 2010 (L) and
2014 (M). SO = stage 0, WS1 = wear stage 1, WS2 = wear stage 2 and DS1 = dissolution stage 1.
Scale bar = 20 pm.
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Table 56 *Statistical results from Kruskal-Wallis Multiple Comparison Tests on each type of shell condition. Only gnificant differences are shown with
the year with the higher percentage cover highlighted in bold.

Intact periostracunwith pittedlayer Intact periostracunwithout pittedlayer Wearbut no dissolution
(stage0) (wearstagel) (wearstage?)

Years Z value p value Years Z value p value Years Z value p value
1900vs 1926 3.018 0.003 1900vs 1934 3.895 0.001 1900vs 1967 5.872 0.001
1900vs 1934 3.731 0.001 1900vs 1955 3.372 0.001 1900vs 1977 4.979 0.001
1900vs 1942 4.271 0.001 1914vs 1934 3.360 0.001 1900vs 1980 5.465 0.001
1900vs 1947 3.306 0.001 1926vs 1967 3.114 0.002 1900vs 2010 3.812 0.001
1900vs 1955 3.018 0.003 1926vs 1977 3.564 0.001 1900vs 2014 5.026 0.001
1900vs 1967 4.220 0.001 1934vs 1960 3.531 0.001 1914vs 1967 5.578 0.001
1900vs 1977 3.101 0.002 1934vs 1967 4.624 0.001 1914vs1977 4.685 0.001
1900vs 1980 4.496 0.001 1934vs 1977 5.075 0.001 1914vs 1980 5.172 0.001
1900vs 2010 3.274 0.001 1934vs 1980 4.099 0.001 1914vs 2010 3.518 0.001
1900vs 2014 4.102 0.001 1934vs 2010 3.627 0.001 1914vs2014 4.732 0.001
1914vs1942 3.466 0.001 1934vs 2014 3.928 0.001 1926vs 1967 3.592 0.001
1914vs 1967 3.416 0.001 1942vs 1967 3.540 0.001 1926vs 1980 3.185 0.001
1914vs 1980 3.692 0.001 1942vs 1977 3.991 0.001 1934vs 1967 4.248 0.001
1914vs 2014 3.297 0.001 1947vs 1967 3.576 0.001 1934vs 1977 3.355 0.001

1947vs 1977 4.027 0.001 1934vs 1980 3.842 0.001
1955vs 1967 4.102 0.001 1934vs2014 3.402 0.001
1955vs 1977 4,552 0.001 1942vs 1967 4.014 0.001
1955vs 1989 3.576 0.001 1942vs 1977 3.120 0.002
1955vs 2014 3.405 0.001 1942vs 1980 3.607 0.001
1942vs 2014 3.168 0.002
1947vs 1967 4.210 0.001
1947vs 1977 3.316 0.001
1947vs 1980 3.803 0.001
1947vs2014 3.364 0.001
1955vs 1967 4.750 0.001
1955vs 1977 3.856 0.001
1955vs 1980 4.343 0.001
1955vs2014 3.904 0.001
1960vs 1967 3.126 0.002

124



5.3.7 Shell thickness

Primary layer thickness ranged from-8Z pm (Figure 5L8A & black bars in Append
FigureC7), secondary layer thickness ranged from-88%@ um (Figure 3.8B & grey bars in
Appendix FigureC7) and totalshell thickness ranged from 3281 um (Figure 3.8C &

whole bars in Appendix Figur€7) across all years. Primary layer thickn@sseased from
1900to 2014by 20.56% (Linear Regression? R 0.039 Fy 116 = 4.80, p = 0.030) whereas
secondary layer and total shell thickness did not vary over the last 110 years (Secondary layer:
Linear Regression, R= 0.0, F.110= 1.73, p = 0.1917Total shell: Linear Regression?R

0.008, F,110= 0.95, p = 0.331).

Figure 518 +Primary layer (A), secondary layer (B) and total shell thickness (Lfrom each
decade over the last 110 years. Values plotted as meaBSE.

5.4 Discussion

The resilience ©C. inconspicuato environmental change since the Industrial Revolution is
clear from thedata on varioushell characteristics in this chapt8ix key aspects of the shells
of this high calcium carbonatmntentspecies did not change since 1900 despdaificant
shifts in its natural habitat of @ 7°C temperaturancrease an®0-100 ppm increase in GO

concentratiorfhttp://www.climatechange.qgovt.nz/science/
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As C. inconspicuagrows, breadthincreases almost proportionally to lengthut height
increasesnorethan lengthA similar relationship was found iAldridge & Gaspard (2011)
who alsoreportedan anterior change in shell shape @ inconspicuaonce an individual
reaches 20 mm in lengtis animals slowed growth in the length direction but continued to
increase in heightEvidence of this trend wererowded growth lines, a more gibbous
appearance and valves giog inwards towards the umbaonly in larger specimens.
Morphometric relationsipis mainly did not differ over the last 110 years with only individuals
from 1967 and2014 being tallerthan all other years. Akpecimens from 2014 were large
individuals (14.425.0 mm length), which coincides with the size oéxual maturityin C.
incongicua (14-16 mm length;Doherty, 1979, Le& Wilson, 1979. Growth rate slows
appreciablywith the onset of breedings energy is reallocated to reproduct{&ickwood,
1977) However, shells continue iacrease in heighto increase the volume of the ntian
cavity to allow space fdargergonad and larval brooding as well as for the inciagsize

of the plectolophus lophophore (Rickwood, 197THe significantly taller individuals in 2014
are thus most likely due to the size range of specimens availabdit is unlikely that
environmental parameters caused a different shell shape to all other years Blueledypic
plasticity of shell morphology has been repoitedther shelbearinganimalsin response to
changing avironmental conditiongPeye et al., 2010; Fitzer et al., 2045 Temperaturdad

the greatest effect on shell morphology in tmesselDreissena polymorphian comparison to
food quantity and water motiaiPeyer et al., 2010Higher temperatures (~18°C) caused
more rotund shell® be producewvhereas lower temperatures {88C) caused more laterally
flattened shellsincrease@®CO, conditions (75Quatm and 100@Quatm) resultedn rounder and
flatter M. edulis shells which also had a thinner aragonite layer coragain ambient
corditions (380 patm) (Fitzr et al., 2018). This new shell shape wasxplainedas a
compensatory mechanism to enhance protection from predators and changing environments
due to the inability of this species to produce thicker shells under increased adégnTdee
lack of a chang@n shell morphology ofC. inconspicuaver the last 110 years demonstrates

the tolerance of this specigsaltered abiotic conditions

Shell density increased by43% from 1900 to 2014which cannot be explained by a change

in calcification indexglemental compositiorpunctal density and/or shell thicknessnase

of these shell characteristics et over this periodPunctal widthsignificantly decrease by

