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ABSTRACT OF THE THESIS

Combined geochemical tracer (611B, B/Ca, §3C, §'80, and A,7) constraints on the
environment of biocalcification in common Caribbean shallow-water corals grown under

varying pCO, and temperature
by

[lian DeCorte
Master of Science in Atmospheric and Oceanic Sciences
University of California, Los Angeles, 2020
Professor Robert Eagle Tripati, Chair

The mechanisms by which tropical hermatypic corals biomineralize to build aragonite
skeletal material has received increased attention in recent years, but uncertainties remain
regarding the relative importance of different biomineralization processes. In particular,
the biological modification of the semi-isolated calcification fluid pH (pHer) and carbon-
ate chemistry, including calcification fluid carbonate ion concentration ([CO3; |cr), total
dissolved inorganic carbon (DIC¢r), and aragonite saturation state (Qcp) within an extra-
cellular calcifying space may be critical to facilitate biomineralization, and thus, would be a
determining factor for coral growth responses to anthropogenic carbon dioxide induced re-
ductions in seawater pH and aragonite saturation state (24r). The extent to which a coral’s
inability to compensate for external seawater carbonate chemistry changes govern coral cal-
cification responses to ocean acidification and temperature stress remains debated. This
work builds on a prior study by Bove et al. (2019) that tested the calcification responses of
four common Caribbean coral species - Porites astreoides, Psuedodiploria strigosa, Undaria
tenuifolia, and Siderastrea siderea - under a range of experimental pCO, and temperature
culture conditions. We utilize skeletal boron geochemistry (B/Ca and §'!'B) to probe the
pHer, DICor, and Q4r_cr regulation in these corals, finding evidence for modest declines in
pHcr but stable or increasing DICor across increasing seawater pCO, treatments, with sub-
tle variations in responses between species as well as subtle differences between temperature
treatments. Combining our results with boron-isotope, pH-microprobe and pH-sensitive dye

data from the literature on scleractinian corals reveals that almost all studied species show
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evidence of pHep buffering against changes in external seawater pH (pHgy/) but that, in
many cases, this compensation is imperfect (i.e. pHep is not maintained at a constant level
across all pHgy conditions), and no clear temperature effect is apparent at 3°C warming for
these species, a result that delineates a clear contrast with a related study by Guillermic et al.
(in review). In total, these data suggest that corals do invest additional energy into actively
regulating pHep in high CO, conditions but that perfect pH compensation by the coral may
not be necessary to maintain [CO%‘}CF and DICqp at levels required for calcification. In
addition, we report §'3C, §'80, and carbonate “clumped” isotope (A47) measurements on
the same specimens. 60 and A,; exhibit characteristic scleractinian coral disequilibrium
“vital effects” compared to expected values for inorganic aragonite and occasionally show
an influence of culture temperature. In some species, variable pCOy culture experiments
at constant temperature produce significant changes in skeletal 6**0O and Ay;. Observed
pH driven effects on carbonate §'%0 and Ay; in controlled abiogenic precipitation experi-
ments have been attributed to changes in the relative abundance of CO3~ and HCOj in the
calcification fluid DIC pool as different DIC species have different 6'*0O and multiply sub-
stituted isotopologue (Ay7) compositions. However, with our unique combination of §''B,
5180, and A,; measurements, we are able to determine that the magnitude of the pHep
change indicated by the §'!'B-pH¢p proxy indicates that observed trends in the 6O and
clumped isotope composition are not solely driven by this mechanism in tropical shallow wa-
ter scleractinian corals. Instead, trends in 6'¥0 and A,; with external pCO, manipulation
may be better explained by changes in the residence time of the DIC in the parent fluid for
calcification, which will influence the time available for DIC to equilibrate with water and
therefore change the potential for kinetic isotope effects generated by physiological processes

to be recorded in the coral skeleton.
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Introduction

1.1 Background and motivation

Corals are foundational for many of earth’s most biologically productive and diverse ecosys-
tems, many of which are threatened by a combination of rising ocean temperatures, disease,
ocean acidification (OA), and other pressures. Ocean warming can cause a breakdown in the
symbiotic relationship between corals and their algal symbionts leading to coral “bleaching”
and eventual mortality (Glynn, 1991) and, in isolation, may represent the greatest threat to
corals (Hughes et al., 2017). In addition, as atmospheric carbon dioxide partial pressure con-
tinues to rise, so does uptake of CO, into seawater, having the effect of reducing seawater pH
(pHsw ) and seawater aragonite saturation state (Q4r_sw), thereby threatening organisms
that produce CaCOg shells and skeletons globally by making seawater less chemically favor-
able for calcification (Doney et al., 2009). However, it is understood that that many marine
calcifying organisms are resilient to external acidification or may even thrive by utilizing the
additional dissolved inorganic carbon (DIC) available for shell building, and in some cases
photosynthesis (Iglesias-Rodriguez et al., 2008; Kroeker et al., 2010; Ries et al., 2009), and
there may be interactive or cumulative effects of warming and acidification (Kroeker et al.,
2013). Coral calcification responses to ocean acidification are known to be diverse, with
negative skeletal growth responses documented (Anthony et al., 2008; Comeau et al., 2013;
Edmunds et al., 2012; Holcomb et al., 2012; Jokiel et al., 2008; Krief et al., 2010; Langdon
and Atkinson, 2005; Langdon et al., 2000; Leclercq et al., 2000; Marubini and Atkinson,
1999; Marubini et al., 2001, 2003, 2008; Renegar and Riegl, 2005; Schneider and Erez, 2006),
as well as responses with varying degrees of resilience (Castillo et al., 2014; Cohen and Hol-
comb, 2009; Holcomb et al., 2010; Jury et al., 2009; Reynaud et al., 2003; Ries et al., 2010;
Rodolfo-Metalpa et al., 2010). A handful of studies have tested coral growth responses to
coupled ocean acidification and temperature stress revealing a range of responses to the inter-

action of these stresses, including negative synergistic (Anthony et al., 2008; Reynaud et al.,
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2003; Rodolfo-Metalpa et al., 2010), no additional temperature effect, and even temperature
mitigating effects on calcification responses (Edmunds, 2011; Langdon and Atkinson, 2005;

Muehllehner and Edmunds, 2008; Rodolfo-Metalpa et al., 2010; Schoepf et al., 2013).

A more comprehensive, mechanistic understanding of coral calcification is required to im-
prove interpretations of the diverse coral growth responses to ocean acidification and temper-
ature stress, as well as during and following bleaching events. In addition, corals are widely
utilized as archives for paleo-oceanographic change that may be inferred by geochemical
analysis of their skeletons (Adkins et al., 1998; Cohen, 2003; Gagan et al., 2000; McCulloch
et al., 1999; Montagna et al., 2007; Schroder-Ritzrau et al., 2003; Trotter et al., 2011). The
same biological mechanisms that control a coral’s calcification response to environmental
change, such as modification of the carbonate chemistry of the parent fluid for calcification,
may also induce ”vital effects” on the geochemical proxy systems. Therefore, the governing
processes of both coral growth under environmental change and physiological effects on coral
skeletal geochemical composition can be studied in concert. Here we revisit a recent study
by Bove et al. (2019) on the responses of the common Caribbean corals Siderastrea siderea,
Psuedodiploria strigosa, Porites astreoides, Undaria tenuifolia, that revealed species-specific
calcification responses under a range of experimental pCO, and temperature conditions in
a prior study (Bove et al., 2019). We use a combined multi-geochemical approach (§''B,
B/Ca, 613C, §'80, and Ay7) to probe the underlying mechanisms for the observed calcifica-

tion responses as well as the fundamental controls over coral skeletal geochemical signatures.

1.2 Conceptual models of coral calcification

In order to facilitate the precipitation of new skeletal aragonite, corals actively modulate
the carbonate chemistry of a semi-isolated internal calcification fluid pool, generating fa-
vorable chemical conditions for mineral precipitation (Cohen, 2003; DeCarlo et al., 2018a).
Therefore, whilst the ions for calcification are derived from seawater, the calcifying parent
fluid is modified with respect to seawater. Carbonate chemistry in the calcification par-
ent fluid is actively modulated through the use of ATP-consuming proton pumps which

induces a pH gradient across polyp cellular membranes. Extracellular pH and [CO37] is



elevated within fluid pockets beneath the calicoblastic epithelium (pHor and [CO3 ™ |or, Te-
spectively) where coral skeletal aragonite crystals are observed to grow (Al-Horani et al.,
2003; DeCarlo et al., 2018a; Guillermic et al., in review; McCulloch et al., 2012a; Rollion-
Bard et al., 2011; Sevilgen et al., 2019; Venn et al., 2013). Dissolved inorganic carbon (DIC)
is sourced from a combination of direct seawater DIC leakage into the extracellular space
and diffused, cellularly-respired CO,, and may be closely linked to symbiont health and
photosynthesis. Respired COs can constitute as much as 75% of the total DIC pool (Furla
et al., 2000), and COs-to-DIC conversion can be accelerated through the activity of carbonic
anhydrase (Adkins et al., 2003; Allemand et al., 2011; Bertucci et al., 2013; Chen et al.,
2018; Mass et al., 2014; Moya et al.; Tambutté et al., 2007; Zoccola et al., 2016). Studies
have also indicated that internal calcification fluid DIC (DIC¢pg) concentrations appear to
be elevated compared to seawater, potentially facilitated by active HCO5 transport, in com-
bination with diffusively introduced, cellularly-respired CO, (Allemand et al., 2011; Allison
et al., 2014) Despite the physical separation between the coral symbiont and sub-calicoblastic
epithelium fluid pocket, evidence from microelectrodes appear to indicate that coral pHeop
varies substantially on day-night cycles (Al-Horani et al., 2003; Guillermic et al., in review;
Sevilgen et al., 2019), and skeletal geochemistry has indicated that seasonal DICcp con-
centration changes are inversely correlated with pHgp in field-collected massive Porites sp.
samples from the Great Barrier Reef (GBR) (McCulloch et al., 2017), results that indi-
cate a direct link between rates of symbiont photosynthesis and calcification fluid chemistry.
These observations are evidence to support the importance of a “physicochemical” model
of calcification which emphasizes the importance of biological control over the chemistry of
the mineral parent fluid to induce a fluid that is kinetically favorable for crystallization,
and has been shown in an idealized model to potentially explain a wide variety of calci-
fication responses to CO, induced ocean acidification, including positive growth responses
(Allemand et al., 2011; Barnes, 1970; Constantz, 1986; Guillermic et al., in review). Other
recent studies that investigate underlying mechanisms of coral calcification have highlighted
the importance of processes that emphasize the cellular and structural biological control of
biocalcification. For example, it has been shown that corals likely produce amorphous cal-

cium carbonate (ACC) phase precursors within intracellular vesicles, which is transported to



the site of calcification where aragonite crystal seeding and transformation into crystalline
aragonite can occur (Mass et al., 2017b; Von Euw et al., 2017). Furthermore, coral aragonite
crystals are highly ordered and form complex structures, and it is clear that generating and
controlling these structures relies on organic molecule templating (Drake et al., 2018; Von
Euw et al., 2017). While different studies tend to place emphasis on the relative importance
of the physicochemical versus cellular/structural biological control of coral calcification it is
very likely that both are necessary for calcification given that corals invest energy resources
into both processes and the utilization of organic matrices and production of ACC inside
cells does not preclude the active modulation of the carbonate chemistry at the point of

aragonite crystallization as being key factor in coral calcification.

A few key chemical reactions in coral calcification are (Eq. 1.1) the reaction between
calcium ions and carbonate ions to form calcium carbonate solid mineral (CaCOj3), the rate
of which is influenced by the saturation state of aragonite (Q24g, Eq. 1.2), a factor dependent
on the concentration of calcium ion ([Ca?*]) and carbonate ion ([CO37]) in solution, and the
apparent solubility product ((K7,)), a function of temperature, pressure, and salinity. Total
DIC available for calcification (Eq. 1.3) is a combination of direct seawater-sourced DIC
and any contributions of cellularly-sourced, metabolically produced CO, that can passively
diffuse across the cellular membrane and enter the calcification space, and undergo reactions
with water that may be enzymatically catalyzed, with increasing proportions of [CO3 ]
relative to [HCOj ] at higher pH. Additionally, the availability of metabolically sourced COq

is influenced by rates of symbiont photosynthesis.

Ca®* (g + CO5" (ag = CaCOy,) (1.1)
_ [ca*t][CO5]
Qur = K (1.2)
COy H,O = HCO4 + H' =— CO4 + 2H (1.3)



1.3 Boron-based geochemistry

The §''B-pH proxy requires the assumption that B(OH); is the predominant boron-bearing
chemical species incorporated in the aragonite crystal lattice. Based on inorganic experi-
ments, it is understood that elemental boron is incorporated into the aragonite crystal lattice
by substitution in place of planar trigonal carbonate ion (CO37) (Balan et al., 2016, 2018;
Hemming and Hanson, 1992; Holcomb et al., 2016; Mavromatis et al., 2015; Noireaux et al.,
2015; Uchikawa et al., 2015). Nuclear magnetic resonance crystallographic analyses have
revealed the presence of boron in both trigonal (BOj3) and tetrahedral (BO,) structural con-
formations in synthetically produced calcite and aragonite, though for aragonite, typically
< 0.1% of total boron is in the trigonal BO3 conformation Noireaux et al. (2015). Further-
more, the presence of trigonal boron in calcite and aragonite may result from a coordination
change of B(OH); to HBOj3 following incorporation into the crystal Klochko et al. (2006);
Mavromatis et al. (2015); Noireaux et al. (2015); Uchikawa et al. (2015). This proxy has
been utilized as a tracer to reconstruct past seawater pH in foraminifera Foster and Rae
(2016), however many marine organisms Cornwall et al. (2017); Donald et al. (2018); Sutton
et al. (2018) including corals Dishon et al. (2015); Hemming and Hanson (1992); Honisch
and Hemming (2004); McCulloch et al. (2012a.,b); Rollion-Bard et al. (2011) exhibit carbon-
ate 0''B compositions that deviate significantly from theoretical 6By, qze values for known
seawater pH. The range and absolute carbonate §''B values for many calcifying organisms,
including corals, urchins, and mollusks, supports principal incorporation of B(OH); into the
aragonite crystal lattice, and §''B-derived pHepr values are in broad-scale agreement with
calcification fluid pHgop estimates from other approaches such as pH microsensors and pH
sensitive dyes Al-Horani et al. (2003); Guillermic et al. (in review); Liu et al. (2020); Mc-
Culloch et al. (2017); Sutton et al. (2018); Venn et al. (2013). In some organisms, however,
such as coralline red algae, 6'!B values could potentially support significant BO3 incorpo-
ration Donald et al. (2017); Liu et al. (2020); Sutton et al. (2018). Generally, however,
the utilization of the d''B proxy for internal pHgp for marine calcifiers is supported by
independent techniques. The equation from Klochko et al. (2006) is described below (Eq.
1.4),where pKp* is the temperature and salinity dependent dissociation constant (8.597 at

25°C Dickson (1990), « is the boron isotope equilibrium constant (1.0272 at S=35, Klochko
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et al. (2006)) and e is the fractionation factor between boric acid and borate ion in seawater

(27.2%0, Klochko et al. (2006)).

5llBSW - 6lcharb
O Bgw — a % 0" By, — €)

pHeop = pKp * —log(( ) (1.4)

Though calcifying fluid chemistry has been studied in corals using boron geochemistry
and independent measurements such as pH-sensitive dyes (Mass et al., 2012; Sevilgen et al.,
2019; Venn et al., 2013) or pH microelectrodes (Al-Horani et al., 2003; Cai et al., 2016;
Ries, 2011; Sevilgen et al., 2019, Cameron et al., in prep), a combined pH-microelectrode
and 6B approach in a single environmental challenge experiment has only been recently
tested (Guillermic et al., in review). Discrepancies between boron-derived pHep versus
microelectrode-measured pHep in this study by Guillermic et al. (in review) are attributed
to the time-sensitive nature of the microelectrode technique, given that measured pHep can
fluctuate as a function of received photosynthetically active radiation (e.g. lower pHeop at
night, higher pH¢p during the day), compared to the 6''B proxy which is expected to record a
time-integrated signal of pHop (Guillermic et al., in review). Elemental boron concentration
in aragonite, described as a ratio to calcium concentration (B/Ca) has been used as a proxy
for the carbonate ion concentration of the calcification fluid ([CO3 ]cr) in corals (Allison,
2017; Allison et al., 2014; DeCarlo et al., 2018b; Holcomb et al., 2016; McCulloch et al.,
2017). In order to maintain the charge balance for the substitution of aqueous boron in
place of CO; ", several B/Ca fluid-aragonite partition coefficient (Kp) definitions have been
proposed (Allison, 2017; DeCarlo et al., 2018b; Holcomb et al., 2016; McCulloch et al., 2017).
Two datasets are presently used to define Kp for aragonite, from Holcomb et al. (2016)
and Mavromatis et al. (2015) (DeCarlo et al., 2018b; Holcomb et al., 2016; Mavromatis
et al., 2015). Uncertainties arise in part from differences in the abiogenic precipitation
experimental designs including the utilization of different precipitation solutions (e.g. NaCl
for Mavromatis et al. (2015) and filtered seawater for Holcomb et al. (2016)) and different
aragonite saturation states between the two experiments (DeCarlo et al., 2018b). Due to the
strong coupling of the carbonate system, deconvolving the parameters that primary control
the Kp has proved to be very challenging. Allison (2017) and DeCarlo et al. (2018b) have
tried to reconcile both abiogenic datasets. Allison (2017) fitted a linear relationship between
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Kp and the saturation state (£24r) whereas (DeCarlo et al., 2018b) fitted a logarithmic
equation between Kp and [CO3;~] (Allison, 2017; DeCarlo et al., 2018b). McCulloch et al.
(2017) considered that Kp was sensitive to pH due to deprotonation of borate ion during
incorporation, thus Kp was fitted against [H'], excluding Mavromatis et al. (2015) data
but leading to an easily applicable [CO3; ¢ proxy by combining B/Ca and §''B (DeCarlo
et al., 2018b; McCulloch et al., 2017). However, whilst those K equations are different, their
applications in the Porites sp. data from McCulloch et al. (2017) resulted in similar results
for DeCarlo et al. (2018b) and Holcomb et al. (2016) but lower values utilizing McCulloch
et al. (2017) and erroneous results utilizing Allison (2017). Nevertheless, despite differences
in absolute [CO3 |cr values, upregulation of [CO3™|¢r relative to seawater is supported
regardless of which Kp value is applied (DeCarlo et al., 2018b). Though the B/Ca~[CO3™ |cr
proxy requires some assumptions, its utility has received additional verification as a recent
study has determined the [CO3 |¢r utilizing microsensor and fluorescent dye approaches
for the coral Stylophora pistillata (e.g. [CO3 |cr = 750 to 1000 umol/kg~' SW at 25°C,
Sevilgen et al. (2019)), which is comparable to [CO3 ]¢r as derived from B/Ca and §*'B for
the same species utilizing the McCulloch et al. (2017) Kp equation (e.g. [CO; Jor = 912 £
143 pmol/kg=" SW (1SD, n=6) for the condition experimental treatment condition (28°C),
462 ppm CO3) in Guillermic et al. (in review) (Guillermic et al., in review; Sevilgen et al.,
2019). In order to derive [CO3; ]cr, based on the discussion and review from DeCarlo et al.
(2018b), this study uses the Kp defined by McCulloch et al. (2017) (Eq. 1.5), and derived
Kp equation (Eq. 1.6) (DeCarlo et al., 2018b; McCulloch et al., 2017).

B Cam‘agonite
D= 2{ 1 fluid (1.5)
[COs™ /B(OH)4]
Kp =2.972107% % exp(—0.0202 * [H1]) (1.6)

1.4 63C, 60, and A,; in coral aragonite

Stable carbon (§'2C) isotopic composition of tropical, symbiont-bearing coral skeletal arag-

onite is believed to reflect a variety of biologically important environmental factors in-
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cluding seasonal changes in solar irradiance, photosynthesis to respiration ratio, and nu-
trient /zooplankton concentrations (collectively known as metabolic isotope effects), as well
as calcification rate induced kinetic isotope effects. Metabolic isotope effects can result in
preferentially enriched or depleted §*3C signatures, given that photosynthesis can either en-
rich the internal DIC pool by preferential removal of 2C, whereas cellularly respired CO,
that passively diffuses into the calcification pool will contribute isotopically depleted car-
bon (Schoepf et al., 2014). Tt has been suggested that symbiont-bearing coral §'*C is more
strongly affected by photosynthesis than respiration because these corals are believed to
calcify mainly during the day when photosynthesis outpaces respiration, and high photo-
synthetic rates may lead to high calcification rates (McConnaughey, 1989; Schoepf et al.,
2014). Therefore, stress-induced changes in photosynthesis and respiration, or the time of
day that calcification preferentially occurs may be captured in the §3C signatures of coral
skeletons. Interpretation of the §'3C signatures in this type of experiment is complicated by
the experimental setup where seawater pH and DIC is manipulated by bubbling isotopically
CO, (depleted in '3C relative to the modern atmosphere), but relative species-specific §'3C
values and trends can still be used to make qualitative inferences. The oxygen isotope com-
position (6'®0) of marine carbonates constitute one of the most important archives for the
reconstruction of paleotemperatures and has been instrumental in building our current un-
derstanding the evolution of the Earth’s climate system (Lisiecki and Raymo, 2005; Zachos
et al., 2008). §'80 measurements in surface water corals have long been used to create tem-
porally resolved climate records (Emiliani, 1978; Fairbanks and Matthews, 1978) but coral
skeletal 80 compositions from controlled environmental conditions, such as those in this
study, are expected to isolate and reflect kinetic isotope effects induced by a combination of
relatively fast rates of calcification and fluid disequilibrium effects resulting from relatively
short DIC fluid pool residence times (Cohen, 2003; McConnaughey, 1989; Schoepf et al.,
2014; Swart, 1983; Weber and Woodhead, 1972).

