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ABSTRACT OF THE DISSERTATION

Eastern Pacific bivalve shell calcification in a warming and acidifying ocean.

by

Elizabeth Marie Bullard

Doctor of Philosophy in Biology
University of California San Diego, 2022

Professor Kaustuv Roy, Chair

Models suggest that marine calcifiers (organisms that precipitate a calcium carbonate
exoskeleton) are especially vulnerable to anthropogenic ocean warming and acidification
(Cooley and Doney 2009). Short-term experiments using marine calcifiers show that changes in

these two stressors can affect physiology (Beniash et al. 2010), shell and soft body growth
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(Kroeker et al. 2010), and shell function, (i.e., vulnerability of a shell to break under crushing
predation (Fitzer et al. 2015b)). However, organism responses don’t always have the same
directionality (positive, negative, no change) or intensity (Ries et al. 2009) even when exposed to
the same stressor. Furthermore, how short-term experiment results scale to longer time periods
and across multiple generations remains poorly known.

My research evaluates how these traits associated with shell calcification vary across
different climatic and environmental conditions at different temporal and spatial scales and what
the functional cost of these trait shifts are. Specifically, | focus on traits associated with shell
strength and dissolution prevention, such as mineralogy (Harper 2000), internal shell organics
(Lopez et al. 2014, Telesca et al. 2019), and shell structure (Johnson 2020). | assess changes in
these traits and their functional consequences across natural pH and temperature gradients both
spatially and temporally. I do this in three distinct chapters: Chapter 1 assesses changes in shell
mineralogy in response to warming and acidification over a 60 year period along the eastern
Pacific in a foundational marine mussel (Bullard et al. 2021); Chapter 2 uses that same species to
determine changes in internal shell organics and shell structure along a pH and temperature
gradient and how these changing traits influence shell strength and toughness; and Chapter 3
evaluates long-term temporal changes (i.e., Pleistocene to today) in shell calcification of five
closely related venerid species.

My research fills gaps in our knowledge about long-term responses of marine calcifiers to
ocean warming and acidification. Additionally, it integrates multiple fields, such as paleontology
and materials engineering, to fully capture trait changes and their functional consequences.
Results of this work are useful for creating more accurate predictions about the responses of

marine calcifiers to future conditions.

Xviii



INTRODUCTION

Two threats to marine organisms under climate change are ocean warming and
acidification (Cooley and Doney 2009, Kroeker et al. 2010). Ocean warming not only causes
unpredictable movement of organisms into new regions as they respond to climatic changes
(Jones et al. 2010), it also negatively impacts marine species’ metabolic activity (Salas et al.
2014) and has been shown in some cases to synergistically augment the effects of ocean
acidification (OA) (Findlay et al. 2010, Lischka and Riebesell 2012). OA results from the
increase in dissolved anthropogenic carbon dioxide (pCOz), and is of particular concern for
marine calcifiers, such as bivalves, whose calcium carbonate skeletons are potentially vulnerable
to reduced pH (Cooley and Doney 2009, Findlay et al. 2010, Kroeker et al. 2010).

The vast majority of studies on the impacts of climate warming and OA involve short-
term experiments (Kroeker et al. 2010). These experiments have been carried out on a diverse
assemblage of calcifying marine organisms (Kroeker et al. 2010) and have found that elevated
levels of pCO impact organism physiology (Beniash et al. 2010), inhibit both shell and soft
body growth (Kroeker et al. 2010), and can negatively impact shell functionality traits such as
strength and toughness (Fitzer et al. 2015b). Studies looking at the impact of both increasing
temperature and OA have found a variation of responses with some organisms showing a higher
sensitivity to OA when exposed to higher temperatures (Findlay et al. 2010, Kroeker et al. 2010,
Lischka and Riebesell 2012), suggesting that these two changes may have a negative, synergistic
effect on organisms in the future, but some studies showing no impact of temperature (Cross et
al. 2019), or even have shown that temperature can offset the negative impacts of OA

(Waldbusser et al. 2011).



While these short-term experiments can provide us with information on responses of
species to one or two specific stressors, these studies are primarily conducted on individuals
(Kroeker et al. 2010). To address this short-coming, there has been an influx of studies
conducting multi-population and longer-term evaluations of OA and temperature impacts on
marine calcifiers, and these studies, similar to some short-term tank evaluations (Ries et al.
2009), have shown variable results. For example, an archaeological assessment on shell
calcification of a foundational mussel, M. californianus, showed significant shell thinning
through time, potentially in response to OA (Pfister et al. 2016), while a centennial study on the
brachiopod Calloria inconspicua showed no thinning even under changing environmental
conditions (Cross et al. 2018).

While the knowledge gained from these longer-term assessments has been valuable, three
main gaps still remain: i) There has been a dearth of studies focusing on changes in shell
biomaterials, like the mineralogy of the skeleton and shell organics, which have immense
potential to change and impact an organism’s ability to survive (but see [(Fitzer et al. 2015b,
McCoy et al. 2018))., ii) We have a limited understanding of how multiple traits change
simultaneously in response to shifting environmental conditions and what the functional
consequences of these trait changes may be (Fitzer et al. 2015b)., and iii) We still lack robust
information on the long-term response of species to these stressors and how general calcification
responses through time and space are.

My research attempts to fill these gaps of multiple populations and species, time,
simultaneously changing traits and impact on function, and testing of general calcification

responses by utilizing fossil and historical samples paired with large-scale sampling of natural



populations. The results will further inform our understanding of the responses of marine
calcifiers under future warming and OA.

To do all this, I have focused on eastern Pacific bivalves, primarily the foundational
species M. californianus, and five related venerid species. Eastern Pacific bivalves serve as an
excellent system to study changes in intraspecific trait variation in shell calcification in response
to anthropogenic change from the Pleistocene to present. Bivalves are well-known to be
impacted by different anthropogenic effects that change their traits, such as human harvesting
which can negatively affect body size (Fenberg and Roy n.d.) and the onset of OA which has
been shown to influence mineralogy and calcification (Pfister et al. 2016, McCoy et al. 2018,
Bullard et al. 2021). Additionally, the main trait of interest for many short-term tank experiments
looking at OA and warming, calcification, is easily tractable in the historical and fossil record.
Thus, utilizing bivalves with historical baselines and extensive interglacial fossil records can not
only give us the ability to test how shell calcification has been impacted by different
anthropogenic drivers, and serve as tools for assessing species risk under current and future

change.

Chapter Summaries

In Chapter 1 I ask how shell mineralogy, namely the ratio of aragonite to calcite, in M.
californianus shells has changed under 60 years of ocean warming and acidification (Bullard et
al. 2021). Utilizing a baseline of mussels collected along the eastern Pacific and analyzed in the
1950’s, I compare modern mineralogy measurements to the past and test whether mineralogy has

been responding to changes in temperature or if modern measurements are in line with potential



response to decreasing pH and carbonate saturation state. My results suggest that mineralogy is
not responding to temperature, as had been the standing idea in the literature since the 1950’s,
but instead is responding in ways more aligned to OA.

In Chapter 2 | expand my evaluation of shell biomaterials and evaluate changing shell
organics as well as shell structure and function of twelve populations of M. californianus along
the eastern Pacific. | tested changes in shell strength and toughness and how they related to three
structural measurements: shell volume, elongation index, and compacity index, as well as
internal shell organics. | found that shell organics was not changing along M. californianus range
and that shell structure, namely shell volume and compacity index, are the main drivers of shell
strength and toughness. | also document that southern populations are stronger than northern
populations despite having lower shell volume measurements, potentially due to increased
compacity index and less endolithic parasites. This work highlights the importance of evaluating
multiple traits and biotic interactions when thinking about marine calcifier response to current
and future environmental change.

Finally, in Chapter 3 | focus on evaluating whether or not the long-term response of shell
calcification in closely related species is variable. | test hypotheses about shell calcification
response generated from short-term experiments and millennial scale assessments by assessing
changes in size and shell calcification for five venerid species from the Pleistocene to present. |
show that despite evolutionary relatedness, there is no one shell calcification response through
time for the five species. Additionally, for two species, Chione californiensis and Tivela
stultorum, I assess how their shell calcification patterns change through space. | show that while

C. californiensis has southern populations where traits are similar to those recorded in the



Pleistocene fossil assemblage, T. stultorum shows significant thinning along even its southern
range today.

Combined, my dissertation chapters work to provide a more holistic view of how shell
calcification, and additional traits associated with it, change on different temporal and spatial
scales. Using an interdisciplinary approach of combining paleontology, ecology, material and
structural engineering as well as a diverse array of collaborations has allowed me to fill key
knowledge gaps in the OA field and provide us with important information to understand how

these important molluscan species are responding to anthropogenic changes.
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muln pocrly quantifed on both shon snd long time scales (b
sew ped. 4 for & shon-lenm assessment). Here, we use histoncal
measaremens b conjuncion with Teld sampling w0 quantify dhe
impact of ball & ceniury of acean wanming and OA oo the shell
mineralogy of multple popalaton of L b Bovdide-
tonsl mariee Bovalee spocks along the nonhemsienn Pacillc oot
Thee sheells of marine mallusks are compased of e differem
polvecaphs of Calll;, samely arsgonite and calche (10 O
these two polymorphs, amgoniee B moee soluble than calcle
(1), theowgh differences in crystal size and oeganic content of
thez shell cam also pley & role in mediapeg dissolution mes of

FHAS 00 Vol |18 R B aJ004 263100

modlusk shells {12-14) While most mollewcan specics @nd o
hiwee shells that are pr mude of either arngonite or
caleive, athers have shells thet contain hoth polyvmoerphs. It has
lang hezn bypothesized that the ratie of arsgoniee w calcie (in
this study repeesented as the percentsge of aragonie) in the
shells of species with mixed minerslogy & mediied by the
temperabare sredior CaO0; ssturstion siate of seawater {13, 15).
This & supported by the ohasvarom thet magonde conlent of
midluscan shells inspecess with miied minerslogy changes pee-
dictably dong & ladvadine] with an ennichment ol arago-
niie s compared o caloiie in warmer witers {13, 13). Funihermare,
larvee of o marine mussel with mived mdeeralogy (M adls)
prown under high paroal pressure of carbon dewide (pO0k)
condicions were enriched in calcie compared o g growm
under lower plU), comditions (1&) Ceven thal smgosses b
preferentially precipitated in warmer walers companed oo cabeine
in gpeckzs with miksd muserskogy, emhropagenic wemung by
It==ll should Tover higher arsgonite content i shells of gpecks
ikt use hath polymorphs, while the deoreass in carbonmse hons
Ered saurstion sarve ol CalU), primanly aragonie, in conjune-
el wath incressing plll: end decresung ocesn pH o should
Lavor caleite.

the moatheasenn Pacific coasl, s2a sarface Emperabares
[55Ts) have Incresed sanifcantly since the 1950k (5T Appende,
Table 51 ) Over this dme, antheopagenis D0 embskons have also
Iincreased submennally {17, 1H), kEadig o decreases in ooenn pH
Ered spurateon stale {14}, shibosgh the cimct magnivsds of sech

significance

Anthropogen: ooan sddification (DA) is a poantal Swaa Ter
marine caltilying ogansms. While such axparmantal werk
i By o 10 dssaid W impadts of D0 on @ fing Calcilien,
studus o scabis and acrid uhtiph pop-
ulations sl risain lissitied. Hars, wa combins hitondal data
with ricisl Tiald survigs © guantify the platicty in dhall
minarabogy, & hiy luncional wait, of & feundational marine
Bivalyae, Myt aiffermnidnod. Our dits suggest that mineal-

oy in this ipeces b nkpanding mom by pH and saluration

large dpatial comparsens 1o undenstand and tedl predictions
about specis reponsas b 4 changing warld.
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decreases along the noetheastern Pacific remains wsknown. We
quantified how the arsgoniie conten of shells of M califormiain
populations have changed In respomse 1o these opposiag forces by
comparing bascline meassrements of amgomite content of shells
collected in 1952 [hereafier referred 10 &5 sample S52 (10) and
1958 to 190 [sample SSS60 (19)] with those from samples col-
lected dn 2017 and 2018 (sample S17-18) (87 Appenddis, Table S2).
Specifically, we sampled five populations of M. aloag
a spatial gradicnr spanning 15° of Latitude along the nosthesticm
Padific coast (Fig. 1) a trassect similar 10 that from the late 1950s
(19 Thaee of our skes in Sowmthern Callfornm are the same as
those from the lae 19505 (19), and one matched site, La Jalla,
additionally his data from 1952 (S52) (10 e omher two sites
further north are in the same regions sumpled in the lne 19505
study (19) bt are not cxact munches (Fig. | and ST Appomdie, Fyg.
S1) Although the northem sites ase not ot spatial matches wih
our baseline date, by samplieg the same reghons s o the 19505
(19), they aliow us (o ivestigate whether the latitednal gradient
In shell aragomite coatent of this speckes has over time.
For two of our satched sites (La Solla and Corona Del Mar),
samples from 2010 (heecalter $10) were also mvadable, providing
a addvosal baseline that further alows us 30 ases decadid

Ive i D017-2018 (S17-18) were matched 1o the same hodyske range
2 in the buseline sbaties 30 avold any impact of dxe on shell am-
gonie coment, and Al sumples were prepased folloning the same
procedures descrboed in the baseline studies (10, 19) and anadvasd
using X-ray diffraction (XRD) (see Maseralr and Mesbexds).

Results and Discussion
At alll three of our masched sites. large temporal changes in shell
ampomsie content are evident. At La Jolla, the shell

content decreased from the 19508 (S58-064) 10 2000
(S10) and has been stable since (Fig. 1 end S5 Appendis, Fig. S1
and Tables 83 and S4). Avila Beach shows a similar trend with a
sinificant decrease in content from the 19505 (SS8-60)
1 2017-2088 ($17-1%) (Fig. 1 and 58S Fig. S1 and Ta-
bies 53 and S4). At Corona del Mur, the trend is more complex,

with a signaficant decline In arsgoaite content from the 19505 o
20141, but with subseguent recovery, 5o that the arsgonite content
of $17-15 s not significantly differest from that of SS5-460 (Fig, 1
and ST Apperdée, Fig. S1 and Table S3)

Farther nonth st Crescent Clty, only one sample from 1959
(S59) s available, making statsticad comparsoas impossibie, but
qualitative asscssment s still feasible and sdormative. At this
site, there hus been an increase i temperature through time (57
Apprerdix, Talbles ST and 55) and a corresponding change in shedl
acsgonite comtent. from 4250% angonse in S5 w a
median vidae of 1632% and a madmum of 338% in sample
S17-18 (57 Agpenadix, Tabke 56). Thus, the 3290 measared @
1959 Is well outside the carrent rasge of our data 2 sub-
stuscially larger sample (0 = 9, S Appendis, Tables S2 and S6).