8.26% in the middle of the punctae and ByL7%at the top of thgpunctae. This equates to a
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1% decrease in shell occupied by punctae, which expairisofthe 3.43% increase in shell
density. Therefore, C. inconspicuahas not changedits shell morphology, elemental
concentrations,shell thickness or the number of puniae in response to changing
environmental conditions over the last 110 ye#émstead this species appeardap down

more shell by construcing thinner punctaeThis responsemay alsoincreaseprotection from

their changing habitat by reinfong theshdl structure Producing thinner punctae, however,
could have physiological implications for rhynchonelliform brachiopods as there is less space
for the caeca. As the function of punctae is still under debate, the extent, if any, of the impact
to the orgarsm remains unknown. Other historical studies have demonstrated varying
responses of marine calcifiers to changing environmental conditions over a wide range of time
scales. Pfister et al. (2016) discovered modern shells from-200D and 19604970s of
Mytilus californianuswere thinner than shells from Native American midden sites dating
back to ~1002420 years BPThere was no decline, however, in shell thickness over the last
40 yearsThe authors suggested that declining ocean pH was a likely exptafuatthe shell
thinning on the millennial scalas it is known to affect calcificatiorCaution is required
however,when interpreting results over such long time periodsasiple abiotic and biotic
changes will have occurred in the environméditain reefbuilding corals have the potential

to provide information about coral growth and climate over the past several centuries (Lough
& Barnes, 1997; Bessat & Buigues, 2001). Coral growth measurements, including linear
extension, density and calcificam measurements, iRorites coloniesdating back 4%07
yearsfrom the GreaBarrier Reefindicated that calcification increased by 3.5% with°&
increase from 221°C (Lough & Barnes, 1997200Q. A similar study on the same reef
building coral from 180-1900 in Moorea, French Polynesialso demonstrated a.5%
increase in calcification witla 1°C rise intemperatureg(Bessat & Buigues, 2001Yhese
studies demonstrate the usefulness of historical studies to providing a more complete
understanding of orB QLVPVY UHVSRQVHV WR HQYLURQPHQWDO FKI

The majority of the shell surfaces throughout the 110 year time period remained intact with
the protective periostracum layer undamaged and the pitted layer prakbotigh the
percentage cover afear dereagd from 1900 to 2014which wasassociated witla parallel
increase in the thickness of the primary layer. Thisiést likely a result of post cibection

wear in museum storagad thetrendis most likely correlated witthe time spent in museum
collections. The most common cause of the deterioration of museum speciménsugh

movement in storage cabinedad/or against the wadding they are packednd also the
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build up ofabrasive particulates such as dirt and @8&insfield, 2012)Dust can alsattract
pests and removing it can cause damagantofragile stored sampleCalcareous shells are
also susceptible tdamage if they are stored @mvironmens with acid vapours, which could
result from unsuitable woods in the construction of storagmetsb(Thickett & Lee, 2004;
Stansfield, 202). Thesehighlight limitatiors of museumstorageand should be taken into
consideration when usingstoric specimens to determimapacts of the natural environment
on shellbearing organismsOnly low levels of dissolution in the primary layer oarred
through the time series arttle secondary layewas not expose@h any specimenThis
indicates thathe 90-100 ppmincreasean CO, concentratiorfrom 290380 ppmdid not cause
extensive dissolutiorAs only minimal dissolution in the primary layer was seen throughout
all years and there was no change in the secondary layer and overall thickness of shells, it is
likely that C. inconspicuamaintained its shell integrity in response to environmental change

since 190.

Historical data carbe used totest predictionsfrom laboratory and comparative spatial
analysesThis enabls us to better understand thesponsesf marine calcifiers tancreasing
anthropogenic C@emissionsExperiments in leapters 2, 3 and 4 iltrate theresilienceof

C. inconspicuao future ocean acidification as punctal density, elealesimposition, shell
condition andshell thicknessverenot impacted bgxposure to predictediture changeShell
growth rates, ability to repaishell and $ell microstructurewere similarly not affected
Despitethe usefulness of museum collectiptisere are limitations to usintpis approach
These includeelying on repeated sampling from the same siénple biagowardslarger
individuals, a lack of cdlection details prohibiting the use of all available specimens,
accuracy ofthe collection details that are given and the inabilitydentify environmental
parametes affecting organism traitsThis chapter presents unique and valuable tata
wide range ofshell characteristics dbcally abundantC. inconspicuafrom the samesite
every decadesince 1900Six out of eightkey shell characteristics measured in this unique
collection were not affected by environmental chang&he only changeobserved \as a
decrease in punalt width which partially explained théncrease in shell densityrhis is
suggestedo reinforcethe structureof the shell This indicates theesilience ofthis highly
calcium carbonate dependent species to environmental condhiginsave already changed
over the last 110 years and provides an insight into how this species might react to future
change and its possible ability to adapt.
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Chapter Six

General Discussion

6.1 Summary

Ocean acidification research on the effects of future pH conditions on marine organisms is
currently largely based on predictions from short to medienm laboratory and field
experimentsLong-term experimets are crucial to be able to evaluate abdity of organisns

to acclimate and possibly adapt over multiple generations to ocean acidifi€édibns et al.,

2014; Andersson et al., 201#ssessing how organisms hawpedwith past environmental
chang through the use of museum specimensiso an invaluable techniqte provide a
historical reference for future climate change respo(tdesksema et al., 2011; Lister, 2011)