More recently, the carbonate clumped isotope (A7) thermometer has offered new oppor-
tunities to independently reconstruct paleotemperatures based on the “clumping” of heavy
carbon and oxygen isotopes (Eq. 1.7), where at Earth surface temperatures the *C -180

bond abundance in carbonate ion groups are thermodynamically favored due to the lower



zero-point bond energy of the doubly-substituted isotopologues relative to the singly sub-
stituted isotopologues (Eiler and Schauble, 2004). Therefore “clumping” of *C and '#0 in
carbonate ions is a function of temperature. Measurement of the “clumped isotope” anomaly
relative to a stochastic distribution (R*) forms the basis for the carbonate clumped isotope
thermometer, with the Ay; term referring to the distribution of isotopologues in CO, gas

liberated on phosphoric digestion of solid carbonate (Eq. 1.8).
Ca®C'0, + Ca'*C'®0'%0, = Ca'*C'®0'°0, + Ca'*C'0, (1.7)

R47 R45

AM:[(R_L_D_(RZG_D_(R&

— 1)] % 1000 (1.8)

Significant early work suggested that biominerals from species such as foraminifera, coc-
colithophores, and some deep-sea corals that exhibit disequilibrium 60 “vital effects” of
several per mil also showed Ay, signatures that were indistinguishable from inorganic cal-
cite calibrations (Thiagarajan et al., 2011; Tripati et al., 2010) suggesting that the clumped
isotope proxy may be less influenced by biological processes than other geothermometers
(such as §'80). However, even in the initial study describing the carbonate clumped isotope
thermometer, it was observed that shallow water corals exhibited apparent disequilibrium
Ay7 values (Ghosh et al., 2006) which was confirmed in a later, more in-depth study (Saenger
et al., 2012). One possible explanation for these patterns, consistent with exhibited §'%0
“vital effects”, is that Ay, offsets may be primarily driven by DIC speciation effects. In
other words, isotope effects caused by significant differences in the §**O composition be-
tween HCO; and CO3™ in solution, is inherited by the bulk isotopic composition of the
DIC pool and, therefore, the precipitating carbonate mineral. In this case, biological regula-
tion of internal pHer (and the HCO; / CO3™ ratio) would generate mineral 60 and Ay;
offsets from expected values (Zeebe, 1999). The multiply substituted isotopologue species
of CO3™ (Ag3) is only modestly different from HCOjz; compared to the precision at which
Ay7 can be measured, thus DIC speciation effects on clumped isotope signatures may only
have a measurable effect over significant solution pH changes (Hill et al., 2014; Tripati et al.,

2015). Therefore, could this explain 'O disequilibrium but apparent Ay; equilibrium in



foraminifera, coccolithophores, and deep sea corals? In other cases such as the surface wa-
ter coral studies by Ghosh et al. (2006) and Saenger et al. (2012), kinetic isotope effects
may result from CO; diffusion and/or hydration/hydroxylation reactions and be captured in
the aragonite signature given the faster growth rates of these species compared to deep sea
corals, thus these effects would not be muted by equilibration with water prior to calcification

(Ghosh et al., 2006; Saenger et al., 2012).

This parsimonious model has been somewhat complicated by the observation of apparent
species-specific A r-to-temperature relationships in other deep-sea corals recovered from the
same environments (Kimball et al., 2016; Spooner et al., 2016), and analyses of a slow growing
Devil’s Hole speleothem has indicated that most inorganic and biogenic Ay, calibrations
probably do express at least minor kinetic isotope effects (Coplen, 2007; Daéron et al., 2019;
Kluge et al., 2014; Tripati et al., 2015). Additionally, minor mineralogical effects associated
with Mg content are predicted from theory (Hill et al., 2020) which could be a factor in
comparing A7 values from aragonitic scleractinian to high-Mg calcite producing gorgonian
corals, as in Kimball et al. (2016). Furthermore, in a culture experiment of the temperate
coral species Oculina arbuscula, it was found that both 680 and Ay; of the coral skeleton
changed in pCO, manipulation, potentially indicating that large changes in the pH and DIC
clumped isotope composition of the parent fluid for calcification can be expressed in the

coral skeleton A7-disequilibrium signatures (Tripati et al., 2015).

A recent theoretical study by Guo and Zhou (2019) may help clarify underlying processes
affecting A7 disequilibrium in corals via kinetic modelling of the fractionation in clumped
isotope compositions of the DIC pool for CaCO3 production by various processes within the
DIC-H,0-CO; system (Guo and Zhou, 2019). In this modelling framework it is suggested
that the Ay; fractionations generated by COs hydration/hydroxylation reactions are small
compared to observed disequilibrium effects in corals skeletons, and instead observed effects
may reflect mixing effect and/or preferential removal of isotopically distinct end-members
from the DIC pool for calcification. The study by Guo and Zhou (2019), as with previous
studies (eg. Rollion-Bard et al. (2011)) also highlighted the potential importance of the
residence time of the calcification fluid, as kinetic processes that may generate disequilib-

rium isotope effects in the DIC pool for calcification are more likely to be expressed in the
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coral skeleton if the residence time of DIC is short, with longer residence times allowing
for isotopic re-equilibration of DIC with water (Guo and Zhou, 2019; Rollion-Bard et al.,
2011), though pH could have a secondary influence on these kinetic processes (Rollion-Bard
et al., 2011). If DIC¢p residence times vary in environmental challenge experiments due to
changing calcification rates and changing rates of metabolic processes that draw on or add
carbon to the DIC pool, this is expected to impact Ay7. Finally, under this type of culturing
experiment where pHgy and DICgy, is altered via bubbling of isotopically light CO,, it is
possible to significantly alter A47 due to the potential for large changes (> 15%0) in the bulk

carbon isotope composition of aragonite (Defliese and Lohmann, 2015).

1.5 Coral net calcification rates and linear extension

This study utilizes the previously published culturing work by Bove et al. (2019), which
cultured four coral species — Siderastrea siderea, Psuedodiploria strigosa, Porites astreoides
and Undaria tenuifolia. These species occupy similar depths and geography in the Belizean
Barrier Reef System, and possess similar reproductive strategies but represent a range of
genotypes and morphologies (Bove et al., 2019). In the study of Bove et al. (2019), four
coral species were cultured at two temperatures (28°C and 31°C), selected to approximate
mean annual temperature as determined by 10 year in situ measurements and an additional
condition to represent projected end-of-century 3°C' warming, and at four target pCO, con-
ditions: preindustrial (311/288 patm), present day (405/447 patm), year 2100 projection
(701/673 patm) and an extreme, 2500 projection (3309/3285 patm) intended to approach or
surpass the corals’ physiological limits (Bove et al., 2019). Table 2.1 presents the carbonate
chemistry for each of the experimental treatment conditions from the original study (Bove
et al., 2019). ‘Net calcification’ refers to the difference between gross calcification and gross
dissolution, as measured via the buoyant weight technique (Davies, 1989). All species ex-
hibited declines in net calcification with pCOs-induced reductions in seawater pH (pHgw)
and seawater aragonite saturation state (2¢y) and additional temperature stress had no
effect on the net calcification of Po. astreoides and S. siderea. However, under thermal

stress, Psuedodiploria strigosa exhibited a reduction in net calcification while U. tenuifo-
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lia exhibited near-complete mortality, preventing measurements for net calcification (Bove
et al., 2019). Table 2.2 presents the net calcification, linear extension, and mortality results
from the original study (Bove et al., 2019). Corals were collected from both inshore and off-
shore reef environments to test for intraspecies variability in calcification responses based on
differences in natal micro-environmental conditions but no impact on the tested parameters
were observed (Bove et al., 2019). S. siderea and Po. astreoides exhibited positive linear
extension rates across all combined pCO, and temperature treatment conditions. Only S.
siderea and Po. astreoides were analyzed for linear extension, as the irregular morphology of
Ps. strigosa and U. tenuifolia prevented linear extension analysis. Linear extension rates for
S. siderea and Po. astreoides were not reduced by temperature, pCOs, nor their interaction
(Table 2.2). As stated in Bove et al. (2019), the discrepancy between the linear extension
rates and net calcification is likely explained by increased dissolution of exposed skeletal
material and/or the formation of less dense skeletal aragonite under elevated seawater pCOq
conditions (Bove et al., 2019). Considering that Po. astreoides exhibits both positive linear
extension and net dissolution under future OA scenarios, this suggests that those species are
vulnerable to dissolution under low seawater pH, while S. siderea appears to be the most
resilient species tested, as this species maintained positive net calcification across all con-
ditions (Bove et al., 2019) Psuedodiploria strigosa and U. tenuifolia exhibited significantly
negative calcification responses to temperature stress, and thus were determined to be the

least resilient species tested (Table 2.2) (Bove et al., 2019).

1.6 Caribbean coral responses to ocean warming and acidification

Coral resilience to environmental stressors appears to be linked to coral morphology. Though
multiple hypotheses are debated (e.g. differences in coral symbiont genetic constitutions,
surface area to skeletal volume ratio, tissue thickness and resulting zooxanthellate photo-
protective capacity, differential mass transfer for removal of superoxides and other oxygen
radicals) (Loya et al., 2001), it has been widely observed that massive and encrusting coral
genera (Leptastrea, Massive Porites, Goniastrea, Siderastrea, Psuedodiploria, and Undaria)

tend to be more resilient to temperature stress and bleaching than branching corals (Stylo-
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phera, Pocillopora, Seriatopora, and branched Porites species) (Baumann et al., 2019; Loya
et al., 2001). Three species in the study of Bove et al. (2019), S. siderea, Ps. strigosa, and
Po. astreoides, form colonies that can be massive or encrusting, but have different surface
morphologies (Bove et al., 2019). Po. astreoides tends to be a smaller, fast growing coral
with a lumpy or nodular surface (Veron et al., 2016), Ps. strigosa is a symmetrical brain
coral, S. siderea a domical coral with a smooth, dimpled surface, commonly known as the
Massive Starlet Coral (Veron et al., 2016), Undaria tenuifolia is a weedy coral with foliate
morphology, forming a complex of thin, upright, bifacial fronds, commonly referred to as a
leafy or lettuce morphology (Veron et al., 2016) (Figure 2.1). In reef environments through-
out the Caribbean, Porites sp., S. siderea, Ps. strigosa, and U. tenuifolia have all exhibited
relative resilience to environmental stressors such as high sedimentation rates and elevated
temperatures relative to the branching Acropora sp. corals, and have become increasingly
dominant on Caribbean reefs following massive die-offs of Acropora sp. corals (Baumann

et al., 2019; Céceres and Sanchez Munoz, 2015; Green et al., 2008).

All four species in this study exhibited a reduction in calcification rate with increasing
pCOs, a response that is largely consistent with calcification responses observed in previous
experiments on both temperate and tropical corals (Chan and Connolly, 2013), including
Florida Keys Porites astreoides, Psuedodiploria strigosa, and Siderastrea siderea Castillo
et al. (2014); Horvath et al. (2016); Jury et al. (2009); Okazaki et al. (2017); Ries et al.
(2010); Rodolfo-Metalpa et al. (2010). Scleractinian corals exposed to combined pCO4 and
thermal stress rarely exhibit reductions in calcification that could be attributed to interac-
tive or synergistic effects on calcification, instead typically exhibiting simple additive effects
(Anderson et al., 2019; Castillo et al., 2014). Though no temperature effect was observed
for S. siderea and Po. astreoides in this study (Bove et al., 2019), previous studies have
found that S. siderea from the Belize Mesoamerican Barrier Reef System (MBRS) exhibited
reduces calcification with a temperature increase of 28°C to 32°C (Castillo et al., 2014), and
prior studies have reported reduced calcification for Po. astreoides from the Florida Keys
due to thermal stress at temperatures elevated to 30.3°C (Okazaki et al., 2017) and 31°C
(Kenkel et al., 2013). Consistent with the results of Bove et al. (2019) however, S. siderea

from the Florida Keys did not exhibit reduced calcification due to temperature stress at
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30.3°C' (Bove et al., 2019; Okazaki et al., 2017).

In the study from Bove et al. (2019), Ps. strigosa did exhibit a reduction in calcification at
the 31°C high temperature condition (Bove et al., 2019), a result that was not observed for the
same species from the Florida Keys with temperature stress at 30.3°C (Okazaki et al., 2017).
Owing to high mortality at the 31°C' treatment in Bove et al. (2019) the calcification rates
for U. tenuifolia could not compared between temperature conditions (Table 2.2), but the
thermal sensitivity exhibited in this experiment is consistent with observations from Belize
MBRS thermal bleaching events (Aronson et al., 2000, 2002; Bove et al., 2019). Generally,
calcification rates in Bove et al. (2019) were largely comparable to those previously reported
from the Belize MBRS and Florida Keys (Bove et al., 2019; Castillo et al., 2012; Horvath
et al., 2016; Okazaki et al., 2017).
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Methods

2.1 Sample collection

Samples from the tropical Scleractinian coral species Siderastrea siderea, Psuedodiploria
strigosa, Porites astreoides, and Undaria tenuifolia were collected from inshore and off-
shore reef environments along the southern portion of the Mesoamerican barrier reef system
(MBRS) off the coast of Belize in June 2015 (Bove et al., 2019). For each species, six colonies
were collected from both an inshore and offshore reef environment, totaling 48 colonies (4
species x 6 colonies x 2 reef environments). Samples were then transported to a natural
seawater flow-through aquarium system at Northeastern University’s Marine Science Center
in Nahant, Massachusetts, USA, where each colony was sectioned into eight fragments to
be conditioned and subsequently undergo the 93-day experiment (Bove et al., 2019). An

example image of coral fragments for each species can be found in Figure 2.1.

2.2 Experimental coral culturing

Following a 70 day conditioning period, fragmented coral colonies from each species were
reared for 93 days under four target pCO;y conditions corresponding to preindustrial (311
patm), present-day control (405 patm), end-of-century (701 patm), and extreme (3309 patm)
carbon dioxide partial pressures, as well as two temperature conditions: a control 28°C, as
determined by in situ reef temperature records and a high-temperature 31°C treatment tem-
perature consistent with end-of-century mean sea-surface temperature increase predictions
(Stocker et al., 2013). Aquaria were illuminated on a 10:14 hour light:dark cycle by full
spectrum LED lights, photosynthetically active radiation of 300 wmol photons m=2s7!,

simulating light cycles within the corals’ native habitat.
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Figure 2.1 Images of (A) Porites astreoides, (B) Psuedodiploria strigosa, (C) Undaria tenuifolia,

and (D) Siderastrea siderea during the experiment from Bove et al. (2019).
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2.3 Measured and calculated seawater carbonate chemistry

Temperature, salinity, and pH were measured on alternating days for the duration of the
experiment. Every ten days, water samples were analyzed for total alkalinity (TA) and
dissolved organic carbon (DIC) on a VINDTA 3C via coulometry (TA) and closed-cell po-
tentiometric Gran titration (DIC), calibrated with certified Dickson TA/DIC standards.
These measured parameters were used to calculate the complete carbonate chemistry using
CO2SYS, a model developed by Lewis et al. (1998), using carbonic acid constants K; and
K from Roy et al. (1993), the stoichiometric aragonite solubility product (K3,) from Mucci
(1983), at an atmospheric pressure of 1.015 atm (Lewis et al., 1998; Mucci, 1983; Roy et al.,

1993). A subset of measured and calculated carbonate parameters can be found in Table

2.1.
Exp. T (°C) pCO, (uatm) salinity (psu) DH (NBS-scale)  pH (total-scale) TA (uM/kg) DIC (uM/kg) [CO57] (uM/ke) Qp
1 27.9+0.04, n=120 311£18,n=29 31.7+0.02,n=120 8.30+0.01, n=120 8.17+0.01, n=120 205218, n=29 1708%15,n=29 241+39, n=29 4.0+0.1, n=29
2 28.0+0.04, n=120 405+17,n=30 31.8+0.02,n=120 8.20+0.01, n=120 8.07+0.01, n=120 2081+3, n=30 1788+10, n=30 209+28, n=30 3.4+0.1, n=30
3 28.1x0.05,n=120 701+17,n=30 31.7+0.02,n=120 8.01+0.03, n=120 7.88+0.03,n=120 2092+7,n=29 1901+8,n=30 145+12,n=30 2.4+0.1, n=30
4 28.1+0.02, n=120 3309476, n=30 31.8+0.02, n=120 7.31x0.01, n=120 7.1840.01, n=120 213145, n=30 215646, n=30 42+5,n=30 0.7+0.1, n=30
5 31.0+0.04, n=120 288+12,n=29 31.7+0.02, n=120 8.34+0.01, n=120 8.20+0.01, n=120 2101+6,n=29 1710+11, n=29 274431, n=29 4.6+0.1, n=29
6 31.1+0.05,n=120 447428 n=30 31.7+0.02,n=120 8.21x0.01, n=120 8.0740.01, n=120 2077+6,n=30 1773%15,n=30 217+40,n=30 3.6+0.1, n=30
7 30.9+0.03, n=120 673%19,n=30 31.7+0.02, n=120 8.00+0.01, n=120 7.86%0.01, n=120 20826, n=30 1865%8,n=30 162£18, n=30 2.7+0.1, n=30
8 31.0£0.05,n=120 328599, n=30 31.7+0.02, n=120 7.29+0.01, n=120 7.15x0.01, n=120 212314, n=30 2135%5,n=30 47+6,n=30 0.8+0.1, n=30

Table 2.1 Measured and calculated experimental parameters. Each experimental condition (1-
8) was replicated with 3 tanks, and values represent the mean across the entire experiment with
1SD error. Samples were taken and measured every other day (T, pH, salinity) or every 10 days
(TA, DIC). Carbonate ion concentration ([CO3 ]) and aragonite saturation state (Qap_sw) were
calculated using CO2SYS based on measured temperature, salinity, TA and DIC with the Roy et al.
(1993) carbonic acid constants K; and Ks, and the stoichiometric aragonite solubility product from

(Mucci, 1983) and an atmospheric pressure of 1.015 atm.

2.4 Quantification of biotic growth responses

Net calcification rates were estimated using the buoyant weight method of Davies (1989).
Buoyant weights of all fragments were obtained at the beginning of the pre-acclimation
period, and every 30 days after throughout the duration of the experiment. Net calcification
rates were normalized to the surface area of each fragment. Surface areas were quantified

using triplicate photos of each coral nubbin and analyzed using Image J imaging software.
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Linear extension was quantified as the total area of new growth skeletal material through a
vertical cross-section, divided by the length of the long-axis of the region of active growth.
New growth was established by a calceine marker coincident with the start of calcification
under experimental conditions. Linear extension could not be accurately quantified for U.
tenuifolia or P. strigosa due to their irregular morphologies. Mortality was checked and
quantified every 30 days. Coral fragments were assessed and considered dead if no living
tissue remained on the coral nubbin. Those fragments that did not survive the full 93-day
experiment were not used for geochemical analysis. Net calcification as a function of the
seawater saturation state of aragonite (24r_sw) is exhibited in Figures 3.1 and 3.2 Net
calcification, linear extension, and mortality results can be found in Table 2.2. For further

details regarding calcification, mortality, and bleaching, see Bove et al. (2019).

2.5 Coral sample preparation for geochemical analyses

Corals fragments were sectioned using a seawater-cooled tile-cutting saw. New growth was
identified under fluorescent light microscope via calceine staining. New growth carbonate was
collected using a scalpel, and further powdered using an agate mortar and pestle to homog-
enize the bulk powder. Powdered samples underwent clay-removal and oxidative cleaning,
following the method from Barker et al. (2003). Prior to analyses, sample material was

dissolved in 1M HCI (40 — 60 pL).

2.6 Boron Isotopic Analysis (6!'B)

Carbonate sample processing and preparation was performed under Class 100 clean lab con-
ditions at the University of Cambridge, UK, to prevent boron contamination and minimize
boron acid blanks. All acids, ICP-MS standards and sample dilutions were prepared using
double distilled acids. Boron was purified from the carbonate matrix via microdistillation
(Guillermic et al., in review; Misra et al., 2014). Measurements were carried out on a Thermo
Scientific™ Neptune Plus MC-ICP-MS at the University of Cambridge equipped with 10'3
(2 resistances (Lloyd et al., 2018).
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Mortality and net calcification

Exp. condition (°C, pH [total- MNet calcification Linear extension
patm) scale) 0, (mgem™d™) (mmd™) Survival (%)
28,311  8.1710.01  4.0+0.1 -0.08+0.26, n=11 0.0050+0.0016, n=9 92%, n=12
28, 405 8.07+0.01  3.4+0.1 0.0740.52, n=12 0.0048+0.0016, n=3 100%, n=12
E 28,702 7.88+0.03 2.4+0.1 -0.174+0.40, n=10 0.0052+0.0025, n=9 83%, n=12
E 28,3309  7.1840.01 0.740.1 -0.6540.50, n=12 0.0023+0.0015, n=12 100%, n=12
3 31,288  8.20£0.01 4.640.1  0.50%0.50, n=6 0.0068+0.0016, n=5 50%, n=12
< 31, 442 8.0710.01 3.640.1 0.0440.29, n=3 0.0041+0.0018, n=7 89%, n=9
31, 674 7.8620.01 2.740.1 -0.02+0.24, n=9 0.0032+0.0008, n=6 75%, n=12
31, 3285  7.15+0.01 0.840.1 -0.54+0.27, n=3 0.00320xnan, n=1 36%, n=11
28, 312 8.17+0.01 4.0+0.1 0.92+1.28, n=13 94%, n=16
28,406  8.07£0.01  3.4+0.1 1.00+1.12, n=6 42%, n=12
o 28, 702 7.88+0.03 2.440.1 0.66+0.79, n=14 100%, n=14
_gn 28,3320 7.18+0.01 0.7%0.1 0.0310.71, n=16 94%, n=17
2 31,288 8.2040.01 4.6+0.1  0.41+0.30, n=9 64%, n=14
< 31, 443 8.0710.01 3.640.1 -0.3240.74, n=6 40%, n=15
31, 674 7.8620.01 2.740.1 -0.23+0.55, n=7 47%, n=15
31, 3284  7.15+0.01 0.540.1 -0.5040.39, n=8 53%, n=15
28, 312 8.17+0.01 4.0+0.1 1.3040.57, n=10 0.0087+0.0024, n=9 91%, n=11
28, 405 8.07+0.01 3.440.1 1.3740.70, n=12 0.0085+0.0030, n=11 100%, n=12
5 28, 703 7.88+0.03 2.4+0.1 1.08+0.45, n=11 0.008610.0034, n=11 100%, n=11
% 28,3317 7.18+0.01 0.7%0.1 0.13140.52, n=11 0.0069+0.0030, n=11 100%, n=12
E, 31,288  8.2040.01  4.640.1 1.004+0.54, n=8 0.0068+0.0021, n=8 80%, n=10
- 31, 449 8.0710.01 3.640.1 1.1640.70, n=11 0.0068+0.0020, n=10 85%, n=13
31, 673 7.8620.01 27401 1.0640.51, n=11 0.0075+0.0023, n=11 92%, n=12
31, 3285  7.15+0.01 0.840.1 0.43+0.53, n=12 0.0067+0.0024, n=12 100%, n=12
28, 312 8.17+0.01 4.0+0.1 0.1640.10, n=11 92%, n=12
28,404  B.07£0.01  3.4+0.1 0.2440.17, n=7 78%, n=9
Re, 28,698 7.88+0.03 2.4+40.1 0.0510.08, n=4 40%, n=10
f‘%‘ 28,3303 7.18+0.01 0.710.1 -0.2340.05, n=5 45%, n=11
E 31, 289 8.2010.01 4.640.1 0.1540.05, n=4 36%, n=11
> 31, nan 8.0710.01 3.640.1 nantnamn, n=0 0%, n=10
31, 677 7.8620.01 27401 0.01tnan, n=1 11%, n=9
31, nan 7.1510.01 0.8480.1 nantnamn, n=0 0%, n=7

Table 2.2 Calculated total net calcification, linear extension, and mortality for each species and
treatment condition. Mortality and net calcification rates from surviving coral fragments were
estimated using a buoyant weight method performed at the beginning of the pre-acclimation period
and every 30 days throughout the experiment. Linear extension could not be determined for Ps.

strigosa and U. tenuifolia due to their irregular morphologies.
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Boron isotopic composition is reported in standard 6B per mil (%¢) notation with
respect to the NIST SRM 951a boric acid standard (Catanzaro et al., 1970). The JCp-1
international standard (Geological Survey of Japan, Tsukuba, Japan; Gutjahr et al. (2014))
and the coral (NEP; Porites sp.) from the University of Western Australia and the Australian
National University was used to ensure external reputability (Holcomb et al., 2015; Sutton
et al., 2018). Sample blanks typically contained less than 0.56 ng-B (< 5 ppb B). The §''B
composition of the JCp-1 (§''Bc,—1) had a measured value of 24.06 + 0.19%0 (2SD, n=6)
within error of published values of 24.37 £0.32%0, 24.11 £0.43%0 and 24.42 £0.28%0 by
Holcomb et al. (2015), Farmer et al. (2016) and Sutton et al. (2018), respectively.