The temporal decrease i shell aragonite content seen a1 cach
of our matched sites & also evident over a wider lititodingd
gradient (Fig. 1E and S Appendiy, Fig. S1E). Regression models
that take in to account spatial and sesaporal autecorrelations as
well s posential effects of shell size and weight (lagged-mied
soeltancous models, generslized least squares
Mmmmdem-:&kmmwnwna
random effect; see Marerials and Meshoxds) all show a significant
difference i the Lstodingd trends i shell ite cantent
between the late 1950s and 2017-2018 (Fig. 1E and S/ Appeadie,
Table S4). Spectfically, there was a significant Latitudinal trend m
shell amagonite content during the 1950, with r lattudes
being pecferentially enriched in caldte (SJ . Table S4)
In contrast, lativede & not a sgoificent peedictoe of amgosse
content i 2007-2NS (8 Appencle, Table S4), suggesting an
overall shallowing of the slope of this selatioaship through time,
&MubnyptWhMmm-u-m

to nonthern ones. Overall, shell arsgonite content
mwm—mmwmpammm
difference in percentage of aragonite ks more pronosnced if 552
and S10 data are ndded %o the analyses with the
sgnificantly different between the past (852 and SS8-60) and
recent tioes (S10 and §17-18) (SF Appendie, Table S3 and Fig.
S1). Becawse temperatare varks substantislly with lativade, we
also asessed changes in the relaticaship between shell augonse

rig. 1. (A) Locakty map
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of the of

Methodh). The boe plot show comps

for $58-60 ard $77-18 The samples 5$17-18 are ugrif ¥ more hed

“m-hhhmwm tumuu&mmmawm ‘))Mnbdlmm

in indhddual M. calts

shalls and doc B850 |0 o 30} and S17-18 (n = 511 The vopem are not

of
hm—.mwmn&m

Sullans ot ol
Shall minerslogy af & founcational manne pecies, Myasia calformance, over half a
cantiry in a changing ccean



D i send o v b g s o o orgg by 70 176 7 250 o Py 300, V2 2 ey IF mmhdiimis T 1G4 29

comtent and SST (37 Apperdy, Fig. 52) Similar 1o the difference
in lstiudinal trends, temgersture is a sgnificant predicter of
pencentsge of aragonite in our mos conserdastive spatie auno-
ooqrelancn model comtralling for see and welght lor e lale
1451k, but this relstionshey & nod signilicant for our 2007- 2004
E-Il!'l-l'd-ﬁ'l'.l-h'.ﬂ.llt Tabde 54 and Fig. 530,

In nddition w0 55T and pH, sn iwverse relstionship bepween
salouty and shell sragosute content in Easern Pacilic mussels
(M. cafiforsanus and Mynlss galopsmincialin) has aleo heen
A (LI, 13) Ths & i conims W0 fedel obes rvel ons
off M. eufis and Mynfus rodsotd i the Bahic, where a decresse
in aragonile coment was evident with decreasing salinity (13).
This potestial diflerence in salinity response provides an imes-
eating companmtive framework for looking ol how speces with
different evelutiomary hisiories and differem envirorenental re-
gimes pespond o the same siressor, bn this come, M. califorianis
has eveldved in s very different ocennographic regime (Le., upwelling
svsiem) compared (o M adils, the Toces of the Bahic study.
Fanthemusee, changes in salinity hwve sloo heen shown to affect
the metsbolic oost of shell caicification {200 highlighting the

nce of understanding how changes alfen shell
mincralogy of with different evolationary and enviros.
mental hisories. At sl three of cur soethenn matched sites, both
55T and salinry has chasged since the 1950k 55T has incressed
Eroimk the 195k 1o 200 T-200H, but the magniveds ol the chage
varies across siies, with the temporal change in our
warmnesl sile, La Bolle (5 . Table S1). Creer this timse,
sallinity has decressed m each ol our siies b, sguin, by differem
magnitudes (A Appendic, Tebdes 51 and 55) Alhough the
temporsl data on lempersture snd salinity are oo sparse for
quanipapre analyes o the kel of indmvidual sees there
are just two time points for Avila Beach and theee for Gorons del
Mar and La Jolla, gualicaciveldy, the direcoacmalicy of the observed
trends div nal seppon the herween tem-
perabare, salinity, snd shell smgonie conlent for Eastern Pacific
Myvnitus species m any of the three sies analeed here.
Ureerull, our resulis indicate that the comtent of M.
cabivmioas shells has declined significantly over the last hall
centary. While the magnilude of this decrense Varkes BCross sur
shies, i i chear that mcet populstions of this species inconpomiz
much more calite in thewr shells now then in the past. ear re-
sults also show that these decreases sre it due W lemperatare
of salinity charge. Onher facbors such s predabion pressans,
wiree exposare, and food mallabiliy are also known o affect
shedl caledlication (7, 21 1 but whether they have any inflssnce on
shell minemalogy remains unclesr. In fact, selection due 1o o
cressed predanon preseane andfor waee should lead o
an incresse in shell aragoniie content sice il i the stronger of
the two palvmorphs (1), Age and growih mees of indiveduals
can polentially sk sffect the proportion of sragoniecaleie
withun the shell. Individuals of AL e cxmremely
difficult 1o age Eromn shell geowih lines | 1L 22} sowe canmol rule
it the possibilicy of some sge-related effecis, sach s decresed

longevity of changieg growth raes, in our daps. However, sl
and age are tightly and posicvely comelsted in this species (19],
and the kick of any sEnificsn see slfects ool regression
models suggen tha temporal differences in sge are unlikely o
be o major drieer of our resshs. One aspeo of

change that affecss both shell calcilication and muneralogy is
changes i sea waler salurstion sse and ocean pH (4, 1&).
Long-lenm measupements of these vanahles are nol svallabile s
amy of cur dees, making i apeesible w direcily tes the rode of
(1A in driving the tesgporal changes seen here. Howeser, mul-
tiple indipect Mnes of evilence sagges o magar role of A For
exnmple, shori-lenn experments have shiwn o decrease in
shell arsgomite comlent in ML edalls larvee of panents grown

Py conditions. (320, 350, and 730 pstm) (15). Similardy, the
epem oysler, Chidsonsn waimios, shows a0 incresss in the
calcie lshs within the shells of juvenies grown under real-
ments of 3 5300 patm s companed o those grown ander 380 patm,
siiggesing in both ceses & respones o elevated pOCk aned de-
creased pH (I3). On a lerger spanal scale, the Atlemic misels
M. afufis and M. sosiedus show an increase in the thickness of
e caleitic privvane Liver in the shell feom temgermle oo polar
reghons [13). Finally, long-temm ¢ i the
sﬁu}ﬂmmuﬂﬂnfmwmmMENHhum
1o changieg ocean pH () Thiss, our pesults are conssient with
experimental evidence of preferential peecipintion of the ks
soluble caloite over smponie snder (0A. While preferaniial
dissodation of precipanted sraposde in 1y T Doir-
rawive watees [I1) can alsn sffect the calehe/smponde mtic of
shells, we did nod see any chear sigee of desolunon wich o
siitetanisl of the shells in samples 510 and SI7-18, and
since those shells div wot weggh significandy les than thase from
e 1950k {SSH-0) ik likely that differennal precipliation of
calcive, pmther then disolution of aragoniie due 1o (04, &5 the
primany driver of our resules

Regnrdless of the exmn came(s) ol the change in snpalogy
af M. oalikviiosss, our results clearly demwarstrate that shells of
this species, worces moed ol Bs geographic renge. have sgmifi-
canily more calcie poday ed o the 1950k This
thar maring calcifiers with mixed mine ¢ sy have oodsid-
erable plasecity o adjust the rathe of dilferent polymorpds of
Cal); in their shells in response 1o ghobal . Whale sach
plesticivy may he advaniagecess bn fulare OCesn eNyVIrGIEmEnes, a5
pH B expecied o drop even more and higher latindss s
predicied o be undersalumied with pespect 1o b the
e of this cenbary (24}, there may also be fenciional trade-offs
mmmumwuuu[—am M. edulis

oy calone when Bom Brom parenis reeed in

e hl.#n. PO, creatment pend o shoay boes ol cryaliographe:
connad (4) Caleie precipimied under these higher pO0: con-
i { 1AM paimn) may slbue he more briole (4), polentislly
malurg shellk moee prong 1o Irsciunng under durophsgois
predapen. Fanther investigaron of sech funciosal rede-olfs
needed w0 better predict the potental for adaptation of M. el
Hoeiaaass, 4 Foundstion specees, ard other marine caleiliers with
mixed mineralogy o fuvene (V. Faally, the work peesenied hers
highlghes the mapomence of long-lem comgareons o betier
understand the responses of manes caloifiers wo
ghobal change. Such s mol ooy document how wild
populations are regpomsdig 10 Changing comditions but alsn help
test predictions derkesd from shoft-lErm enpenmsne.

Materials and Methods
ﬂu-.l-ﬂh-—_uu-lﬁmmlnﬂm
q war ki, mophometin masars-
--'rh,-'ldiil of M slong the
r—th.-l-nl':ﬂ:hnhu v L (10 Esa)

ard Dodd {19} (SH-80) (3 Azpendie, Tabhle T50 From ref. 10, ves onby ued
dats for Ive-collected indrddush from La Jolls, Cakfornis, oolecied on

Decermbar 28, 1753, and wathn she e wae mnge as the anpie clscisd
by Diodd (19, Tha st locwon of whears ampdn were collecied by Low-

wrmiam | 19§ hourdnoen but & mori likely tom the Toripm

of O o f-"lar] wehere v ouwr e Docd
s s FEE and FRED [STE-E0 From wa losaines
5 bt = Fic dabe of onily for the Co-
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azplansiion of wampls The other F“mrﬂ.ﬂn
denbed ax lexality names wrhout niormabon about ther leirhsds and

kzngrude. Hosvewer, we wera able o confirm that the Ls Jolis, Calomis,
ammpln were colected from the piar pilingu ot 50 The Axils Basach, Cal-
rlomia, nampley wers sho vary lkeldy 0 bave been collscted from the pier

under higher pl0; conditions (1,000 microammdospheres, or pilings there. The nams wrh the e ity
patm) fompared 1o olispring of parents grown ander lower mnref 190 q e Theas, e directly maiched
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thres of sheadies frem el 19, while for Waskergion, we empled the wme Th far {uad vk o q 4 O3 Pruner X-ray
reqiorn an Dodd. ditractometer [Bruker S05, Madieon, WL For sach indrdusl smples, e
Ta 3 - i shal -] e irfio theew pars in order & run independant
gh bme, d M In 207 and 316 (171K ot e mb. which wers then The of
three nibey that we wers able to musch from ref. T, La Jolla (JZBETH, tha & Mo 10 rramb {150 ) ieren onbc m

NI, Comna del Mar (J1%7FRE, T1TETXW], and Svils Beach
(15, LBS0CM, I20T1197W] in Cakformis Addricrally, we collectesd from bao

wiicon eyl awro-tesk ground Sk, s deesibed by ref. FE Tre sorieos of
e r dnk wan n a thin leywr of peirclsum ey,

cthar wnm, ihe y Point Lig in O iCity, Calib

LTI, 1MW) snd Chisan Memorial, ®mhington #T.94TH,
TILEEPT], & t & i that drom
d1nm1mmmnmn;mmm—imd 19, but tha
anact location of the milsction within thia cfy B unknosm, and only deisfor
one indridusl b induded in ref. 198 Theredoms, thin die & o partal maich
whera of trerchy are not pousibie; only qualits-
e comparnom are Erovided here. Cioddhy (19) rerthammont wie {"Hoh,
A gion™) oould rafer b thres diffeen loosticon, @ wa
chosa Chilearn Wsmecnial, 2 wree m the iame regon, @ cor norhememan ine.
korn deisied information on sach die can be found in 3 Azpancdir.

Az parhi locslry, we collecisd noradosdy of M oe'doraanur wrthin tha
T ire renge ax Thow drom ref. 19 |51 Appencir, Table 5B} from ware-
anpoed nfe in tha middle porticn of the muasl sone. Eosct replicsbion of
aach irdwidusly uae s only powible s Aals Basch, whee the pop-
ulatiom were plertrul and a sprisd of sow closen sided s time of ol
lection. Lesctly muaiching the srbire s mnge s not fesnb e ol cther it
ch s Corora del klar, prmarily Cecsws the brgen mdrscuah (108 mm)
E no longer preem misridaly at thes Icssons, movi bkely dos o -
man harvaiing 2.9, {33} T shin W arry iredi-
ﬁ_mmsmmmmwbuhﬂmu
inday. Whils sge of indwvidush can abo potentisly stfect the sragonite!
duhr.ﬂuutﬂulrﬂ-l,-tulmul;u,-w.ﬂmﬂhl
proxy for imour tamrn dor 1}
abcart the sge of the wescimena drom the 19830 i not avellasle, but dem od
thows npecimenn are known; 2 quakbstve sging of M. cakforndenc i dil-
ficuit H not mpowible st many kcatons where we mmplsd ths edm
g, (339, bart i ol where sging i a
berassan ure and aop han be for ML
11 mcend of shall +
proxy for age (13, MEL

In acdition o J0 72518 {517- 15 wmpls, we sw ued smp

09, 36, 37
hasw largely usd npecEmen Gar & 8

which 4 bz randomily adhere upon the platorm snd
mmri’lﬂd&rm orisnkation {19). Price b sy aubssquant
rum, tha i s rrmed e csrier ard dully dried, and tha nleon dnk s
desansd with stharal in order o s sach wempls waa unaiecied by
prevous nura. The XFD rum were camed out uung copper K-alpha fuia)y
mdigmon with & riep wre of 301" 30 rangirg from 207 to B0F, with sech
whnﬂhﬂrq—l?nlnl‘ﬁudmmmfmmh
rocky inberisdal area rear 560 and W e Cr - T
our pure gk segonne and cakne riandardy, resciresly. MAD pan-
Amrmfor both L kewae and © gages were ottsned io combrm theaer iy
‘e ground the L krenae and ©. gigea thanclarc 1o the Gare gran eee e
e et namplen {Lp., <75 pm) and folicwsd the procsdure sbove D creafe &
ulibrafion curve. We analyred the dfrection pesio ting TOPAS 4.3 soi-

waare [DIPPRAL ™", Broker XS} and ge of arag
by maara of 4 Thia qy allowa retiremank
g = lmmt- by §
thart mandmioe e differerce bebween an axpermental patem end 5 model
bamed on <rywial and ineir e Thma sz pa-
haig prak ared pemak

A1l I Eoordencs with ths bechnigue, sech rew Sifrecion patism per
ndividual run wn losded inks TOPAL and compered with the calibratson
curss and 1ienderd calote and sregomie ssbae Thew ashie s made

wia the gunic Cryvial 52 BCsO) {32, 300 Wik
mpact bo She inerumenisl peremeten, 8 Culla smason profle wen losded),
alorg with a fourth-crder O -] iz
filter tha data. The gonscmerter redii of our specfic reiem were st bo 141
mm, whils the ceo-smor cormction was vlloed in order o scound for any
Pk whifty that oould arte dus in mnismat wmor. This cormction s
all paaky are shitind by a2 ks, o i wngle (). Calcrtm
ared aragoite wrurture e acded ghy, with the Latticm
pararwter taken @ 10D, along with the momec (nm necmeary for s

Curng the i haho wie b ssume that thers nono pre-

i TOLE F10) at two of the masched tey, Ls Jolls and Corona del Mar, Thes
ammple were ale e maiched bo wnple PS80 wth 8 umiler cubc# dor
Ahe largee indradush, o saplsred shom
Ve s the srsvironmaenisl dets from reh. 10 and) 19 for cur comparhon,
though red. 10 oy cormain data In rard. 19 muplicithy
ttwte that tempemture dats limied in the vudy & 8 10§ sversge, but
whethar wxh ng sho applimcio ret. 10 n undesr. Sinoe the majorey
of our data came raf. I we chone io uss the 10 mean snnusl
fram thae buoy wation (2%, B dor 0172018
= Appende, Table 51} For 30795 at Corona cel kar, o %y sversge waa uned
tecaune cana did not cover the whole [0y serege range (T91 The labe
14 dats from red. 19 only remrde wlinity 'Jtirr-ﬂm o wa

Fwmed that n, the ot tha 1 b
be rendom. Thia random that adl
crmmatom of crysislifies wrihin the nample ocomur with the ssme probabi ey
{H]. Al parsmeiem o, vl nbnuien, Eackoreund peak podiiom,
Pk thapes, and wnebem) were et 3o be redined dunng the calculabion.
Tha Ristenkd edinement wm then nun dor thee sratiom o obiain cms-
mm R vaey o the phas compoibon B cered out. The ressfting walees
mrw a final phase ratic ir q the of calcbe snd within
aadh Firy-

Stnbicbical Anslyma We tirt tested for s sgrifcant driference in parcerasge
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Supplemental Material

Detailed description of sampling sites

Below we provide more detailed descriptions of each of the sampling sites used in this
study.