A combination of approaches providedata and information that allows a megistic
understanding of the impacts of excess,GRrough anthropogenic activitieand the
necessary predictive power for future charfBeipont & Poértner, 2013; Andersson et al.,
2015) Previous cean acidification research has also focused on the impactsther
vulnerablemarine calcifiers such as corals and molluscs. Rhynchonelliform brachiopods have
persisted throughout the last 550 million ye@sidwick, 1970; Richardson, 1981a; Rhodes

& Thompson, 1992) LQKDELW DOO RI akes &RIl COGHesk, RODHRGQ V
have a high calcium carbonate requiren{@ack, 19932008, however, little is known about

the effects of endenturypH and temperatureonditionson these taxal his thesis, therefore,
exploited long-term laboratory experiments and the use of historic specimens from museum
collections to provide a more complete understandimg how possibly one of the most
calcium carbonate dependent greugf organisms has and will be able to tolerate our

acidifying ard warming oceans.

Will predictedendcenturydecreased pH and elevated temperature have a negative effect on

their ability torepair shell?

Both L. uvaandC. inconspicuawill be able to repair damage to their shells and continue to

produce shell in theatural environment in the next 84 yearhe majority of damaged. uva
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also continued shell production after the completion of reparther demonstrating the
tolerance of this species. None of e inconspicuaspecimens laid down new shell after
reparing their notch, even though the majority of the damaged individuals managad,to
repair their shell. Té difference betweeh. uvaandC. inconspicuavasprobablybecause
wider size range (5-87.0 mm) ofL. uvawasused in comparison to the lirad size range of
C. inconspicuaindividuals in each treatmemthere only large individual§> 14 mm) were
used This is the size of sexual maturity @. inconspicua (Doherty, 1976 Lee & Wilson,
1979 and growth rates werdhus already low in these individuals due to a transfer of
resources from somatic growth to reguection. Therefore, once the critical process of repair
was complete, these individuals were much less likely to grow tti@juvenilespecimens
included in the Antarctic experiment.

Does lowered pH and warming conditions predicted by 2100 decreaséhgees?

Shell growth rates in both undamaged and damagenawere not different among any of

the experimental treatments indicating thativahas the phenotypic plasticity to make shell

in predictedendcenturypH conditions without angf the genetc adaptation that may occur

in the next 84 years. This species should, therefore, be able to continue shell production in the
predicted future ocean conditigriacluding acidification,even after disturbancevents that
cause minor to moderaghell damge. Shell production irC. inconspicuashould also be
unaffected by changing pH levels in the natural environment up to 2100, as growth rates in
undamaged individuals were either not affected (> 3 mm) or positively affected (< 3 mm) by
acidified conditions This ability of both species to continue shell productiorlow pH
indicates that this species can generate suitable conditions at the site of calcifRetgn

2011, Gazeau et al., 2013Vittmann & Portner, 2003 Elevated temperature to the predicted
2°C increase alongside ocean acidification by 21&tipely affected shell growth rate in the
Antarctic brachiopod. Shell deposition, therefore, could oatuar faster rate in 5000 years

as a consequence wfarming despite the predictedcidity of the oceansAlthough, dher
factors such as changes oofl availability from altered phytoplankton blooms will also affect

future growth rates
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Does decreased pH and increased temperature alter the shell microstructure and elemental

composition?

Punctal densitycalcite fibre sizeand elemental compositionere not affected by acidified
conditionsin eitherspeciesor also by warming irL. uva Over the next 84 years, both the
polar and temperate brachiopod, therefore, will have the ability to produce the same shell
structure, in terms of punctal densitydacalcite fibre size, and shell consisting of the same
elemental composition, in terms of the major elements (Ca, Mg, Na, Sr, P) measured here.
Other shell structure characteristioscluding crystal morphology, shell texture and hardness,

as well as othreelementsincluding trace elementsequiresfurther investigation to determine

the HHWHQW R W K HoléraheeMaimeigaithd_pioddiction o robust shell under

future environmental change.

Will forecasted enaentury pH and warming affeshell dissolution?

Predicted pH conditions for 2050 and 2100 caused shell dissolution in_batra and C.
inconspicuawith dissolution becoming more extensiwath increasing acidity The polar
brachiopod also exhibited more extensive dissolution thartdmperate species. Increased
susceptibility of Antarctic calcified invertebrates due to being weakly calcifie@Nicol,
1967, Vermeij, 1978; Watson et al., 201#)ssolution rates of calcium carbonate being
inversely related to temperatufRevelle & Fairbridge, 1957)and the polar regions being
predicted to become the first to be undéusated in aragonite by 20 (Caldeira & Wickett,
2005; Fabry et al., 2008; Guinotte & Fabry, 2008; McNeil & Matear, 20882Il laid down

in the wild appeared moreonn inL. uvacompared tcC. inconspicuawhich was potentially
related totheir longer life spanDoherty, 1979; Pecl& Brey, 1996) with L. uva being
subjected towear over a longer time scaldncreased abrasion also occurs through other
individuals in the largerL. uva clumps This removal of the periostracum would have
amplified dissolution inL. uva as thepresence of this organic protective layeducesan
RUJDQLVPYV VXVFHSWLELQ@Iiey &t s R200K tthOicffeGet @l RIDX WL R Q
Thomsen et al., 2010; Rodolfdetalpa et al., 2011; Coleman et al., 20ITmperaturdad

no effect ondissolution inL. uva
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Will rhynchonelliform brachiopods be able to counteract shell loss through dissolution?

The more extensive dissolution lin uvawas counteracted by laying down more secondary
layerand increasing overall shell thickness, thus overcompensating the loss of lsaddss
extensive dissolution i€. inconspicualid not require any extra resources being diverted to
increase secondarayer thickness to compensate minor losses in the primary |Ager.
exposedL. uvasecondary layer did not exhibit any external dissolution ddteg term (7
montrs) exposure to predicte2llO0pH conditionsthe compensatory mechanism of a thicker
shell d only secondary layer could provide sufficient protection over the next 84 years

acidifying oceans

Has environmental change over the last century negatively impacted shell characteristics?