The 6''B composition of the NEP coral (§''Bygp) was measured at 25.37 +2.17%¢ (2 SD,
n=22) across 15 analytical sessions, with each number representing an ab initio processed
sample from the present study, which are within error of published values for the standard
of Holcomb et al. (2015) (26.2 + 0.88%0, n=27), Sutton et al. (2018) (25.8 4+ 0.89%0, n=6),
Guillermic et al. (in review) (25.71 £ 0.79%o0, n=27), McCulloch et al. (2014) (25.96 +
0.30%0). Detailed NEP coral results can be found in SI Table 6.1 and SI Figure 6.1.

In the second of two extended sample runs, both the NEP standards and sample replicates
of the prior year’s run exhibited an offset with respect to boron concentration (ng B). Using
the best fit, logarithmic curve, we added a boron-mass based correction to the data for
this second sample run. The correction is defined by the equation 0™ Beorrected = 0 Braw -
3.1391og(z) + 5.342, where x is the boron sample mass (ng) (SI Figure 6.1). We can also
compare this to the best-fit exponential curve as described by the equation: 6''Beorrected
= M B + 14.42 x el — 0.1694 * z), where x is the boron sample mass (ng) (SI Figure
6.2. The impact that these corrections would have on individual samples that were run in
as replicates in 2018 is described in SI Figure 6.3. This offset may be a result of increase
sample blank contamination in the second run, so that those samples with low sample mass
are disproportionately affected by this contamination. A multiple t-test analyses determined
that, for each treatment condition, the mean 0 Beorrected Was not significantly different from
the mean 0 B,,,. Furthermore, no treatment condition had a significant difference in the
U B-based pHep or Qcr. See the supplemental information for further discussion regarding

the mass-based correction.
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2.7 Trace elemental Analysis (B/Ca)

Elemental ratios were analyzed on a Thermo Scientific™ Element HR ICP-MS at Cambridge
University, UK, after calcium concentration checks on the Agilent™ ICP-OFES at Cambridge
University, UK. Acid blank concentrations relative to a typical Ca concentration session
(10ppm) were: "Li < 7%, 1B < 0.75%, Mg < 0.5%, 87Sr < 0.01%, 3Ca < 0.1%. External
reproducibility is reported relative to the consistency standard CamWuellestorfi, as published
by Misra et al. (2014), and our values were within error of published values (Misra et al.,
2014). The analytical uncertainties (2SD) on the X/Ca ratios: Li/Ca: 0.35 pmol/mol,
B/Ca: 8 umol/mol, 0.07 mmol/mol for Mg/Ca and 0.15 mmol /mol for Sr/Ca (25D, n=18).
Internal standard variability (2SD/Avg, %) was: Li/Ca < 5%, B/Ca < 4%, Mg/Ca < 2%,
Sr/Ca < 2%, U/Ca < 3% (Misra et al., 2014). Detailed element consistency standard
results can be found in SI Table 6.2. Trace elemental data was thinned using the ROUT
method within GraphPad Prism version 8.2.1 (GraphPad Software, San Diego, California
USA), based on the method of Motulsky and Brown (2006), set to the most restrictive false
discovery rate (Q = 0.1%), meaning that < 0.1% of identified outliers should have been
falsely identified as such (Motulsky and Brown, 2006).

2.8 Modelled pHcp

The pH of the calcifying fluid (pHgp) was calculated directly from the boron isotopic com-
position of the coral skeleton following the conversion (2.1) from Zeebe and Wolf-Gladrow
(2001), where: §''Bgy and 6B, represent the 6B in seawater (6''Bgy = 39.6%0)
(Foster et al., 2010) and in the measured carbonate sample, respectively, and a(psz_ps) =
1.0272 (Zeebe and Wolf-Gladrow, 2001). The dissociation constant of boric acid (pKp) has
a well-established value of 8.597 in seawater at 25°C, 35 PSU (Dickson, 1990).

511BSW - 511Bcarb
a(B3—pa) * 01 Begrp — 01 Bgy + 1000 * (c(p3—pay — 1)

pHep = pKp — log| ] (2.1)

21



2.9 Modelled ([CO$ |cr) and ([HCO;3]cr)

DICcr and [CO3 ™ |cr were calculated using the method and Matlab(C) code from DeCarlo
et al. (2018b). This study uses combined B/Ca and §''B to calculate [CO; ]¢cr, where:

[B(OH),]

[00327]01? = Kp * B/C’a

(2.2)

and Kp = 0.00297 * exp(—0.0202 * [H]), where [H] is determined based on pHep as
calculated from §''B following 2.1. Given pHer and [CO%‘]CF, DIC¢cr and Total Alkalinity
(TA¢r) can be calculated using the calculated dissociation constants for carbonate speciation

at a discrete temperature, salinity and pressure.

2.10 Proton pumping

The proton concentration of the calcifying fluid ([H"]¢r) and seawater ([H"]sw ) were calcu-
lated using the equation [H*] = 1077# using pH¢ to calculate [H' ] and pHgy to calculate
[H ) sw. [H")sw/[H ]cr ratio represents the elevation of protons in seawater relative to the

calcifying fluid, a higher ratio means a higher upregulation of pH in the calcifying fluid.

2.11 #BC, §'®0, and carbonate ”clumped” isotope analsysis (A7)

In this study, analyses were conducted on two Nu Perspective isotope ratio mass spectrom-
eters (IRMS) with secondary ion suppression. Most samples were analyzed using a Nu Carb
specific sample preparation system. This system reacts 0.48 mg (4£0.03 mg) of pure calcium
carbonate material, for 20 minutes at 70°C in individual reaction vials, thus eliminating any
potential memory effects that are associated with analyses using a common acid bath sys-
tem. Gases released by acid digestion of CaCOg are purified in a series of liquid Ny-cooled,
temperature controlled cold-fingers, an Adsorption Trap (AdTrap), an in-line, short Gas
Chromatograph (GC) column packed with Porapak Type-Q™ 50/80 and silver wool, before
introduction to the mass-spectrometer dual inlet for isotope analysis. This system operates

entirely under vacuum without a carrier gas for the GC column gas separation step. The
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relatively short length of the column allows for the measurement of relatively small CaCO3
sample sizes. The controlling software, Perspective Stable Gas Control Software™, was de-
veloped by Nu Instruments. The second digestion system is the common acid bath (CAB)
system modelled after that described by Passey et al. (2010) and is identical to the systems
used at Caltech and Johns Hopkins Universities (Henkes et al., 2013; Passey et al., 2010).
As with the Nu Carb sample preparation, the CAB system can be run at sample sizes at
roughly 0.5 mg pure CaCOj3. Instead of reactions occurring in individual reaction vials, a
common acid bath of phosphoric acid reacts the sample material for 20 minutes at 90°C.
Cryogenic traps (dry ice and ethanol, and liquid nitrogen) purify and isolate the CO, gas
from any HoO and other low-vapor pressure gases, and the CO, gas is separated through
a Gas Chromatograph (GC) column (UHP Helium carrier gas, Porapak Type-QTM 50/80
mesh column packing material) that is held at —20°C. Custom software was written in Lab-
view to control the autosampler, all valves, the GC, and dewar lifters, and is coupled to the
mass spectrometer control software (Perspective Stable Gas Control). It has recently been
shown that comparable results are achievable from these different instrumental configura-
tions with best practice data handling (Defliese and Tripati, 2020). Data is taken in three
blocks of 20 cycles, with each cycle consisting of 20 seconds of integration and 8 seconds of
changeover delay, for a total integration time of 1200 seconds per sample. Measurements
range from 80 nA to 30 nA on mass 44 over the course of each sample’s acquisition. The ten
calcite standards are reported in SI Table 6.3. These include ETH-1, ETH-2, ETH-3, ETH-
4, TAEA-C1, TAEA-C2, and MERCK as described in Bernasconi et al. (2018), and Carmel
Chalk, CMTile (a homogenized Carrara Marble), and VeinStrom (Bernasconi et al., 2018).
In the common acid bath system, a typical sample run is initiated with an equilibrated gas
standard, followed by a carbonate standard, 1-2 additional carbonate standards during the
run, and ending with a carbonate standard. Immediately after machine downtime or mainte-
nance, all analyses conducted are of equilibrated gas and carbonate standards to re-establish
reference frames. For the Nu Carb sample preparation systems, only carbonate standards
are measured, with 14-15 analyses per day, of which 5-6 are standards. Daily sequences
are initiated with two carbonate standards, 1-2 additional carbonate standards during the

run, and end with two carbonate standards. Following machine downtime or maintenance,
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all analyses are of carbonate standards. For heated, equilibrated gases we cycle through
each standard; for carbonate standards, we ensure we cycle through a range of carbonate
standards with different values that should bracket most samples. Following Meckler et al.

(2014), outliers are typically excluded at the 3o level (0.06%).

2.12 Statistical analyses

All statistical tests were performed using GraphPad Prism version 8.2.1 for Windows, Graph-
Pad Software, San Diego, California USA (www.graphpad.com). To test for statistically
significant changes in each parameter (e.g. net calcification rate, skeletal B/Ca composi-
tion, 6B composition, §'¥0 composition, A4; composition, boron-derived pHeop) across
experimental treatment conditions (e.g. pHgw ), a simple linear and centered second order
polynomial regression was fit to the data, using the Akaike’s Information Criteria (AICc)
to determine which regression best fit the data relationship. To test for significant in-
terspecies differences between parameters at the control temperature and pCO4 condition
(28°C, 405 patm), we use the conservative non-parametric Kolmogorov-Smirnov (K-S) test
within (based on Lehmann and D’Abrera (1975) and Kirkman (1996)). We compare the
best-fit linear regressions across the two temperature conditions by determining if the slopes
are statistically different following an analysis of covariance (ANCOVA) test as described in
Chapter 18 of J. Zar, Biostatistical Analysis, 4th edition, Prentice-Hall, 1999 (Zar, 1999).

In all cases, we evaluate statistical significance at a p — value of 0.05.
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Results

3.1 Boron isotopic analysis (6''B and B/Ca)

Under the experimental control culturing conditions (28°C, 405 patm pCOs), biological
replicate aragonite 6''B compositions (+1SD) were averaged for each species: Po. astreoides
(23.55 £0.94%0), Ps. strigosa (24.45 £1.73%0), U. tenuifolia (24.25 £0.56%0), and S. siderea
(23.87 £0.47%0) (Table 3.1). All four coral species exhibited statistically indistinguishable
6''B compositions based on a non-parametric Kolmogorov-Smirnov (K-S) test (SI Table
6.4). Additionally, B/Ca (£1SD) measurements for the control culturing condition were
averaged for each species: Po. astreoides (437 £31 pmol/mol), Ps. strigosa (505 £81
umol/mol), S. siderea (436 £18 umol/mol), and U. tenuifolia (518 £32 pmol/mol). Boron-
based experimental results (§''B and B/Ca) are reported in Table 3.1. A K-S test was used
to determine significant differences between each species at the control temperature and
pCO; condition and U. tenuifolia exhibited a significantly higher B/Ca composition relative
to P. astreoides (p = 0.01) and S. siderea (p = 0.01) (SI Table 6.4).

Under control temperature conditions (28°C), all species exhibit positive trends in the
d"B-composition as a function of seawater pHgys based on the best-fit linear regression:
Po. astreoides (slope: 1.26, p=0.028), Ps. strigosa (slope: 2.17, p = 0.001), S. siderea
(slope: 2.46, p < 0.0001), U. tenuifolia (slope: 2.01, p = 0.019) (Figure 3.1A; Table 3.2).
We consider the 28°C treatment to be the optimal growth condition and the 31°C treatment
condition to be an additional stress factor. Under temperature stress, two coral species,
Po. astreoides and S. siderea, continue to exhibit significantly non-zero, positive trends for
" B-composition as a function of pHgyy, while Ps. strigosa does not continue to exhibit this
behavior: Po. astreoides (slope: 1.184, p=0.041), Ps. strigosa (slope: 0.935, p = 0.108),
and S. siderea (slope: 2.52, p < 0.0001). Insufficient survival rates under temperatures
stress for U. tenuifolia restricted §''B and other geochemical measurements to the 28°C

treatment. Additionally, we test if the slopes differ between the two temperatures conditions
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Exp. condition PHee B/Ca [CO5"Ter Dtz
(°C, patm) &8 (%a) (total scale) {umol/mal) {mmol kg"'} {mmol kg"‘} T [Hly /THH e
28,311  23.15+0.91, n=6 8.42+0.06, n=6 396%54, n=6 11362182, n=6  5003%854, n=6 18.7£3.0, n=6 1.86+0.26, n=6
28,405 23.5540.94, n=6 8.45+0.06,n=6 437+31,n=6 1053480, n=6 44224354 n=6 17.3+1.3,n=6  2.44+0.35,n=6
% 28,702 22724143, n=5 B.3540.10, n=5 432453 n=4 9571180, n=4 45614614, n=1  15.7+3.0, n=4 3.21+0.66, n=5
g 28,3309 22.10+0.80, n=6  8.35%0.05, n=0 410446, n=6 972£100, n=6 48524502, n=6  16.0%1.6, n=6 15.16+1.98, n=6
35
@ 31,288 24.13tnan,n=1 8.d45tnan,n=1 389inan,n=1 1244tnan,n=1 4779%nan,n=1 20.8tnan,n=1  1.84#nan, n=1
&’: 31,442 23.73+0.67, n=5 8.4310.04, n=5 424432, n=5  1098+34 n=5 44214386, n=5 18.4+0.6,n=5  2.33+0.24, n=5
31,674 23.08+0.36, n=5 8.3840.02, n=5 443182, n=5  1004+134, n=5 43564699, n=5 16.8+2.2, n=5  3.37+0.18, n=5
31,3285 22.6110.439, n=2 8.35%0.03, n=2 568151, n=2 736%£107, n=2 33591284, n=2  12.3%1.8, n=2 15.92+1.27, n=2
28,312 24,25+0.56, n=7 8.45+0.04, n=7 491+41, n=7 1002+65, n=7 38964341, n=7 16.5+1.1, n=7 2.18+0.18, n=7
28,406 24.45%1.73, n=4 B8.5040.11, n=4 505%81, n=3 1036119, n=3 39534469, n=3  17.0+2.0, n=3 2.83#0.72, n=4
E 28,702  23.3240.69, n=6  8.4310.04, n=6 481%35, n=6 933+47, n=6 A4025+310, n=6  15.3+0.8, n=6 3.7240.64, n=6
.% 28,3320 22.204+1.25, n=6 8.3640.08, n=6 45138, n=6 879169, n=6 43514446, n=6  14.5+1.1, n=6 15.42+2.93, n=6
t;_ 31, 288 23.8640.90, n=4 B.4310.00, n=4 527144, n=4 888111, n=2 327344, n=2 14.940.2, n=2 1.7740.22, n=4
4 31,443 23.8780.79, n=5 8.43%0.05, n=5 49550, n=5 9591134, n=5 37814399, n=5 16.1+2.3, n=5 2.3740.28, n=3
31,674 23.65%0.45, n=4 8.4240.03, n=4 528133, n=4 850177, n=3 3449+107, n=3  14.2+1.3, n=3 3.67+0.26, n=4
31,3284 22.95+1.45 n=4 8.37+0.10, n=4 530454, n=2 75831, n=2 36094420, n=2 12.7+0.5,n=2  17.18+3.92, n=4
28,312  24.4940.70, n=6 8.51+0.05, n=6 450+26, n=6 111576, n=6 42164261, n=6  18.3+1.3, n=6 2.27+0.22, n=6
28,405 23.87+0.47,n=6 B.47+0.03, n=6 436118, n=6 1087463, n=6 43924192, n=6  17.9+1.0, n=6 2.55+0.17, n=6
5 28,703  22.6740.93, n=06  B.3540.06, n=6 424420, n=6 994+130, n=6 A598+197, n=6  16.3+2.1, n=6 3.351%0.49, n=6
% 28,3317 21.83%1.17,n=6 8.3310.08, n=6 415127, n=6 926+133, n=6 47671333, n=6  15.2+2.2, n=6 14,57+2.78, n=6
T?-: 31, 288  24.21+0.40, n=5 8.4640.03, n=5 467%11, n=5 1032+35, n=4 3972+118, n=4  17.3+0.6, n=4 1.86+0.11, n=5
v 31,449 23.43+0.73, n=6 8.4140.05, n=6 42522, n=6 1060462, n=6 44084252, n=6 17.8+1.0,n=6  2.22+0.24, n=6
31,673 22.1240.67, n=5 8.3240.05, n=5 432410, n=4  908+47, n=3 44494116, n=3  15.240.8, n=3  2.9240.31, n=5
31,3285 21.30+1.40, n=6 8.2640.10, n=6 428+21,n=6  851+118,n=5 44814285 n=5 14.242.0,n=5  13.21%3.10, n=6
-_‘-3_. 28,312 24.5940.68, n=4 8.5240.04, n=4 490151, n=4 1037186, n=4 38894455, n=4  17.0x1.4, n=4 2.3040.23, n=4
92‘-“ 28,404 24,2540.56, n=4 8.49+0.04, n=4 518432, n=4 951+101, n=4 36774192, n=4  15.6%1.7, n=4 2.69+0.21, n=4
§ 28,698 23.54+1.25,n=4 8.4540.08, n=4 463+77,n=1  996+97, n=4 42324774, n=4  16.4+1.6,n=4  3.91+0.71, n=4
) 28,3303 22.53+1.94, n=4 §8.3840.13, n=4 461462, n=4 9081198, n=4 428414660, n=4  14.943.3, n=4 16.48+4.98, n=4

Table 3.1 Measured 6''B (%o) and B/Ca (umol/mol) composition of skeletal aragonite. Calci-
fication fluid pH (pHcr) is derived directly from the boron isotopic composition (§''B) following
the equation of Klochko et al. (2006), and [CO3 |cr and DICoF are calculated using the method
of DeCarlo et al. (2018b) utilizing the combined B/Ca and §'!B compositions of skeletal aragonite.
Calcification fluid saturation state of aragonite (Qcr) is derived from [CO3 ]or and [Ca?t] of
seawater. Finally, [H"]sw /[H]cr is calculated directly from pHgy and pHep. Error is 1SD for

averaged biological replicates.
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within each species with an ANCOVA test. All three species, Po. astreoides (p=0.938), Ps.
strigosa (p=0.128), and S. siderea (p=0.935), exhibit no significant intra-species change in
slope (6 B-composition as a function of pHgy) due to temperature stress (SI Table 6.5).
Unlike §''B, most species did not exhibit significantly non-zero trends in B/Ca composition
as a function of pHgy at the control temperature (28°C) condition. Siderastrea siderea
exhibited a statistically significant increase in B/Ca composition as a function of increasing
pHgw (slope: 30.2, p = 0.02) and Ps. strigosa exhibited a similar, near-significant trend
(slope: 45.8, p = 0.063) (Figure 3.1B, Table 3.2). At 28°C, both Po. astreoides (slope: 5.60,
p=0.825) and U. tenuifolia (slope: 41.3,p = 0.280) maintained relatively constant B/Ca

compositions as a function of pHgy (Figure 3.1B, Table 3.2).

We compare the B/Ca results at 28°C to those under additional temperature stress at
31°C. At 31°C, S. siderea no longer exhibits a statistically significant trend for B/Ca as a
function of pHgy (slope: 19.7, p = 0.111), while Ps. strigosa continues to exhibit statistically
unchanging B/Ca compositions across pHgy, conditions (slope: —17.6, p = 0.619) (Table
3.2). Notably, Po. astreoides exhibited a significant decrease in B/Ca composition as a
function of increasing pHgw (slope: —159.8, p = 0.014), opposite in sign to the trends
observed for S. siderea and Ps. strigosa at the 28°C treatment (Table 3.2). Insufficient
survival rates under temperatures stress for U. tenuifolia restricted B/Ca measurements to
the 28°C treatment. Following an ANCOVA test, two species, Ps. strigosa and S. siderea,
do not exhibit a significant change in their slopes across temperature conditions (p = 0.136
and p = 0.538, respectively), but Po. astreoides does exhibit significantly different slopes

across temperature conditions (p = 0.005) (SI Table 6.5).