Chilean Memorial: The northernmost sampled site was Chilean Memorial, Washington (WA),
a site not from Dodd 1961 (19), but included here as a substitute for the elusive Hoh, WA
locality of Dodd 1961 (19). We collected M. californianus about 5.6 km north of the Rialto
Beach parking lot (47°56'31"N, 124°37'52"W, Fig. S6b). Approximately 56 m from the south
entrance to the bay is a flat step (Fig. S6a) that sits about 2.5 m over the sand. We sampled
individuals of M. californianus from the vertical wall at the west end of this step. The mussel
beds are dense in this area, and the small rock pools are covered in algae and contain other
molluscan species such as Tegula funebralis, Littorina plena, L. sitkana, L. subrotundata, Lottia
pelta, and Nucella sp. Samples were collected in the dark around 5:00 AM making it difficult to
get clear photographs of the mussel beds at the time of sampling; so no photos of the mussel beds
from this site are included here.

Crescent City: Moving southward down the Eastern Pacific coast, we find our next northern
site, Crescent City, California (CA). Here we collected M. californianus from the southwest side
of the Battery Point Lighthouse (41°44'39"N, 124°12'07"W) which is located west of the B
Street Pier (Fig. S7). On the southwest side of the lighthouse where a cement path begins to
incline towards the Lighthouse there is a large pool to the west side of a large rock outcrop (Fig.
S7a) and samples were collected from here. This mussel bed also housed many Nucella sp,
commonly found on individual mussel shells. Other common rocky intertidal mollusks at this
site include L. keenae, L. plena, and T. funebralis. Interestingly, L. plena and T. funebralis at this
site were quite small in size compared to other sites from which our mussel samples were
collected.

Avila Beach: Avila Beach, CA marks the northernmost of our three replicated sites from Dodd
1961 (19). Samples were collected from the Avila Beach Pier (35°10'42"N, 120°44'03"W) at low
tide around 2 AM so clear photographs of the sampled mussel beds are not available. We
collected M. californianus from the ocean-facing side of the two pilings in the 14" row of pier
pilings counted from the beginning of the pier at the beach. The mussels here were the most
varied in terms of ontogeny making it possible for us to directly match the size of each individual
collected by Dodd (19).

Corona del Mar: Our second matched site as we move down the coast is Corona del Mar, CA.
We collected M. californianus from the first large rock (Fig. S8a) approximately 640 m to the
south of the Kerckhoff Marine Laboratory and 200 m north of the tide pools and Inspiration
Point on Corona del Mar State Beach (Fig. S8b, 33°35'33"N, 117°52"23"W).

La Jolla: Our southernmost matched site is the Ellen Browning Scripps Memorial Pier
(32°51'58"N, 117°15’15"W) on the Scripps Institution of Oceanography campus. We collected

11



M. californianus from the ocean-facing side of the two pilings in the 8™ row of pier pilings
counted from the landward end of the pier (Fig. S9a). At this site M. californianus occupies the
wave exposed ocean-facing side of pier pilings while introduced Mediterranean mussel, M.
galloprovincialis, is found on the beach facing side of the piling, protected from the waves.
Gooseneck barnacles, crabs, and limpets such as L. pelta, and L. scabra are also common on
these pilings. L. gigantea can also be found on the pilings, but they are not as common as the
other limpets. Note that the mussel beds that we collected our samples from were decimated by
illegal harvesting of intertidal species from this Marine Protected Area (MPA) during the Covid -
19 lockdown in California (Fig. S9b). This was a phenomenon occurring in many areas of
southern California and elsewhere, as widely reported by the media (e.g. (SAHAGUN 2020)).

Figures S1-S9
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Figure S1. (a). Locality map showing the five sampled sites from S17-18. Three of the sites,
Avila Beach (n=8 both time periods), Corona del Mar (n = 14 S58-60, n = 9 S10, n=12 S17-18),
and La Jolla (n =7 S52, n =7 S58-60, n = 10 S10, n = 12 S17-18), are sites where direct
matching of sampling location to S58-60 were possible, and two of the sites, La Jolla and Corona
del Mar also include S10 data. Comparisons of the percent aragonite for S52, S58-60, S10, and
S17-18 are included as boxplots. Significance of each comparison for each site is included in SI
Appendix, Table S3. (b). La Jolla comparison including data from S52 (Lowenstam 1954) as well
as S10. (c). Corona del Mar comparison including data from S10. (d). Avila Beach Comparison.
(e). Relationship between percent aragonite in individual M. californianus from combined S52
(Lowenstam 1954) and S58-60 (Dodd 1961) (Ps, n =57) and combined S10 and S17-18 (R, n =
70). A comparison of LME with locality as a random effect and using restricted maximum
likelihood slopes between Ps and R is significantly different (SI Appendix, Table S3), with no
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relationship between percent aragonite and latitude for combined S10 and S17-18 data (SI
Appendix, Table S4).
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Figure S2. Relationship between temperature and percent aragonite through time for S58-60
(n=50) and S17-18 (n=51). Slopes are not significantly different (SI Appendix, Table S3).
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Figure S3. Relationship between temperature and percent aragonite for all of the data. Past data
is composed of S52 and S58-60 (Ps, n = 57) while recent data includes S10 and S17-18 (R,
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n=71). When all of the data are included in the analyses, the slopes are significantly different (SI
Appendix, Table S3).
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Figure S4. Figure showing percent aragonite for 2017-18 left (n=4) and right (n=4) valves at
Avila Beach, California.
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Figure S6. Chilean Memorial, WA sampling site. Cardinal directions and arrows are included on
image to assist with orientation at the site. a) Southern part of the bay leading up to the edge of
the ocean. The gray arrows indicate where the flat step allows access to the vertical rock wall
that forms the rock edge above the sand and the bay itself. b) Google Earth map showing the
Rialto beach parking lot (southernmost white arrow) and the bay where the mussels were
sampled ~5.6 km north (northernmost white arrow).
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Figure S7. Crescent City, CA sampling site. Cardinal directions and arrows are included on
image to assist with orientation at the site. a) Edge of lighthouse (indicated by white arrow) and
rocky outcrops forming the pool from which mussels were collected. b) Mussel bed. c) Google
Earth photo with white arrow indicating where the samples came from.
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Flgure 88 Corona deI Mar CA sampllng site. a) Large rock and mussel beds that we collected
from. b) Google Earth image of Corona del Mar State Beach with Kerckhoff Marine Laboratory
indicated by the red pin and the sampling site indicated by the white arrow.
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Figure S9. La Jolla, CA sampling site. a) SIO pier. M. californianus were collected from mussel
beds attached to the pier pilings. b) Pier pilings after illegal harvesting of mussels and barnacles
during the Covid-19 lockdown.

Tables S1-S6

Table S1. Environmental data for S58-60 [(Dodd 1961) and references therein], S10 samples
(“National Oceanic and Atmospheric Administration’s National Data Buoy Center. Center of
Excellence in Marine Technology.” n.d., “Southern California Coastal Ocean Observing System”
n.d.) and S17-18 samples (“National Oceanic and Atmospheric Administration’s National Data
Buoy Center. Center of Excellence in Marine Technology.” n.d., “Southern California Coastal
Ocean Observing System” n.d.).

Locality 10 YRAvg.  10YRAvg. | 10 YR Avg. Collecting Collecting
SST S58-60 SST S10 SST S17-18 Time Time
°C °C °C Salinity S58- | Salinity S17-
60 18
(%o) (%o)
La Jolla, CA 16.9°C 17.8°C 18.18°C 34.40 %o 33.09 %o
Corona del 16.4°C 16.35°C 17.33°C 34.63%o 33.47%o
Mar, CA
Avila Beach, 13.1°C N/A 13.84°C 34.01%o 33.67%o
CA
Westport, CA 12.0°C N/A N/A 34.02%o N/A
Crescent 11.6°C N/A 12.12°C 30.48%o N/A
City, CA
Waldport, 10.8°C N/A N/A 34.33%o N/A
OR
Hoh, WA 9.9°C N/A N/A 33.66%0 N/A
Chilean N/A N/A 9.39°C N/A N/A
Memorial,
WA

18




Table S2. Table indicating the number of samples from each locality used in the analyses. A full
compilation of details for each individual is available in the supplemental materials (SI Appendix,
Table S6). See Fig. 1 for time codes and S17-18 abbreviations. Additional abbreviations are as
follows: WC = Westport, California; WO = Waldport, Oregon; HW = Hoh, Washington.

Date LJ CDM AVB WC CC WO HW | CMW

1952 7 - - - - - - -
1958-60 7 14 8 7 1 7 7 -

2010 10 9 - - - - - -
2017-18 12 12 8 - 9 - - 10

Table S3. Statistical analyses used and the results. Significant results are marked with *.

Comparison Statistical Analysis | Significance
% Aragonite left valve to right Wilcoxon Rank Sum | p=0.72
valve at AVB Test
% Aragonite S58-60 LJ to S17-18 | Kruskal-Wallis Test | p =0.0013*
LJ

% Aragonite S10 LJto S17-18 LJ | Kruskal-Wallis Test ' p =0.55
% Aragonite S58-60 CDM to S17- = Kruskal-Wallis Test | p =0.25

18 CDM
% Aragonite S10 CDM to S17-18 | Kruskal-Wallis Test | p =0.016*
CDM
% Aragonite S58-60 AVB to S17- | Kruskal-Wallis Test = p <0.001*
18 AVB
% Aragonite ~ Latitude S17-18 Moran’s I Test for | p <0.001*

Spatial
Autocorrelation
% Aragonite ~ Time S58-60 to Durbin-Watson Test | p < 0.001*
S17-18 for Temporal
Autocorrelation
Slope of % Aragonite ~ Latitude LME Comparison | p=0.79
S58-60 to S17-18
Slope of Residuals of % Aragonite GLS Comparison | p=0.23
and Length ~ Latitude S58-60 to
S17-18
Slope of % Aragonite ~ Latitude LME Comparison | p =0.035*
PstoR
Slope of Residuals of % GLS Comparison p =0.0082*
Aragonite and Length ~ Latitude
PstoR
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Table S4. Model equations and statistical results.

Equation Estimate | Tor Z | P value AIC
+SE value or
Pr(>|z|)
(approx.)
gls(% Aragonite ~ Time + Latitude * 682.39
Temperature + Length (mm) + Weight (g))
(Intercept) 585+ 0.24 0.99
24.01
Time -8.41+ -5.16 | <0.001*
1.63
Latitude 019+ 0.48 0.73
0.39
Temperature 124 + 1.70 0.62
0.73
Length -0.086+ | -0.71 0.47
0.12
Weight 0.38 + 0.64 0.52
0.59
Latitude: Temperature -0.027+ | -0.20 0.84
0.13
S58-60 318.37
gls(% Aragonite ~ Latitude * Temperature +
Length (mm) + Weight (g))
(Intercept) 130.86 + | 2.53 0.015*
51.70
Latitude -4.21 + -2.39 0.021*
1.76
Temperature -13.35+ | -2.23 0.31
5.98
Length -041+ -2.87 | 0.0063*
0.14
Weight 175+ 2.24 0.032*
0.78
Latitude: Temperature 0.50 £ 2.48 0.017*
0.20
S17-18 354.69
gls(% Aragonite ~ Latitude * Temperature +
Length (mm) + Weight (9))
(Intercept) -1731+ | -0.25 0.81
69.92
Latitude -053 % -0.21 0.83
2.51
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Temperature -3.04 £ -0.31 0.76
9.79
Length 0.29 + 1.15 0.26
0.25
Weight -1.28+ -0.78 0.44
1.65
Latitude: Temperature 0.17 0.53 0.60
0.33
Ime(% Aragonite ~ Time + Latitude + 638.02
Temperature + Length (mm) + Weight (9),
random=Locality)
(Intercept) 43.50 £ 0.67 0.50
64.71
Time -6.73 + -2.87 0.005*
2.35
Latitude -0.36 £ -0.35 0.74
1.01
Temperature 0.03+ 0.016 0.99
2.01
Length -0.13 % -1.20 0.23
0.10
Weight 0.48 + 0.82 0.41
0.59
Locality 5.56 £
5.16
S58-60 305.84
Ime(% Aragonite ~ Latitude * Temperature +
Length (mm) + Weight (g), random = Locality)
(Intercept) 135.96 + 0.91 0.37
149.33
Latitude -4.00 + -0.77 0.52
5.17
Temperature -12.40+ | -0.70 0.56
17.69
Length -0.30 + -2.57 0.014*
0.12
Weight 0.98 + 1.51 0.14
0.65
Latitude: Temperature 044 +£060 | 0.74 0.54
Locality 552 +
4.15
S17-18 328.56
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Ime(% Aragonite ~ Latitude * Temperature +
Length (mm) + Weight (g), random = Locality)

(Intercept) -64.58+ | -0.32 0.75
201.35
Latitude 133+ 0.24 0.85
5.60
Temperature 4.03 + 0.20 0.87
19.68
Length 012 + 0.67 0.50
0.18
Weight -0.062 + | -0.054 0.96
1.16
Latitude: Temperature -0.057 = | -0.086 0.95
0.65
Locality 11.02 +
5.46
Cochran-Orcutt Analysis of Temporal
Autocorrelation:
S58-60 to S17-18
Im(% Aragonite ~ Time+ Latitude + Temperature
+ Length (mm) + Weight (g))
Intercept 5.04 + 0.093 0.93
54.09
Time -8.17 -3.14 | 0.0023*
2.60
Latitude 0.47 + 0.29 0.77
1.62
Temperature 2.42 + 0.44 0.66
5.56
Length -0.14 + -1.00 0.32
0.14
Weight 052+ 0.73 0.47
0.71
Cochran-Orcutt Analysis of Temporal
Autocorrelation:
PstoR
Im(% Aragonite ~ Time+ Latitude + Temperature
+ Length (mm) + Weight (g))
Intercept -194+ | -0.055 0.96
35.28
Time -11.74+ | -5.15 | <0.001*
2.28