Since 1900, temperature has risen by 0.7°C ang dd@centréion has increased by 9ADO

ppm in New Zealandhttp://www.climatechange.govt.nz/sciencefhe resilience ofC.

inconspicudao this environmental change over the last 110 years was demonstratedckby s
shellcharacteristics being unaffected over this time. These weyghometrics, calcification

index, punctal density, elemental composition, shell condition index and shell thicRhels
density, however, increased by 3.43% over the last 1afsyehich was partially explained

by a 1% decrease in the area of shell occupied by puritiaespecies, therefore, appears to

lay down more shelfiabric by constructing thinner punctae, which could increase protection
from their changing environment bginforcing the shell structur&his alternative approach

to understanding the effects of changing environmentsnarine organisms complemented
data emphasisinthe resilience ofC. inconspicuan the laborabry experimentsThe use of
museum specimensas provideda unique and valuableistorical recordof how a highly
calcium carbonate dependent species has responded to environmental change over the last
century and also provides an insight into how this species might react to future change and its

possible ability to adapt.

6.2 Future Research

This thesis has explored many different shell characteristics of rhynchonelliform brachiopods
to addressoutstanding questionsnohow marine calcifiers hayeand will be affected by
environmental changé wide rangeof shell properties were investigatdshwever there are

othess that warrant further researed fully understand the impact of ocean acidification and

warming on the protective shetirucial to the existence of these organisn@cean
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acidification ha been reported to affect shidkturein bivalve molluscgHahn et al., 2012;
Fitzer et al., 2014, 2016) Electron BackscatteDiffraction (EBSD) further revealed that
increasedpCO, reduces crystallographic control of shell formation (Fitzer et 28114b,
2016).Valve texture ofrhynchonelliform brachiopods, includiig uva has beerpreviously
determined(Cusack et al., 2008Griesshaber et al., 2007, 2008; Schmahl et al., 2608
Goetz et al., 2009)although none of these studiesorporatedany effect of environmental
parametes. Valve hardneséas also been reported to be affected by acidified conditions in
molluscs(Landes& Zimmer, 2012; Goffredo et al2014; Fitzer et al., 2018). Fitzer et al.
(201%) found that highpCO, (750 patm) causeMytilus edulisto produce shell calcite that is
stiffer and harder than their aragonite and calcite shells produced in control conditions (380
patm). This implied thaM. edulishas a thresholdbove which it alters the characteristics of
calcite it produes although when increasgaCO, was combined with a°Z increase in
temperature, the impact @CO, on hardness was reducedalve hardness hgsreviously
been determineth rhynchonelliform brachiopods, including uva(Griesshaber et al., 2007;
PérezHuerta et al., 2007; Schmabhl et al., 28@8Goetz et al.2009), however, the impact of
environmental chandgeas never been include@oetz et al. (2009pundthat the Antarctid..
uvahas one of the hardest brachiopod shedith the outer primary layebeingharder (464 <

HV < 521) than the inner secondary layer (269 < HV < 2T7Bg hardness gradientas also

less pronounced ih. uva than other brachiopod®.g. Megerlia truncata. As previously
demonstrated Chapter 4, L. uva experienced extensive didution underpredicted end
centuryacidified conditionghat exposedhe secondary layelThe compensation mechanism
employed by this species was laying down more secondary layer and increasingstedrall
thickness.As the secondary layer is softemaththe primary layer, there could mgterm
implications of this compensatory mechanism as a shell only consisting of secondary layer
potentially might not provide a strong enough suppomnaybeneedsto be thicker taneet

the biomechanicafrequiremets, e.g. defence against predatoasd valve snapping to eject
faeces and pseudofaeces

In addition to shell characteristics, it is alsocialto discover how other biological aspects of
rhynchonelliform brachiopods might be impacted by future enviesmal change.
Physiological processes such as metabolic rate, respiration and reproduction, ecological
factorssuch as behaviowandpredatofprey interactionas well as genomiand epigenetics

are key to determine the complete responseighighly cdcium carbonatelependengroup

of organisms. Thanpact of ocean acidification and temperature on these biological processes
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hasbeenwidely investigated in mollusowith positive, negative and no effects being reported
(see reviews by Fabry et al., 20@3oney et al., 2009; Gattuso et al., 2013; Gazeau et al.,
2013; Kelly & Hofmann, 2018 The majority of shell characteristics remained unaffected in
L. uvaandC. inconspicuahowever, shell dissolutiomas counteracted dgying down more
shellin L. uva.lt remains unknown whethehis compensatory mechanismpeesentin C.
inconspicuaf more extensive dissolution occutacreasing shell costs will shift their energy
budget and decrease allocation to other essential pessessh as growth and repraztion.
This requires further investigation assicrucialthat wedeterminewhat level of acidification

and warming will critically impacénergy required for critical physiological processes.

Ocean acidification research is evolving to incorporate muskistressors into experiments
(see reviews bByrne & Przeslawki, 2013;Riebesell& Gattuso, 20%), which this thesis has
touched on by including temperatuie the polar experimentA fully multifactorial
experiment including many different combinaitsoof temperature and pH would be beneficial

to the polar experiment as well adding temperature as another stressahe temperate
experiment. In addition, other environmental variables have been included in other multiple
stressor ocean acidificatiostudies such as food availabilifg.g. Thomsen et al., 2013
hypoxia(e.g. Rosa& Siebel, 2008 and pollution(e.g. Lewis et al., 201pwhich have often

been shown to have a greater effect on marine organisms than lowered pH. Incorporation of
more stresorsto the experimental approach increases the environmental relevance of the
RUJDQLVPYV UHVSRQVHYV

Investigating more brachiopod specie®uld be advantageous as this is the first ocean
acidification study to involve live brachiopods. It would be pat#idy interesting to involve
the other brachiopod orderghe thecids and the rhynchonelliggthin the rhynchonelliforms
due to theirmicromorphic size andilifferent shellcharacteristicsrespectively,as well as
increasing the number of terebrateido determine the extent wésiliencein this order.
Further to this, it would be a good avenue to investighte two other subphal of
brachiopodsthe linguiform and craniiformbrachiopods due to their differesttell structures.
Shells of linguliformbrachiopods also have\eery different elemental compostion as they
have acalcium phosphatshell and they araypically infaunal speciestherefore, probably
already living in lowered pH conditior(8Villiams, 1997) As calcium carbonats known to

be a vulnerable chemical compoumd our acidifying oceans and shells are mainly under
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threat when the periostracum is damaged exposing underlying shell when in direct contact
with seawater, would expectminimal, if any, impact ofenvironmental changen the

linguliforms.

