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CALCIUM CARBONATE COMPOSITION AND OTHER MEASURES OF

VULNERABILITY OF THE SKELETONS AND SHELLS OF ECHINODERMS AND

GASTROPODS CHALLENGED BY OCEAN ACIDIFICATION OR CLIMATE

WARMING
ASHLEY DUQUETTE
BIOLOGY
ABSTRACT
Marine invertebrate calcium carbonate (CaCOz) composition will likely be

impacted by climate warming and ocean acidification (OA). Elevated temperature alters
physiological processes that can induce stress, and OA alters the ability of calcareous
marine invertebrates to maintain acid-base balances, calcify, and repair skeletal
dissolution. The first of three chapters of this dissertation exploits a natural CO seep to
evaluate impacts of chronic exposure to OA on the shells of four gastropods: the limpets
Patella caerulea and P. rustica, top-shell snail Osilinus turbinatus, and whelk Hexaplex
trunculus. All four gastropods experienced shell dissolution to various degrees and
reduced shell integrity as pH decreased. The limpet P. rustica demonstrated altered
CaCOs composition of the shell with reduced pH, and there was evidence of altered shell
microstructure in both limpets. The second chapter documents the variability of CaCO3
composition of skeletal components of high latitude Antarctic echinoderms to further
evaluate the hypothesis that skeletal magnesium content is inversely correlated with
latitude in the Echinodermata. Significant inverse correlations were observed in
echinoderms collected between 62° and 76°S, but not when the correlation analysis was
restricted to those collected south of 70°S where seawater temperature is comparatively

constant. This suggests that temperature may be an important factor driving this global

relationship in echinoderms. This also suggests that climate warming may lead to



increasing levels of magnesium in skeletal components, rendering them more susceptible
to dissolution under conditions of OA. The third chapter examines variability of the
CaCOz composition of skeletal components of the model sea urchin Lytechinus
variegatus exposed to ambient and near-future seawater temperature. Over the 90-day
experiment, there was no increase in skeletal magnesium content in the test, spines, or
Aristotle’s lantern in the elevated temperature treatment. This result was likely related to
thermal stress and individuals allocating their resources elsewhere. It appears that
elevated temperatures may not alter CaCO3z composition or impact skeletal solubility in
L. variegatus as OA intensifies. The mineralogy of gastropods and echinoderms
investigated herein exemplifies the variable nature of susceptibility to OA and the

difficulty of predicting impacts of climate change without a focus at the species level.

Keywords: ocean acidification, echinoderm, gastropod, calcium carbonate, Mg/Ca ratio,

Antarctica
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INTRODUCTION

Anthropogenic carbon dioxide

Marine ecosystems around the globe face several threats from rising levels of
atmospheric carbon dioxide (CO,). Atmospheric CO, levels are documented as having
risen approximately 40% (278 to 400 ppm) since the 1800°s (IPCC 2014; Gattuso et al.
2015). Fluctuations in such levels have occurred naturally in the past, but the concern
today is the rate at which they are currently increasing. The current rate of increase is
estimated at approximately an order of magnitude faster than has existed for millions of
years (Doney and Schimel 2007).

CO;, (as well as other air pollutants) can trap the sun’s heat in the atmosphere and
lead to warming temperatures. Average global sea-surface temperature has demonstrated
an increase of approximately 0.4°C since the 1950’s (Levitus et al. 2009). Rising sea-
temperatures contribute to factors such as increased ocean stratification, rising sea level,
changes in ocean circulation, precipitation, and freshwater input (Cazenave et al. 2008;
Doney et al. 2012). Those changes in physical factors can, in turn, alter oxygen and other
nutrient levels and concentrations available to marine flora and fauna (Keeling et al.
2010; Doney et al. 2012).

Some species are able to circumvent the threat of warming by shifting their
location until they are within a physiologically tolerable range (Mueter and Litzow 2008;
Spencer 2008; Jones et al. 2009, 2010). These shifts alter species’ distribution, ecosystem

structure and diversity, and food web dynamics (Barry et al. 1995; Hyrenbach and Veit



2003; Hillyer and Silman 2010). Some species face geological constraints and others are
sessile and not physically able to relocate. While warming temperatures are clearly a
threat of their own, they are not the only threat driven by increasing levels of atmospheric

COs..