22




Latitude 0.28 + 0.50 0.62
0.56
Length -0.04 £ -0.46 0.65
0.08
Weight 013+ 0.62 0.56
0.21
SAR (Mixed Lag Effect) 315.39
S58-60
lagsarlm(% Aragonite ~ Latitude * Temperature
+ Length (mm) + Weight (g), Random =
Locality)
Intercept 118.97 £ 2.38 0.018*
50.08
Latitude -3.83% -2.25 0.024*
1.70
Temperature -12.21 -2.13 0.033*
5.74
Length -0.42 £ -3.20 0.001*
0.13
Weight 1.78 £ 2.47 0.014*
0.73
Latitude: Temperature 0.45+ 2.37 0.018*
0.19
SAR (Mixed Lag Effect) 349.76
S17-18
lagsarlm(% Aragonite ~ Latitude * Temperature
+ Length (mm) + Weight (g), Random =
Locality)
Intercept -12.83 -0.22 0.83
58.81
Latitude -041+ -0.2 0.85
2.11
Temperature -185+ -0.23 0.82
8.23
Length 0.29 + 1.36 0.17
0.21
Weight -1.07 £ -0.78 0.44
1.38
Latitude*Temperature 011+ 0.41 0.68
0.28
Residual Linear Model <0.001* | 316.88
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S58-60
Residuals: Im(% Aragonite ~ Length)

Model: Im(residuals ~ latitude)

Intercept 21.63 + 3.93 | <0.001*
5.50
Latitude -0.57 -3.97 | <0.001*
0.14
Residual Linear Model 0.12 353.07
S17-18
Residuals: Im(% Aragonite ~ Length)
Model: Im(residuals ~ latitude)
Intercept 1144 + 1.56 0.13
7.34
Latitude -0.30 £ -1.58 0.12
0.19
PstoR 869.01
Ime(% Aragonite ~ Time + Latitude *
Temperature + Length (mm) + Weight (g),
random=Locality)
Intercept -41.31 -0.50 0.62
83.01
Time -12.71+ | -6.50 | <0.001*
1.96
Latitude 151+ 0.63 0.55
2.41
Temperature 595+ 0.73 0.47
8.16
Length -0.16 + -1.28 0.20
0.12
Weight 1.28+0.7 | 1.83 0.07
Latitude: Temperature -0.13 + -0.50 0.62
0.26
Locality 5.08 =
6.56
Ps 403.63
Ime(% Aragonite ~ Latitude * Temperature +
Length (mm) + Weight (g), random=Locality)
Intercept 55.42 + 0.48 0.63
115.03

24




Latitude -2.69 £ -0.67 0.54
3.99
Temperature -8.27 -0.61 0.55
13.64
Length -0.34 £ -1.92 0.061
0.18
Weight 1.96 £ 2.06 0.045*
0.96
Latitude: Temperature 039+ 0.85 0.40
0.46
Locality 3.70 £
6.55
R 449.82
Ime(% Aragonite ~ Latitude * Temperature +
Length (mm) + Weight (g), random=Locality)
Intercept -144.13+ | -0.85 0.40
169.73
Latitude 1.66 + 0.33 0.76
5.02
Temperature 1.66 + 0.098 0.92
16.99
Length -0.03 £ -0.19 0.85
0.16
Weight 0.61 + 0.57 0.57
1.07
Latitude: Temperature 014 £ 0.28 0.78
0.52
Locality 9.84 +
5.44
Residual linear model <0.001* | 406.40
Ps
Residuals: Im(% Aragonite ~ Length)
Model: Im(residuals ~ latitude)
Intercept 3331+ 4.98 <0.001*
6.68
Latitude -0.89 + -5.03 | <0.001*
0.18
Residual Linear Model 0.13 475.01

R

Residuals: Im(% Aragonite ~ Length)
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Model: Im(residuals ~ latitude)

Intercept 9.05 % 1.50 0.137
6.02
Latitude -0.25 + -1.52 0.13
0.16
Residual Linear Model <0.001* | 317.60
S58-60

Residuals: Im(% Aragonite ~ Length)

Model: Im(Residuals ~ Temperature

Intercept -15.50 + -3.78 | <0.001*
4.10
Temperature 114+ 3.85 <0.001*
0.30
Residual Linear Model 0.04* 351.19
S17-18

Residuals: Im(% Aragonite ~ Length)

Model: Im(Residuals ~ Temperature

Intercept -9.94 + -2.05 0.046*
4.85

Temperature 0.68 £ 2.10 0.041*
0.33

Table S5. Change in temperature from S52 to S17-18 (“National Oceanic and Atmospheric
Administration’s National Data Buoy Center. Center of Excellence in Marine Technology.” n.d.,
“Southern California Coastal Ocean Observing System” n.d., Lowenstam 1954, Dodd 1961),
median percent aragonite, standard deviation (SD), p-value for a Kruskal-Wallace rank sum test
assessing changes in median percent aragonite from past samples to present. *Unknown if this
reported value is a 10 year mean average or a one year mean average (Lowenstam 1954). **S58-
60 only has one individual for this site (Dodd 1961), so rigorous statistics are not possible, but
qualitative assessments are feasible.

Sample A10YR Median % SD of % Significance
Avg. T (°C) Aragonite Aragonite of Ain
Compared Median %
to S17-18 Aragonite
Compared
to S17-18
La Jolla, S52 +1.18°C 37.00 % 5.64 p <0.001*
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La Jolla, S58- +1.28°C 27.40 % 4.93 p =0.0013*

60
La Jolla, S10 +0.38°C 15.58% 3.34 p =0.55
La Jolla, S17- N/A 15.62% 3.83 N/A
18
Corona del +0.93°C 33.20 % 5.33 p=0.25
Mar, S58-60
Corona del +0.98°C 22.98 % 6.54 p =0.016*
Mar, S10
Corona del N/A 31.50 % 7.58 N/A
Mar, S17-18
Avila Beach, +0.74°C 23.95 % 4.63 p <0.001*
S58-60
Avila Beach, N/A 13.97 % 1.74 N/A
S17-18
Westport, N/A 31.90 % 2.39 N/A
S58-60
Crescent +0.52°C 42.90 % ** N/A N/A
City, S58-60
Crescent N/A 16.82 % 5.02 N/A
City, S17-18
Waldport, N/A 19.80 % 1.99 N/A
S58-60
Hoh, S58-60 N/A 22.10 % 3.96 N/A
Chilean N/A 18.93 % 5.90 N/A
Memorial,
S17-18

Table S6. Sample ID, locality, collection year, tidal position, substrate type, percent aragonite,
size, and weight of each specimen in these analyses.

Sample Locality Year Tidal Substrate % Length | Weight
Collected Position Aragonite (mm) (9)

SIO1 La Jolla 2017 Pier pilings Concrete 19.41 34.36 0.961
(mid portion)

SI102 La Jolla 2017 Pier pilings Concrete 25.32 54.72 4.347
(mid portion)

SI103 La Jolla 2017 Pier pilings Concrete 14.79 55.15 3.033
(mid portion)

S104 La Jolla 2017 Pier pilings Concrete 18.69 49.57 2.964
(mid portion)

SI105 La Jolla 2017 Pier pilings Concrete 17.9 41.2 1.521
(mid portion)

S106 La Jolla 2017 Pier pilings Concrete 16.39 32.29 0.748

(mid portion)
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SI07

SI108

SI09

S1010

SI011

S1012

SIOK1

SIOK2

SIOK3

SIOK4

SIOK5

SIOK6

SIOK7

SIOKS8

SIOK9

SIOK10

LJD1

LJD2

LJD3

LJD4

LJD5

LJD6

LJID7

LJL1

LJL2

LJL3

LJL4

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

La Jolla

2017

2017

2017

2017

2017

2017

2010

2010

2010

2010

2010

2010

2010

2010

2010

2010

1958

1958

1958

1958

1958

1958

1958

1952

1952

1952

1952

Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
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Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

13.77

17.58

13.46

12.51

11.11

14.85

14.26

19.96

18.82

14.25

14.96

21.99

13.28

21.46

16.19

13.81

34

25.7

18

27.4

29.4

28.8

24.8

36

48

37

38

35.07

54.73

36.23

341

29.78

26.49

32.73

28.59

29.15

37.94

37.72

30.76

50.26

37.99

40.85

51.16

53.5

45.3

41.3

35.4

34.8

26.1

23.1

22.4

26.7

31.1

33.1

0.936

2.928

1.281

0.792

0.556

0.595

0.991

0.649

0.733

1.597

1.782

0.782

3.005

1.61

1.772

2.839

4.99

3.21

1.79

14

1.69

0.577

0.435

0.33

0.53

0.91

0.99



LJL5

LJL6

LJLY

CDM1

CDM2

CDM3

CDM4

CDM5

CDM6

CDM7

CDM8

CDM9

CDM10

CDM11

CDM12

BROC1

BROC?2

BROC3

BROC4

BROC5

BROC6

BROCY

BROCS8

BROC9

CDMD1

CDMD2

La Jolla

La Jolla

La Jolla

Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar
Corona del
Mar

Corona del
Mar

1952

1952

1952

2017

2017

2017

2017

2017

2017

2017

2017

2017

2017

2017

2017

2010

2010

2010

2010

2010

2010

2010

2010

2010

1958

1958

Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
“Intertidally
exposed
position”
“Intertidally

exposed
position”
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Concrete

Concrete

Concrete

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

33

36

52

33.3

32.73

43.89

32.95

33.22

21.79

29.73

40.08

21.09

28.49

30.26

17.62

23.55

28.94

13.42

32.07

14.44

25.57

19.97

22.98

15.52

40.2

37.9

41

50.6

56.4

44.5

47.17

46.2

50.62

36.73

52.4

49.39

46.62

53.32

49.31

28.91

20.5

23.24

65.78

54.5

52.93

49.79

50.26

50.37

42.48

38.72

20.4

21.7

2.03

3.77

5.4

2.758

2.744

3.286

4.061

1.606

3.722

3.197

4.018

3.305

3.173

0.839

0.469

0.356

6.7

4.32

3.695

2.826

3.604

2.667

2.334

1.715

0.8744

0.755



CDMD3

CDMD4

CDMD5

CDMD6

CDMD7

CDMDS8

CDMD9

CDMD10

CDMD11

CDMD12

CDMD13

CDMD14

AVB1

AVB2

AVB3

AVB4

AVB5

AVBG6

AVB7

AVB8

AVBD1

Corona del
Mar

Corona del
Mar

Corona del
Mar

Corona del
Mar

Corona del
Mar

Corona del
Mar

Corona del
Mar

Corona del
Mar

Corona del
Mar

Corona del
Mar

Corona del
Mar

Corona del
Mar

Avila
Beach
Avila
Beach
Avila
Beach
Avila
Beach
Avila
Beach
Avila
Beach
Avila
Beach
Avila
Beach
Avila
Beach

1959

1959

1959

1960

1960

1959

1959

1959

1959

1959

1959

1959

2018

2018

2018

2018

2018

2018

2018

2018

1958

“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
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Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Wood

Wood

Wood

Wood

Wood

Wood

Wood

Wood

Wood

48

38.9

32.4

26.6

32.4

334

29.3

26.3

33.3

30.3

28.1

32.9

11.7

14.53

14.26

12.54

16.21

16.85

13.68

13.29

22.7

26.6

26.5

28.6

255

27.3

67.3

63.2

54

48.8

44.5

42.4

32.8

70.76

37.56

24.41

34.52

38.91

47.57

48.16

61.15

69.2

1.3604

1.28

1.4034

0.8463

1.105

7.3

491

3.19

3.39

2.67

131

0.81

7.526

1.849

0.487

1.36

1.258

3.601

2.544

4.794

9.48



AVBD?2

AVBD3

AVBD4

AVBD5

AVBD6

AVBD7

AVBDS8

CcC1

CcC2

CC3

CC4

CC5

CC6

CcC7

CCs8

CC9

CCD1

CMW1

CMW?2

CMWs3

CMW4

CMW5

CMW6

CMW7

CMw8

CMW9

CMW10

Avila
Beach
Avila
Beach
Avila
Beach
Avila
Beach
Avila
Beach
Avila
Beach
Avila
Beach
Crescent
City
Crescent
City
Crescent
City
Crescent
City
Crescent
City
Crescent
City
Crescent
City
Crescent
City
Crescent
City
Crescent
City
Chilean
Memorial
Chilean
Memorial
Chilean
Memorial
Chilean
Memorial
Chilean
Memorial
Chilean
Memorial
Chilean
Memorial
Chilean
Memorial
Chilean
Memorial
Chilean
Memorial

1958

1958

1958

1958

1958

1958

1958

2017

2017

2017

2017

2017

2017

2017

2017

2017

1959

2017

2017

2017

2017

2017

2017

2017

2017

2017

2017

Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Pier pilings
(mid portion)
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal
Mid-Intertidal

Mid-Intertidal
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Wood

Wood

Wood

Wood

Wood

Wood

Wood

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

20.9

23

19.6

26.4

24.9

26.6

34.5

21.08

10.86

18.28

17.63

14.33

16.82

23.38

10.96

8.34

42.9

16.64

27.15

9.23

23.87

19.73

13.39

23.16

22.94

11.36

18.12

60.1

47.6

47

39

35.7

34.2

24.4

59.98

60.02

52.32

54.24

63.79

58.42

64.25

62.74

67.62

44.5

54.93

56.72

54.85

58.8

57.58

59.09

57.26

52.74

57

56.61

9.2

5.25

4.21

2.69

1.92

1.79

0.753

7.756

8.803

5.227

7.364

9.506

6.482

10.731

8.968

10.359

3.37

3.674

3.971

3.496

4.883

4.613

4.245

2.801

5.078

4.636



WCD1

WCD2

WCD3

WCD4

WCD5

WCD6

WCD7

WOD1

WOD2

WOD3

WOD4

WOD5

WOD6

WOD7

HWD1

HWD2

HWD3

HWD4

Westport

Westport

Westport

Westport

Westport

Westport

Westport

Waldport

Waldport

Waldport

Waldport

Waldport

Waldport

Waldport

Hoh

Hoh

Hoh

Hoh

1958

1958

1958

1958

1958

1958

1958

1958

1958

1958

1958

1958

1958

1958

1958

1958

1958

1958

“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
“Intertidally
exposed
position”
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Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

31.9

28.4

31

30.6

34.5

34.1

34.8

17.5

20.1

21.7

19.8

19.7

16.4

21.7

20.5

22

22.1

22.9

60.2

55.2

50.2

46.5

32.3

27.3

22.3

55.3

45.7

42.6

38.5

354

31.2

23.9

64.2

47.8

45.7

41.5

8.67

7.94

5.12

3.7

13

0.739

0.578

4.91

2.87

2.01

1.56

1.29

0.771

0.612

8.11

3.52

3.48

2.85



HWD5 Hoh 1958 “Intertidally Rock 26.5 39.5 1.94
exposed
position”

HWD6 Hoh 1958 “Intertidally Rock 14.6 37.1 2.14
exposed
position”

HWD7 Hoh 1958 “Intertidally Rock 26 36.5 1.37
exposed
position”
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CHAPTER 2

Functional consequences of changing shell calcification traits in response to

anthropogenic climate change in a foundational marine bivalve.