As brachiopods have persisted for > 550 million years, fossils can be assessed to determine
how this phylum has survivedhrough several geological periods with fluctuating
environmental conditions.Ocean carbonate chemistry has changedoutfhout the
Phanerozoic (past 540 Ma) with periods of high atmosphericddfcentrations common in

the geological record (Doney et al.,, 2009). The most catastrophic and abrupt ocean
acidification eventprior to the present dawas the Permdriassic massextinction 245

million years ago where the second extinction pulse involved a rapid, large injection of carbon
that caused a major loss of heavily calcified marine species including brachiopods (Thayer,
1986; Pennington & Stricker, 2001; Clarkson et 2015). Another prominent acidification

event was the Paleoce&®cene thermal maximum (PETM) 55 million years ago which is
considered to be the most comparable to current ocean acidification (Zachos et al., 2005,
2008; Widdicombe & Spicer, 2008; Doney &t 2009).There are limitations to this method
though including unclearates of change, for example the carbon addition at the PETM might
not be as rapid as the present day increase. Environmental conditions were also different to
the present day, forxample the PETM carbon excursion occurred within a background of
already high C@ and temperature. It is also not possible to definitively attribute any
identified biological impacts to only ocean acidification as lowered pH often occurred with
warming anl anoxia (Andersson et al., 2015). These acidification events also occurred over
much longer time scales and at slower rates than the current anthropogenic oceeatiacidif
(Zachos et al., 2005; Hhisch et al., 2012). It is thus possible that impactsusfent ocean
acidification may be more severe than fluctuations in the geological past {Gaskdiherg et

al., 2007; Pelejero et al., 2010). These differences between past geological periods and the
present day need to be considered when using fossihsges to assist predictions of modern

day species responses, however, this appreamnhd still be useful to assess how marine

organisms coped with acidification events in the geological past.

6.3 Conclusions

Overall, this thesis has indicated ttabust aldity of shell production and maintenance in a
polar and a temperate brachiopod to recent past and predictezkrgndy acidified and
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warming conditions. The majority of shell characteristics have remained unchanged over the
last 110 yearand will alsocontinueto be unaffected by environmental chamger the next

84 years Shell density inC. inconspicuahowever, increased from 1900 to 2014 as this
specieslaid down more shelpartly by constructing thinner punctaghell dissolutionwill
alsoimpose ahreat tobothL. uvaandC. inconspicuahowever,L. uvahas demonstrated the
ability to counteract thidy increasingsecondary layer anthustotal shell thicknesslf shell
dissolution becomes more extensive Gn inconspicuathan observedin this stug, this
compensatory mechanistould occurin this temperate brachiopo@he shell iscrucialto the
existence ofhynchonelliform brachiopods and othdreltbearing organisméHarper et al.,
2012) therefore, the resilience of thesarine calcifierso maintain production, integrity and
repair of this protective barrier will be a key aspect to their survival through predicted
environmental change up to 210e main mechanisms that organisms can use to respond to
environmental change are acclimation ayahetic adaptatioiSomero, 2010; Peck, 2011)
Longterm laboratory experiments and historical specimusesiherehave producednsights

into how these species can acclimateltheir possibé capacityto adapt tafuturechange.

This thesis addthe responses othe less studied brachiopotisthe existing literature on how
marine calcifiers will be impacted by future ocean acidification and warriiing.tolerance
of possibly the most calcium carbonate dependent group of organisms to the fastest rate of
environmental change ever experienced on Eddk highlighted the need famore
environmentally relevaribng-term experimerst Incorporatingthe use of museum specimens
to determine how marine calcifiers have responded to recent past change witharriong
laboratoryexperimens investigating future impacts using the same spégiese This multk
method approaclhas enabled a more complete understandinthefeffects of forecasted
environmental change dacally importantrhynchonelliform brachiopodihat have persisted
over the last 50 million yearsand survivedseveral geological periods of fluctuating
conditions Comparable longterm studies on other species from polar to tropical
environments areessentialto increase our knowledge of the capaypilof these integral

organisms to succeed under changing environmental conditions.
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Appendix A

Supporting material for Chapter(Bo polar and temperate brachiopods produce the same
shell structurally and elementally under forecastedaamdury acidified condition$?

Appendix Figure Al +L.. uva- punctal densities fromeach of the 10 differentareas throughout
the shell in (A) Temperature control (B) pH control (C) pH 7.75 and () pH 7.54 treatments.
Each coloured symbol refers to an individual in that treatment. The grey area indicates shell

growth laid down in the natural environment and the white area refers to growth laid down in

the experiment.
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Appendix Figure A2 £C. inconspicua punctal densities from each of the 10 differenareas

throughout the shell in (A) pH control (B) pH 7.8 and (Q pH 7.6 treatments. Eachcoloured

symbol refers to an individual in that treatment. The grey area indicates areasf shellgrowth

laid down in the natural environment and the white area refers to growth laid down in the
experiment.
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Appendix Table A1 L. uva- Statistical analysis results comparing the elemental composition data from each method.