Ocean acidification

The oceans take up approximately a third of anthropogenic CO, (IPCC 2014).
While this uptake may temper the atmospheric effects of increasing carbon dioxide
emissions, it can wreak havoc on oceans globally. CO, taken up from the atmosphere is
converted to several forms within marine systems:

COgatm) <> COsag) + H20 <> H,CO3 »H" + HCOy «»2H" + COz”
Carbonic acid forms when CO; taken up from the atmosphere combines with water, and
then it dissociates into carbonate (COs?), bicarbonate (HCOz), and hydrogen ions (H*).
This results in a drop in pH (increasing acidity). To date, the mean pH of ocean surface
waters has fallen 0.1 pH units since pre-industrial times and is predicted to fall another
0.3-0.4 pH units by the end of the century (Hoegh-Guldberg et al. 2014). A predicted 0.3-
0.4 pH drop by the end of the century coincides with a 150% increase in H* ion
concentration and a 50% decrease in COs* ion concentration (Orr et al. 2005).

Marine invertebrates exhibit varying responses to altered sea water chemistry.
Increasing acidity can directly or indirectly affect invertebrates by challenging the
abilities to successfully grow, reproduce, calcify, and maintain acid-base balance
(Kroeker et al. 2013a; Bray et al. 2014; Dubois 2014; Lardies et al. 2014; Gaylord et al.

2015). Responses to acidification vary among life stage, individuals, populations, and



species. Some marine invertebrates even exhibit resilience at one life stage, while they
are vulnerable to ocean acidification at another. The sea urchin Strongylocentrotus
droebachiensis exhibits a nine-fold increase in mortality in juveniles and adult females
produced a fifth the number of eggs when initially cultured into acidified seawater.
However, after a period of 16 months, adults began producing normal numbers of eggs
while juvenile survival remained low (Dupont et al. 2013). Many marine invertebrates,
including echinoderms and mollusks, have demonstrated negative effects when early life
stages are exposed to CO; acidified seawater (Shirayama and Thornton 2005; Kurihara et
al. 2007; Dupont et al. 2008; Ellis et al. 2009; Findlay et al. 2009; Albright et al. 2012;
Stumpp et al. 2012, 2013; LaVigne et al. 2013). For example, the oyster Crassostrea
virginica exhibited elevated juvenile mortality, delayed metamorphosis, and decreased
soft body growth when exposed to near-future decreases in seawater pH (Talmage and
Gobler 2009; Beniash et al. 2010; Dickinson et al. 2012). Similarly, abalone, mussels,
and scallops demonstrated decreased growth, lower metabolism, reduced fertilization,
and retarded embryonic development when exposed to decreased pH (Desrosiers et al.
1996; Michaelidis et al. 2005).

Because there are “winners” and “losers” in the face of ocean acidification, entire
ecosystems are altered, often detrimentally. Observations at naturally acidified CO, seep
sites revealed changes in community structure and reduced diversity of invertebrates
under acidified conditions (Fabry et al. 2008; Hall-Spencer et al. 2008; Martin et al.
2008; Barry et al. 2010; Cigliano et al. 2010; Christen et al. 2013). There are ongoing
decreases in taxa and taxonomic evenness, as well as shifts in trophic structure toward

fewer trophic groups and dominance by generalists surrounding CO, seep systems



(Kroeker et al. 2011; Kroeker et al. 2013b; Fabricius et al. 2014; Baggini et al. 2015).
Moreover, those species and individuals that survive in acidified conditions may suffer
weakened shells/skeletons and are often smaller due to dissolution or physiological stress

(Langer et al. 2014; Milazzo et al. 2014; Collard et al. 2015; Harvey et al. 2016).

Carbonate mineralogy

Marine calcifying invertebrates face two major challenges in response to OA: the
creation or maintenance of shells/skeletons as well as increasing dissolution of
shells/skeletons. As indicated above, OA is driven by increasing concentrations of
hydrogen ions that, in turn, decrease concentrations of carbonate ions (COs*). Carbonate
is a necessary component of calcium carbonate (CaCQOs3), a primary building block of the
calcified shells and skeletons of marine invertebrates. Calcium carbonate is found
predominantly in two isomorphs: aragonite and calcite, with calcite being half as soluble
as aragonite (Mucci 1983). Decreasing levels of carbonate result in a decline in calcium
carbonate saturation state (Q). If Q > 1 then CaCO3 formation is thermodynamically
favored, but when Q < 1, dissolution is more likely.