Abstract

Marine mollusks are potentially at great risk under ocean warming and acidification (OA)
as their calcium carbonate exoskeletons make them vulnerable to dissolution. While there is a
growing body of literature assessing how individual traits in mollusks, like shell calcification and
mortality, respond to increasing temperature and OA on both short-term and decadal to
centennial scales, we are still limited in our understanding of how multiple, interacting traits
change across a species’ range in response to these stressors. Two key traits that have received
little attention but are integral to shell function, namely strength and toughness, are internal shell
organics and shell structure (shape). Here, we assess how shell organics and shell structure
respond to changing temperature and pH regimes across twelve populations of the foundational
species, Mytilus californianus, from the Oregonian and Californian provinces of the eastern
Pacific and quantify the impact of these changes on shell strength and toughness. We find that
not only do our data not support the hypotheses that shell organics offset dissolution and increase
toughness, but Oregonian samples are more calcified and have a greater shell volume than their
Californian counterparts despite a more acidified environment. We also show that Californian
shells are still stronger than Oregonian despite this difference in shell volume and no significant
difference in shell organic weight percent between the provinces and suggest this is due to
differences in shell structure, namely compacity index, and a greater endolithic parasite load in

the Oregonian populations. Finally, we show that internal organic content does not differ
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between the different polymorphs of calcium carbonate within the mussel shell and qualitatively
suggest that this relationship of organics between polymorphs as well as shell organic weight
percent has potentially changed through time. This work highlights the power of multi-
population field analyses assessing how different anthropogenic drivers influence multiple traits

and their relationships to shell function.

Introduction

The impacts of anthropogenic stressors, particularly warming and ocean acidification
(OA), on organisms that precipitate calcium carbonate (CaCQO3) exoskeletons has garnered
considerable attention in recent years. There is now a growing body of literature ranging from
short-term tank experiments (Kroeker et al. 2010) to decadal and centennial comparisons (Pfister
et al. 2016, Cross et al. 2018, Bullard et al. 2021) assessing how these two stressors may impact
calcification-related traits and ultimately the health of marine calcifiers. Results of both short and
long-term assessments can be varied (Ries et al. 2009, Pfister et al. 2016, Cross et al. 2018), but
generally show negative impacts on traits ranging from physiology (Kroeker et al. 2013,
Figuerola et al. 2021) to inhibition of shell growth (Kroeker et al. 2010, Figuerola et al. 2021)
and function (Fitzer et al. 2015a). While past studies have provided a wealth of knowledge on
how OA and temperature (and their interaction) can impact certain traits in individual organisms,
we still lack robust data on how multiple traits change and interact under different temperature
and pH regimes and how this may impact the overall functionality of the exoskeleton. For
example, recent work on a mixed-mineralogy foundational marine mussel, Mytilus californianus,
assessing multiple populations along the northeast Pacific over the last half century, showed that

this species has shifted its mineralogy from the stronger but more soluble aragonite to the weaker
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but less soluble calcite over the last 60 years (Bullard et al. 2021), but whether or not other traits
are changing and how those interacting changes may influence shell strength and toughness in
this species remain unknown.

As mineralogy (i.e., aragonite:calcite ratio) has already been assessed in M. californianus
and has been shown to no longer be significantly different along the west coast of the U.S., we
use M. californianus as a model to assess the response of additional traits, namely shell organics
and shell structure, to different temperature and pH regimes. Shell organics are hypothesized to
aid in stopping shell dissolution (Harper 2000, Telesca et al. 2019) as well as increasing shell
toughness (Meyers et al. 2008, Lopez et al. 2014). They are known to vary in weight percentage
in different species, mineralogy polymorphs, and structural types (Hudson 1967, Taylor and
Layman 1972), though how they vary under different environmental conditions and among
multiple populations of a species remains significantly less explored (but see (Welladsen et al.
2010, Telesca et al. 2019)). Shell structure, or shell shape, can be impacted by a myriad of
drivers from wave energy (Pfister et al. 2016), to predation pressure (Pfister et al. 2016), and
even food availability(Pfister et al. 2016). While some studies assessing how different
morphometric measurements are tied to strength (e.g., thickness, length, etc.) (Zuschin et al.
2017), only theoretical assessments of how different shell structures correspond to increasing or
decreasing strength currently have been conducted (Johnson 2020).

To assess how multiple traits important to shell function are changing under increasing
temperature and OA as well as conduct a test of the theoretical work assessing the relationship
between different shell structures and strength, we used twelve populations of M. californianus,
from the Oregonian (cooler, lower pH waters) and Californian (warmer, higher pH waters)

provinces along the northeastern Pacific coast. Using these twelve populations existing under
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different temperature and pH regimes (Hauri et al. 2009, Feely et al. 2016), we explicitly test the
following four hypotheses: i) Cooler, lower pH waters negatively impact shell calcification, and
smaller, thinner shells are less strong. Due to more corrosive waters, Oregonian samples should
have a lower shell volume and be weaker than their Californian counterparts., ii) Organics buffer
against low pH and increase shell toughness. Lower pH in the Oregonian province should
mediate higher organic content than Californian counterparts and this increase in organics should
make Oregonian samples tougher than Californian., iii) Shells with similar biomaterials can still
have different strength and toughness measurements because of difference in shell structure.
More elongated, inflated, and higher compacity index shells will be stronger (and tougher)., and
iv) Nacre (aragonite) has a significantly higher organic content than prismatic (calcite) so the
nacreous portions of an individual M. californianus shell should be higher than the prismatic.
Methods
Specimen Collection & Morphometric Analysis

We collected individuals of M. californianus in 2017-2018 from twelve sites (Fig. 1,
Table S1). At each locality, we collected individuals from wave-exposed sites in the middle
portion of the mussel zone (Supplemental Methods). We targeted a similar body size range at
each site, and when available, sampled an ontogenetic sequence. Each site was sampled once in
either 2017 or 2018 except Cayucos, where samples from both 2017 and 2018 are available and
La Jolla where samples were collected in both July and September 2018 (site details in
Supplemental Methods).

We measured shell length (perpendicular to umbo), height (parallel to umbo), and width
(base of a valve to most protruding point across the lateral plane) of individual valves with

electronic calipers. Shell thickness was measured using an electronic micrometer across seven
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points along the central portion of the valve following the growth trajectory from the beak to the
posterior margin of each individual. We then averaged these measurements to get a mean
thickness for each individual valve. Measurements were taken from a single valve for each
individual with left or right valves chosen randomly.

We used shell length, height, width, and mean thickness measurements to calculate shell
volume and three additional shell traits: elongation index (Johnson 2020), compacity index
(Caill-Milly et al. 2012), and inflation index (Johnson 2020) (Fig. 2). All measurements and their

explanations can be found in Table 1.

Table 1. Equations for each structural and organic measurement included in analyses.

Structure Measurement Equation Explanation

Shell Volume V =4/3[](abc — (a-t)(b-t)(c-1)) a = length, b = height, ¢ = width, and t =
thickness

Elongation Index El=a/b a = length (perpendicular to umbo) and b =
height

Compacity Index Cl: cla ¢ = width and a = length

Inflation Index I: b/c b = height and ¢ = width

Internal organics Initial valve weight with periostracum Calculated amounts are converted to

removed — burned valve weight percentages and used as such in analyses.

Quantifying shell organics

Bulk measurement: We used two different but complimentary approaches to quantify the organic

content of the shell. First, we weighed each valve, removed the periostracum using a Dremel drill
tip, re-weighed the valve and combusted it in a muffle furnace at 450°C for 48 hours following
long established published protocols (Goulletquer and Wolowicz 1989). The resulting ash-free
dry weight was used to calculate both a fraction and percentage of internal and external shell
organics (Table 1). As the periostracum is highly variable and can be damaged during

transportation and handling, we did not include it in our analyses.

DSC/TGA: For a subset of the individuals (two per population of equivalent size), we also

measured organics for the calcitic and aragonitic components of an individual shell using
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differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA). DSC/TGA is
more accurate than bulk organics as it gives estimates devoid of shell water burn off and
provides a more in-depth picture of how organics vary between different polymorphs of calcium
carbonate spatially in the shell. For each sample, two samples of calcite and two samples of
aragonite were carefully removed using a diamond tipped Dremel hand saw along the growth
axis in approximately the same location for each individual for a total of four samples per
individual. We ran each sample, heating samples in air with a heating rate of 5K/min until 700°C
following published protocols (Telesca et al. 2019). We calculated percent organics within each
polymorph by assessing weight changes in the material between 150°C and 500°C, as anything
before the former temperature should be the burn off of water and anything past 500°C should

be the burn off of calcium carbonate (Telesca et al. 2019).

Shell Strength & Toughness Determination

The strength and toughness of each shell was measured following published protocols
(Burnett and Belk 2018). Briefly, after cleaning each shell of epibionts, one valve was placed in
an Instron material-testing machine to measure the load, time, and mechanical work that is
required to fracture a valve when placed horizontally (to mimic crab predation) (Burnett and
Belk 2018).

We defined shell strength as the maximum load a shell could withstand before complete
failure (peak load) while shell toughness is the work needed to cause a shell to fail. Toughness

was calculated by integrating under the curve of shell load (N) until the point of failure.

Statistical Analysis
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All analyses were carried out in R (4.0.2) (R Core Team 2018). As morphometric data is
often non-normally distributed, we first used the Shapiro-Wilk test to test for normality of the
data as well as Bartlett’s test for homogeneity of variance. Shell volume and each of the shell
structure metrics (EI, CMI, I) were natural log transformed prior to analyses. To account for
differences in thickness and internal organics that could be influenced by size and age of
individuals, we constrained the data analyzed here to a similar size range.

To test our hypotheses around differences in traits and shell function between the cooler
and lower pH Oregonian and warmer, higher pH Californian we used Wilcoxon rank-sum tests.
We also used these tests to evaluate differences in percent organics within aragonitic and calcitic
portions of the shell.

We used multivariate regressions to test our hypotheses around how structural traits and
organics influence shell strength and toughness and to determine which traits matter most. As
many of the structural measurements are correlated, multi-collinearity was high in models that
included all structural calculations. We ran iterations of models and chose the best fit models
using Akaike Information Criterion (AIC). Final models included evaluating strength and
toughness as a function of shell volume, compacity index, elongation index, and percent shell
organics and set locality as a random effect.

To test whether or not Oregonian and Californian populations have distinct phenotypes as
a function of environmental differences, we used an unweighted paired group method with
arithmetic mean (UPGMA) cluster analysis to visualize spatial differences among the sites. We
then conducted permutational multivariate analysis of variance (PERMANQOVA) tests at both

site and biogeographic province level.
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Figure 1. Locality map showing sampling locations. Shell images correspond to different sites
and show differences in the quality of the shell.

Results & Discussion

Hypothesis 1: Cooler, lower pH waters negatively impact shell calcification, and smaller,

thinner shells are less strong. Due to more corrosive waters, Oregonian samples should have a

lower shell volume and be weaker than their Californian counterparts.

Sites in the Oregonian province have lower temperatures, but more importantly, lower pH

and carbonate saturation state than our Californian sites (Hauri et al. 2009, Feely et al. 2016).
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Studies on M. edulis in the Baltic have shown that populations of mussels in cooler, lower pH
environments tend to produce thinner shells in more corrosive waters (Telesca et al. 2019); a
finding in-line with many short-term tank experiments assessing the impact of OA on
calcification (Kroeker et al. 2010). Additionally, assessments on the strength of M. edulis shells
grown under different pCO- conditions showed that shells calcifying under high OA scenarios
tend to produce weak and brittle shells as compared to those grown in less acidified water (Fitzer
et al. 2015b).

Despite the cooler waters and lower pH, we found that not only are Oregonian shells
thicker than Californian (Fig. 2d, Table 2), they also have a higher shell volume (Fig. 2c, Table
2). These results are in direct opposition to what has been observed in the Baltic (Telesca et al.
2019) and suggests a strong imprint of evolutionary history on present day relationships between
shell calcification and environmental conditions. Furthermore, these results also suggest that
responses of marine mussels to future climate change are likely to be species-specific.

Given our results of thinner, lower shell volumed shells in the Californian, we expected
southern populations to have weaker shells. While we did indeed find a strong, positive
relationship between shell volume (Fig. 3a) (and thickness, Fig. S1a, Table S2) and strength and
toughness (Fig. 3a,b, Table 3), we still found that Californian shells are significantly stronger
than Oregonian despite being thinner with lower shell volumes (Fig. 2a, Table 2). While past
studies have suggested that shell thickness is the strongest correlate of strength (Zuschin et al.
2017), our results indicate that simply assessing thickness or shell volume does not always give

you an accurate idea of an individual or population’s strength.
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Figure 2. Boxplots showing differences between the Californian and Oregonian provinces for a)
strength, b) toughness, c¢) shell volume, d) thickness, ) compacity index, and f) percent organics.
Wilcoxon rank-sum test results recorded in Table 2.
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Table 2. Wilcoxon rank-sum tests showing differences in structural and functional traits as well
as thickness and percent organics between the Californian and Oregonian provinces.

Trait Results
Strength p =0.023*
Toughness p=0.072
Thickness p = 0.025*
Shell Volume p = 0.0059*
% Organics p=0.54
Compacity Index | p =0.088
Elongation Index | p =0.36
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Figure 3. Strength and toughness measurements as influenced by different traits. The left
column is strength and the right is toughness. Red circles and line represent Californian province
samples while blue triangles and line represent Oregonian. The black line is the pattern for the
whole dataset. Multivariate analysis recorded in Table 3. a) Strength and toughness vs. shell
volume, b) vs. elongation index, ¢) vs. compacity index, d) vs. percent internal organic content.
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Table 3. Multiple regression results for which traits significantly influence strength and
toughness. Inflation index was not included in the final model for rank deficiency and
multicollinearity reasons. Regressions were run for i) the total dataset, ii) Californian province,
and iii) Oregonian province.

Measure Province Trait Estimate Std. Error df t value P value
Shell Volume 162.75 60.75 44.01 2.68 0.01*
Elongation -131.16 354.44 44.33 -0.37 0.71
Index
Total Compacity 907.33 283.36 41.04 3.2 0.0026*
Index
Organics 17.95 29.31 41.09 0.61 0.54
Shell Volume 191.48 63.02 8.15 3.04 0.016*
Elongation -37.67 704.01 8.15 -0.054 0.96
Strength Index
Californian | Compacity 1009.96 330.83 8.03 3.05 0.016*
Index
Organics 84.3 43.14 8.17 1.95 0.086
Shell Volume | 158.42 96.8 31.78 1.64 0.11
Elongation -200.86 454.81 31.87 -0.44 0.66
Index
Oregonian Compacity 825.33 428.72 30.26 1.93 0.064
Index
Organics 8.44 38.46 28.01 0.22 0.83
Shell Volume | 46.12 17.6 46.46 2.62 0.012*
Elongation -30.27 102.53 46.65 -0.3 0.77
Toughness Index
Compacity 284.51 83.44 42.46 341 0.0014*
Total Index
Organics -0.89 8.63 42.2 -0.1 0.92
Shell Volume | 88.99 23.19 8.22 3.84 0.0047*
Elongation -313.85 259.02 8.23 -1.21 0.26
Index
Californian Compacity 443.01 121.94 8.051 3.63 0.0066*
Index
Organics 43.94 16.87 8.25 2.77 0.024*
Shell Volume | 36.57 24.27 29.51 1.51 0.14
Elongation -44.2 113.84 29.64 -0.39 0.7
Oregonian Index
Compacity 255.72 110.65 32.00 231 0.027*
Index
Organics -6.73 10.21 29.56 -0.66 0.51

Hypothesis 2: Organics buffer against low pH and increase shell toughness. Lower pH in the
Oregonian Province should mediate higher organic content than Californian counterparts and
this increase in organics should make Oregonian samples tougher than Californian.