Wild growth Experimental growth
T Average wt %| Average wt %| Statistical analysis | Average wt %| Average wt %| Statistical analysis
reatment | Element . : : i
of spot point | of vertical results of spot point of vertical results
method profiles (Oneway ANOVA) method profiles (Oneway ANOVA)

Ca 39.10 39.05 F183=0.14, p = 0.709 39.21 39.17 F154=0.03, p = 0.858
Mg 0.24 0.21 F18=0.79, p =0.377 0.29 0.26 F154=0.43, p = 0.514
Tegﬁﬁ:glt”re Na 0.31 0.31 Fig3= 0.45, p = 0.506 0.32 0.32 Fis4=0.08, p = 0.781
Sr 0.16 0.17 F183=0.65, p = 0.423 0.18 0.19 F154=0.43, p=0.515

P 0.03 0.03 F156=0.49, p = 0.487 0.03 0.02 F1.8=0.0L, p = 0.927
Ca 39.12 38.91 F157=2.06, p = 0.157 39.25 39.11 F145=0.75, p = 0.393
Mg 0.23 0.23 F153=0.00, p = 0.991 0.26 0.30 F141=0.28, p = 0.601
pH control Na 0.31 0.34 Fi157,=3.33, p =0.074 0.31 0.33 Fi145=2.59, p=0.115
Sr 0.16 0.18 F157=0.74, p = 0.393 0.17 0.18 F145=0.29, p = 0.595
P 0.02 0.03 Fi144=1.73, p=0.195 0.02 0.02 F133=0.01, p=0.943
Ca 39.09 39.31 F1.76= 1.60, p = 0.029 39.20 39.21 F1.97=0.00, p = 0.945
Mg 0.22 0.28 F176=1.62, p= 0.207 0.25 0.20 F196=1.57, p = 0.214
pH 7.75 Na 0.32 0.34 F177=1.43, p=0.236 0.32 0.31 F197=1.87,p=0.175
Sr 0.17 0.17 F1,7=0.18, p=0.677 0.16 0.16 F197=0.22, p = 0.638

P 0.03 0.03 F158=0.94, p = 0.336 0.02 0.02 F173=0.00, p = M62
Ca 39.02 39.26 F155=2.85, p = 0.097 39.18 38.98 F150=1.18, p = 0.283
Mg 0.27 0.32 F140=1.29, p = 0.262 0.25 0.32 Fi1s5s=1.53, p=0.221
pH 7.54 Na 0.32 0.32 F154=0.01, p =0.926 0.31 0.32 F157=0.34, p = 0.560
Sr 0.17 0.15 Fi15=2.84, p=0.098 0.16 0.16 F150=0.00, p = 0.998
P 0.03 0.03 F147=2.84, p = 0.099 0.02 0.03 Fi151=1.46, p=0.232
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Appendix Table A2 £C. inconspicuatStatistical analysis results comparing the elemental composition data from each method.

Wild growth Experimental growth
Treatment| Element | Average wt % Average wt Statistical analysis | Average wt % Average wt %| Statistical analysis
of spot point | % of vertical results (Onewvay of spot point of vertical results (Oneway
method profiles ANOVA) method profiles ANOVA)

Ca 39.25 39.05 F183=3.09, p = 0.082 39.18 39.12 F150=0.11, p=0.744
Mg 0.10 0.10 F18s=0.76, p = 0.387 0.13 0.13 F156=0.05, p=0.816
pH control Na 0.22 0.21 Figs=1.42, p = 0.237 0.22 0.22 F147=0.19, p = 0.66]
Sr 0.12 0.12 F185=0.00, p = 0.953 0.12 0.11 F150=0.30, p = 0.585
P 0.02 0.02 F173=0.89, p =0.348 0.03 0.02 F154=3.39, p=0.071
Ca 39.24 39.30 F176=0.23, p = 0.632 39.28 39.24 F158=0.09, p=0.771
Mg 0.11 0.11 F1.70= 000, p = 0.960 0.13 0.13 F157=0.00, p=0.972
pH 7.8 Na 0.21 0.21 F177=0.01, p = 0.920 0.22 0.21 Fis55=1.14, p = 0.29]
Sr 0.11 0.11 F179=0.10, p = 0.756 0.11 0.11 Fiss=0.23, p = 0.633
P 0.02 0.02 F165=0.98, p = 0.327 0.03 0.02 F152.=3.20,p = 0.080
Ca 39.22 39.19 F1 7= 0.05, p = 0.831 39.16 39.16 F18=0.00, p = 0.962
Mg 0.10 0.11 F170= 0.05, p = 0.827 0.12 0.12 F18~ 0.00, p =0.992
pH 7.6 Na 0.20 0.21 F165= 0.02, p = 0.900 0.22 0.20 Fi18=2.53, p=0.11¢
Sr 0.11 0.12 Fi170= 0.91, p =0.343 0.11 0.11 F185= 0.01, p =0.922
P 0.02 0.03 F1 5= 0.96, p = 0.333 0.02 0.02 F177= 3.04, p = 0.085
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Appendix Table A3 +L. uva- Statistical analysis results of elemental composition data from the
vertical profiles. Two-way ANOVA and posthoc Tukey tests were used to determine any
significant effects of treatment, growth period and interaction of these two factors.

Vertical Profiles

Two-way ANOVA results (Response: weight?
Factors: treatment, wild vs experimental grio

Element
Wild vs Posthoc Tukey results
Treatment Experimental Interaction
growth
F3,55: 047, F1‘55: 001, F3,55: 060,
Ca | vZ0708 p=0.919 0=0.618 N/A
F3,47: 283, F1’47: 016, F3,47 = 190,
M3 | p=0.050 p = 0.691 p=0.145 N/A
F3,56: 097, F1’56: 158, F3,56: 126,
Na 1 5= 0.416 p=0.215 0 = 0.297 N/A
F3,56: 287, F1’56: 013, F3,56: 1.11,
St p=0.046 p=0.721 p=0.353 N/A
P F3750: 066, F1'50: 150, F3,5o: 002, N/A
p=0.579 p =0.228 p =0.996

Appendix Table A4 £C. inconspicuatStatistical analysis results of elemental composition data

from the vertical profiles. Two-way ANOVA and posthoc Tukey tests were usetb determine
any significant effects of treatment, growth period and interaction of these two factors.
Significant differences are highlighted in bold.