Remarkably, there is already evidence of current aragonite under-saturation in the
North Pacific, Indian, Arctic, and Antarctic Oceans (Feely et al. 2002; Sabine et al. 2004;
Yamamoto-Kawai et al. 2009; Schram et al. 2015). In addition, hydrogen ions building
up in seawater challenge the ability of marine invertebrates to maintain their acid-base
homeostasis and internal pH, implying that decreased saturation states are not the only

difficulty facing marine invertebrates (Cyronak et al. 2015). Dissolution has been



suggested to be an equal, or greater, threat to calcareous marine invertebrate success as
reduced calcification (Roleda et al. 2012; Eyre et al. 2014).

The solubility of calcium carbonate can be altered depending on the amount of
magnesium incorporated in place of calcium. Higher levels of MgCOj3 are more soluble
(Morse et al. 2006; Andersson et al. 2008). Baggild (1930) identified three
compositional phases of calcium carbonate in marine invertebrates: aragonite, low
magnesium calcite (<4% MgCO3), and high magnesium calcite (>4% MgCO3). The
magnesium content of the shell/skeleton in marine calcifiers is generally linked to
taxonomic history yet considered to decline as a function of increasing latitude (Chave
1954; McClintock et al. 2011). The exact driving force of this proposed latitudinal
relationship with magnesium content remains unknown. Several abiotic and biotic factors
are believed to affect magnesium content, some of which are Mg/Ca ratio of seawater,
diet, saturation state, growth rate, and temperature (Ries 2004; Andersson et al. 2008;
Hermans et al. 2010; Asnaghi et al. 2013, 2014). The question now is how changing pH
levels, saturation states and carbonate availability will affect calcifying organisms.

The general expectation is that skeletal growth of marine invertebrates will
decrease with declining carbonate saturation states and pH (Hofmann et al. 2010;
Johnson and Carpenter 2012; Garrard et al. 2013; Kroeker et al. 2013a; Dubois 2014).
Nevertheless, the variable, and often species-specific, responses to ocean acidification
observed has made ecologically important marine invertebrates that build calcium
carbonate shells and skeletons of increasing interest (Doney et al. 2009; Ries et al. 2009;
Kroeker et al. 2013a; Parker et al. 2013). For example, if calcified marine invertebrates

experience declining rates of calcification due to increased energetic costs of calcification



in increasingly corrosive waters, this will alter organic carbon and CaCO3 flux to the
deep sea (reviewed in Day et al. 2000; Fabry et al. 2008, 2009; Wood et al. 2008, 2010).
Intolerance of acidified seawater may significantly decrease species diversity. Studies
have determined that calcifiers in naturally acidified marine CO, vent systems are
generally restricted to ambient pH regions (pH 8.1-8.2) (Hall-Spencer et al. 2008; Martin

et al. 2008; Fabricius et al. 2014; Garilli et al. 2015).

Impacts of ocean acidification on molluscan shells

Given their important ecological roles and their use as environmental
biomonitors, mollusks have been of great interest in the face of ocean acidification.
While much of the literature predicts negative effects, the overall response to, and
severity of, effects from ocean acidification vary with taxa. For example, some
gastropods and bivalves have demonstrated positive (increased calcification, increased
rate of calcification and/or growth) or parabolic (positive net calcification under
intermediate acidification but negative under high acidification) reactions to increased
acidity (Ries et al. 2009; Rodolfo-Metalpa et al. 2011). There is some evidence that
certain species may be able to adapt to ocean acidification by altering the solubility of
their skeleton. This is achieved by secreting one of the less soluble mineral polymorphs
of calcium carbonate. For example, Ries (2011) found that the whelk Urosalpinx cinerea
decreased the solubility of their shell by initiating the secretion of a low Mg-calcite
skeleton. Additionally, the amount of tissue covering the shell/skeleton may facilitate
organisms in adapting to or tolerating seawaters at lowered pH (Coleman et al. 2014). For

example, the mussel Mytilus galloprovincialis displays no significant shell dissolution,



and continues precipitating calcium carbonate in under-saturated conditions (Thomsen et
al. 2010; Rodolfo-Metalpa et al. 2011). The lack of dissolution may be related to the
presence of a periostracum that covers the entire shell exterior.