Internal shell organics have long been hypothesized to protect against shell dissolution
(Harper 2000). A recent analysis on M. edulis looking at how internal shell organics change from
temperate to polar regions found that mussel populations in polar waters contained far more shell

organics than those in temperate (Telesca et al. 2019). However, a short-term tank experiment on
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a mixed-mineralogy pearl oyster grown under different pCO. regimes found no impact of pH on
internal shell organics (Welladsen et al. 2010), suggesting that pH alone may not be mediating
the increase in internal shell organics observed in the field study.

We found no significant difference in internal shell organics between the Californian and
Oregonian populations despite different temperature and pH regimes (Fig. 2, Table 2). While our
results are more in-line with the experimental study, it is important to note that we do not know
whether this spatial pattern has always existed or is already the product of an impacted
environmental system. For example, a recent study on M. californianus mineralogy in response
to warming and acidifying oceans found that populations today are secreting more calcite than 60
years ago in response to OA (Bullard et al. 2021). This study also showed that the well-
documented spatial relationship showing an increase in the amount of aragonite in southern
populations of M. californianus as compared to northern from the 1950’s no longer exists today.
If Bullard et al. (Bullard et al. 2021) had only assessed the modern day, the present-day results
would suggest no relationship between mineralogy and OA. It is only within the context of
historical data that the real impact of OA on mineralogy had been illustrated. While multiple
population baseline data looking at internal shell organics does not exist, a study on the weight
percent of internal shell organics in M. californianus from the 1960’s does show that M.
californianus from Corona del Mar have a mean of 2.96% carbon:nitrogen organics ratio
(Hudson 1967) while modern day mussels have an average of 2.27% internal shell organics
calculated using DSC/TGA at this site. While it's impossible to say if this pattern of possible
organic decrease holds for other sites, the direction of a decrease in percent shell organics could
suggest that shell organics have been decreasing through time in response to different

anthropogenic factors. For example, changing temperature and OA, among other environmental
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drivers, have been shown to increase metabolic stress as it becomes more and more difficult to
calcify under new conditions (Sanders et al. 2018) and shell organics have been estimated to be a
large part of the metabolic budget of marine mollusks (Palmer 1983). As OA and temperature
continue to impact this species across its range, it’s possible that spatial patterns could have
become more and more muted in response to these environmental changes, similar to what has
been observed in mineralogy through time in this species (Bullard et al. 2021).

Future studies assessing this hypothesis of a change through time in internal shell
organics would be incredibly powerful to address whether or not the shell organic results seen
here are truly already influenced by anthropogenic impacts and if past gradients have been erased
by current environmental effects.

On top of protecting against shell dissolution, experimental studies have also shown that
shell organics are an important component of shell toughness (Meyers et al. 2006, 2008, Lopez et
al. 2014). Shell organics are hypothesized to increase the flexibility of the shell, contributing to
the shell’s ability to bend and withstand deformation (Meyers et al. 2006) as well as keep
crystals properly sorted, equidistant, and similar-sized, all of which can help contribute to overall
shell strength and toughness (Currey and Taylor 1974). They are also hypothesized to aid in
crack propagation, re-directing cracks as they move through the shell and allowing the shell to
avoid failure (Currey and Taylor 1974, Meyers et al. 2006). However, our data document a
negative relationship between percent internal shell organics and toughness (Fig. 3, Table 3). It is
possible that internal shell organics are only helpful up to a certain point and beyond that they
can have a negative impact. Many incredibly strong molluscan species with similar mineralogy
types (i.e., nacreous or prismatic) have internal shell organic weight percentages well below what

we have recorded here for M. californianus (Currey and Taylor 1974, Meyers et al. 2006). It is
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also possible that our multi-population analysis, a different approach to individual assessment in

a lab, simply does not show support for this hypothesis.

Hypothesis 3: Shells with similar biomaterials can still have different strength and toughness
measurements because of difference in shell structure. More elongated, inflated, and higher
compacity index shells will be stronger (and tougher).

While much work has been done to assess how different biomaterials impact shell
strength and toughness, less work has been done on how shell structure impacts shell function.
Johnson (Johnson 2020) recently conducted a theoretical experiment that 3D printed different
shell morphologies while keeping the biomaterial (plastic) constant to assess how shell shape can
mediate shell strength. They found that simply by elongating and inflating the shell, even if the
shell composite was identical to all others assessed, they could significantly increase shell
strength (Johnson 2020). While not included in the Johnson (Johnson 2020) analysis, we also
looked at another shell structure metric, compacity index (Caill-Milly et al. 2012), though how it
ties to strength has not been previously assessed. As we document no difference in percent shell
organics between the Californian and Oregonian provinces (Fig. 2, Table 2) and Bullard et al.
(Bullard et al. 2021) showed a convergence of aragonite:calcite ratios across M. californianus
range, we were able to test the theoretical models put forward by Johnson (Johnson 2020) as well
as determine the impact of compacity index on strength and toughness.

When we assessed all structural traits as well as internal shell organics and their impact
on strength and toughness, we found that only increasing shell volume and compacity index
showed a positive, significant relationship with shell strength and toughness (Fig. 3, Table 3).
This is potentially driven by the fact that neither elongation index nor inflation index are

significantly different between the provinces (Fig. 2, Table 2) but compacity index is marginally
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significantly higher in the Californian than Oregonian (Fig. 2, Table 2). It’s possible that in order
for significant differences in strength and toughness to be mediated by these structure
measurements, much larger variation in elongation index and inflation index than what is
currently documented in M. californianus populations must be achieved. In fact, when assessing
whether or not there is a significant difference in the phenotype for each province using a
PERMANOVA, we found no statistical difference (Table 4) and sites do not group cleanly into
Oregonian and Californian provinces based on these traits in a dendrogram (Fig. 4).

While it is fascinating to see that shell volume and compacity index mediate such a
significant influence over strength and toughness, the fact that shell volume is higher in the
Oregonian than Californian and compacity index is only marginally significantly higher in the
Californian than Oregonian suggests that another driver has to be at play to cause the significant
difference in strength and marginal difference in toughness between the two provinces. We
propose that another factor outside of biomaterials and structure, endolithic parasites, could be
contributing to this marked difference in shell function between the two provinces. A recent
study assessing shell strength differences in a close relative, M. galloprovincialis, found that
shells parasitized by endolithic fungi and cyanobacteria exhibited significantly weaker shells
than those that didn’t (Marquet et al. 2013). While we currently have no quantitative data to
support whether or not fungi and cyanobacteria are playing a role in decreasing shell strength
and toughness between the Californian and Oregonian, qualitative data assessing differences in
shell endolithic parasite load can clearly be seen in Fig. 1. Northern populations of shells are
often severely compromised with almost no periostracum, the outer organic coating that protects
the shell from being parasitized, other than around the edges of each valve. In contrast, southern

populations, like La Jolla, are fully covered by the periostracum and have no visible impacts to
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the shell. A study conducted on endolithic parasitism’s impact on M. californianus in northern
California also documented high endolithic cyanobacterial loads (Gehman and Harley 2019),
further supporting this hypothesis. Interestingly, this same study suggested that while the
cyanobacteria do decrease the strength of the shell, they help to mitigate overheating through the
removal of the dark periostracum and decreased mussel mortality following thermal events
(Gehman and Harley 2019). This suggests that there may be some mutualism between the
endolithic parasites and the mussels, and that a tradeoff exists between surviving warmer and
warmer water and maintaining shell strength. Future studies taking these complex interactions
between changing environments, traits, and biotic interactions and how they intersect to impact
shell function will be necessary to make more accurate predictions around marine calcifier
susceptibility moving forward.

Table 4. PERMANOVA for determining the difference in sites and provinces based on trait data

(strength, toughness, shell volume, elongation index, compacity index, percent shell organics) for
each population of M. californianus.

Test Results
Province Fas50=2.87,p=0.1
Sites F(m 4 = 489, p= 0.002*
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Figure 4. UPGMA showing clustering of sites. Red-hued sites belong to the Californian
province while blue-hued sites belong to Oregonian. A PERMANOVA shows there is no
significant difference between provinces but there is for sites (Table 4).
Hypothesis 4: Nacre (aragonite) has a significantly higher organic content than prismatic
(calcite) so the nacreous portions of an individual Mytilus shell should be higher than the
prismatic.

Bullard et al. (Bullard et al. 2021) showed that mussels today are secreting more calcite
in their shells than during the 1950°s. Work assessing different mineralogy and structural types
has shown that nacreous species often exhibit much higher percentages of internal shell organic

matrix than prismatic species (Hudson 1967, Taylor and Layman 1972), though material balance

composition of the nacreous (aragonitic) and prismatic (calcitic) portions of M. californianus
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from Corona del Mar in the 1960°s shows that the mean weight percent carbon to nitrogen ratio
of the aragonitic portion of the shell is a comparable 3.1 % to the 2.8 % for the calcitic portion
(Hudson 1967). Still, if calcite holds less organic content than aragonite and calcite precipitation
has significantly increased over the last 60 years, then we should expect to find significantly less
internal organics in shells today than the past.

Using more advanced, but comparable for qualitative assessment, methods than the
1950’s, we determined that the average weight percent of shell organics within the nacreous
portion of the shell at Corona del Mar in present day is 1.73% and the prismatic portion is
2.81%. These organic weight percent measurements for present day Corona del Mar are in the
opposite direction of what is expected based off past literature suggesting that either past shell
organic material trends do not hold in today’s oceans or there is far more variation in internal
shell organic content than what was previously thought. Additionally, when we compare the
weight percent of internal shell organics in the calcitic vs. aragonitic portions of all the
individuals analyzed in this study, we find no significant difference between the aragonitic and
calcitic parts of the shell (Fig. 5, Table 5). This suggests that interspecific differences in internal
shell organic content do not hold within a species, even within different mineralogical
polymorphs within the shell. It also suggests that the increase in calcite over the last 60 years is
not solely responsible for the potential decrease in internal shell organics at Corona del Mar as
both mineralogy types are not statistically different and both aragonite and calcite portions

appear to be decreasing in organic content through time.
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Figure 5. Comparison of internal organics a) using DSC/TGA and comparing the two mineral
polymorphs within the shell and b) comparing organics determined through both DSC/TGA and
muffle furnace (bulk) methods. Results of statistical comparisons are reported in Table 2.

Table 5. Wilcoxon rank-sum tests showing differences between DSC/TGA organic results and
average percent DSC/TGA organics vs. bulk organics with standard deviations.

Comparison Result

DSC/TGA Aragonite vs. Calcite p=0.87

%DSC/TGA organics vs. % bulk %DSC/TGA = 1.97% +/- 0.35%

organics %Bulk =2.93% +- 1.02%
Conclusion

Here we have assessed multiple trait changes and their impact on shell strength and
toughness for twelve populations of M. californianus from the eastern Pacific. While there is
great variation in all traits assessed here at each locality and no significant difference in
phenotype between the two provinces when assessing the combination of all traits (Fig. 3, Table
3), we still document a significant difference in shell strength and a marginal difference in
toughness between the Californian and Oregonian populations (Fig.2, Table 2). Additionally, the
patterns we document here don’t match other calcification and organic spatial assessments of

other Mytilid species in locations like the Baltic (Telesca et al. 2019) and serve as excellent
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examples of both complex species-environment interactions and the likelihood of modern-day
spatial patterns already being influenced by long-term anthropogenic impacts.

Finally, this study shows the importance of assessing multiple traits and their effect on
strength and toughness as different anthropogenic drivers, like OA and temperature, can
influence traits in opposite directions and mediate tradeoffs that have direct implications for shell
functional success. For example, while Oregonian shells have traits that are useful adaptations
under OA and usually positively associated with shell strength, (i.e., increased calcification and
shell volume) other complex interactions, such as endolithic parasitism that confer potential
positive tradeoffs for decreasing mortality under increased warming, may be dampening the
effectiveness of these traits on shell function.

This study has shown the power of assessing multiple traits ranging from biomaterials to
structure as well as the complex interactions of other biological processes, like parasitism, within
multiple populations along a temperature and pH gradient. We have rejected three key
hypotheses relating to how shell calcification and organics respond to changing ocean chemistry
and how they impact shell function in a mixed-mineralogy species from the eastern Pacific and
have conducted a practical test of the theoretical mediation of shell structure on strength and
toughness. We hope the work we have presented here can serve as an example for future studies
looking to combine multiple pieces of data to truly understand the functional consequences on

marine calcifiers in a changing ocean.

Supplemental Materials

Tables
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Table 1. Meta-data for samples collected from twelve locations along the eastern Pacific coast.

Locality Province # of Samples
Chilean Memorial Oregonian 10
Fogarty Creek Oregonian 10
Crescent City Oregonian 9
Trinidad Head State Beach Oregonian 10
Sonoma Coast State Beach Oregonian 10
Moss Landing Oregonian 8
Jalama Beach Oregonian 5
Cayucos Oregonian 14
Avila Beach Oregonian 3
El Capitan State Beach Californian 9
Corona Del Mar Californian 8
La Jolla Californian 9

Table 2. Linear Models & ANCOVA showing the relationship between different traits &
strength + toughness.

Comparison Strength Toughness
Californian Oregonian Total Californian Oregonian Total
Shell
Volume p = 0.0058* p =0.021* P: p=0.081 p <0.001* p =0.0012* P: p<0.001*
AR?=0.25 AR?=0.067 SV: p =0.0023* (+) AR?=0.41 AR?=0.14 SV: p =0.0098* (+)
Elongation p=0.1 p=0.85 P:p=0.63 p=0.23 p=0.97 P:p=0.52
Index AR?=0.072 | AR?*=-0.015 El: p=0.44 AR?=0.021 | AR*=-0.016 | El: p=0.59
Compacity p =0.02* p=0.51 P: p=0.87 p=0.13 p =0.017* P:p=0.85
Index AR?=0.17 AR?=-0.009 Cl: p=0.071 AR?=0.057 | AR?=0.073 | CI: p=0.0034* (+)
Inflation p =0.016* p=05 P:p=0.76 p=0.1 p =0.059 P:p=0.65
Index AR?=0.19 AR?=0.0084 I: p =0.054 (-) AR?=0.071 | AR*=0.041 | I: p=0.0091* (-)
% Internal p=0.15 p=0.21 P:p=0.34 p=0.18 p=0.12 P:p=0.21
Organics AR?=0.017 | AR?=0.017 %0: p =0.054 (-) AR? = 0.06 AR? =0.04 %0: p = 0.028* (-)
Thickness p <0.001* p =0.098 P:T: p=0.049* p <0.001* p=0.01* P:T: p=0.035*
AR?=0.45 AR?=0.03 T:p=0.004 AR?=0.40 AR?=0.08 T:p<0.001

Table 3. Linear Models & ANCOVA showing the relationship between different traits and each
other sorted by province (Californian, Oregonian) and total pattern. P = province, El =
elongation index, SV = shell volume, CI = compacity index, | = inflation, 10 = internal organics.