Vertical Profiles
Two-way ANOVA results (Response:
weight%, Factors: treatment, wild vs
Element experlmen.tal growth) Posthoc Tukey results
wild vs
Treatment Experimental | Interaction
growth
F2’56: 1.79, F1’56= 000, F2|56= 022,
Ca 0=0.178 p=0964 | p=0.800 N/A
_ _ _ Experimental growth has
Mg FZ’SE_O%SZS’ Fl'sf?)%'llg’ FZ'SEB%(?%’ higher concentration thar
p="0 p=1. p="0 wild growth.
F2753: 071, 9] F1’53: 024, F2’53: 101,
Na = 0.494 p=0629 | p=0.372 N/A
F2,58: 0.09, F1,58: 0.39, F2|58= 0.01,
ST p=0.915 p=0535 | p=0.991 NIA
P F1'5E: 176, F1'5i: 354, F2’5E: 269, N/A
p =0.183 p = 0.066 p =0.078
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Appendix Figure A3 L. uva- Vertical profiles of Na (black symbols), Mg (white symbols), Sr
(red symbols), P (blue symbols) from wild growthircle symbolg and experimental growth
(square symbol3 in the temperature control (A, B), pH control (C, D), pH 7.75 treatment (E, F)
and pH 7.54 treatment (G, H). White area is the primary layer and grearea is the secondary
layer.
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Appendix Figure A4 +L. uva- Vertical pr ofiles of Ca from wild growth (circle symbolg and
experimental growth (square symbol3 in the temperature control (A, B), pH control (C, D), pH
7.75 treatment (E, F) and pH 7.54 treatent (G, H). White area is the primary layer and grey
area is the secondary layer.
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Appendix Figure A5 £C. inconspicua Vertical profiles of Na (black symbols), Mg (white
symbols), Sr (red symbols), P (blue symbols) from wild growtlc{rcle symbolg and
experimental growth (square symbol3 in the pH control (A, B), pH 7.8 (C, D) and pH 7.6
treatment (E, F). White area is the primary layer and grey area is the secondary layer.
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Appendix Figure A6 £C. inconspicua Vertical profiles of Ca from wild growt h (circle symbols)
and experimental growth (square symbols) in the pH control (A, B), pH 7.8 (C, D) and pH 7.6
treatment (E, F). White area is the primary layer and grey area is the secondary layer.
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Appendix Figure A7 L. uva- Ca concentration from the spot point method of wild growth
(circle symbols) and experimental growth (square symbols) in the temperature control (A, B),
pH control (C, D), pH 7.75 treatment (E, F) and pH 7.54 treatment (G, H). Different coloured

symbols refer to different individuals within each treatment. Growth direction is indicated.
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Appendix Figure A8 *L. uva- Mg concentration from the spot point method of wild growth

(circle symbols) and experimental growth (square symbols) in the temperature control (A, B),

pH control (C, D), pH 7.75 treatment (E, F) and pH 7.54 treatment (G, H). Different coloured
symbols refer to different individuals within each treatment. Growth direction is indicated.
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Appendix Figure A9 L. uva- Na concentration from the spot point method of will growth
(circle symbols) and experimental growth (square symbols) in the temperature control (A, B),
pH control (C, D), pH 7.75 treatment (E, F) and pH 7.54 treatment (G, H). Different coloured

symbols refer to different individuals within each treatment.Growth direction is indicated.
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Appendix Figure A10 L. uva- Sr concentration from the spot point method of wild growth

(circle symbols) and experimental growth (square symbols) in the temperature control (A, B),

pH control (C, D), pH 7.75 treatment (E F) and pH 7.54 treatment (G, H). Different coloured
symbols refer to different individuals within each treatment. Growth direction is indicated.
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Appendix Figure A11 +L. uva +P concentration from the spot point method of wild growth
(circle symbols)and experimental growth (square symbols) in the temperature control (A, B),
pH control (C, D), pH 7.75 treatment (E, F) and pH 7.54 treatment (G, H). Different coloured

symbols refer to different individuals within each treatment. Growth direction is indiated.
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Appendix Figure A12 +C. inconspicua Ca concentration from the spot point method of wild
growth (circle symbols) and experimental growth (square symbols) in the pH control (A, B), pH
7.8 (C, D) and pH 7.6 treatment (E, F)Different coloured symbols refer to different individuals

within each treatment. Growth direction is indicated.
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Appendix Figure A13 *+C. inconspicua Mg concentration from the spot point method of wild
growth (circle symbols) and experimental growth (square symbols) in theH control (A, B), pH
7.8 (C, D) and pH 7.6 treatment (EF). Different coloured symbols refer to different individuals

within each treatment. Growth direction is indicated.
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Appendix Figure A14 +C. inconspicua Na concentration from the spot point mettod of wild
growth (circle symbols) and experimental growth (square symbols) in the pH control (A, B), pH
7.8 (C, D) and pH 7.6 treatment (E, F)Different coloured symbols refer to different individuals

within each treatment. Growth direction is indicated.
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Appendix Figure A15 *+C. inconspicua Sr concentration from the spot point method of wild
growth (circle symbols) and experimental growth (square symbols) in the pH control (A, B), pH
7.8 (C, D) and pH 7.6 treatment (E, F)Different coloured symbols efer to different individuals

within each treatment. Growth direction is indicated.
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Appendix Figure A16 +C. inconspicua P concentration from the spot point method of wild
growth (circle symbols) and experimental growth (square symbols) in the pH cort (A, B), pH
7.8 (C, D) and pH 7.6 treatment (E, F). Different coloured symbols refer to different individuals

within each treatment. Growth direction is indicated.
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Appendix B

Supporting material for Chagt4 (Do polar and temperate brachiopods mamtheir shell
integrity under predicted erzkntury acidified condition$?