3.2 §"B-derived pH¢cr and [H'] pumping

As pHep is derived directly from ' B, the pHer results exhibit very similar patterns to those
found in the §'*B compositions (Figure 3.2B). At the control temperature and pCO, exper-
imental condition (28°C, 405 patm pCO,), mean §'!'B-derived pHer (total scale, +1SD)
for each species: Po. astreoides (8.45 £0.06), Ps. strigosa (8.50 £0.11), S. siderea (8.47
+0.03), U. tenuifolia (8.49 +0.04) (Table 3.1). As for §''B, all four coral species exhibited
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Linear: y=A1%x + AQ Centered quadratic: y=80 + B1%(x - Xmean) + B2*(x-Xmean)*2

Parameters Species  T°C Al A0 R p-value RMSE AICc BO Bl Xmean B2 R RMSE  AICc L Q preferred model
g w0
5B~ f(pHsw)
6“B“F(pH5W} Po. astreoides 28 1.258 13.060 0.211 0.0276 0.981 54 227950 1476 7.817 0.604 0.212 0.980 8.289 81.09% 18.91% Linear
58 ~flpHgy)  Po. astreoides 31 1184 14.010 0.354 0.0412 0.526 -7.5 23.000 2460 7.824 2795 0.453 0.484  -4.743 79.52% 20.48% Linear
"B ~f{pHsy) Ps. strigosa 28 2169 6.575 0.427 0.0007 1.007 6.6 23.270 2683 7.808 1.558 0.437 0.998 9.126 78.23% 21.77% Linear

5B~ f(pHgy) Ps.strigosa 31 0,935 16.280 0.63 01079 0.862 18 23.660 0.788 7.829 -0.384  0.165  0.861 5.23 84.92% 15.08% Linear
&8~ fpHgy) S.sideres 28 2462 3973 0533 <0.0001 0.906 14 22440 4306 7.815 5223 0635 0.800 -1.600 18% 82% Centered quadratic
5B~ f(pHgy) S.siderea 31 2521  3.079 0552 <0.0001 0958 44 21900 4.090 7.795 4.879 0.651 0.844  1.874 22.06% 77.94% Centered quadratic

- fpHsw) U. tenuifolia 22 2.006 8.051 0.336 0.018 1.119 106 23.420 2739 7813 2.111 0.352 1.105 13.8 83.45% 16.55% Linear
B/Ca ™ f(pHsw)

B/Ca~f{pHs,) Po. astreoides 28 5595 374.000 0.003 0.8247 4594 174.7 447.5 -58.1 7.812 -133.4 0.085 43.93 175.8 63.57% 36.43% Linear

B/Ca™f(pHs,) Po. astreoides 31 -159.8 1706  0.473 0.0135 5554 1044 446.8 -118.2 7.824 912 0.481 55.13 108.9 90.62% 9.377% Linear

B/Ca~flpHsy)  Ps.strigosa 28 45.8 122 0163 00625 4216 1709 48L0 424 7797 -10.9 0163 4215 173.98L82% 18.18% Linear
8/Ca~flpHey)  Ps.strigosa 31 -17.6 656 0020 06193 4226 1195 5154 9.6 7919 153 0021 4224 1233 8698% 13.02% Linear
8/Ca™ f{pHsy) S.siderea 28 30.2 195 0215 00224 2260 1560 4195 581 7.815 789 0278 2077 157 6124% 38.76% Linear
8/Ca™ flpHew) S.siderea 31 19.7 284 0129 01106 2209 1364 4169 556 7792 1147 0314 1960  134.4 27.54% 72.46% Centered quadratic
B/Ca~flpHsy)  U.tenuifolia 28 413 161 0083 02803 5456 134.9 4697 732 7.813 9L8 0101 5402 1383 8401% 15.99% Lincar
pHe ™ f(pHsw)
PHe~flpHsy) Po.astreoides 28 0.085  7.736 0214 00261 0.066 1189 8395 0105 7.817 0.053 0217 0066  -11680.82% 19.18% Linear
PHe“flpHsy)  Po.ostreoides 31 0.077  7.794 0358 00399 0034 -73.2 8373 0155 7.824 0171 0446 0032 -70.288132% 18.68% Linear
PHe~flpHsy)  Ps.strigosa 28 0145 7.313 0436 00006 0.066 1188 8428 0178 7.808 0100 0446 0065 -1163 78.4% 2L6% Linear
PHe“flpHsy)  Ps.strigosa 31 0.061  7.93 0165 01055 0056 -9.0 8422 0051 7.823 -0.025 0.167 0056 -87.5584.86% 15.14% Linear
PHee™ f{pHew) S.siderea 28 0166 7130 0535 <0.0001 0061 1283 8373 0286 7.815 0342 0632 0054  -1312029% 79.71% Centered quadratic
PHe ™ flpHsu) S.siderea 31 0471  7.022 0554 <0.0001 0.065 -114.1 8305 0272 7.795 0311 0643 0058  -11623.33% 7161% Centered quadratic

PH~flpHg,)  U.tenuifolia 28 0136  7.396 0.343 0.0172 0.075 -76.1 8437 0.183 7.813 0136 0358  0.074 -72.83 83.62% 16.38% Linear

2 ~

[€O5 T ™ f(pHsw)
[COs*)es ™ flpHsw)  Po. astreoides
[CO7]ce ™ flpHsw)  Po. astreoides

128200 3448 0128 01021 137.9 223.1 923.500 369.40 7.812 W 0,243 12840 223 48.76% 51.24% Centered quadratic
395.900 -2099.0 0.679  0.001 89.7 1159 990.20 434.30 7.824 84.020 0.680  89.46  120.59L12% 8.88% Linear

Now o
B E B

132100 -75.680 0375 0.0024 69.29 192.8 929.100 18140 7.797 #m### 0401  67.87  194.9 74.15% 25.85% Linear
179.900 -530.800 0313  0.0587 96.48 117.6 887.000 177.40 7.879 -5.021 0.313 9648 1223 91.35% 8.651% Linear

[CO5™Tce ™ FlpHsy) Ps. strigosa

©

o~ floHsy)  Ps.strigosa

182200 -393.70 0330 0.0033 102.00 2282 981.700 29810 7.815 #m###  0.376 9848  229.4 64.66% 35.34% Linear
105.500 -554.800 0.524 0.0007 80.23 164.5 935.700 262.30 7.802 #H4## 0545 7345  167.1782%  21.8%  Linear

Ter ™ flpHzy) S. siderea
Jer ™ flpHsw) S. siderea

w o
BB

lee ™ flpHsy)  U. tenuifolia 100.800 185.500 0.101 0.2299 119.20 159.9 97260 10210 7.813  3.679 0101 119.20  163.686.03% 13.97% Linear

8
B

DICq ~ f{pHsw)
DIC~flpHsw) Po.ostrevides 28 -117.4 5656 0.006 07271 610.8 288.6 4345 69160 7.953 2329 0081 5873 2899 65.61% 34.39% Linear
DIC.~flpHsy) Po.astrevides 31 1191.0 -5276 0384 00317 497.0 157.0 4336 64330 7.971 -1200 0.403 4891 1613 89.69% 10.31% Linear

DIC ~ flpHew) Ps, strigosa 28 -460.8 7720 0.220 0.0277 352.8 264.4 4059 -454.10 7.937 2 0.220 352.8 267.4 81.9% 18.1% Linear
DIC, ™ f{pHsy) Ps. strigosa 31 -29.2 3819 0.001 0.924 3411 1479 3615 -149.40 8.026 -247 0.005 3404 152.6 91.14% 8.861% Linear
DICg ™ f{pHgy) S. siderea 28 -489.9 8390 0.369 0.0016 251.9 2716 4656 -877.80 7.955 -1099 0.348 235.6 271.3 46.23% 53.77% Centered quadratic
DIC, ~ f{pHsy) $. siderea 31 -287.7 6625 0.184 0.0755 260.7 207.0 4610 -811.50 7.849 -1553 0.392 225.0 205 27.48% 72.52% Centered quadratic
DIC, ™ f{pHsy) U. tenuifolia 28 -450.4 7921 0117 0.184 533.3 2079 4187 -882.40 7.953 -1130 0.145 524.9 211 82.7% 17.3% Linear
Oce ™ f(pHsy)
O~ fpH,,)  Po. astreoides 28 2.10 0 0427 0.1031 23 423 15 6.05 7.953 11 0.241 21 42.25 49.25% 50.75% Centered quadratic
Q. ~flpH,) Po.ostreoides 31 6.64 -36  0.680 0001 15 177 17 7.217.971 1 0681 15  22369L1% 8.9% Linear
Qe ™ flpHo) Ps.strigosa 28 2.17 -2 0374 00025 11 120 15 2.96 7.937 3 0399 11 1416 74.52% 25.48% Linear
Qer ™ f(pHo) Ps.strigosa 31 3.02 -9 0313 0058 1.6 195 15 2.98 8.026 0 0313 1.6 2423 91.35% 8.651% Linear
Qe ™ f(pHsy) S.siderea 28 2.99 -7 0330 00034 17 310 16  4.88 7.955 5 037 1.6  322265.07% 34.93% Linear
O~ fpHo) $. siderea 31 3.28 -10 0.525 0.0007 13 17.3 16 4.40 7.849 3 0.545 13 19.91 78.27% 21.73% Linear
Q™ flpHy) U tenuifolia 28 165 3 0101 0.2315 20 285 16 1.65 7.953 0 0101 2.0 3214 86.03% 13.97% Linear
85~ f(pHa)
s8¢~ f(pHy)  Po. astreoides 28 10.670 -89 0.870 <0.0001 17 230 -5.8 11.180 7.824 1.349 0.870 16 26.59 85.67% 14.33% Linear
EBC"ﬂpHM} Po. astreoides 31 2543 -23  0.477 0.0271 0.9 7.8 -3.7  3.524 7.797 2376 0.495 0.9 13.42 94.4% 5.598%  Linear
Euﬁ"f(pHm} Ps. strigosa 28 9.064 -75 0.899 <0.0001 12 135 -4.15 8.057 7.824  -2.767 0.502 12 16.56 82.32% 17.68% Linear
EBC"ﬂpHM} Ps, strigosa 31 4.8 -41  0.653 0.0002 15 19.2 -3.13 4723 7.814 -0.306 0.653 15 22,82 85.99% 14.01% Linear
Euﬁ"f(pHm} S. siderea 28 9.468 -80 0.848 <0.0001 16 218 -6.6 9.728 7.813 0.748 0.848 16 25.4 85.89% 14.11% Linear
Euc"f(pHm} S, siderea 31 11920 -99  0.939 <0.0001 12 13.2 -5.3 10.310 7.832 -4.121 0.945 12 16.21 81.56% 18.44% Linear
Euﬁ"f(pHm} U. tenuifolia 28 5.051 -43  0.690 <0.0001 13 16.4 -4.0 5.234 7.813 0.529 0.690 13 20.04 85.93% 14.07% Linear

50~ f{pHy,)

§°0~f(pH.) Po.ostreoides 28 0.231 8 0.026 05521 0.6 -1L2  -59 04757.824 0.647 0023 0.6  -7.7285.32% 14.68% Linear
§°0~f(pH,) Po.astreoides 31 -0.973 2 0312 0074 05 -62 58 -01577.833 1308  0.389 05 -231487.69% 12.31% Linear
§0~flpH,)  Ps.strigosa 28 -0.572 1 0401 00085 03 -336 575 -0.9427.824 -1018 0453 03 -31.33 7467% 25.33% Linear
§%0~f(pHy)  Ps.strigosa 31 -0.625 1 0299 00285 04 225 570 -0.7047.814 -0.225 0301 04 -18.9285.74% 14.26% Linear
50~ f(pHa) S.siderea 28 -0.581 10395 00092 03 -33.2 57 -0.6617.813 -0.231 0397 0.3  -29.6185.59% 14.41% Linear
50~ f(pH,) S.siderea 31 -0.108 5 0006 079 0.6 -7.4  -58 -04757.832 -093 0031 0.6 -3.3988.09% 11.91% Linear
§0~f(pH,)  U.tenuifolia 28 0.088 5 0008 07412 04 -233  -47 0227813 038 0015 04 -19.7685.36% 14.64% Lincar
Bq7 ™ f(pHy)
0~ f(pHw)  Po. ostreoides 28 -0.013 1 0150 01381 00 -133.8 0.7 -0.0367.824 -0.062 0.269 0.0 -132.664.91% 35.09% Linear
A ~f(pHy) Po. astrevides 31 -0.002 1 0003 08714 00 -826 0.7 -0.0247833 -0.051 0.087 00 -78.3689.42% 10.58% Linear
O~ f(pHw)  Ps.strigosa 28 -0.008 1 0072 03137 00 -1365 068 00147824 0059 0.242 0.0 -136.154.99% 45.01% Linear
Ay ~flpHy)  Ps.strigosa 31 -0.013 1 0371 0022 00 -1472 069 -0.0337.814 -0.058 0.653 00 -15442782% 57.22% Centered quadratic
By~ F(pHa) S.siderea 28 -0.014 1 0354 0015 00 -149.4 07 -0.0187.813 -0.010 0.362 0.0 -145.984.74% 15.26% Linear
Ay ™ F{pHa) S.siderea 31 -0.029 1 0341 003 00 -99.0 07 -0.0337.832 -0.005 0.343 0.0 -34.6789.55% 10.45% Linear
Op~flpHw)  U.tenuifoia 28 -0.010 1 0058 03711 00 -124.7 07 00117813 0062 0153 0.0 -122.8724% 27.6% Linear

Table 3.2 Linear and centered quadratic regression analysis. Bolded values highlight significance
as determined by a p-value < 0.05. The Akaike’s Information Criterion test (AICc) determines

best fit between the linear and centered quadratic regressions.
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Figure 3.1 (A) Measured 6''B and (B) B/Ca composition of coral aragonite following the 93-
day culturing experiment. Large triangular symbols (£1SD) represent the mean value for each
treatment condition. Blue symbols represent the control temperature (28°C) treatment condition
and red represents the high temperature (31°C) treatment condition. A line of best-fit is placed in
each graph that exhibited a significant trend, with shading representing the 95% confidence interval.
Linear versus centered quadratic fit was determined using the Akaike’s Information Criteria test.
Dashed blue and red curves represent the expected §''B composition of borate ion (B(OH);) in

solution at 28°C and 31°C, respectively. Species for each row is labelled in (A).
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statistically indistinguishable §''B compositions based on a K-S test (SI Table 6.4), and all
species at the control temperature treatment exhibited a statistically significant reduction
in pHep with decreasing pHgy: Po. astreoides (slope: 0.085, p=0.026), Ps. strigosa (slope:
0.145, p = 0.001), S. siderea (slope: 0.166, p < 0.0001), and U. tenuifolia (slope: 0.136,
p = 0.017) (Table 3.2). As with §''B, none of the three species tested (Po. astreoides, Ps.
strigosa, and S. siderea) exhibit a significant change in slope (for §''B-derived pHer as a
function of pHgy ) under temperature stress relative to the control temperature treatment,

based on an ANCOVA test (SI Table 6.5).

Based on calculated pHep as derived from the §'B - pH proxy system, we estimate
proton removal from the extracellular calcification fluid, which is understood to be a bet-
ter reflection of the energy required to modify the carbonate chemistry of the calcification
fluid. The ratio [H"]sw/[H"]cr as a means to quantify proton removal comparable across
experimental culturing conditions, where larger values represent a greater change in pro-
ton concentration in the calcification fluid relative to seawater. At the control temperature
and pCO, experimental condition (28°C, 405 patm pCOs), mean [H sy /[H ]cr (£1SD)
for each species: Po. astreoides (2.44 £0.35), Ps. strigosa (2.83 £0.72), S. siderea (2.55
+0.17), U. tenuifolia (2.69 £0.21) (Table 3.1). This is compared to the mean [H"]sw /[H']cr
(£1SD, x times the control pCO, treatment) value at the control temperature and extreme
pCO4 condition (28°C, 3300 patm pCOs): Po. astreoides (15.16 £1.98, 6.2x), Ps. strigosa
(15.42 £2.93, 5.4x), S. siderea (14.57 £2.78, 5.7x), U. tenuifolia (16.48 £4.98, 6.1x) (Table
3.1, Figure 3.3). At the high temperature and extreme pCO, condition (31°C, 3300 uatm
pCOy), [H']sw/[H]cr values are again significantly elevated relative to the control temper-
ature and pCO, treatment condition (£1SD, x times the control treatment): Po. astreoides
(15.92 +£1.27, 6.5x), Ps. strigosa (17.18 £3.9, 6.1x), S. siderea (13.21 £3.10, 5.2x) (Table
3.1, Figure 3.3).

3.3 Combined B/Ca- and ¢''B-derived [CO; |cr

Under the control temperature and pCOy experimental conditions (28°C, 405 patm pCOs,),

mean [CO3 |or (£1SD) was significantly elevated relative to seawater carbonate ion con-
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Figure 3.2 (A) Net calcification rate (mg cm =2 d~!) following the 93-day culturing experiment as
reported by Bove et al. (2019) and (B) 6''B-derived pHcr (total scale) of the coral calcifying fluid.
Blue symbols represent the control temperature (28°C) treatment condition and red represents
the high temperature (31°C) treatment condition. A line of best-fit is placed in each graph that
exhibited a significant trend, with shading representing the 95% confidence interval. Linear versus
centered quadratic fit was determined using the Akaike’s Information Criteria test. An asterisk
is placed above the treatment condition if there is a significant temperature effect exhibited (K-S

test, p < 0.05).
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Figure 3.3 [H]sw /[H']cr ratio for each species based on seawater pH (total scale) and §''B-
derived pHep following the conversion: [H] = 107PH.
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centration ([CO; |SW, 209 428 uM): Po. astreoides (1053 +80 uM, 5.0x), Ps. strigosa
(1036 +119 uM, 5.0x), S. siderea (1087 +63 puM, 5.2x), and U. tenuifolia (951 £101 pM,
4.6x) (Figure 3.4B, Table 3.1). As [CO3 |¢r is derived predominantly from the measured
B/Ca compositions of skeletal aragonite, we might expect to observe similar patterns for
[CO3 ]cr as were observed for B/Ca. And as with B/Ca at the control condition, U. tenuifo-
lia exhibited a significantly reduced [CO3 ]or relative to S. siderea (p=0.048), but not Po.
astreoides (p-0.552) nor Ps. strigosa (p=0.400), according to the (K-S) test (SI Table 6.4).
Under optimal temperature conditions (28°C), Ps. strigosa and S. siderea exhibited signif-
icant decreases in B/Ca-derived [CO3 ]cor as a function of decreasing pHgy based on the
best-fit linear regression: Po. astreoides (slope: 128.2, p=0.102), Ps. strigosa (slope: 132.1,
p=0.002), S. siderea (slope: 182.2, p=0.003), Undaria tenuifolia (slope: 100.8, p=0.230)
(Table 3.2). We compare the B/Ca-derived [CO; |or results at 28°C to those under ad-
ditional temperature stress at 31°C. At 31°C, S. siderea continues to exhibit a statistically
significant trend for [CO3 |cr as a function of pHgy (slope: 195.5, p=0.001), while Ps.
strigosa has a marginally statistically insignificant positive trend for [CO3™|cr across pHgy
conditions (slope: 179.9, p=0.0587) (Table 3.2). Like B/Ca, Po. astreoides maintained rel-
atively constant [CO3 ]or at the control temperature condition but exhibited a significant
increase in [CO3~ | with increasing pHgyy at the high temperature treatment (slope: 395.9,
p=0.001) (Table 3.2). All three species tested, Po. astreoides, Ps. strigosa and S. siderea,
did not exhibit a significant change in their slopes across temperature conditions according
to the intra-species ANCOVA test (p=0.056, p=0.563, and p=0.859, respectively) (SI Table
6.5).

3.4 Combined B/Ca- and §''B-derived DIC¢r

Under the control temperature and pCOs experimental condition (28°C, 405 patm pCO,),
mean B/Ca- and §''B-derived DICqr (£1SD) was elevated relative to total dissolved inor-
ganic carbon in seawater (DICgy,, 1788 £52 uM) for each species: Po. astreoides (4422
+354 uM, 2.5x), Ps. strigosa (3953 £469 puM, 2.2x), S. siderea (4392 £192 uM, 2.5x),
and U. tenuifolia (3677 £192 pM, 2.1x) (Figure 3.4C, Table 3.1). At this control con-
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dition, U. tenuifolia exhibited a significantly reduced DICqop relative to Po. astreoides
(p=0.010) and S. siderea (p=0.010), but not Ps. strigosa (p=0.400), according to the
non-parametric Kolmogorov-Smirnov (K-S) test (SI Table 6.4). Under control temperature
conditions (28°C), two species, Po. astreoides and U. tenuifolia, maintained statistically
constant DICop as a function of seawater pHgy,, while Ps. strigosa and S. siderea exhibited
significant reductions in DICqr as a function of increasing pHgy, based on the best-fit linear
regression: Po. astreoides (slope: -117.4, p=0.727), Ps. strigosa (slope: -460.8, p=0.028),
S. siderea (slope: -489.9, p=0.002), U. tenuifolia (slope: -490.4, p=0.194) (Table 3.2). We
compare our boron-derived DICqp results at 28°C to those under additional temperature
stress at 31°C. At 31°C, Ps. strigosa (slope: -29.2, p=0.924) and S. siderea (slope: -287.7,
p=0.076) no longer exhibit statistically significant trends for DICsf as a function of pHgy,
while Po. astreoides exhibited a significant positive trend for DICqpr across pHgy condi-
tions (slope: 1191.0, p=0.032), though Po. astreoides did not exhibit a significantly non-zero
trend at 28°C (Table 3.2). According to an ANCOVA test, only Po. astreoides exhibited a
significantly different slope across temperature conditions (p=0.046), while Ps. strigosa and
S. siderea did not exhibit a significant change in their slopes across temperature conditions

(p=0.236 and p=0.326, respectively) (SI Table 6.5).