Comparison Californian Oregonian Total
Thick vs. Length p = 0.045* p <0.001* P: p=0.064
AR?=0.12 AR?=0.24 TL: p <0.001*
El vs. SV p=0.16 p=0.27 P:p=0.75
AR?=0.04 AR?=0.0032 El: p=0.087
Clvs. SV p=0.97 p =0.015* P:p=0.041*
AR?=-0.042 AR?=0.062 Cl:p=0.13
lvs. SV p=0.55 p =0.0032* P:p=0.17
AR?=-0.022 AR? = 0.096 I: p=0.014*
10 vs. SV p <0.001* p =0.0022* P: p=0.092
AR?=0.7 AR?=0.16 10: p <0.001*
% Organics vs. Shell Volume p=0.98 p=0.44 P:p=0.46
AR?=-0.077 AR? = -0.0081 SV:p=0.55
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Figure 1. Relationship between a) strength and thickness, b) toughness and thickness, c) strength
and inflation index, and d) toughness and inflation index.
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Figure 2. Traits vs. traits. Red circles and line are samples from the Californian province while
blue triangles and line are Oregonian samples. The black line indicates the whole dataset pattern.
a) Shell thickness vs. length, b) elongation index vs. shell volume, ¢) compacity index vs. shell
volume, d) inflection index vs. shell volume, €) internal organics amount vs. shell volume, f)
percent internal organics vs. shell volume.
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CHAPTER 3
Temporal trends in shell calcification of venerid bivalves: using paleontological baselines to
understand species-specific responses in a changing ocean.

Abstract

Understanding and predicting species’ response to anthropogenic climate and
environmental change is of utmost importance. Marine species currently face threats such as
ocean warming and ocean acidification (OA) along with other environmental changes such as
eutrophication and human harvesting. OA is of particular concern for marine calcifiers, like
bivalves, whose calcium carbonate exoskeletons are potentially vulnerable to current and future
changes in pH and carbonate saturation state. While there is a growing body of research on
longer-term (millenial to decadal) and greater spatial scale responses of marine calcifiers to OA,
warming, and other changes, we still know very little about how temporal trajectories in shell
calcification over longer, evolutionary timescales, especially across closely related species. Here,
we use the Pleistocene fossil record from San Diego County, CA as a pristine, human-free
baseline to quantify regional changes in shell calcification traits of five different species of
venerid bivalves since the last interglacial period. Our results show that despite close
phylogenetic affinities, changes in species-level shell calcification rates from the Pleistocene to
present in San Diego County are individualistic with only two species, Chione californiensis and
Tivela stultorum, showing significant reduction in this trait through time. In addition,
comparisons of Pleistocene and recent populations from more southern biogeographic provinces
that are environmentally analogous to San Diego Pleistocene assemblages show additional
variation in calcification response with southern C. californiensis maintaining calcification traits

observed in the Pleistocene but T. stultorum significantly thinning through time across its range.
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Overall, our results suggest that the Pleistocene fossil record can provide a useful pre-human
baseline for evaluating the effects of anthropogenic global change on marine calcifiers.
Introduction

Understanding species response to future climate change is of utmost importance in
today’s world. In the marine realm, ocean warming and ocean acidification (OA) have emerged
as two of the most pressing issues (Poloczanska et al. 2013, 2016). OA results from the increase
in dissolved anthropogenic carbon dioxide (pCOz), and is of concern for marine calcifiers, such
as bivalves and gastropods, whose calcium carbonate skeletons are potentially vulnerable to
reduced pH and carbonate saturation state (Cooley and Doney 2009, Findlay et al. 2010, Kroeker
et al. 2010). OA can negatively impact marine calcifiers through multiple processes including
effects on metabolic activity (Kroeker et al. 2010, Figuerola et al. 2021), reduced shell
calcification and/or increased dissolution (Kroeker et al. 2010, Figuerola et al. 2021), as well as
increasing mortality (Soon and Zheng 2020). Likewise, warming has been shown to both
negatively impact species’ metabolism (Matoo et al. 2021) as well as exacerbate the impacts of
OA (Findlay et al. 2010) though variable responses to both stressors have been shown across
different species (Ries et al. 2009, Waldbusser et al. 2011, Matoo et al. 2021). Most of our
existing insights on how species are likely to respond to these stressors come from laboratory
experiments involving individual species (Kroeker et al. 2010, Alma et al. 2020) although there
is a growing body of literature using comparative approaches and longer-term historical and
archaeological data to evaluate long term trends in calcification in natural populations (Pfister et
al. 2016, Cross et al. 2018, McCoy et al. 2018, Telesca et al. 2019, Bullard et al. 2021) (Pfister et
al. 2016, McCoy et al. 2018). While such longer-term perspectives using natural experiments are

needed to compliment and test the insights from short-term laboratory experiments, such
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information is still scarce for most marine species. Furthermore, available long-term data on
calcification rates do not include pre-human baselines, something that is needed to fully
understand the plasticity in calcification traits as well as how modern-day trait values compare to
those unaffected by human impacts.

The Pleistocene marine fossil record provides a rich archive of calcification related traits
of many species and populations that were free of human impacts but experiencing major
changes in the global climate during the glacial and interglacial cycles. Thus, comparative
analyses of Pleistocene data in conjunction with samples from living populations can not only
provide information about how calcification traits of individual species have been affected by
human impacts, but also provide important insights into the level of plasticity in calcification
traits. While extending our comparisons further back in time into the fossil record is powerful, it
is important to keep in mind that the further back we go, the more difficult it is to get robust
estimates of environmental parameters that could help us elucidate distinct anthropogenic
drivers’ impact on species. Despite this limitation, we argue that even without explicit estimates
of environmental and climatic parameters and the disentangling of specific drivers, the recent
fossil record is helpful because it provides us with the bounds of plasticity present in a species’
functional traits that existed in a completely human free baseline — something we currently lack
in the OA literature. The Pleistocene provides us this unique opportunity, not to necessarily
disentangle specific drivers, but to determine the degree of variance for traits that can exist in our
species of interest when the environment is fluctuating between glacial and interglacial cycles,
and how these traits change when human impacts are introduced. Results derived from this type

of analysis can then be used to further explore those specific drivers; allowing us to pinpoint
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species where deeper evaluations of what is mediating trait changes would be the most
meaningful.

Here we use the Pleistocene fossil record in San Diego, CA as our human-free baseline
and compare shell morphometric and calcification trait changes in five species of eastern Pacific
bivalves of varying relatedness from the Veneridae (Chen et al. 2011) to assess how traits
specifically impacted by warming, OA, and other human impacts change from pre-human
Pleistocene baselines to the human-altered Holocene. This system has three distinct advantages
to help augment the information available from previous studies: i) utilizing multiple species of
varying evolutionary relatedness allows for a test of generality of responses to anthropogenic
induced change, ii) allows us to quantify baseline trait distributions in habitats devoid of any
anthropogenic alterations (e.g., climatic, environmental, human harvesting) and iii) focusing on a
single region from the Pleistocene to present gives us the ability to assess populations of the
same species to different climatic and environmental changes through time. We specifically test
the following three hypotheses using these Pleistocene baselines and Holocene data: i) Human
impacts, like OA, negatively affect shell calcification through time causing modern-day shells to
be significantly smaller and thinner than fossil shells., ii) Southern biogeographic province
samples grown in warmer waters with higher pH will have larger, thicker shells and be more
similar to Pleistocene fossil samples than northern populations., and iii) Shell calcification
response is phylogenetically controlled so close relatives will have similar patterns through space
& time.

Methods

Geographical and environmental setting
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San Diego County, California, U.S.A. (32.72°, 117.16°) is located in the southern portion
of California, U.S.A. (Fig. 1). The coastal ocean in this region is characterized by seasonal wind-
driven upwelling, causing changes in the temperature and pH structure of surface water (Chan et
al. 2017). These fluctuations in pH and temperature are exacerbated by changes in upwelling
intensity following EI Nifio, La Nifia cycles (Nam et al. 2011). Over the last century, ocean
temperatures in this region have increased from a yearly average of 15.6°C in 1916 to 18.4°C in
2020 (“Southern California Coastal Ocean Observing System” n.d.), but salinity, another
potential driver of changes in calcification has changed relatively little (“Southern California
Coastal Ocean Observing System” n.d.). Few long-term data on changes in ocean pH and
carbonate saturation state exist, but estimates show a mean decrease in Qarag (aragonite saturation
state) by 0.3-0.4 since pre-industrial times within the California Current large marine ecosystem

(CCLME) of which San Diego is a part of (Chan et al. 2017).

Pleistocene sample sites

Marine terrace Pleistocene assemblages were targeted for this study. Reliable dates for
the Pleistocene terraces of California remain sparse, and the available data do not always permit
resolving the chronology of many terraces. Similarly, paleoclimatic reconstructions and
estimates of paleotemperatures for these terraces remain poorly constrained. Because of these
constraints, we only targeted interglacial terraces for which dating is available and their potential
age equivalents, namely the Nestor Terrace — dated to around 120,000 + 10,000 yr or Marine
Isotope Stage (MIS) 5e (Ku and Kern 1974) the Bird Rock Terrace — dated to between 70,000-
90,000 yr or MIS5a (Kern 1977, Kern and Rockwell 1992), and dated portions of the Broadway

Faunal horizon with some portions potentially being age equivalents to the Nestor Terrace (Kern
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1977). All terraces are characterized by unconsolidated medium to course grained sand and
gravel and represent a shoreline with water depths estimated to be no more than 10m deep (Kern
1977). While predominantly representing an interglacial period, the Nestor terrace does contain
both a mixture of some northern and primarily southern extralimital species (Valentine 1960) or
species which today only exist either north or south of where their range previously extended
during the Pleistocene (i.e., north or south of San Diego). While it is unknown what contributed
to this mixing of both interglacial and glacial species, the two most likely explanations are either
a cool climatic flicker, or quick change in climatic conditions, (Roy et al. 1996) or a mixing of
faunas from 100 ka which was a cooler water period (capturing the northern extralimitals) and
the warmer 120 ka which has been shown to be even warmer than today (Mubhs et al. 2006, 2014,
Muhs 2022). The Bird Rock Terrace, while still part of the interglacial MIS5 period, has been
suggested to be a slightly cooler environment than today, most likely due to an increase in
strength from the California Current resulting in increased upwelling of cooler, lower pH bottom
waters (Muhs et al. 2006). This is reflected in the paleontological assemblage as there is an
increase in northern extralimital species but no southern extralimital species in the Bird Rock
Terrace (Kern 1977).

When working with any fossil data, the impact of sampling and taphonomic bias must be
considered. One of the clearest patterns in taphonomy, both for marine and terrestrial
environments, is the preservation of larger, thicker individuals (Behrensmeyer et al. 2000). In
general, the fossil record tends to be biased against smaller, thinner shelled species and
individuals due to easier dissolution of the shell and situations conducive to shell destruction
(Behrensmeyer et al. 2005). One way to evaluate the fidelity of the fossil record is to evaluate

how many juveniles and small, thin shelled species are present. In our assemblages a diverse
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range of ontogenetic stages is present for all of our target species, and two of the species
abundant in these assemblages, Leptopecten latiaruatus and Laevicardium substriatum, are both
small and thin-shelled. This suggests that the focal assemblages for this study are adequate for

the temporal comparisons undertaken here.

Sampling

We sampled multiple individuals of each of five species of venerid bivalves (Table S1)
within San Diego, County, California (Fig. 1). For each species, individuals were sampled from
at least one interglacial Pleistocene assemblage as well as historical collections ranging from
1900 to 2010 and living populations collected during 2017-2019. For historical and Pleistocene
samples, we used collections at the San Diego Museum of Natural History (SDMNH), the
Natural History Museum of Los Angeles County (LACM), and the Santa Barbara Museum of
Natural History (SBMNH). Live individuals were collected from around San Diego County, CA
(SI Appendix, Methods).

We targeted interglacial Pleistocene assemblages where we could sample a minimum of
25 individuals per faunal horizon (Table S1). As discussed above, these were the Nestor Terrace,
Bird Rock Terrace, the Spanish Bight Faunal Horizon, and portions of the Broadway Faunal
Horizon

We measured historical samples for each species from the SDMNH, LACM, and
SBMNH as well as archived shells at the University of California at San Diego (UCSD).
Historical samples ranged in age from early 1900s to early 2000s and were originally collected
from all around San Diego County (Table S1, SI Appendix, Methods). Similar to Pleistocene

sampling, we targeted a minimum of 25 individuals from time periods across the last century to
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measure for our historical component. We then lumped historical and live samples to create a
larger time-averaged assemblage for comparison with Pleistocene samples. These live
individuals were collected from multiple locations in San Diego, CA, but the majority of samples
were taken from around Mission Bay and habitats around Scripps Institution of Oceanography
(SI10) (SI Appendix, Methods). In areas where members of our focal species were abundant, a
range of size classes were collected to account for any impacts of size on calcification. Recently
dead individuals with fresh tissue still attached to the shell were collected along with live
individuals and used in analyses.

Historical samples for two species, C. californiensis and T. stultorum were additionally
collected for assessment of trait variations across their geographic distributions for comparison
with fossil samples from San Diego, CA to evaluate if trait values found in the fossil
assemblages but absent in San Diego today, can be still found in other parts of each species’
range. These samples were also collected from the early 1900°s to 2000’s from the SDMNH,
LACM, and SBMNH. As the stable isotope data for our fossil assemblages suggests that the
portions of the Pleistocene we are assessing are potentially warmer than today (Muhs et al. 20086,
2014), we focus primarily on the southern portion of each species range for a more relevant
comparison based on climate, so ranges for both species are restricted to Californian provinces
well as the Surian and Panamic provinces (Fig. 1, Table S1). This analysis allows us to test our
hypotheses around spatial calcification patterns and to see how traits of populations living under
modern environmental conditions similar to Pleistocene San Diego compare to the past. This
spatial assessment also serves as an additional test of whether or not taphonomy could be driving
our through time results; if we document similar sized individuals in southern populations as our

Pleistocene samples it lends credence to our through time patterns being a true biological signal.
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It is important to note here that both the fossil and Holocene collections represent time-
averaged assemblages, but on different scales. Time-averaging is the accumulation of specimens
from different time periods in the death assemblage. An excellent example of this in our data is
the likely presence of individuals from both 100 ka and 120 ka in the Nestor terrace. Time
averaging is especially powerful when establishing baselines for trait distributions, since the
accumulation of different individuals living under different environmental conditions through
time can capture any plastic responses and thus provide a more complete estimate of trait
variations compared to single temporal snapshots. In recognizing the disparity in time-averaging
between our Pleistocene and Holocene assemblages and how that can impact statistical trait
variation differences between our assemblages, we focus on assessing changes in the slope and
intercept of the relationship between size and thickness and changes in median trait values for
size and thickness in same sized individuals. This approach provides greater confidence to
interpretation of results, especially if we see clear differences in slope and intercepts between

Pleistocene and Holocene assemblages.

Shell characteristics

We investigated trends in two key traits - size and calcification - from the Pleistocene to
present in San Diego, CA. We define size here as the geometric mean of length x height x width
to avoid any impact of shell shape changes through time (Roy et al. 2000). We measured shell
length, height, and width of individual valves with electronic calipers. Shell thickness was
measured using an electronic micrometer across seven points along the central portion of the
valve following the growth trajectory from the beak to the ventral margin of each individual. We

then averaged these measurements to get a mean thickness for each individual valve. All the
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species evaluated here have symmetrical valves. We measured only one valve per individual,
ensuring that there were no duplicates by meticulously matching up valves pre-measuring and
removing valves that were potentially matches from the sampling pool to ensure no double
measuring. We alternated between measuring left and right valves of individuals and determined
that there is no significant difference in size or thickness for left and right valves for any of our
five species (Table S2). For this reason, we combined all left and right valves when doing our

analyses.