Appendix Figure B1 L. uva tPercentage areas ofach type of shell conditiorof individuals in

wild growth (area numbers 1-5) and experimental growth (area numbers 6L0) in tenperature

control (A, B), pH control (C, D), pH 7.75 (E, F) and pH 7.54 (G, H)Lighter grey tones indicate
an increase in wear and/or shell dissolution (see legend). N details the individual number.
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Appendix Figure B2 *+C. inconspicuatPercentage area of each type of shell condition
of individuals in wild growth (area numbers 1-5) and experimental growth (area numbers 6L0)
in pH control (A, B), pH 7.8 (C, D) and pH 7.6 (E, F)Lighter grey tones indicatean increase in

wear and/or shell dissolution $ee legend). N details the individual number.
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Appendix Figure B3 L. uva +Primary layer (black bars), secondary layer(grey bars)and total
thickness(whole bars)of individuals from wild growth (A, C, E, G) and experimental growth (B,
D, F, H) in temperature control (A, B), pH control (C, D), pH 7.75(E, F) and pH 7.54(G, H).
Initial size of each individual is indicated.
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Appendix Figure B4 *C. inconspicua tPrimary layer (black bars), secondary layer(grey bars)
and total thickness(whole bars)of individuals from wild growth (A, C, E) and experimental
growth (B, D, F) in pH control (A, B), pH 7.8(C, D), pH 7.6(E, F). Initial size of each individual
is indicated.
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Appendix C

Supporting material for Chapter(Acclimation ofCalloria inconspicuao environmental change over the last 110 years

Appendix Table C1 +Specific details about the collection and storage sites of the museum specimens.

Institute sample

Depth collected

Year Sample ID . Specific location collected
obtained from (metres)
1900 BR0O00088 Stewart Island Not given
1914 BR001686 Te Papa Museum Oyster beds 3.2 km east of Halfmoon Bay, Stewart Islaf 42 m
1926 BR001062 Golden Bay, Stewart Island (46° 54'S, 168° 7'E) Not given
1934 2006.12.140 Canterbury Museum Horseshoe Bay, Bterfly Beach, Stewart Island Not given
1935 MA79003 Auckland Museum Stewart Island (46° 40'S, 168° 8'E) Not given
1942 MA79298 Stewart Island (46° 54'S, 168° 8'E) Not given
1942 2005.188.39 Canterbury Museum Oyster beds in Foveaux Strait Not given
1947 AU20001 University of Auckland Foveaux Strait 60 m
1955 BR001331 Te Papa Museum Halfmoon Bay, Stewart Island (46° 54'S, 168° 7'E) Not given
Near Abrahams Bay, further in Pegen Inlet than Ulva
1960 | NIWA 62858 B243 Island, Stewart Island (46° 94'S, 168° 05'E) 2lm
In between Ulva Island and Big Glory Bay, Paterson Inlg

1967 | NIWA 62892 E833 National Institute of Stewart Island (46° 95'S, 168° 15'E) 53m
1977 | NIWA 62891 K989 | Water and Atmospheri East Ulva Island, Stewart Island (484'S, 168° 16'E) 22m

NIWA 62890 S265 Research Deep Bay, north of UI\o/a Islland, Poatefson Inlet, Stewart Is 10m
1980 (46° 91'S, 168° 12'E)

NIWA 62919 S263 East Ulva Island, Patersoon In!et, Stewatrt Island (46° 94 27 m

168° 16'E)
2010 Cruise 0s15 | GeologyDepartment Just outside of Paterson Inlet (46° 59'S, 168° 16'E) 42'm
University of Otago

2014 2014 Co”e“tfgr:;’rgr Miles JOVLGH 3DWHUVRQ ,QOHW f 20m
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Appendix Figure C1 +Ca concentration from near the umbo region (circle gmbols), in the
middle of the shell (square symbols) and near the shell margin (triangle symbols) in 1900 (A, B,
C), 1926 (D, E, F), 1942 (G, H, 1), 1960 (J, K, L), 1980 (M, N ,0), 2010 (P, Q, R) and 2014 (S, T
,U). Different coloured symbols refer to diferent individuals within each treatment. White area

is the primary layer and grey area is the secondary layer.
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Appendix Figure C2 Mg concentration from near the umbo region (circle symbols), in the
middle of the shell (square symbols) and near the sthehargin (triangle symbols) in 1900 (A, B,
C), 1926 (D, E, F), 1942 (G, H, 1), 1960 (J, K, L), 1980 (M, N ,0), 2010 (P, Q, R) and 2014 (S, T
,U). Different coloured symbols refer to different individuals within each treatment. White area

is the primary layer and grey area is the secondary layer.
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Appendix Figure C3 £Na concentration from near the umbo region (circle symbols), in the
middle of the shell (square symbols) and near the shell margin (triangle symbols) in 1900 (A, B,
C), 1926 (D, E, F), 1942Q, H, 1), 1960 (J, K, L), 1980 (M, N ,0), 2010 (P, Q, R) and 2014 (S, T
,U). Different coloured symbols refer to different individuals within each treatment. White area

is the primary layer and grey area is the secondary layer.

192



Appendix Figure C4 £Sr concentration from near the umbo region (circle symbols), in the
middle of the shell (square symbols) and near the shell margin (triangle symbols) in 1900 (A, B,
C), 1926 (D, E, F), 1942 (G, H, 1), 1960 (J, K, L), 1980 (M, N ,0), 2010 (P, Q, R) and 2014 (S,
,U). Different coloured symboils refer to different individuals within each treatment. White area

is the primary layer and grey area is the secondary layer.
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Appendix Figure C5 £P concentration from near the umbo region (circle symbols), in the
middle of the shell (square symbols) and near the shell margin (triangle symbols) in 1900 (A, B,
C), 1926 (D, E, F), 1942 (G, H, 1), 1960 (J, K, L), 1980 (M, N ,0), 2010 (P, Q, R) and 2014 (S, T
,U). Different coloured symbols refer to different individuals within each treatment. White area

is the primary layer and grey area is the secondary layer.
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Appendix Figure C6 *Average percentage area of the different types of shell conditions 1900
(A), 1914 (B), 1926 (C), 1934 (D), 1942 (E), 1947 (F), 1955 (G),aL@8), 1967 (1), 1977 (J), 1980
(K), 2010 (L) and 2014 (M).Lighter grey tones indicatean increase in wear and/or shell
dissolution (see legend).
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Appendix Figure C7 tPrimary layer (black bars), secondary layer (grey bars) and total
thickness (whole ba) of individuals from near the umbo region (1), in the middle of the shell (2)
and near the shell margin (3) from each decade. N denotes the individual number
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