3.5 Saturation state of the calcifying fluid (Q¢r)

Saturation state of the internal calcification fluid (2cr) is derived from the boron-derived
[CO3 |cr parameter. Under the control temperature and pCO, experimental condition
(28°C, 405 patm pCO,), mean Qcp (£1SD) was elevated relative to the aragonite saturation
state of seawater (Qgw, 3.4 £0.5) for each species: Po. astreoides (17.3 £1.3, 5.1x), Ps.
strigosa (17.0 £2.0, 5.0x), S. siderea (17.9 £1.0, 5.3x), and U. tenuifolia (15.6 +£1.7, 4.6x)
(Figure 4.5, Table 3.1). Like [CO2 |cr, U. tenuifolia exhibited significantly reduced Qcr
relative to S. siderea (p=0.048), but not to Po. astreoides (p=0.552) nor Ps. strigosa
(p=0.400) at the control treatment condition (SI Table 6.4). Under control temperature
conditions (28°C), again like [CO3 |¢r, all species except U. tenuifolia exhibited statistically

significant or near-significant decreases in Q¢ as a function of decreasing seawater pHgy,
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Figure 3.4 (A) Measured net calcification rate (mg em~2 d~'), (B) B/Ca-derived carbonate
ion concentration of the coral calcifying fluid ([CO2™|cp, p mol/mol), and (C) combined §"'B
and B/Ca-derived dissolved inorganic carbon concentration of the coral calcifying fluid (DICcp,
pumol/mol). Triangle symbols (£1SD) represent the mean value for each treatment condition,
Blue and red symbols represent the 28°C and 31°C treatment conditions, respectively. A line of
best-fit is placed in each graph that exhibited a significant trend, with shading representing the
95% confidence interval. Linear versus centered quadratic fit was determined using the Akaike’s
Information Criteria test. An asterisk is placed above the treatment condition if there is a significant

temperature effect exhibited (K-S test, p < 0.05).
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based on the best-fit linear regression: Po. astreoides (slope: 2.10, p=0.103), Ps. strigosa
(slope: 2.17, p=0.003), S. siderea (slope: 2.99, p=0.003) (Table 3.2). Undaria tenuifolia
maintained statistically constant Qcp as a function of decreasing seawater pHgy (slope:
1.65, p=0.101) (Table 3.2). Under temperature stress, as for [CO3 |cr, Po. astreoides
(slope: 6.64, p=0.001) and S. siderea (slope: 3.28, p=0.001) exhibited significantly non-
zero, positive slopes, consistent with their trends at the control temperature, and Ps. strigosa
(slope: 3.02, p=0.059) exhibited a nearly significant positive trend in Qcp as a function of
pHgy and the ANCOVA test did not determine that the slopes for Ps. strigosa are different
between the 28°C and 31°C temperature conditions (p=0.814) (SI Table 6.5).

3.6 Stable carbon and oxygen isotope analysis (6°C, §1°0)

Under the control temperature and pCO, experimental condition (28°C, 405 patm pCO,),
mean §3C (£1SD) for each species: Po. astreoides (-2.58 +0.92%0), Ps. strigosa (-1.11
+1.51%0), S. siderea (-3.94 £0.61%0), and U. tenuifolia (-2.65 +0.34%0) (Figure 3.5A, Ta-
ble 3.3). At this control condition, only U. tenuifolia exhibited a significantly different §'*C
composition than S. siderea (p=0.029), but none of the other species comparisons were sta-
tistically distinguishable according to the non-parametric K-S test (SI Table 6.4). Under the
control temperature and pCO, experimental condition (28°C, 405 patm pCOs;), mean §80
(£1SD) for each species: Po. astreoides (-5.19 +0.74%0), Ps. strigosa (-5.66 +0.39%o), S.
siderea (-5.95 £0.21%0), and U. tenuifolia (-4.44 £0.21%0) (Figure 3.5B; Table 3.3). Like
§13C, at the control condition, U. tenuifolia exhibited a significantly different 6**O composi-
tion than S. siderea (p=0.029), but none of the other species comparisons were statistically
distinguishable according to the non-parametric K-S test (SI Table 6.4). Under optimal
temperature conditions (28°C), all four species exhibited significant trends in §'3C compo-
sition of skeletal aragonite as a function of pHgy, based on the best-fit linear regression:
Po. astreoides (slope: 10.7, p < 0.0001), Ps. strigosa (slope: 9.06, pj0.0001), S. siderea
(slope: 9.47, p < 0.0001), U. tenuifolia (slope: 5.05, p < 0.0001) (Table 3.2). As described
in more detail in the discussion section a primary driver of these trends in §'3C is the neg-

ative values of the source COy bubbled through aquarium tanks resulting in §'3C of DIC
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becoming increasingly negative as pCQOs is increased. However, there may also be an im-
print of physiology due to temperature effects in these experiments as described below. We
compare the §13C results at 28°C to those under additional temperature stress at 31°C. At
31°C, all three species tested continue to exhibit significant trends for 6**C as a function
of pHgw: Po. astreoides (slope: 2.54, p=0.027), Ps. strigosa (slope: 4.83, p=0.0002), and
S. siderea (slope: 11.92, p < 0.0001) (Table 3.2). According to an ANCOVA test, both
Po. astreoides and Ps. strigosa exhibited significantly different slopes across temperature
conditions (p < 0.0001 and p=0.0021, respectively), while S. siderea did not exhibit a sig-
nificant change in slope across temperature conditions (p=0.102) (SI Table 6.5). Under
optimal temperature conditions (28°C), two species exhibited significant negative trends in
5180 composition of skeletal aragonite as a function of pHgy, based on the best-fit linear
regression: Ps. strigosa (slope: -0.572, p=0.0085), S. siderea (slope: -0.581, p=0.0092). The
other two species, Po. astreoides (slope: 0.231, p=0.552) and U. tenuifolia (slope: 0.0882,
p=0.741) did not exhibit significantly non-zero trends (Table 3.2). We compare the 680
results at 28°C to those under additional temperature stress at 31°C. At 31°C, only Ps.
strigosa continued to exhibit a significant negative trend for 6'*0 as a function of pHgy,
while Po. astreoides and S. siderea do not exhibit significantly non-zero trends: Po. as-
treoides (slope: -0.973, p=0.0744), Ps. strigosa (slope: -0.625, p=0.0285), and S. siderea
(slope: -0.108, p=0.799) (Table 3.2). Additionally, we test if the slopes differ between the
two temperatures conditions for each species with an ANCOVA test. Only Po. astreoides
exhibited a significantly different slope across temperature conditions (p=0.043) while Ps.
strigosa and S. siderea did not exhibit a significant change in slope across temperature

conditions (p=0.868 and p=0.282, respectively) (SI Table 6.5).

3.7 Carbonate ”clumped” isotope analysis (A7)

Under the control temperature and pCO, experimental condition (28°C, 405 patm pCO,),
mean Ay; (£1SD) for skeletal aragonite: Po. astreoides (0.697 £0.016%0), Ps. strigosa
(0.692 £0.006%0), S. siderea (0.684 £0.005%0), and U. tenuifolia (0.7004£0.004%0) (Figure
3.5C, Table 3.3). At this control condition, U. tenuifolia exhibited a significantly elevated Ay7
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Figure 3.5 (A) Measured stable carbon isotopic composition (§13C), (B) measured stable oxy-
gen isotope composition (6'0), and (C) carbonate clumped isotope composition (Ay7). Triangle
symbols (+1SD) represent the mean value for each treatment condition (£1SD for 6!3C and §'20,
+1 sem for Ay7). Blue symbols represent the control temperature (28°C) treatment condition and
red represents the high temperature 31°C) treatment condition. A line of best-fit is placed in each
graph that exhibited a significant trend, with shading representing the 95% confidence interval.
Linear versus centered quadratic fit was determined using the Akaike’s Information Criteria test.
An asterisk is placed above the treatment condition if there is a significant temperature effect
exhibited (K-S test, p < 0.05).
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composition relative to S. siderea (p=0.029) but not Po. astreoides (p=0.771) or Ps. strigosa
(p=0.229) (SI Table 6.4). Under optimal temperature conditions (28°C), three species, Po.
astreoides, Ps. strigosa, and U. tenuifolia, maintained statistically constant Ay; as a function
of seawater pHgyy, while S. siderea exhibited a significant negative trend in Ay; as a function
of increasing pHgy, based on the best-fit linear regression: Po. astreoides (slope: -0.0129,
p=0.138), Ps. strigosa (slope: -0.0078, p=0.314), S. siderea (slope: -0.0141, p=0.015), U.
tenuifolia (slope: -0.0102, p=0.371) (Table 3.2). We compare the A7 results at 28°C to
those under additional temperature stress at 31°C. At 31°C, Ps. strigosa (slope: -0.0134,
p=0.022) and S. siderea (slope: -0.0292, p=0.036) exhibit statistically significant negative
trends for Ay; as a function of pHgy,, while Po. astreoides continues to maintain a slope that
is not statistically non-zero (slope: -0.0025, p=0.871) (Table 3.2). Additionally, we test if
the slopes differ between the two temperatures conditions for each species with an ANCOVA
test. None of the three species tested exhibited a significant change in their slopes when
different temperature treatment regressions are compared (p=0.52, p=0.55, and p=0.234,
respectively) (SI Table 6.5). Finally, a comprehensive accounting of each measured and
calculated internal isotope and elemental composition, along with their associated derived
internal calcification fluid parameter for each individual sample, for all species, is listed in

SI Tables 6.9A - 6.9F.
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Exp. condition  87C (%o - 50 (%o - By (%0 -

(*C, patm) VPDE) VPDB) CDES) AS™0 (%) Al (%)
28,311 -2.2640.53, n=A -5.96+0.49, n=4 0.71#0.01, n=4 -3.6430.74, n=4 (.04%0.01, n=4
28,405 -2.5840.92, n=4 -5.1940.74, n=4 0.70+0.02, n=4 -4.49+0.36, n=4 (.04%0.02, n=4

%’f 28,702 -5.15+1.50, n=4 -6.08+0.36, n=4 0.7240.01, n=4 -4.36+0.27, n=4 0.06+0.01, n=4

@ 28, 3309 -12.53#3.11, n=4 -5.9120.27, n=4 0.720.01, n=4 -3.77#nan, n=1 0.06+0.01, n=4

=

& 31,288 -l4ltnan,n=1 -5.35tnan,n=1 0.68tnan, n=1 -4.2310.56, n=4 0.03tnan, n=1

S 31,442 -2.58:0.65,n=A -5.810.57,n=4 0.69:0.01, n=4 -4.12+0.65, n=4 0.04+0.01, n=4
31,674 -3.46+1.31, n=4 -5.71#0.65, n=4 0.70+0.02, n=4 -3.22+0.02, n=2 (.0410.02, n=4
31,3285 -4.9621.16, n=2 -4.78+0.02, n=2 0.690.02, n=2 -4.7320.18, n=5 0.040.02, n=2
28,312 -2.2440.57,n=5 -6.3130.18, n=5 0.6940.02, n=5 -4.12+0.39, n=3 0.0310.02, n=5
28,406 -1.11#1.51,n=3 -5.66+0.39, n=3 0.69+0.01, n=3 -4.33#0.12, n=4 0.0310.01, n=3

S 28,702 -4.09+0.33,n=4 -5.93+0.12, n=4 0.68+0.01, n=4 -4.02+0.13, n=4 0.02+0.01, n=4

.gl!a 28, 3320 -10.56+1.74, n=4 -5.56+0.13, n=4 0.70+0.01, n=4 -4.41+0.63, n=4 0.04+0.01, n=4

5

% 31,288 -1.7530.63, n=4 -5.98+0.63, n=4 0.67+0.00, n=4 -4.35:0.31, n=4 0.02+0.00, n=4

31,443 -1.3240.69, n=4 -5.93+0.31, n=4 0.68+0.00, n=4 -4.12+0.32, n=4 0.02+0.00, n=4
31,674 -3.26%0.51, n=4 -5.7240.33, n=4 0.6940.01, n=4 -3.77+0.43, n=4 (.0410.01, n=4
31,3284 -6.3942.95, n=4 -5.3440.43, n=4 0.690.01, n=4 -4.3520.08, n=4 0.040.01, n=4
28,312 -3.2740.19, n=4 -5.93+0.09, n=4 0.69+0.01, n=4 -4.40+0.21, n=4 0.03+0.01, n=4
28,405 -3.9440.61, n=A -5.9530.21, n=4 0.68+0.00, n=4 -4.13+0.36, n=4 (.02+0.00, n=4

= 28,703 -6.2041.12, n=4 -5.72+0.36, n=4 0.69+0.00, n=4 -3.84+0.47, n=4 (.03+0.00, n=4

E 28, 3317 -12.4943.30, n=4 -5.3920.47, n=A4 0.7020.01, n=4 -4.7240.18, n=3 0.040.01, n=4

. 31,288 -2.5840.21, n=3 -6.28+0.18, n=3 0.70:0.01, n=3 -4.17+1.02, n=4 0.0410.01, n=3

“i' 31,449 -2.61%1.38, n=4 -5.75:1.02, n=4 0.680.01, n=4 -4.39:0.23, n=3 0.020.01, n=4
31,673 -5.4540.62, n=3 -5.9940.23, n=3 0.71#0.02, n=3 -4.37+0.14, n=3 0.0620.02, n=3
31, 3285 -14.30%1.98, n=3 -5.93+0.14, n=3 0.7240.02, n=3 -3.19+0.37, n=4 0.06+0.02, n=3

-8 28,312 -2.22+0.35,n=4 -4.76+0.37, n=4 0.710.03, n=4 -2.8940.21, n=4 0.050.02, n=4
‘% 28,404 -2.65+0.34, n=4 -4.4430.21, n=4 0.70+0.00, n=4 -3.23+0.60, n=4 (.04+0.00, n=4
E 28,698 -3.8241.0L, n=4 -4.83+0.60, n=4 0.7040.01, n=4 -3.17+0.33, n=4 0.04£0.01, n=4
— 28,3303 -7.174#2.78, n=4 -4.72+0.33, n=4 0.71#0.01, n=4 nantnan,n=0 0.050.01, n=4

Table 3.3 Measured stable carbon isotope (6'3C, %c-VPDB), stable oxygen isotope (%0, %o-
VPDB), and carbonate clumped isotope (A7) geochemical analysis. AJ®O and AAy; are the
offsets from predicted equilibrium values for inorganic aragonite based on Kim et al. (2007) and

Bernasconi et al. (2018), respectively.
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Discussion

4.1 Coral net calcification under OA and temperature stress

Our work builds on the study from Bove et al. (2019), which tested the sensitivity of four
tropical, common Caribbean coral species to combined warming and ocean acidification
(Bove et al., 2019)). Experimental culturing conditions intended to match pre-industrial,
current, end-of-century (year 2100), and extreme (year 2500) atmospheric pCO, conditions,
and potential interactions between temperature-stress and ocean acidification were tested by
exposing corals to both an optimal, control temperature (28°C) and at a high-temperature
condition of 3°C warming (31°C) for all pCO; conditions. A comparison of net calcification
rates between species demonstrated that S. siderea and Ps. strigosa exhibited higher net
calcification rates across all pCO, conditions compared to Po. astreoides and U. tenuifolia,
and the faster-growing species exhibited larger relative reductions in net calcification under
pCOq stress (S. siderea) and temperature stress (Ps. strigosa) than their slower growing
counterparts, suggesting that this increased vulnerability may be reflect divergent evolution-
ary resilience pathways and calcification strategies. Where faster growing coral colonies may
expend more energy to calcify during favorable environmental conditions, they may lack
stored energy reserves that could allow slower calcifying corals, that may store more energy
during environmentally favorable conditions, to continue calcifying under periods of envi-
ronmental stress (Bove et al., 2019). Consistent with observations on the Belize MBRS and
in culturing studies, U. tenuifolia exhibited a lack of resilience to temperature stress result-
ing in high mortality at the high-temperature treatment, and therefore thermal sensitivity
could not be evaluated geochemically (Bove et al., 2019; Robbart et al., 2004; Seemann et al.,
2012). For further discussion regarding the temperature stress response of Undaria, reference
the original study by Bove et al. (2019). In summary, all four species exhibit calcification
responses consistent with species-specific threshold pCO4 levels required to maintain stable

rates of calcification, which may be associated with the energetic costs of regulating internal
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carbonate chemistry in the internal calcification pool. Based on these results, we utilized a

multi-proxy geochemical approach to gain insights to the underlying mechanisms that may

be driving these observed changes in net calcification.
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Figure 4.1 Compilation of 6''B-derived calcification fluid pHcr measurements from all available
culturing experiments, and a selection of field-collected Porites sp. corals for comparison to the
cultured Porites astreoides in this study. We include cultured shallow-water zooxanthellate corals,
cold-water axoothanthellate corals, as well as ranges of pH values as determined by SNARF pH-
senstived dyes and microelectrode analyses. The dashed line represents a 1:1 relationship between

pHer and pHgw .

4.2 Biological pH¢r regulation via [H+] pumping under ocean

acidification and warming as indicated by boron geochemistry

Consistent with previous work on tropical and temperate corals, all four species in this
study exhibited significant upregulation of their pHqp relative to experimental pHgy across
all pCO, treatment conditions, with greater pHop upregulation relative to seawater pH,

as pHgy was further reduced under extreme (~3300 patm) pCO,y conditions (Figures 4.1
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4.2). However, all four species did exhibit small, but significant, reductions in pHor as a
function of declining pHgy (Figures 4.1 4.2). The degree of active control of pHop a species
demonstrates can be evaluated by the slope of the relationship between pHcp regulation
as pHgy (Figure 4.2). The sensitivity of species pHer to external pHgy, can therefore be
described by the magnitude of the slope, where an organism can be considered to exhibit
strong pHepr control when the slope, or sensitivity, approaches 0 as a slope of 0 indicates
pHer homeostasis in the face of changing pHgy. Weak pHgop control is indicated by a
sensitivity (a slope) that approaches 1, where changes in pHgy are on the order of the

changes in pHep, resulting in a roughly 1:1 relationship.
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Figure 4.2 Slopes for §!'B-derived pHgp as a function of seawater pH. Corals are grouped by
genera, with corals from this study in blue. In red, we highlight the coral species Pocillopora
damicornis from Guillermic et al. (in review), which exhibited a significant increase in sensitivity
under temperature-induced stress, an expression that is not exhibited in the corals in this study.

We also include pH values as determined by SNARF pH-sensitive dyes and microelectrode analyses.

The trends observed in the Caribbean corals of this study are broadly consistent with
prior laboratory studies of zooxanthellate corals from other regions where they tend to exhibit
decreasing pHeor as pHgyy decreases, with sensitivities ranging from 0.1 — 0.8 (Figure 4.2
and associated references), as defined by the slope of the pHep to pHgy relationship. The
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species examined in this study exhibits sensitivities ranging from 0 - 0.2 indicating a relatively
high level of control over the calcifying pool carbonate chemistry under experimental OA
conditions compared to some other coral species (Figure 4.1). As pHgp regulation is an
active (ATP consuming) biological process these Caribbean corals must be diverting and
investing more energy into maintaining pHepr values under elevated pCO, scenarios, with
the greatest energy expenditure at the highest pCOs levels. In contrast to the Pacific Ocean
pocilloporid corals Styllophora pistillata and Pocillopora damicornis studied by Guillermic
et al. (in review), exposure to a 3°C temperature increase (to 31°C) resulted in significant
impairment of pHep control, a result that was not observed in the Caribbean scleractinian
corals from this study (Figure 4.1). This comparative observation is consistent with other
indicators of thermal stress responses in these two experiments, such as symbiont density and
bleaching, which indicated a greater thermal stress impact on symbionts in the pocilloporid
coral studies of Guillermic et al. (in review) and Cameron et al. (in prep) than in the
Caribbean corals studied here and by Bove et al. (2019). In summary, despite an observed
negative temperature effect on the net calcification rate for Ps. strigosa under conditions
of 3°C warming, these net calcification responses were not mirrored by large changes pHep,
as was seen in other species by Guillermic et al. (in review). Unfortunately, we could not
test for changes in carbonate chemistry on the U. tenuifolia colonies owing to near complete

mortality under temperature stress in the high temperature 31°C treatment.

We also evaluate these corals’ ability to continue to modify and regulate internal calcifica-
tion fluid chemistry by converting pHepr upregulation relative to pHgy, to the magnitude of
change this represents in terms of proton removal from the extracellular calcification medium
as represented by the [HY]sw /[HY|cr ratio. As pH exists on a log scale, seemingly small
changes in pH can reflect much larger changes in the [H"]sw /[H']cr ratio, and the bio-
logical activity and energy requirements of the Ca?* - HT exchange enzyme Ca?*-ATPase.
We find that under this framework, all four coral species, at both temperature conditions
exhibit the ability to significantly increase total proton removal from the calcification fluid
(and [H]sw /[H']cr ratio) presumably by increasing Ca?t-ATPase activity to maintain
carbonate chemistry conditions favorable for calcification at reduced seawater pH and Q4

(Figure 3.3.

44



4.3 Comparison of boron proxy results to independent measure-

ments

Until recently, direct measurements of the carbonate parameters in the calcifying fluid re-
mained limited to pHor. Additionally, indirect pHer measurements derived from the §''B-
pH proxy had not yet been validated by direct comparison within the same samples. A few
recent studies by Sevilgen et al. (2019), Venn et al. (2019), Cameron et al. (in prep), and
Guillermic et al. (in review) and theoretical modelling from Guo (2019) have contributed
important analyses that improve our understanding of the different methods utilized to char-
acterize the coral calcifying fluid carbonate environment, and the boron based proxies, 6''B
and B/Ca (Guillermic et al., in review; Sevilgen et al., 2019; Venn et al., 2019, Cameron
et al., in prep). We briefly discuss the insights from these studies below: Comparison be-
tween simultaneous SNARF-1 pH-sensitive dye and pHgr microelectrode measurements from
Sevilgen et al. (2019) exhibited close agreement in experimentally cultured S. pistillata. We
note that the pHop microelecrode data expressed a greater degree of variability than the
SNARF-1 based pHep results (Sevilgen et al., 2019). However, the variability in pH for
both measurements is similar (up to ~0.2) if the microelectrode data are integrated over
~10 min increments (Sevilgen et al., 2019). Microelectrode data records a time-series signal
that resolves fine-scale pH variations as the pH sensor passes through the coral polyp and
into the extracellular calcifying medium. Thus, these profiles characterize different regions
within the polyp and ensure that the calcifying fluid pH can be compared directly seawater.
Another study by Guillermic et al. (in review) compared §''B and microelectrode pHer data
performed on a single set of coral colonies (S. pistillata and P. damicornis) and demonstrated
that the sensitivities of pHep to pHgy were not statistically different between the indepen-
dent techniques (Guillermic et al., in review). Discrepancies between the two methods were
attributed to the fact that microelectrodes measure instantaneous pHep (Venn et al., 2019,
Cameron et al., in prep) while the boron-pH proxy records a time-integrated pHep signature
(Guillermic et al., in review; Venn et al., 2019, Cameron et al., in prep). Compilations of
calcification fluid carbonate chemistry measurements from different techniques are presented

in Figures 7, 8, and 9. Independent measurements of the pHgopr based on SNARF-1 pH-
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sensitive dyes (Venn et al., 2013, 2019) and direct microelectrode measurements (Sevilgen
et al., 2019, Cameron et al., in prep), appear to exhibit larger variability than the 6''B-pH
proxy both between experiments and across environmental challenge experiments. Though
the boron proxy system is inherently a time-integrated signal, reducing the range in derived
pHer and carbonate parameter values, some variability in the microelectrode measurements
results from changes in dark/light irradiance levels as was observed in Venn et al. (2019) and

Cameron et al. (in prep), but not in Sevilgen et al. (2019).