Statistical analyses

All analyses were carried out in R (4.0.2) (R Core Team 2018). We first used the
Shapiro-Wilk test to determine normality of the size and thickness data as well as Bartlett’s test
for homogeneity of variance. Data were not always normally distributed, so we used a natural
log transformation. In addition, since variances were also not always equal, we primarily used
non-parametric tests.

We used linear models to quantify the relationship between subsets of same-sized
individuals using the natural logarithm of mean thickness and size (the geometric mean of length
x height x width) for each species within a time period (e.g., Pleistocene.). We used analysis of
co-variance (ANCOVA) on models that account for temporal autocorrelation to test for changes
in the relationship between thickness and size between time periods (i.e., Pleistocene vs.
Holocene). First, we tested for temporal autocorrelation using the Durbin Watson test (Durbin
and Watson 1971) in the Imtest package (Zeileis and Hothorn 2002). To account for any
observed autocorrelation, we used the Cochrane-Orcutt method (Koenig and Liebhold 2016) on a

base linear model assessing average thickness as a function of time and the geometric mean of
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length, height, and width using the Orcutt package in R (Stefano et al. 2018). For determining
temporal differences in same-sized subsets’ median size and thickness between epochs (e.g.,
Pleistocene, Holocene), we used Wilcoxon-rank sum tests, and we used F-tests to assess changes

in trait variance between Pleistocene and Holocene assemblages.
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Figure 1. Map of the eastern Pacific with biogeographic provinces, geographic ranges of each
species, and through time-sampling scheme in San Diego, California. Limits of each
biogeographic province is indicated by the blue line. The faunal horizons and sampling scheme
for the through time assessment at San Diego is organized with the oldest assemblages, the
Pleistocene terraces, being at the bottom and the most recent live-collected sampling at the top.
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Results & Discussion
Through Time Analysis

Much of the work assessing how marine calcifiers, like mollusks, will respond to
increased ocean warming and acidification comes from short-term tank experiments (Kroeker et
al. 2010). Some longer-term assessments ranging from half a century (Bullard et al. 2021), to a
century (Cross et al. 2018), and even to archaeological times (Pfister et al. 2016, McCoy et al.
2018) have recently been conducted, but these types of analyses still remain relatively rare and
have only been performed on individual species. Short-term tank experiments overwhelmingly
report decreased calcification in response to OA (Kroeker et al. 2010). While some of the longer-
term assessments, like an archaeological study assessing decreases in shell calcification in
Mytilus californianus in Washington State (Pfister et al. 2016), supports these findings, some
variation in calcifier response has been documented. For example, a short-term tank experiment
assessing different marine calcifier responses to OA (e.g., crustaceans, corals, urchins, bivalves,
etc.) found that there was variation in how different groups responded to decreasing aragonite
saturation state (Ries et al. 2009). While bivalves and gastropods were primarily severely
impacted by decreasing aragonite saturation state, crustaceans were not and actually performed
better under OA conditions (Ries et al. 2009). However, this variation was greatest between
phyla (i.e., crustacean vs. mollusk), with variation, while present, occurring less between
bivalves and gastropods suggesting that more closely related species will have more similar
responses.

We tested the hypotheses generated from these short-term tank experiments and

millennial assessment that we should see similar decreasing patterns in shell calcification for five
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related venerids through time, and we reject both. While in two of the six venerid species (C.
californiensis & T. stultorum), calcification and body size do decrease from the Pleistocene to
the modern (Table 1, Fig. 2), the three other species do not show this same temporal pattern. C.
undatella, C. fluctifraga, and L. staminea showed no temporal change in size, and C. undatella
and L. staminea both increase their calcification rate from Pleistocene to now with Holocene
individuals being significantly thicker than Pleistocene (Fig. 2, Table 2).

These results on closely related species (Chen et al. 2011) occupying similar habitats with
similar life histories truly supports the idea that responses to changing ocean conditions will be
species-specific and can’t be predicted simply by looking at phylogeny, mineralogy,
environment, etc. Though variation in calcification response to temperature and OA has been
documented previously in short-term tank experiments (Ries et al. 2009) and centennial studies
(Cross et al. 2018), these results are not common. Our results, however, suggest that longer-term
analyses that utilize pristine fossil baselines, and thus capture the amalgamation of evolutionary
and environmental changes over multiple populations, and how that impacts calcification
through time could be suggesting a slightly different story than the vast majority of short-term
tank experiments focusing on one driver impacting individuals. While it’s true that we have two
species following the traditional pattern of decreasing calcification through time, we also
document three unexpected patterns (Tables 1,2), contributing to the possibility that variation in
calcification response through time may be more common than previously documented. We
propose that while we have used short-term assessments to drive our hypotheses for this study, it
may be beneficial to instead use long-term assessment results to drive hypotheses for future
short-term tank experiments and as a first order assessment to identify potential species at risk of

decreasing calcification due to an amalgamation of anthropogenic impacts.
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Table 1. Temporal patterns for size and thickness of subsetted data for each species from the
Pleistocene to Holocene. Size and thickness code: + = increase from the Pleistocene to Holocene,
/ = no change (stasis), - = decrease from the Pleistocene to Holocene.

Life Habit Mineralogy Species Size Thickness
Shallow infaunal. Aragonite C. californiensis - -
Sand/Mud
Shallow infaunal Avragonite C. undatella / +
Sand/Mud
Shallow infaunal Avragonite C. fluctifraga / /
Sand/Mud
Shallow infaunal Aragonite L. staminea / +
Sand/Mud
Infaunal Aragonite - -
Sand
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Figure 2. Changes in size (geometric mean of length x height x width) and mean shell thickness
for same sized data from the Pleistocene to Holocene in five species of venerids. a) C.
californiensis, b) C. undatella, c) C. fluctifraga, d) L. staminea, €) T. stultorum. Results of linear
models for each time period and ANCOVA for slope and intercept comparisons in Table 2.
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Table 2. Statistical results from trait comparisons between Pleistocene and Holocene
assemblages for five species using same sized data. Significant p-values at alpha = 0.05 are
denoted by an (*). ANCOVA assessing changes in shell thickness as a function of size and time
conducted using temporal-autocorrelated corrected models. Median difference determined by a
Wilcoxon-rank sum test, variance using an F-test. Code: ‘-* = smaller/thinner in Holocene, ‘+’ =
bigger/thicker in Holocene.

Species ANCOVA Size Thickness

C. californiensis Time p =<0.001* Median: p < 0.001* (-) Median: p < 0.001*(-)
Size p <0.001* Variance: p < 0.01* (+) Variance: p=0.74
Time:Size p < 0.001*
AR? =0.75
F(z 262) = 266.4

C. undatella Time p =0.047* Median: p = 0.38 Median: p = 0.01* (+)
Size p <0.001* Variance: p=0.13 Variance: p = 0.64
AR?=0.41
Fo.116 =42.1

C. fluctifraga Time p=0.65 Median: p = 0.068 Median: p = 0.061
Size p=0.001* Variance: p=0.75 Variance: p = 0.27
AR? =0.94
F(z 66) = 5529

L. staminea Time p=0.13 Median: p =0.14 Median: p = 0.023* (+)
Size p=0.001* Variance: p =0.28 Variance: p = 0.43
AR?=0.72
Fz.300 = 402.2
Time p =0.001* Median: p = 0.0032* (-) Median: p < 0.001* (-)
Size p =0.001* Variance: p = 0.93 Variance: p = 0.86
AR?=0.97
F(z_ 182) = 3373.1

Through space analysis:

A recent trend has been observed in mixed mineralogy bivalves suggesting that shell
calcification, namely the thickening of aragonite, is higher in warmer, higher pH waters (Telesca
et al. 2019) (though see Chapter 2 for example of how this doesn’t always hold true). Studies on
the climate during MIS 5e (Pleistocene) in southern California suggest that sea surface
temperatures (SST) could be as much as 4°C warmer than current ocean conditions (Muhs et al.
2006, 2014, Muhs 2022) though saturation state and pH are still relatively unknown. This
suggests that San Diego County may not be the best environmental analgoue to what existed
during the Pleistocene and that more southern biogeographic provinces, like the Surian and
Panamic, could be more similar environments to what existed in the past. Thus, we use Holocene
spatial calcification data for the two species that showed a decrease in calcification through time,
C. californiensis and T. stultorum, to test hypotheses around shell calcification increasing in

warmer, higher pH waters and a phylogenetic signal in spatial calcification responses and assess
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whether or not modern analgoues to Pleistocene trait distributions exist in warmer, southern
bivalve populations.

We found that C. californiensis fossil assemblages from San Diego, CA are statistically
indistinguishable for size and thickness to Surian Holocene samples with Holocene Panamic size
being significantly larger than Pleistocene (Table 3). T. stultorum Surian size is also statistically
indistinguishable from San Diego Pleistocene, but thickness in the fossil record is greater in
fossil assemblages than Holocene Surian (Fig. 3, Table 3). Again, we document variation in
spatial calcification response where C. californiensis follows the predicted calcification increase
with warmer waters and southern populations acting as trait analogues to the Pleistocene
assemblage, but T. stultorum shows significant thinning across its entire range. These results
further support the idea of species-specific responses to current and future change, not just
through time but in regard to space as well.

The addition of a spatial component to this analysis further powers our understanding of
these through time patterns in two main ways: i) helps us to eliminate the possibility that our
through time results are driven by taphonomy in the fossil record and ii) illustrates that temporal
patterns don’t always equal regional-scale patterns. The first aspect is important as a decrease in
size and thickness is in-line with what would be expected if taphonomy was at play in our fossil
assemblage, and while we’ve constrained our size range to be equivalent for both Pleistocene
and Holocene to combat this, the fact that we see similar sized Holocene individuals in southern
biogeographic provinces to Pleistocene samples further confirms that our temporal pattern is not
because of taphonomy but is a true biological signal. The second aspect that temporal patterns
don’t always equal regional scale patterns is fascinating in that it suggests that different

populations along a species range may be experiencing different levels of vulnerability to
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changing conditions through time. While San Diego, County C. californiensis have a significant
decrease in size and calcification from the Pleistocene to present, Surian and Panamic still show
trait values in-line with what existed pre-human impacts. These results are akin to areas of
refugia under Pleistocene glacial-interglacial cycles (Jones et al. 2020) and give hope to these

traits being retained in these areas moving forward and even possible recovery.
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Figure 3. Fossil samples plotted with Holocene samples across C. californiensis and T. stultorum
modern southern range. a) C. californiensis size, b) C. californiensis thickness, c) T. stultorum
size, d) T. stultorum thickness. Even when Pleistocene T. stultorum samples are constrained to
the same size range, Surian thickness is still significantly lower when using a Wilcoxon rank sum
test to compare medians (p < 0.001).
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Table 3. Wilcoxon-rank sum test establishing how fossil samples compare to Holocene along C.
californiensis’ and T. stultorum’s modern range. Code: P = Pleistocene, ‘+’ = Holocene

bigger/thicker than fossil, ‘-* = Holocene smaller/thinner
Species Size Thickness
C. californiensis P to Surian: p = 0.45 P to Surian: p = 0.058
P to Panamic: p = 0.019* (+) P to Panamic: p = 0.99
P to Surian: p=0.14 P to Surian: p = 0.006 (-)
Conclusion

Here we have utilized fossil trait baselines devoid of human impacts to assess how shell
size and calcification has changed through time in five closely related venerids. We have shown
that calcification response through time is variable despite relatedness and doesn’t always fit
expected patterns hypothesized from shorter-term assessments. Additionally, we have
documented this same variation in calcification response through space in two temporally
impacted species, C. californiensis and T. stultorum, and shown that temporal patterns don’t
always match regional scale patterns.

Finally, we illustrate the power of comparing modern data, both within a constant
location and across a species range, to un-altered fossil baselines as a first order assessment to
determine potential species vulnerability. As species responses through time and space appear to
be species-specific and can elicit unexpected patterns, using this type of assessment pairing fossil
and Holocene data could be valuable to identify species for further analysis and to develop more
targeted hypotheses to use in short-term tank experiments.

The fossil record provides us an unparalleled tool for determining the impacts of
anthropogenic climate change, envioronmental change, and other human impacts (Lockwood and
Mann 2019) on key species. Using the powerful data preserved for us in the recent fossil record,
we can not only better understand our current species susceptibilty, but make more accurate and

informative predictions for our future.
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Supplemental Materials

Detailed description of live sampling sites

Below we provide more detailed descriptions of each of the sampling sites used in this
study.

Smiley Lagoon: Smiley Lagoon is our only lagoon site (32.7552° N, 117.2471° W). We entered
the lagoon from the parking lot near the dog beach. We walked east along the edge flush with the
Ocean Beach Athletic Area until we reached sandy channels. We then collected clams at low tide
from these channels. The horn snail Cerithideopsis californica and razor clams dominate the
lagoon. The environment is primarily mud and standing water with sandy mud channels where
the clams were found.

Crown Point Beach: Crown Point Beach is one of our Mission Bay localities (32.7876° N,
117.2334° W). This is a long stretch of sand in the bay nestled against Kendall-Frost Mission
Bay Marsh Reserve and dominated by Chiones. We sampled Crown Point Beach in two zones:
from the edge adjacent to Kendall-Frost Marsh south until the bridge (large structure covered
with oysters and rich in Argopecten ventricosus on the mud flats) and then from just south of the
bridge until where the boats are docked (Chione abundance dramatically decreased from the
bridge southward).

Mission Point Park: Mission Point Park (32.7612° N, 117.2459° W) is situated at the Entrance
of the Channel into Mission Bay. We parked in the park and headed north to sample Mission
Point Beach. This locality is a combination of sandy beach in the southern portion with extensive
muddy tidal flats at the northernmost stretch flush with Bonita Cove. This area is rich in Chiones
with Leptopecten latiauratus in the eel grass exposed during low tide.

La Jolla Shores: La Jolla Shores Beach (32.8577° N, 117.2529° W) is a long expanse of sandy
beach ending in rocky intertidal shoreline just north of the Ellen Browning Scripps Memorial
Pier on the Scripps Institution of Oceanography campus. Tivela stultorum is the only species
found from this locality and can be found during extreme low tides just north and south of the
pier.

Tables
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Table 1. Specimen collection info. PIT = total samples from the Pleistocene of San Diego, Co.,
PIS = subset used for main analyses, HT = total Holocene of San Diego Co., HS = subset used
for main analyses, CT = Total Californian biogeographic province (BP), CS = subset used for
analyses, ST = Total Surian BP, SS = subset used for analyses, PT = Total Panamic BP, PS =
subset used for analyses.

Family Species PIT PIS HT HS CT CS ST SS PT PS

Veneridae Chione 316 315 113 108 163 140 38 25 73 72
californiensis

Veneridae Chione undatella 168 150 79 72 n/a n/a n/a n/a n/a n/a

Veneridae Chionista 78 52 46 43 n/a n/a n/a n/a n/a n/a
fluctifraga

Veneridae Leukoma staminea 269 235 84 78 n/a n/a n/a n/a n/a n/a

Veneridae 112 107 85 79 93 83 19 18 0 0

Table 2. Wilcoxon rank-sum test evaluating left vs. right valve size & thickness for each species.

Species Size Thickness
Chione californiensis p =0.093 p=0.16
Chione undatella p=0.95 p=0.73
Chionista fluctifraga p =0.67 p=0.9
Leukoma staminea p=0.73 p=0.61
p=0.89 p=0.65
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