Shells of a variety of other mollusk species exhibit significant negative responses
to ocean acidification. Some are important ecological species including the bay scallop
(Ries et al. 2009), Pacific and Eastern oysters (Gazeau et al. 2007; Ries et al. 2009), and
various species of hard and soft clams (Ries et al. 2009). Responses include net shell
dissolution (bivalves: Green et al. 2004; gastropods: Hall-Spencer et al. 2008), reduced
shell growth or decreased calcification rates (gastropods: Shirayama and Thornton 2005;
Melatunan et al. 2013; bivalves: Gazeau et al. 2007; Ries et al. 2009), and impaired shell
integrity (Green et al. 2004; Beniash et al. 2010; Fitzer et al. 2014). These effects are
greater in animals lacking a thick organic layer (e.g., Rodolfo-Metalpa et al. 2011;
Coleman et al. 2014). The Antarctic pteropod, Limacina helicina antarctica, possesses an
aragonite shell that exhibits severe dissolution at aragonite saturation states below 1.12
(Qa < 1.0 = sub saturated) (Bednarsek et al. 2012). Shell dissolution not only makes them
more vulnerable to predation but also to infection. As pteropods often dominate
mesozooplankton biomass in polar seas, oceanic food webs can be dramatically affected
by their lack of capacity to cope with acidifying and under-saturated seas (Comeau et al.

2010; Bednarsek et al. 2012; Lischka and Riebesell 2012).

Impacts of ocean acidification on echinoderm skeletal components
Echinoderms represent a significant carbonate producing phylum and, because of

their high biomass, are major players in the global carbonate cycle (Lebrato et al. 2010).



They are known to have high magnesium calcite skeletons with MgCOj3 between 4 - 30%
(Vinogradov and Odum 1953; Weber 1973). Because of this, echinoderms are of
particular concern in acidifying seawaters. Negative responses to ocean acidification have
been observed in all life stages of this phylum (Shirayama and Thornton 2005; Ries et al.
2009; Dupont et al. 2010; Byrne et al. 2011; Collard et al. 2014). These responses include
spine degradation in sea urchins (Albright et al. 2012; Bray et al. 2014; Dubois 2014),
altered gene expression and larval growth rates (Ross et al. 2011; Challener et al. 2013;
Sewell et al. 2013; Chan et al. 2015), and adult echinoids build tests of reduced thickness,
reduced growth, and net dissolution (Shirayama and Thornton 2005; Miles et al. 2007,
Asnaghi et al. 2013). It is believed that echinoids will be especially susceptible to ocean
acidification because they have a continuous, high Mg-calcite test that is covered only by
a thin, permeable epithelial layer (Binyon 1976, 1980; Sewell and Hofmann 2011).
Nevertheless there is also evidence that echinoderms may be resilient in the face
of acidifying seawater. The test growth rate and survival of juveniles of the sea urchin
Heliocidaris erythrogramma exhibited resilience to both ocean acidification and seawater
warming (Wolfe et al. 2013). Collard et al. (2015) found that the sea urchin
Paracentrotus lividus did not exhibit altered mechanical properties of the test when
exposed to pH levels expected by 2100. However, the ability to continue calcifying in
acidified conditions often occurs at a cost to the animal. A burrowing brittle star
(Amphiura filiformis) experienced an increased rate of calcification, but fitness was
reduced due to a loss of muscle (Wood et al. 2008). The sea star Pisaster ochraceus
exemplifies the complicated nature of echinoderm responses to ocean acidification.

Growth rates for this sea star increased with end-of-century levels of CO,; however, the



relative calcified mass of the organism declined in the same environment (Gooding et al.
2009). Clearly, a general statement about or expectation for echinoderm responses to
ocean acidification cannot be made. More research is necessary to explore skeletal

properties and susceptibility of these and other calcareous marine invertebrates.

Objectives

The purpose of the present dissertation was to elucidate the effects of and
potential susceptibility to ocean acidification and/or warming on the major calcium
carbonate structures of key carbonate-producing benthic marine invertebrates. My studies
focus on the magnesium to calcium ratio in the skeletons and shells of gastropods and
echinoderms from a variety of ecosystems. Each ecosystem provides an opportunity to
appropriately evaluate a different aspect of how biomineralization may or may not be
altered with future climate warming and ocean acidification.