In control experiments for S. pistillata, microelectrodes from Sevilgen et al. (2019) mea-
sured a pHep of 8.5, while Cameron et al. (in prep) revealed a large difference in pHep
between light (8.8) and dark (7.8), a much larger range in values than those measured from
SNARF-1, 8.3 (in the light) and 8.2 (in the dark) from Sevilgen et al. (2019). Finally,
boron-based pHep results from Guillermic et al. (in review) resulted in pHep values of 8.3
at 28°C and 8.2 at 31°C. Overall, these data show good agreement when compared against
the results of Sevilgen et al. (2019), with discrepancies likely arising from culture conditions
(e.g. light levels, pCO,, temperature, acclimation and stress during microelectrode measure-
ments). Nevertheless, all measurements show significant upregulation of pHer relative to

seawater pH (Figure 4.1).

Furthermore, new insights into coral carbonate chemistry of the calcifying fluid from
independent measurements of carbonate parameters such as [CO3 |or (Cai et al., 2016;
Sevilgen et al., 2019) and [Ca®"| (Al-Horani et al., 2003; DeCarlo et al., 2017; Sevilgen et al.,
2019) allow for estimates and comparisons of coral internal carbonate chemistry beyond
pHep. Using microelectrodes, Cai et al. (2016) measured [CO3 |¢r for Orbicella faveolata
(600 pmol/kg), Turbinaria reniformis (1000-1400 pumol/kg), and Acropora millepora (1500
pmol /kg) , while Sevilgen et al. (2019) measured [CO3 |cr for Stylophora pistillata (679
+183 wmol/kg in the light and 652 £251 pmol/kg in the dark, £SD) Cai et al. (2016);
Sevilgen et al. (2019). Guillermic et al. (in review) recently determined [CO; ]cr based on
the boron proxy system for the same species (S. pistillata) in control experiments (912 £371
pumol/kg, n=6, at 28°C and 746 +146 pmol/kg, n=6 at 31°C, £SD) (Guillermic et al., in
review). Despite significant uncertainties in the combined B/Ca- and §''B-[CO3™]¢r proxy

system, these independent measurements of [CO3 |or from Cai et al. (2016) and Sevilgen
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et al. (2019) demonstrate that boron-derived [CO3 ]or exhibits values that are within the
range of expected and independently calculated [CO3~|¢ values (this study utilizes the Kp
equation from McCulloch et al. (2017), Figure 4.3) (Cai et al., 2016; Sevilgen et al., 2019).
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W Psuedodiploria strigosa; This study; 28°C
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Figure 4.3 Compilation of combined ' 1B- and B/Ca-derived DIC¢r and [CO3 ™| ¢r measurements
from available published data. We include cultured shallow-water zooxanthellate corals, cold-water
axoothanthellate corals, as well as a range of DICo g values as determined by SNARF-1 pH-senstived
dyes and microelectrode analyses. (A) DICcp as a function of pHgyy (total scale), (B) DICqor as
a function of DICgy/, and (C) [COZ |cr as a function of [CO3 ™ |gw.

This study represents a large contribution to the existing boron-derived data in the
literature, and to our knowledge, this is the first study to derive internal carbonate chemistry
from geochemical analyses for these coral species: S. siderea, Ps. strigosa, Po. astreoides

and U. tenuifolia. The four species studied significantly upregulate internal pHop relative to
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seawater pH and are in good agreement with previous culture studies (Comeau et al., 2017a;
Honisch and Hemming, 2004; Krief et al., 2010; Reynaud et al., 2004; Tanaka et al., 2015;
Trotter et al., 2011). A compilation of these pH¢p studies based on the §"'B-pHeop proxy
represent a much narrower range in pHep than in those studies that utilize other methods
to determine pHep (Figure 4.1). It is also important to note that the thermal stressed P.
damicornis and S. pistillata colonies from Guillermic et al. (in review) exhibited reduced
pHer upregulation compared to colonies cultured at the control temperature in the study,
and that the azooxanthellate corals showed higher upregulation of their pHop relative to
symbiont-bearing, shallow-water corals (McCulloch et al. (2012b); Figure 4.1). This study
makes a significant contribution to the [CO3; ]¢r and DIC¢r data in literature and all four
studied species exhibit consistent [CO3 ]¢r and DICor with previous boron-derived and
microelectrode studies. Compared to other species, all four species in this study exhibited
significant upregulation of [CO3; ]¢r and DIC¢ relative to seawater (Figure 4.3), with a low
variability across the different conditions (Cai et al., 2016; Comeau et al., 2017b; Guillermic
et al., in review; Sevilgen et al., 2019). The data is consistent with [CO3|¢r for Acropora
yongei from Comeau et al. (2017b) (4.3x) but higher upregulation (4.7-5.5x seawater [CO3])
than P. damicornis (3.7x seawater [CO3; ], Comeau et al. (2017b); 2x seawater [CO3 ],
Guillermic et al. (in review)) and S. pistillata (2.6x seawater [CO3~], Guillermic et al. (in

review))).

Under control treatment conditions, DICor from this study exhibited some species-
specific variability and considerable DICop upregulation (2-2.5x seawater DIC) compared to
the literature (1.7x seawater DIC for both S. pistillata and P. damicornis, Guillermic et al.
(in review)); 1.8x seawater DIC for P. damicornis and 1.9x for A. yongei, Comeau et al.
(2017b)) (Figure 4.3). The corals in this study exhibited either constant DICor with increas-
ing pCOs (Po. astreoides and U. tenuifolia) or an increase of their DICqp with decreasing
seawater pH (Ps. strigosa and S. siderea) at the control 28°C treatment. As observed in
GBR field-collected colonies (D’Olivo and McCulloch, 2017; McCulloch et al., 2017) as well
as culturing studies (Comeau et al., 2017b; Guillermic et al., in review), changes in both
pHer and DICop result in the modification of Q2cr which may be necessary to provide a

chemical environmental suitable for calcification (see section 3.5). Nevertheless, under OA,

48



DIC¢r stays constant with decreasing seawater pH for Po. astreoides and U. tenuifolia but
increases for Ps. strigosa and S. siderea. Although pHer is decreased slightly under increas-
ing OA conditions for all species, which may imply a reduction in calcifying fluid carbonate
chemistry control that is correlated with reductions in net calcification rate under OA stress,

these corals show that they maintain DICsp under these conditions.

4.4 Photosynthesis, §*C, and DIC.r drawdown

Though the mechanisms that drive §'3C fractionation and signatures in zooxanthellate coral
skeletal aragonite remains a matter of considerable debate (Swart et al., 2005). Broadly,
the §3C composition of zooxanthellate coral skeletal aragonite has been understood to be
influenced by a combination of processes and inputs including food sources, solar insolation,
relative rates of photosynthesis and respiration, relative proportion of autotrophy to het-
erotrophy, calcification rate, calcification fluid pH and more (Swart et al., 2005). A positive
relationship between solar insolation (implied increased zooxanthellate photosynthesis) and
the §'3C values of coral skeletal aragonite has been attributed to the prefential drawdown of
light 12C relative to 3C, resulting in an isotopically enriched DIC pool at the site of calcifi-
cation (Swart et al., 2005). However, in an experiment by Swart et al. (1996) that measured
the ratio of photosynthesis to respiration directly, the correlation was the opposite. One
possible explanation for this was highlighted in an incubation experiment by Swart et al.
(2005), where daylight periods of high photosynthesis preferentially removed light 2C result-
ing in an enrichment of **C. At night, however, the DIC pool experienced a depletion of 3C
resulting from the contribution of light respired CO,. Respiratory ¥C was observed to reach
values as low as —17 %o, suggesting that corals respire a significant amount of isotopically

depleted substances such as lipids (Swart et al., 2005).

Although the experimental design complicates any interpretations that can be made based
on raw 0'3C values, it may be possible to make general inferences regarding inter-species
differences in relative incorporation of depleted §'3C, as well as the relationship between
internal carbonate chemistry and 6'*C composition of skeletal aragonite within each species

by normalizing each §'3C signature by comparing between the two temperature treatment
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conditions (Figure 4.4, Az _osDICcr as a function of Az;_250'3C), as the 6'3C of seawater
DIC is assumed to be approximately comparable within each pCO; treatment condition (see
supplemental information, S6.7). In this way, we hope to gain clues into the relationship

between symbiont activity and the sources of DIC for calcification.
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Figure 4.4 Ag;_93DICer is the difference between the DICop measured at 31°C and 28°C con-
ditions for a same seawater pH condition. As;_o86"3C is the difference between §'3C measured at
31°C and 28°C conditions for a same seawater pH condition. Difference were made due to potential
bias of the isotopic composition signature of the bubbled CO2 (not measured). Each color denotes
a different seawater pH (total scale) condition (blue, pH=8.15; green, pH=8.06; orange, pH=7.88;
red, pH=7.17). The schematic describes the expected trends Az; 2sDICcr and Aszy 2gd'3C.

Under the high-temperature treatment condition (31°C), the §'3C and DIC¢r of the
corals show significant interspecies variability (e.g. higher §**C and lower DIC¢cp at 31°C
than conditions at 28°C), with these differences exacerbated at the lowest seawater pH con-
dition (Figures 3.4C and 3.5A). No temperature effect on §'3C is observed for S. siderea, but
Ps. strigosa and Po. astreoides both showed elevations in 6*3C at the higher temperature
condition. At the extreme pCO, condition, the increase in §**C composition (inferred to re-
flect the carbon isotopic composition of DICcr) at the high temperature treatment condition
is larger for Po. astreoides (A§'3Cgy_sgoc = 7.6%0) than Ps. strigosa (A63Csy_agoc = 4.2%0)
and S. siderea (A3 C31_o9goc = -1.8%0) whereas DICcr (e.g. DIC of the calcifying fluid) is
reduced at high temperature, this decrease is larger for Po. astreoides (ADIC3; 980 = -1491
umol /kg) than Ps. strigosa (ADIC3;_ogoc = -771 umol /kg) and S. siderea (A3 Csy_ggec =
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-330 pmol/kg) (Figure 4.4). In other words, across species as DIC¢p is reduced at high tem-
perature relative to the control temperature (at the extreme pCO, condition, 3300 patm),

the 0'3C signature becomes heavier.

Given the magnitude of the Ad*Cs; 950 signature in Po. astreoides (7.6%c) and Ps.
strigosa (4.2%0) between temperature conditions at the extreme (3300 patm) pCOs condi-
tion, we focus on the potential for changing DICr source pathways that could theoretically
impart large changes in §'3C, rather than more traditionally proposed “vital-effects” that are
predicted to have disequilibrium effects at a smaller scale (e.g. calcification rate, metabolic
CO,, diffusion rates). Since Goreau and Erez (1978), is has been observed that corals utilize
both direct seawater derived carbon and intracellularly derived carbon sources for calcifica-
tion (Erez, 1978; Goreau). More recent studies have shown that corals may source up to
75% of the carbon used in calcification from respired (metabolic) sources (Allemand et al.,
2011; Furla et al., 2000). In their recent publication, McCulloch et al. (2017) attributed an
observed seasonal (winter) reduction in boron-derived DIC¢r in massive Porites corals to re-
ductions in the abundance of metabolic DIC due to reduced available light and temperature
in (McCulloch et al., 2017). In our case, a similar mechanism could drive observed changes in
ADIC3; _sg0¢, while our Ad'3Cs;_ogoc signatures may result from changes in photosynthetic
activity and respiration that have been shown to be driven by changes in light, temperature,

and ocean acidification (Grottoli and Wellington, 1999; Krief et al., 2010).

In the context of our experiment, we expect to see changes in the §'3C signature across
temperature conditions resulting primarily resulting from temperature-induced changes in
photo-symbiont activity. Thus, we attribute the combined A§'3Cs;_ogoc and ADICs;_ogoc
signatures in our coral species to similar temperature-dependent changes in how DIC is
delivered to the calcification fluid and disruption or upregulation of associated photosynthetic
processes, where the observed effect is largest for Po. astreoides, smaller for Ps. strigosa
and negligible for S. siderea. Taken together, all three species exhibit changes in §*3C across
temperature conditions (A§'3Cs;_og0¢) that is correlated with the change in DICop across

temperature conditions (ADIC3y_gso¢r) (Figure 4.4).

Given that the §'3C signature of metabolic COj is expected to be further fractionated
from that of seawater DIC, this could imply that at the high temperature (31°C) treat-
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ment condition, the coral may exhibit a species-specific reduction in metabolic-sourced CO,
(thus lowered total DICcy) associated with an increase in the 6'3C, or more precisely, a
reduction in the contribution of DIC depleted in *C by metabolic processes. In this case,
Po. astreoides exhibits the largest reduction in metabolic CO, at the high temperature
condition, while S. siderea exhibits nearly no change in metabolic-sourced DIC at the high
temperature condition. It is important to note that Po. astreoides exhibits no temperature
dependent change in net calcification at the most extreme pCOs condition, suggesting that

these signatures are not the result of changes in calcification rate.

We present a second relatively simple hypothesis. If light carbon is preferentially removed
from the calcification fluid pool during photosynthesis by the zooxanthellate symbiont, lead-
ing to an enrichment of heavy carbon (higher §'3C) within the extracellular calcification fluid
DIC pool and a higher §'3C recorded in the skeleton during aragonite precipitation, then
we might expect to see a heavier skeletal §*C signature when the photosymbiont is most
active (Grottoli, 2002; Grottoli and Wellington, 1999; McConnaughey, 1989; Swart, 1983).
In this case, we might expect the temperature at which the photo-symbiont is most efficient
to exhibit a relatively enriched 6'3C signature, though each species may exhibit a different

photosymbiont response to the higher temperature treatment condition.

If, for example, the photosymbiont activity increased at the 31°C treatment condition rel-
ative to the 28°C treatment condition for Po. astreoides, then we might expect to see a com-
bined reduction in DIC¢r and enrichment in the 6'3C signature, as increased photo-symbiont
activity could result in the simultaneously drawdown of carbon from the calcification fluid
pool by preferentially removing '2C, leaving behind an isotopically heavier signature. This

is described in the Figure 4.4.

4.5 Calcifying fluid aragonite saturation state (Qor)

The saturation state of aragonite in the calcifying fluid (2cr) was calculated based on
[CO3 ]cr and two scenarios of [Ca®*] in the calcifying fluid ([Ca?*]or), one for [Ca?t|op
equal to seawater [Ca®"] and the other one using 1.5 times [Ca®"| seawater (Figure 4.5). The

first scenario represents a conservative estimate for (o, while the second scenario is based
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on a recent study from Sevilgen et al. (2019) who showed upregulation of [Ca?*]cr up to 1.5
times the concentration in seawater in S. pistillata ([Ca®T]=13 42 mmol) (Sevilgen et al.,
2019). In comparison, D’Olivo and McCulloch (2017), based on trace elements, showed no or
smaller magnitude upregulation (up to 11 mmol) of [Ca*"|cr for Porites relative to seawater
(D’Olivo and McCulloch, 2017). Our calculations are limited by the fact that [Ca®T]cp
regulation is also species-specific as has been demonstrated by DeCarlo et al. (2018a), and
we do not currently have a way to independently and directly measure [Ca?*]cr for this

study (DeCarlo et al., 2018a; Sevilgen et al., 2019).
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Figure 4.5 Compilation of the relationships between boron-derived ¢ and net calcification rates,
linear extension rates, and seawater pH. For A-C, Q¢ is calculated assuming [Ca?T] of seawater,

whereas for panels D-F, Q¢ is calculated assuming 1.5%[Ca2T] of seawater, based on Sevilgen et al.
(2019).

First, our compilation of Qo (Figure 4.5) exhibits inter-species variation, but none
of our four species (S. siderea, Ps. strigosa, Po. astreoides and U. tenuifolia) exhibit
significantly different values from each other at the control temperature and pCO, condition
(ANOVA test, p=0.2) but significantly higher compared to S. pistillata (Comeau et al.,
2017a; Guillermic et al., in review) and A. yongei (p < 0.05) (Comeau et al., 2017b), and
also significantly higher from P. damicornis (Guillermic et al., in review) (p < 0.05) (Comeau
et al., 2017b; Guillermic et al., in review). Compared with the literature, the saturation state
calculated by Sevilgen et al. (2019) for S. pistillata (Qcp of 12.1 £3.6 (light) and 11.9 +4.7
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(dark)) is consistent with derived saturation states based on boron proxies from Guillermic
et al. (in review) for the control experiment (at 28°C, Qcp = 15 or 22 for [Ca?']cr equivalent
to seawater or 1.5x seawater, respectively). Inter-species trends are observed (though not
significant) between cp and net calcification, consistent with a decrease in Qcp with a
decrease in net calcification (Figure 4.5). Under OA the Q¢ also decreases, consistent with

a decrease in net calcification at lower pHgy conditions.

Species-specific 2or threshold values where calcification is outweighed by dissolution
can be estimated from Figure 4.5, but care should be taken regarding those absolute values
as there is a lack of constraints on [Ca?t]cr. And although we calculated the aragonite
saturation state from the combined free and complexed ions, more constraints on the cal-
cifying fluid chemistry will be needed to calculate an aragonite saturation state from free
ions. By considering an upregulation of [Ca?"]cr of 1.5x [Ca?T| seawater, Q¢ ranges from
25-35 at low pCOs condition, compared to 21-27 at the highest pCO; condition (all four
species combined). These results are largely consistent with the aragonite saturation state
threshold (24 > 18) needed for aragonite precipitation in seawater according to Sun et al.
(2015) and would support precipitation of aragonite in the calcifying fluid (Sun et al., 2015).
No significant trends exist between (cr and the rates of linear extension (where data is
available for Po. astreoides and S. siderea) suggesting that some combination of a lack of
precision in our ability to measure Q¢ r and mechanisms (e.g. organic templating, ACC) are
important in determining linear extension rates (Mass et al., 2017a,b; Von Euw et al., 2017).
Furthermore, given the ability of these corals to upregulate Q¢ during calcification, as well
as significant reductions in net calcification, suggests that dissolution may pose a significant

threat to corals under future ocean acidification scenarios.

4.6 Ay, disequilibrium as an indicator the dynamics of the calci-

fying fluid

The Ay carbonate “clumped” isotope system measures the deviation in the abundance
of 3C-180 bonds in CO, molecules derived from CaCOj3 relative to the *C-*O bonding

abundance predicted by stochastic mixing, or randomly ordered bonding. This deviation has
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been used as a thermometer, as this bond-ordering should be governed thermodynamically.
Recent work by Guo et al. (2009), Guo and Zhou (2019), Hill et al. (2014, 2020), and Tripati
et al. (2015) however, demonstrates that rates of *C-180 “clumping” likely also depends on
the pH of the solution from which the carbonate mineral is precipitated due to the fact that
HCO; and CO;™ ions have distinct clumped isotope composition, and if carbonates capture
the signature of the DIC speciation from which it is precipitated, the bulk A4; disequilibrium
effect will be dependent on the precipitation rate and the (in)ability of the mineral to reach
an independent clumped-isotope equilibrium within the crystal lattice (Guo and Zhou, 2019;
Guo et al., 2009; Hill et al., 2014, 2020; Tripati et al., 2015).

The study of Tripati et al. (2015) demonstrated that the cold-water coral Oculina ar-
buscula exhibited a significant pH effect on Ay7-disequilibrium under experimental culturing
conditions, but the study did not benefit from an analysis of internal calcification fluid
carbonate chemistry. To our knowledge, this study represents the first work to examine
Ay7-disequilibrium effects in corals in the context of a constrained internal carbonate fluid
pH and, therefore, DIC speciation. In our study, two species exhibited statistically sig-
nificant non-zero slopes in Ay; as a function of pHgy: S. siderea at both temperatures
(slopeggec: -0.014, p=0.015; slopesjoc: -0.029, p=0.036) and Ps. strigosa at 31°C (slope: -
0.013, p=0.022) (Table 4, Figure 6C). Po. astreoides and U. tenuifolia similar slopes, though
they were not determined to be statistically significantly non-zero (Table 4, Figure 6C). As
a function of 6! B-derived pHep, Po. astreoides (slope: -0.119, p = 0.0042) and S. siderea
(slope: -0.062, p = 0.0214), both at 28°C, exhibit significantly non-zero slopes. Again, the
other species and treatment conditions are best fit by roughly similar slopes, though they
are not statistically significantly non-zero. Explanations for these trends in Ay; across this
very narrow range in pHgp values can be split into two categories. First, there may be errors
in the magnitude of pHep upregulation, which would be generally consistent with some of
the pH micro-electrode - 6''B-derived pHer work by Guillermic et al. (in review). If this is
the case, then the narrow range of pHep may be aligned with a steeper part the DIC-Ags
theoretical curve at a pH of ~10, and therefore this change in A4; could be explained by

relatively simple DIC-based kinetics (Figure 4.6).

Alternatively, if the 6''B-derived pHgp is correct, then simple DIC-based Ags kinetics
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Figure 4.6 (A) Ay7 as a function of seawater pH for all four species and (B) A7 as a function of
§''B-derived pHep. Dashed lines represent the expected inorganic calcite equilibrium values based
on the temperature- Ay7 relationship as defined by Bernasconi et al. (2018), and solid lines represent
the temperature, salinity, and pH-dependent A4y values based on methods and model from Hill
et al. (2014), with dissociation constants from Millero et al. (2006), and an internal phosphoric acid
fractionation factor based on heating experiments (see SI information). Symbols and lines in blue

reflect the 28°C condition, while symbols and lines in red represent the 31°C condition.
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cannot explain the observed changes in Ay;. In this case, we defer to the recent work of
Guo (2020), which explains larger-than-expected Ay7-disequilibrium based on mixing distinct
DIC sources (eg. seawater-sourced and cellularly-respired DIC) in conjunction with relatively
short residence times of the carbonate fluid between mixing of DIC sources and precipitation
of aragonite. In the context of this experiment, given the fact that carbon isotope compo-
sitions can vary by up to 12%g across treatment conditions (Figure 3.5A), suggesting that
end-member DIC carbon isotope compositions alone could feasibly lead to significant Ay,

disequilibrium, according the modelling results of Defliese and Lohmann (2015).

As has been previously discussed, the interpretation of 6'*C in these experiments is com-
plicated by the experimental setup where pH and DIC is manipulated by bubbling different
concentrations of COs in the culture tanks that is depleted in 3C as it is combustion-derived.
As a result, we find the most negative §'3C for our corals at the highest pCO, conditions.
This effect is most pronounced in S. siderea where its skeleton records a 6*C ~ -15%o at the
extreme pCO;y condition, and a change of ~12%¢ across the pCO, manipulation experiments
(Figure 3.5A). The influence of external DIC depleted in *C is more muted in other species
and experiments, for example, U. tenuifolia, where the change in coral skeleton 6'3C is ~4%yq
across experimental conditions. Since physiologically derived *C signatures appear to be
mixing with depleted 3C external DIC, it is possible that nonlinear mixing effects could be
influencing trends in A7 in the data (e.g. Defliese and Lohmann (2015); Eiler and Schauble
(2004); Guo (2020)). The increased Ay7 observed in S. siderea at the elevated seawater pCOq

conditions may represent an example of this mixing effect.

These mechanisms should also be considered in the previously reported stable isotope
data from Oculina arbuscula pCOy manipulation experiments (Tripati et al., 2015). Even
if the effect seen in S. siderea and O. arbuscula is a function of experimental approach, a
first order conclusion is that these data indicate that externally manipulated *C of seawater
DIC can modulate disequilibrium effects in coral skeletal biomineral 6*C and potentially
Ay7. However, it could also be the case that the residence time of DIC in the fluid pool for
calcification changes in these corals on seawater pCO, manipulation (eg. Rollion-Bard et al.
(2011)) which then changes the expression of kinetic isotope effects and may also influence the

time available for the enzyme carbonic anhydrase to influence catalyzing the inter-conversion
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between CO; (aq) and HCO3 (aq) in coral calcifying fluid (Guo, 2020; Tripati et al., 2015).
Guo (2020) showed that HCOj3 produced or consumed from hydration/hydroxylation (and
dehydration/dehydroxylation) result in small Ay; disequilibrium but that the mixing or
removal of DIC pools with similar A4; but distinct bulk §3C and 60 are responsible for a
large part of this disequilibrium. In addition, recent work suggests that carbonic anhydrase
can reduce the expression of kinetic isotope effects on carbonate A7 in experiments (Lucarelli
et al., 2018). Observations from boron data that DICcr does change in these experiments on
external seawater pCO, manipulation, as does coral growth rate, is consistent with a change

in DICop residence time.

The potential influence of coral and symbiont physiology on the processes that leads to
disequilibrium Aj; values can be explored using the same approach used previously in this
paper for §'3C in section 4.4. Thus, we examine the offset in A,7 between the temperature
conditions (Asz;_28Ay47), adjusted for the expected temperature-induced change in Ay7, at
the lowest seawater pH condition (where the largest physiological effect on Ag;_0d'3C was
observed). We used the A47-T calibration derived in Guo (2020) to calculate the temperature
influence on the Ay; between 28°C and 31°C. This resulted in the addition of +0.01 %oto
the Ay7 at 31°C before calculating the difference (e.g. Agy_2sAy7).

Results in Figure 4.7 exhibit a positive Az;_28Ay7 value (e.g. Ay measured at 31°C
minus Ay; measured at 28°C) for S. siderea (0.026 +0.020%0), a Asz;_28A47 equal to zero
for Ps. strigosa (0.000 +0.009%0) and a negative Asz; 2547 value for Po. astreoides (-0.015
+0.019%0). The trends observed in Figure 4.7 show a decrease in Agz; 2847 values with an

increase in Az;_90'2C, and with a decrease in As;_og DICcp.

In sum, our data suggest that if §''B based pH¢r estimates are correct, then pH driven
effects on the relative abundance CO;~ and HCOj are not primarily responsible for the A4z
trends seen in some coral experiments where they are grown at varying pCO; (e.g. Tripati
et al. (2015), This study) as the pHep changes are small. However, it should be noted that
in previous work on different coral species, Stylophera pistillata and Pocillopora damicornais,
"B based pHer estimates are lower than is indicated by pH microelectrode measurements
in the same experiment (Guillermic et al., in review, Cameron et al., in prep). Therefore,

it will be important to continue to explore coral skeletal 6'*0 and A,; signatures in an
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experiment where pH¢p is constrained by both microelectrodes and 5 B.
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Figure 4.7 This figure explores the physiological effect observed for Po. astreoides, Ps. strigosa
and S. siderea when geochemical measurements were available for the two temperature conditions.
The A3zjoc_agoc corresponds to the difference of a parameter (6'3C, DICcr, Qcr and Ayr) between
the 31°C and the 28°C experiment for a same seawater pH condition. The temperature effect on
Ay7 was taking into account by adding +0.01 %o (Guo, 2020) to the Ay; for the 31°C experi-
ments. (A) Shows the relationship between Azjoc_2g0cd3C and Agjoc_2gocAg7. (B) Shows the
relationship between Agjoc_9goc DICcr and Agzjoc—_2gocAyg7. (C) Shows the relationship between
Asioc—280cQor and Aszjoc_ggocAgr. The trends observed in (A) and (B) might imply a decrease
of the Agjoc_9g0cAy7 with increased photosynthetic DIC drawdown. Significant differences in
DICor between temperature treatments may be indicative of different DIC residence times in the
fluid pool for calcification and significant changes in the relative influence of respired COs, possible

COs consumption by photosynthesis and CO» diffusion from external seawater DIC.

In the case of Po. astreoides and to a lesser extent Ps. strigosa, there appears to be
multiple competing influences (e.g. externally-sourced *C and metabolically-derived CO,
from the organisms, with changes of the relative proportions constituting the DIC pool for
calcification across different temperature conditions) that induce different §'*C values and
trends in the coral skeleton across external seawater pCO, conditions (Figures 3.5 4.4). This
likely reflects changes in the relative influence of respired COy and photosynthetic drawdown
of COs in the DIC pool for calcification in these species when grown at different temperature.
The experiments with Po. astreoides and Ps. strigosa also have more complex patterns in
580 and A4; composition across pCO, experimental conditions than the relatively linear
trends seen in S. siderea and O. arbuscula and the absence of trends in U. tenuifolia. It re-
mains a possibility that temperature and pCO, manipulation led to changes in the residence
time of DIC in the fluid pool for coral calcification and the relative influence of respired
CO,, photosynthetic drawdown of DIC from internal pools, and the input of external sea-
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water DIC. Changes to the DIC residence time may change the potential for kinetic isotope
effects, for example those associated with COy hydration and hydroxylation, to be recorded
in coral skeleton §'80 and Ay7;. According to the model of Guo (2020), mixing effects in-
troduced by multiple processes that contribute isotopically distinct DIC pools as well as
the removal of DIC with distinct bulk carbon and oxygen isotope compositions may also
contribute significantly to the resulting skeletal carbonate signature. Whilst the nature of
the influence of external pCO, on coral skeletal §'*0 and A7 remain somewhat enigmatic,
it has been suggested that additional consideration of Ay signatures can potentially aid in
unraveling some of complexity and influences on these geochemical signatures, allowing for
additional insights into the mechanisms underlying calcification in these experiments (Guo,

2020; Tripati et al., 2015).
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Conclusions

This study utilizes skeletal boron geochemistry (B/Ca and 6''B) to probe the pHor, DICcr,
and Q24r_cr biological regulation in four coral species across a range of seawater acidification
and temperature conditions, finding evidence for modest declines in pHep but stable or
increasing DICop across increasing seawater pCO, treatments, with subtle variations in
responses between species as well as subtle differences between temperature treatments.
Combining our new results — with the species Psuedodiploria strigosa, Siderastrea siderea
and Undaria tenuifolia studied in this way for the first time — with the boron-isotope, pH-
microprobe and pH-sensitive dye data from the literature on other species of scleractinian
corals reveals that almost all studied species exhibit evidence of pHep buffering against
changes in external seawater pH (pHgp/) but that, in many cases, this compensation is
imperfect (in other words, changes in pHgp are buffered relative to pHgy,, but that pHep
is not held constant at reduced pHgy and Q¢p). This is consistent with the vast majority
of prior coral culturing studies as is demonstrated in Figures 4.1, 4.2, and 4.3. In total,
these data suggest that corals do invest additional energy into actively regulating pHep in
high CO, conditions but that perfect pH compensation by the coral may not be necessary

to maintain [CO3 ™ |¢r and DICor at levels required for calcification.

We extend our analysis by reconstructing the internal aragonite saturation state (Qcp)
under two [Ca?"]cr scenarios, one at [Ca*"|or = [Ca?t]gy and a second at [Ca’T]cp =
1.5x [Ca®T]gw. By including preliminary data from Guillermic et al. (in review) and pub-
lished data from Comeau et al. (2017b), we find that a single, interspecies threshold (Qcr)
for net positive calcification remains elusive. These observations may be the result of some
combination of the imprecision in our ability to determine (cr) and the result of other
important species-specific calcification processes including organic templating and ACC pre-

cursor molecule formation.

In addition, we report 6*3C, §'80, and carbonate “clumped” isotope (A47) measurements
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on the same specimens. 6'¥0 and A7 exhibit characteristic scleractinian coral disequilibrium
“vital effects” compared to expected values for inorganic aragonite and occasionally show
an influence of culture temperature. In some species, variable pCO, culture experiments at
constant temperature produce significant changes in skeletal §'%0 and Ay;. Observed pH
driven effects on carbonate §'*O and A7 in controlled abiogenic precipitation experiments
have been attributed to changes in the relative abundance of CO3~ and HCOj5 in the calci-
fication fluid DIC pool as different DIC species have different 6'**0 and multiply substituted
isotopologue (A47) compositions. However, with our unique combination of §'!B, 60, and
A47 measurements, we are able to determine that the magnitude of the pHer change indi-
cated by the ' B-pH¢p proxy indicates that observed trends in the §'¥0O and clumped isotope
composition are not solely driven by this mechanism in tropical shallow water scleractinian
corals. Instead, trends in 680 and Ay; with external pCO, manipulation may be better
explained by changes in the residence time of the DIC in the parent fluid for calcification in
combination with the inheritance of signatures derived from the contribution of a distinct,
isotopically light carbon pool, especially at the more extreme pCOs conditions, a mechanism
that would be consistent with the theoretical work of Defliese et al. (2015) and Guo (2020).
Preliminary results regarding this investigation can be found in Figure 4.7, and although we
are currently unable to make further inferences at this time, we hope that continuation of
environmental challenge experiments with isotope-specific constraints, along with the devel-
opment of more comprehensive kinetic models will allow for multi-geochemical approaches
to continue improving our understanding of coral calcification under ocean acidification and

warming.
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Supplemental Information

6.1 Measured and calculated carbonate chemistry parameters

Temperature, salinity, and pH were measured on alternating days for the duration of the
experiment. Every ten days, water samples were analyzed for total alkalinity (TA) and
dissolved organic carbon (DIC) on a VINDTA 3C via coulometry (TA) and closed-cell po-
tentiometric Gran titration (DIC), calibrated with certified Dickson TA/DIC standards.
These measured parameters were used to calculate the complete carbonate chemistry using
CO2SYS, a model developed by Lewis and Wallace (1998), using carbonic acid constants K;
and Kj from Roy et al. (1993), the stoichiometric aragonite solubility product (K*g,) from
Mucci et al. (1983), at an atmospheric pressure of 1.015 atm. A subset of measured and

calculated carbonate parameters can be found in Table 2.1.

6.2 Quantification of biotic growth responses

Net calcification rates were estimated using the buoyant weight method (Davies et al. 1989).
Buoyant weights of all fragments were obtained at the beginning of the pre-acclimation
period, and every 30 days after throughout the duration of the experiment. Net calcification
rates were normalized to the surface area of each fragment. Surface areas were quantified
using triplicate photos of each coral nubbin and analyzed using Image J imaging software.
Linear extension was quantified as the total area of new growth skeletal material through a
vertical cross-section, divided by the length of the long-axis of the region of active growth.
New growth was established by a calceine marker coincident with the start of calcification
under experimental conditions. Linear extension could not be accurately quantified for U.
tenuifolia or Ps. strigosa due to their irregular morphologies. Mortality was checked and
quantified every 30 days. Coral fragments were assessed and considered dead if no living

tissue remained on the coral nubbin. Those fragments that did not survive the full 93-day

63



experiment were not used for geochemical analysis. Net calcification as a function of the
seawater saturation state of aragonite (Qgy ) is exhibited in Figure 4.5. Net calcification,
linear extension, and mortality results can be found in main text Table 2.2. For further

details regarding calcification, mortality, and bleaching, see Bove et al. (2019).

6.3 Coral sample preparation

Corals fragments were sectioned using a seawater-cooled tile-cutting saw. New growth was
identified under fluorescent light microscope via calceine staining. New growth carbonate
was collected using a scalpel, and further powdered using an agate mortar and pestle to

homogenize the bulk powder before dissolution and geochemical analyses.

6.4 Acids and labware

Carbonate sample processing and preparation was performed under Class 100 clean lab con-
ditions at the University of Cambridge, UK, to prevent boron contamination and minimize
boron acid blanks. All acids, ICP-MS standards and sample dilutions were prepared using
double distilled acids.

6.5 Correction applied to the §!'B

In the second of two extended sample runs, both the NEP standards and samples run as
replicates of the prior year’s run exhibited an offset with respect to boron concentration (ng
B). Using the best fit, logarithmic curve, we added a boron-mass based correction to the
data for this second sample run. The correction is defined by the equation 6''Borrected =
0'B,aw — 3.139%log(x) + 5.342, where x is the boron sample mass (ng). This offset may be
a result of increase sample blank contamination in the second run, so that those samples
with low sample mass are disproportionately affected by this contamination. A multiple
t-test analyses determined that, for each treatment condition, the mean §' By rected Was not
significantly different from the mean §''B,,,. Furthermore, no treatment condition had a
significant difference in the §''B-based pHcr or Q¢r, thus all data in the main figures do not
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include this correction. See the supplemental information for further discussion regarding

the mass-based correction, and figures that include the corrected data.
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Figure 6.1 NEP standard curve correction for the 2018 samples. There is a clear mass-based
correlation to §''B (%o) for the NEP standards. The offset from the 2017 average boron value is
defined by the logarithmic relationship: AG"B (%o) = 3.139*log(x) + 5.342, and has an R? value
of 0.74.

6.6 Carbonate “clumped” isotope methods

Though specific carbonate “clumped” isotope analysis methods can vary, all procedures fol-
low a series of basic steps. First, the carbonate mineral material undergoes phosphoric acid
digestion to convert the carbonate mineral to COy and other gasses. To purify the COq
gas, water and non-condensable gases are removed through cryogenic freezing, organics are
removed with a trap or column of Porapak Q, and sulfur compounds are removed using silver

wool. CO, isotopologue abundances (44-49 amu) are determined using a gas-source isotope
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Figure 6.2 NEP standard curve correction for the 2018 samples. There is a clear mass-based
correlation to §''B (%) for the NEP standards. The offset from the 2017 average boron value is
defined by the logarithmic relationship: AdB (%0) = 3.139*log(x) + 5.342, and has an R? value
of 0.74.
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Figure 6.3 NEP standard curve correction for the 2018 samples. There is a clear mass-based
correlation to §''B (%) for the NEP standards. The offset from the 2017 average boron value is
defined by the logarithmic relationship: AS"B (%0) = 3.139*log(x) + 5.342, and has an R? value
of 0.74.

67



ratio mass spectrometer. Results include corrections for 17O and bulk carbon and oxygen iso-
tope composition and are standardized against measured equilibrated gas standards and/or
carbonate standards. The Nu Perspective IRMS is a relatively new mass spectrometer de-
sign featuring secondary electron suppression. The presence of an energy filter and quadratic
lenses fitted in front of the Faraday collector array drives the suppression, and results in a
linearity correction that is one to two orders of magnitude less than on our other instrument.
The detectors for masses 44, 45, and 46 are registered through 3*10%, 3x10'°, and 10! € re-
sistors, respectively, while the channels for masses 47-49 are registered with 10'? Q) resistors.
Detectors for masses 47-49 are shielded by secondary electron suppressors tuned to screen
out secondary ions. There is continuous pressure adjustment using a Newtonian zeroing
technique, with balancing to achieve 16 V (or 80 nA) on mass 44 at every acquisition, rather
than only at the beginning of the block. Samples are measured in microvolume mode, with
precisely matched sample and working gas volumes, allowing the gas to deplete at precisely
matched rates, and increasing the efficacy of gas usage. The microvolumes allow for a full

hour-long measurement to take place on a single sample.

6.7 Light 6'3C from cultured seawater

In the experimental setup, stocks of CO5 (g) was bubbled through aquaria imparting a large
negative §13C signature relative to the atmosphere, which would generate DIC with negative
d13C values likely to be translated into changes in §'3C recorded in coral skeletons, increasing
in the elevated pCO, treatments, as seawater DIC presumably utilized for new coral growth
is sourced by this anomalously light carbon. In fact, this range of measured §'3C skeleton has
been already reported in similar culting experiments (Inoue et al., 2018) so the §'3C excursion
can be linked directly to the experimental design. Nevertheless, one way to overcome this
potential light carbon source is to compare the two temperature experiments as seawater
pH was maintained with the same light CO (g) source. Comparing the isotopic signatures
between temperature treatments or species for a given pCO, treatment condition allows us to
make general inferences regarding the physiological processes (eg. photosynthesis/respiration

ratio) that fractionate the carbon isotope signature, by holding seawater §'3C relatively
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constant. This is discussed in light of our constraints on DIC¢r in section 4.4.Unfortunately,

d13C from seawater was not measured so this remains somewhat speculative.

6.8 Explanation of the combined §''B and B/Ca system to recon-

struct calcifying fluid carbonate chemistry and pH

Boron is a conservative element present in seawater with a long residence time (tp ~ 14
Myr) (Lemarchand et al., 2002). In seawater, boron exists as trigonal boric acid B(OH)s
and tetrahedral borate ion B(OH);. At T = 25°C and S = 35, the dissociation constant
of boric acid is equal to 8.60 (Dickson, 1990), which means that boron mainly exists in the
form of boric acid in seawater. The close values of pKp and seawater pH (~8.1) implies that
small changes in seawater pH induce strong variations in the abundance of the two boron
species. This functionality suggests that boron incorporation into the aragonite skeleton may
make it a very good proxy for the carbonate chemistry and pH of the solution from which
the skeletal mineral is precipitated. To reconstruct the calcifying fluid carbonate chemistry
from skeletal aragonite, it is essential to have proxies for at least two independent carbonate
chemistry parameters. Based on inorganic precipitation experiments, the elemental B/Ca
ratio is considered a direct proxy for carbonate ion concentration [CO37], as it is believed
that B(OH), substitutes directly for [CO37] into the crystal lattice (Mavromatis et al.,
2015; Noireaux et al., 2015). Given the correct partition coefficient (Kp, see Eq. 6.1), B/Ca
measurements have the potential to reconstruct [CO3~] of the calcifying fluid, given pHep.
DeCarlo et al. (2018a) presents an in-depth study on determining the correct partitioning
coefficient for borate ion inclusion into the aragonite lattice, and we expect to use the Kp

from McCulloch et al. (2017), following the discussion of DeCarlo et al. (2018a).

B B/Ca
Kp = 510w, /(00T Tor ) (6:1)

The second carbonate parameter that can be constrained is pH via the 6''B of skeletal
aragonite. Boron has two stable isotopes, 1B and ''B, with average relative abundances of

19.9 and 80.1%, respectively. Boron isotope variations are expressed in conventional delta
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(0, %0) mnotation (Eq. 6.2):

11 10
B/ BSample

oM B = 1000 *
(HB/lOBNIST%lfa

~1 (6.2)

where positive values represent enrichment in the heavy isotope !B, and negative values
enrichment in the light isotope B, relative to the standard reference material. Boron isotope
values are reported versus the NIST SRM 951-a. B(OH)j; is enriched in ''B compared to
B(OH); with a constant offset between the two chemical species given by the fraction factor
(). This fractionation factor (a)) between B(OH)s and B(OH); of 27.2 £0.6%0 has been
empirically determined by Klochko et al. (2006) in seawater and is the common value used
for pH reconstructions. To use 6''B as a pH-proxy in biogenic carbonates, the carbonate
mineral must either incorporate a single species of aqueous boron (borate or boric acid)
or incorporate a predictable ratio of the two species. Though initial studies suggested sole
incorporation of the tetrahedral boric acid into the anion ([CO37]) site of the CaCOj lattice
structure, more recent studies have revealed a more complex picture of boron incorporation
into carbonate. NMR studies have revealed the presence of both BO4 and BO3 in the crystal
lattice (Klochko et al., 2006; Mavromatis et al., 2015; Noireaux et al., 2015; Uchikawa et al.,
2015), and it is very likely that amorphous precursor molecules also play a role in boron
incorporation into coral skeletal aragonite. The presence of BOj3 in the crystal lattice can
be explained by the re-coordination of BOy, and the typical range of mainly support the
incorporation of B(OH); in the aragonite lattice (Hemming and Hanson, 1992; Vengosh

et al., 1991).