| hypothesized that a suite of echinoderm species collected from varying latitudes
in Antarctica would demonstrate an inverse relationship between skeletal magnesium
content and latitude previously observed in temperate and tropical species (the latitudinal
hypothesis). | expected that individuals from lower latitudes would have higher levels of
magnesium than conspecifics collected from higher latitudes. Assuming that this
relationship was driven, at least in part, by temperature and applying this construct to a
temperate echinoderm, | hypothesized that the model sea urchin Lytechinus variegatus
would construct skeletal components with higher levels of magnesium when chronically
exposed to an elevated near-future temperature. Because seawater surface temperatures

are rising concurrent with ocean acidification, it is important to consider if higher



10

temperature induces increasing levels of skeletal magnesium as this would increase the
solubility of the calcium carbonate skeleton with ocean acidification. Increase in
solubility would render calcified marine invertebrates to greater risk of dissolution and
weakening of shells and skeletons elevating risks of predation by crushing or drilling
predators. Along with controlled laboratory experiments to evaluate the role of
temperature mineralogy and skeletal susceptibility to ocean acidification, | exploited a
natural CO, seep as an in vivo model to study impacts of acidification on shell
mineralogy, dissolution, and structural integrity. | hypothesized that four species of
shelled gastropods living across a range of seep-induced pH levels would demonstrate
increasingly negative impacts as elevated acidification increasingly challenged shell
composition and structure.

In summary, to discern possible impacts of ocean acidification or ocean warming
on the elemental composition of the skeletal components and shells of marine
invertebrates, I utilized invertebrates collected from three distinct and relevant
ecosystems: a CO, seep system, Antarctica, and a Florida coastal bay. This involved
examinations, at both the micro- and macroscopic level, of gastropod shells from
individuals exposed to chronic acidification at a CO, seep system; the determination of
baseline magnesium content of echinoderms from a particularly threatened and climate-
susceptible marine environment, Antarctica; and an experiment focusing on the effect of
warming on calcium carbonate composition in skeletal components (test, spines, and
Aristotle’s lantern) of the sea urchin Lytechinus variegatus currently living at the

northern extent of its thermal tolerance.
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Abstract

Marine CO, seeps allow the study of the long-term effects of ocean acidification
on marine organisms. Four common species of benthic gastropod (the limpets Patella
caerulea and P. rustica, the top-shell snail Osilinus turbinatus, and the whelk Hexaplex
trunculus) were sampled across a CO; gradient created by volcanic seeps off Vulcano
Island in Italy. Specimens were collected from three stations with ambient (pH 8.15),
moderate (pH 8.03) and low (pH 7.73) seawater mean pH. Shell mineralogy,
microstructure and microtexture, and mechanical strength were examined using X-ray
diffraction, scanning electron microscopy, electron backscatter diffraction, and point
compression analysis. The shells of both species of limpets were composed of calcite and
aragonite, while the top-shell and whelk shells were entirely aragonite. Shell mineralogy
was affected by acidification in the limpet P. rustica where the calcite/aragonite ratio
increased with reduced pH. Each of the four gastropod species displayed reductions in
either toughness or elasticity of the inner shell surface at the Low pH site as well as
altered shell microstructure. This indicates that near-future ocean acidification will cause
altered shell biomineralization in all four gastropods tested. The severity of the
mechanical effects of acidification varied between species, but each had the potential to

render individuals more susceptible to infection or predation.

Introduction

Ocean acidification is a process characterized by a decrease in seawater pH and
an increase in pCO; that results from the absorption of anthropogenic carbon dioxide
from the atmosphere into the ocean (Caldeira and Wickett 2003). Since the onset of the

Industrial Revolution, levels of atmospheric CO, have increased from approximately 280
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to 400 ppm and the oceans have absorbed about one third of anthropogenic CO,
emissions (IPCC 2014). Present day oceans have higher concentrations of dissolved CO,,
bicarbonate, and hydrogen ions, with the latter resulting in acidified surface waters. Mean
surface seawater pH levels have fallen 0.1 pH units (corresponding to about a thirty
percent increase in [H']) since the onset of the Industrial Revolution and are predicted to
fall, on average, another 0.3-0.4 pH units by the end of the century (Orr et al. 2005).