6B in corals range from 18.5 to 28%o (Sutton et al., 2018). The range of §''B in corals
mainly support the incorporation of B(OH); in the aragonite lattice (Hemming and Hanson,
1992; Vengosh et al., 1991) and comparison studies to pH sensitive dyes (Venn et al., 2013,
2019) suggest that 6''B of the carbonate mineral record coral calcification fluid pH.
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6.9 Skeletal 40 and §'3*C disequilibrium as a investigative tool
for understanding calcification mechanisms in corals, coupled

with constrained calcifying fluid carbonate chemistry

Broadly, isotope fractionation in carbonates results from two processes: (1) the kinetic pro-
cesses that preferentially incorporate or exclude ion-isotopologues based on relative size and
bonding energies at the carbonate-solution interface and (2) the fractionation between dif-
ferent DIC species and water in solution (Devriendt et al., 2017; Rollion-Bard et al., 2003).
Controlling factors for isotopic fractionation include environmental (seawater) temperature,
calcifying solution pH and DIC speciation, salinity, etc., and biological processes that engen-
der a wide the range of calcification responses to OA as demonstrated by (Ries et al., 2009).
Both inorganic and biologically-induced calcification can result in isotope-fractionation be-
tween the solution and the solid. Disequilibrium fractionation, however, refers specifically
to the isotopic differences relative to the same carbonate mineral polymorph formed from
isotopically equilibrated solution, at calcification rates slow enough that the mineral is in

isotopic equilibrium with the DIC-species drawn from the equilibrated solution.

In surface water corals, disequilibrium processes include: (1) the calcification rate of
mineral formation versus the residence time of DIC in the mother solution, (2) chemical re-
actions at the mineral surface-solid boundary (e.g., ion attachment / detachment rates, bond
reordering, etc.), (3) calcifying fluid pH and (4) isotopic disequilibrium resulting from a shift
in DIC speciation resulting from a change in pH of the mother solution, (5) CO,-diffusion
across the cellular membranes, (6) hydration/hydroxylation kinetics resulting from the con-
version of metabolic CO, (aq) to HyCO3 or HCO,, and subsequent conversion to [CO3™],
(7) the role of carbonic anhydrase (CA) in facilitating COq-hydration, as well as other fac-
tors including (8) zooxanthellate photosynthetic activity with any associated contributions
or drawdown of calcification fluid DIC and (9) the potential for additional fractionation
due to the role of complex organic matrices or amorphous calcium carbonate (ACC) in a
biologically-controlled model of calcification. Given sufficiently slow calcification rates, how-
ever, the isotopic composition of a biologically precipitated carbonate mineral may approach

that of an inorganic precipitate grown at the same pH, temperature, and salinity, thereby
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making the mineral a proxy for those environmental parameters.

6.10 Supplemental tables and figures (continued)
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Standard  6'By(%0) 2SDapiz1  Namar [Bl(ng) RunYear 56! B*(%0) Reference

NEP_1A 25.34 0.33 7 18.85 2017 This study
NEP_1B 25.99 0.33 7 17.19 2017 This study
NEP_1C 25.95 0.22 11 18.33 2017 This study
NEP_2A 26.20 0.26 5 30.64 2017 This study
NEP_2B 25.72 0.26 5 36.08 2017 This study
NEP_2C 25.95 0.21 10 35.38 2017 This study
NEP_3A 25.94 0.24 10 57.24 2017 This study
NEP_3B 25.56 0.16 15 53.61 2017 This study
NEP_3C 25.38 0.11 15 59.11 2017 This study
NEP_4A 25.50 0.11 15 28.88 2017 This study
NEP_4B 25.69 0.12 11 26.53 2017 This study
NEP_4C 25.70 0.12 11 28.40 2017 This study
NEP_5A 25.27 0.19 12 17.10 2018 26.76 This study
NEP_bA 25.10 0.19 12 15.27 2018 26.76 This study
NEP_6B 26.95 0.18 13 88.74 2018 26.09 This study
NEP_6C 22.40 0.18 13 8.31 2018 24.92 This study
NEP_7A 24.35 0.12 7 16.74 2018 25.87 This study
NEP_7B 25.95 0.14 10 71.23 2018 25.41 This study
NEP_7C 25.92 0.14 10 74.00 2018 25.32 This study
NEP_8A 26.14 0.14 10 71.61 2018 25.60 This study
NEP_BB 22.56 0.14 10 9.73 2018 24.86 This study
NEP_8C 2458 0.14 10 15.25 2018 26.24 This study
Standard Average 2SD n Reference

MNEP 25.37 2.17 22 This study (total)

NEP 25.74 0.98 22 This study®* (total)

NEP 25.74 1.37 12 This study (2017)

NEP 26.2 0.88 27 Holcomb et al., 2015

NEP 25.8 0.89 6 Sutton et al., 2017

NEP 25.71 0.79 23 Guillermic et al., 2019

Table 6.1 Boron isotopes standard reproducibility, including a §''B (%o) mass-based correction
(denoted by *) for standards and samples from the work done in 2018. Standards well within error
of previously published results from Holcomb et al. (2015), Sutton et al. (2018), and Guillermic

et al. (in review).
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Standard
Cam_ID_NEP3A 1
Cam_ID_NEP3A 2
Cam_ID_NEP3A 3
Cam_ID_NEP3A 4
Cam_ID_NEP3A 5
Cam_ID_NEP3A 6
Cam_ID_NEP3A 7
Cam_ID_NEP3A 8
Cam_ID_NEP3A 9
Cam_ID_P131
Cam_ID_P132
Cam_ID_P13 3
Cam_ID_P13 4
CamWuel 1
CamWuel 2
CamWuel 3
CamWuel 4
CamWuel 5

Averaged Standards

Cam_ID_NEP3A (n=3, £25D)
Cam_ID_P13  (n=4, £25D)
CamWuel _{n=5, £25D)

Published Standards

CamWuel* (n=39, £25D)

CamWuel* (n=180, +25D)

tGuillermic et al., 2019, *Misra et al., 2014,

LifCa
pmel/mol

5.5
5.6
5.4
5.4
5.6
5.1
5.1
5.3
5.2
6.0
6.1
5.9
5.9
16.6
16.3
16.5
16.1
16.3

5.4+04
6.0+£0.2
16.410.3

16.6+0.6

16.4+0.08
*n=31

B/Ca
pmel/mol
508
504
514
508
510
527
519
518
521
467
467
472
464
154
192
154
194
200

514.3+15.0
467.7+6.2
194.616.1

197+11
202+7

Mg/Ca

mmol/mol

3.48
3.44
3.45
3.43
3.46
4.47
4.48
4.45
4,53
5.00
4.98
5.03
4.99
1.19
1.19
1.19
1.21
1.20

3.51+1.09
5.00+0.04

1201002

1.26+£0.09

1.23 +0.06

srfCa
mmal/mol

8.74
8.75
8.85
8.73
8.87
8.71
8.70
8.81
8.81
8.75
8.78
8.81
8.79
1.29
1.30
1.30
131
132

8771012
8.8+01
1.30+0.02

1.31+0.01
1.20+0.02

cd/ca
umel/mol

0.002
0.003
0.003
0.004
0.002
0.004
0.003
0.002
0.003
0.006
0.005
0.004
0.005
0.284
0.272
0.282
0.273
0.283

0.003 £ 0.002
0.005 £ 0.001
0.279+0.012

0.30+0.07*
0.29+0.02

Ba/Ca
pmol/mol

8.7
8.7
8.7
8.6
8.7
8.6
8.5
8.6
8.6
8.6
8.5
8.5
8.4
4.8
4.8
4.8
4.7
4.8

86201
85102
48101

48102
4.8+0.2

u/ca
nmol/mol
1203
1159
1211
1155
1188
1157
1157
1152
1156
959
983
983
975
42
43
42
42
43

115813
57519
4211

Mn/Ca
umeol/mol

0.2
0.2
0.1
0.1
0.1
0.9
0.9
0.9
1.0
0.6
0.5
0.5
0.6
715
719
72.2
713
70.6

0.5£0.8
0.6£0.0
715112

Fe/Ca
mmol/mol

0.002
0.002
0.002
0.002
0.002
0.010
0.010
0.010
0.010
0.008
0.007
0.007
0.007
0.045
0.036
0.036
0.037
0.055

0.006 £ 0.005
0.007 £ 0.000
0.04 £0.02

0.04£0.01

Table 6.2 Elemental standards to demonstrate X/Ca reproducibility. This study uses three inter-

nal standards, two developed for this study, and one (CamWeullestorfi) that has been previously

published. Our CamWeullestorfi results are consistent with previously published work (Guillermic

et al., in review; Misra et al., 2014). Our internal standards provide a wider range in values, and

values that correspond more closely to the concentrations exhibited in the experimental samples.
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Mass Spec

BES
R2D2 (Nu)
R2D2 (Sar)
BES
R2D2 (Nu)
R2D2 (Sar)
BBS
R2D2 (Nu)
R2D2 (Sar)
BES
R2D2 (Nu)
R2D2 (Sar)
BBS
R2D2 (Nu)
R2D2 (Sar)
BES
R2D2 (Nu)
R2D2 (Sar)
R2D2 (Sar)
BES
R2D2 (Nu)
R2D2 (Sar)
BES
R2D2 (Nu)
BES
R2D2 (Nu)
R2D2 (Sar)
BES
R2D2 (Nu)
R2D2 (Sar)

Standard

Carmel Chalk
Carmel Chalk
Carmel Chalk
CMTile
CMTile
CMTile
ETH-1

ETH-1

ETH-1

ETH-2

ETH-2

ETH-2

ETH-3

ETH-3

ETH-3
ETH-4
ETH-4
ETH-4
Heated Gas
IAEA-C1
IAEA-C1
IAEA-C1
IAEA-C2
IAEA-C2
Merck

Merck

Marck
Veinstrom
Veinstrom

Veinstrom

Table 6.3 Standards replicates for carbonate ”clumped” isotope analyses.

N

178
32

237
55

30
49

283
45

129
29

148
21

45
17

45
14
45
13

215
39

1:C (VPDB)

(%o, = 15D)
2.1720.05
2.1720.05
2192015
2.0320.02
2.03+0.04
1.9420.13
2.02:0.02
2.02+0.05
2.05:0.11
-10.16+0.03
-10.17+0.04
-10.13+0.19
-1.5625.33
1.7120.05
1.73£0.19
-10.19+0.02
-10.20+0.04
-10.19+0.03
-18.51+27.75
2.45+0.02
2.45:0.03
2.52+0.10
-15.78+15.34
-8.1120.03
-15.23+15 63
-37.21x12.61
42 454016
6.1720.07
-6.1620.07
6.1620.14

310 (VPDB)

(%o, = 15D)

-3.950.06
-3.95£0.06
-3.94=0.31
-1.52+0.05
-1.53=0.09
-1.72+0.30
-2.20£0.06
-2.18=0.08
-2.1520.21
-18.68+0.05
-18.67+0.09
-18.65+0.37
-6.40£7.63
-1.7320.00
-1.7420.35
-18.790.07
-18.80+0.08
-18.86+0.11
1732122
-2.31£0.06
-2.31£0.03
-1.97+0.57
-12.46:2. 41
-8.92+0.08
-13.38+1.34
-15.2621.07
-15.92+0.50
-12.600.07
-12.61£0.10
-12.48+0.28

75

3150 (VSMOW)

(%, = 18D)
26.84:0.06
26.85:0.06
26.86+0.31
20.35:0.06
29.34+0.10
29.15:0.31
28.66:0.06
28 67+0.08
28.70:0.22
11.66+0.05
11.67+0.09
11.69+0.39
24327 87
29.13:0.09
29.13+0.36
11.55:0.07
11.54+0.08
11.48+0.11
22.96+1.27
28.54+0.06
28.53:0.04
28.89+0.59
18.08+2.49
21.73:0.09
17.12+1.38
15.18+1.10
14.51+0.51
17.93:0.07
17.92+0.10
18.05+0.28

Ay (CDES)

(%, = 1SE)
0.663+0.002
0.670:+0.006
0.687+0.010
0.378+0.002
0.374+0.004
0.375£0.015
0.261+0.001
0.262+0.003
0.258+0.006
0.261+0.001
0.262+0.003
0.262+0.069
0.635+0.007
0.686:+0.005
0.663+0.018
0.512+0.003
0.515+0.006
0.528+0.025
0.038:+0.003
0.361+0.004
0.365£0.005
0.431+0.065
0.581+0.009
0.716+0.005
0.682+0.009
0.507+0.005
0.600+0.004
0.718+0.002
0.714+0.004
0.703+0.008

A (RAW)
(%o, = 15E)
-0.25:0.01
-0.19:0.03
0.38:0.03
-0.3920.01
-0.27:0.02
0.22:0.01
-0.35:0.01
-0.30+0.02
0.1520.03
-0.1520.01
0.00£0.03
0.4320.05
-0.20+0.02
-0.18:0.04
0.38:0.04
-0.110.07
0.05:0.02
0.5120.00
0.07:0.04
-0.40+0.03
-0.35:0.03
0.0820.15
-0.11£0.01
-0.06:0.03
-0.11=0.01
-0.02:0.03
0.53:0.06
-0.09:0.01
0.02:0.01
0.45:0.03

Ay (RAW)
(%o, = 18E)
-5.92:0.64
16.87+2.26
1287821142
-5.9420.64
126.42+107 67
111.917.46
-6.9820.54
11.81+1.83
106,193 50
11.24+9 63
25.06:1.96
121.796 56
-3.62+1.03
14.23+1.84
1122424 66
2642094
27.00+2.71
114 666 42
111.46:4.04
8742175
17.66+3.12
95.61+9.14
1.29:1.59
2330:2.85
3.02+1.63
37.8345.40
145 55+6.34
3.99:0.70
33.90+5.63
113 46+1.83



Pa, Ps, 5
astreoides strigosa siderea
Ps. strigosa 0.2952
518 (%) 5. sidereq 0.4740 0.2952
U. tenuifalio 0.2952 0.7714 0.2952
B/Ca Ps, strigosa 0.0676
(mol/mol) 5. siderea 0.9307 0.0952
U. tenuifalio 0.0095 0.4000 0.0095
pHe (total Ps, strigosa 02952
scale) 5. siderea 0.4740 0.2952
L. tenuifalio 0.2952 0.7714 0.2952
[Cosﬂ']cp Ps. strigosa 0.9881
(umol/mol) 5, siderea 09307 0.9881
L. tenuifalio 0.5524 0.4000 0.0476
DICe: Ps. strigosa 067386
(umol/mol) 5, siderea 09307 0.3333
L. tenuifolio 0.0095 0.4000 0.0095
Ps. strigosa 0.9881
Qce S. siderea 0.9307 0.9881
L. tenuifolio 05524 0.4000 0.0476
6C (%o - Ps. strigosa 0.4000
VPDB) 5. siderea 0.2286 0.057M
U. tenuifalio 0.7714 0.4000 0.0286
50 (%o - Ps, strigosa 02286
VPDB) 5. siderea 0.2286 0.4000
U. tenuifalio 0.2286 0.0571 0.0286
D (%o - Ps, strigosa 02286
CDES) 5. siderea 0.2286 0.4000
L. tenuifalio 0.7714 0.2286 0.0286

Table 6.4 Associated p-values for each species comparison at the control treatment condition

(28°C, 405 patm pCOsq) following a Kolmogorov-Smirnov non-parametric test.
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5118 (%a)

B/Ca (umol/mol)

pHcr (total scale)

[CO="]ce

{umol/mol)

DICcr (umol/mol)

Cer

§13C (%o - VPDB)
520 (%o - VPDB)
Az (%o - CDES)

Po. astreoides  Ps. strigosa
0.9378
0.0046
0.8948

0.0564
0.0457
0.0501
<0.0001
0.0429
0.5180

0.1278
0.1359
0.1166

0.5628
0.2364
0.5345
0.0021
0.8681
0.5469

S. siderea U. tenuifolia

0.
0.
0.

0.
0.
0.

9345
5379
9036

8589
3259
8138

0.102

0.

2816

0.234

n/a
n'a
n/a

n/a
n/a
n/a
n/a
n/a
n/a

Table 6.5 Intra-species analysis of covariance (ANCOVA) across temperature treatment conditions.

Temperature 28°C vs. 31°C experiments (multiple t-test)
Po. astreoides

Net calcification rate
5B ey
ﬁHBt

PH (uncen
pHs*
B/Ca
SriCa
[CO:* 14"
DIC.*
Q4"

5"°C
50

A4T

280
0.0334

400
0.8205
0.7088
0.8160
05226
0.1151
0.5024
0.1094
05785
0.9182
0.3145
0.9927

0.2347
0.7271

700 2800
03171 06711
0.6110 0.3665
02268 02242
09036 09375
0.4889 0.6043
0.8222 0.0859
0.2094 0.5303
0.3853 0.1024
0.5921 0.0105
0.3197 0.1180
01404 0.0128

0.3688 0.0034
0.0168 0.2762

Ps. strigosa

280
0.0652
0.4705
05633
0.1360
0.1340
0.2353
0.3539
0.0938
0.0027
0.1332
02781

0.3804
0.0496

400
0.1768
0.5687
0.5971
0.3086
0.3150
0.8604
0.6603
0.4592
0.6127
0.5829
0.8409

0.3905
0.0168

T00
0.0035
0.3896
0.6578
0.6619
0.6521
0.0702
0.0693
0.1909
0.0064
0.2823
0.1547

0.3308
0.1890

S. siderea

2800
0.0108
0.4359
0.2078
07718
0.3899
0.2490
0.0612
0.1893
0.1754
0.3058
0.0484

0.1503
0.0108

280

400 700 2800

0.1637 03500 0.7862 0.1169
04259 0.2500 0.2842 0.4922
02896 03974 0.4151 06800
0.0435 00250 0.0673 0.2039
02719 0.0458 05462 0.8926
0.1976 0.3645 0.4230 0.3614
0.0017 0.2021 0.3011 0.0015
0.3809 06687 06437 07673
0.0351 0.9598 0.1176 0.1306
06940 0.8854 0.9200 0.6227
0.0092 01492 03161 04107

0.0656 0.7263 0.2883 0.0984
01717 02976 03673 0.2143

U. tenuifolia

280 400

0.4032

700 2800

Table 6.6 Welch’s t-test for significant differences between temperature conditions. Each pCOq

condition is compared to the equivalent pCOq condition across temperature conditions. (Unpaired

t-test with Welch’s correction).

pCO2 treatment comparison at 28°C
Po. astreoides

280
Met calcification rate 03069
8""B (o 0.4782
a''B* 0.3523
PH et (uncon 0.5043
pHs* 03726
B/Ca 0.1459
SriCa 0.3020
[CO% ] 0.3070
DICS* 01676
Q5 0.3085
5'°C 0.5833
5'%0 0.1405
A4T 0.3041

700
01974

0.3051
0.1012
0.3062
0.1080
0.8781
0.7828
0.1769
06209
01791
0.5823

0.0905
0.0484

2800
0.0013

0.0170
0.0264
0.0158
0.0265
0.2574
0.3601
0.0437
01227
0.0441
0.0054

0.1474
0.0819

Ps. strigosa
280
03168 0.7

08371 02
09885 03

0.8609
0.9772
0.7989
0.5590
0.8428
0.8228
0.8400
0.3241

0.0895
0.9882

0.2924
0.3564
0.6644
0.0803
0.3028
08586
0.3057
0.0696

0.3624
0.2008

700 2800
401 04484

902 00748
486 00815

0.0708
00777
0.3653
0.4423
0.1326
02997
0.1331
0.0006

0.7622
01313

5. siderea
280
0.7826

0.1082
0.0065
0.0988
0.0060
0.3260
0.0324
0.2374
0.1306
0.2395
0.1114

0.8731
0.3158

700 2800
0.2755 <0.0001

0.0237 0.0062
0.0070 0.0115
0.0262 0.0068
0.0075 0.0120
0.2858 0.1379
0.3882 0.0242
0.1286 0.0439
01146 0.0493
01315 0.0441
0.0188 0.0124

0.3227 0.0894
0.0243 0.0097

U. tenuifoha
280
0.2060

0.4627
0.8138
0.4358
0.7900
0.3916
0.7735
0.3470
0.4171
0.3483
0.1332

0.1880
0.6003

700

2800

0.0288 <0.0001

0.4627
0.7203
0.3612
0.7159
0.2547
0.9863
0.1931
0.2850
0.1900
0.0980

0.2926
0.7123

0.1742
0.1260
0.1738
0.1301
0.1872
0.1881
0.9629
01761
0.9855
0.0465

0.2047
0.0783

Table 6.7 Welch’s t-test for significant differences between pCQOs conditions for the lower temper-

ature, 28°C experimental condition. Fach treatment is compared to the “control” 405 patm pCOq

condition. (Unpaired t-test with Welch’s correction).
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p CO, treatment comparison at 31°C

Po. astreoides Ps. strigosa

280 700 2800 280

Net calcification rate 00768 06127 0.0421 0.0626
5'"B (yneon) 01029 01025 0.9887
5''B* 01764 0.0213 07041
PH.f funcon) 0.1134  0.1091 0.9876
pH4* 01999  0.0249 0.6876
BiCa 06468 01179 03489
Sr/Ca 09963 05016 03219
[CO:% 14" 04552  0.0510 0.4500
DIC* 0.8161  0.0451 0.0426
04 04500 0.0505 04441
5"°C 02902 01746 03877
5'%0 0.8288 0.0354 0.8923
A47 0.7703 0.9396 0.4136

700 2800
0.8693 0.5991
06192 03118
07236 07832
0.8600 0.3167
0.7729 07876
02790 051982
02784 01617
0.2563 0.0904
0.1311 06224
02530 0.0894
0.0040 0.0377

0.4375 0.0717
0.0118 0.0226

S. siderea
280
0.6195
0.0572
0.0043
0.0536
0.0043
0.0042
0.0473
0.4600
0.0045
0.4750
0.9706
0.3787
0.0348

700 2800
0.8660 0.0145
0.0127 0.0116
02371 01204
0.0142 0.0130
0.2709 0.1190
05333 08283
06635 09975
0.0308 0.1174
0.9297 0.8621
0.0286 0.1145
0.0187 0.0018

06817 0.7521
0.1015 0.0246

U. tenuifolia
280

700

2800

Table 6.8 Welch’s t-test for significant differences between pCOs conditions for the lower temper-

ature, 31°C experimental condition. Each treatment is compared to the “control” 405 patm pCOq

condition. (Unpaired t-test with Welch’s correction).
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Table 6.9 Compiled individual sample results. See legend in 6.9F for details.
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