Decreases in seawater pH have been accompanied by reductions in the
availability of carbonate (CO5%) ions, which are a crucial component of calcium
carbonate (CaCOs). Calcite and aragonite, the most common CaCOs; polymorphs, are the
primary building blocks of calcified shells and skeletons in marine invertebrates
(Lowenstam 1954). Declining levels of CO3” result in a decline in the CaCOs saturation
state (Q) of seawater. If Q > 1 then shell/skeletal formation is facilitated, but when Q <1,
dissolution of shells or seawater-exposed skeletal elements becomes likely, and the cost
of mineralization increases (Rodolfo-Metalpa et al. 2011; 2015). The taxon-specific
polymorph of CaCO3 used in the production of shells or skeletons also affects the
potential for dissolution, since calcite is about half as soluble as aragonite (Mucci 1983).
It is now well established that anticipated changes in pH and carbonate chemistry will
have significant cellular, physiological, and ecological consequences for many calcifying
marine invertebrates (Ries et al. 2009; Hahn et al. 2012; Chen et al. 2014; Swiney et al.
2016).

The majority of ocean acidification research to date has been laboratory-based
and suggests that the impacts are likely to be species-specific with a few species

benefitting, but many others being negatively impacted either through direct or indirect



14

effects of rising CO, levels (Gaylord et al. 2015). Most laboratory-based studies have
been carried out over relatively short time scales, and whilst this offers valuable
information about species-specific physiological responses to hypercapnia, it is difficult
to scale-up from this body of research to assess the likely effect of ocean acidification on
coastal ecosystems. When exposed to acidification in natural environments, organisms
that thrive in the laboratory may become poor competitors against similar species in the
wild (Gaylord et al. 2015; Harvey et al. 2016), and species that demonstrate negative
responses in the laboratory may acclimatize in the field to acidified conditions and
resume normal functionality after chronic exposure (Calosi et al. 2013).

Certain shallow submarine seeps provide opportunities for the study of the long-
term ecological effects of increasing pCO, levels (Hall-Spencer et al. 2008). These seeps
naturally acidify surrounding waters such that marine organisms living at increasing
distances from areas with CO, bubbling up through the seafloor are exposed to a gradient
of acidification. Importantly, exposure to acidified conditions occurs across different life
history stages and over extended periods of time. Studies at CO; seeps in the
Mediterranean and Papua New Guinea have revealed significant reductions in the
biodiversity of marine invertebrates under acidified conditions, as well as shifts in trophic
structure and simplified food webs (Cigliano et al. 2010; Kroeker et al. 2013b; Fabricius
et al. 2014; Baggini et al. 2015). Much of this decline in biodiversity is due to reductions
in the presence of calcifying marine organisms including scleractinian corals, mollusks
and echinoderms (Inoue et al. 2013; Fabricius et al. 2014; Garilli et al. 2015). Those

calcified species that do survive near CO, seeps may suffer from weakened shells or
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skeletons (Rodolfo-Metalpa et al. 2011; Langer et al. 2014; Collard et al. 2015;
Newcomb et al. 2015).

The aim of the present study was to determine how chronic exposure to elevated
CO; influences the shells of four common species of sympatric gastropods (two limpets,
a top-shell, and a whelk). All four gastropod species we studied are conspicuous
inhabitants of rocky intertidal and upper sublittoral habitats of the Mediterranean Sea.
The two limpet species display vertical zonation patterns with Patella caerulea
(Linnaeus, 1758) occupying the upper sublittoral and P. rustica (Linnaeus, 1758)
occupying the intertidal (Mauro et al. 2003). Limpets generally have a small home range
and some even employ ‘home’ behavior, returning to the same spot after daily foraging
(Keasar and Safriel 1994). The top-shell Osilinus turbinatus (Von Born, 1778) and the
whelk Hexaplex trunculus (Linnaeus, 1758) occur primarily in the upper sublittoral zone
(Crothers 2001; Rilov et al. 2004). The two limpets and the top-shell are herbivores that
feed on microbial biofilms or microalgae (Crothers 2001; Jenkins et al. 2005; Coleman et
al. 2006). In contrast, the whelk is carnivorous and a voracious predator on other species
of gastropods (Sawyer et al. 2009). All four species are subject to harvest for human
consumption or use as fish bait (Peharda and Morton 2006; Katsanevakis et al. 2008).

Our study site was a CO; seep system located in the shallow, nearshore waters of
Vulcano Island approximately 25 km north of Sicily, Italy (Boatta et al. 2013). We
measured shell size and microstructure at sites with increasing levels of pCO, based on
scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD). We

also assessed shell mineralogy (percent calcite and percent aragonite) based on X-ray
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diffraction (XRD) analysis, and mechanical strength (based on point compression to

determine the force to fracture the shell, along with shell toughness, and elasticity).

Methods
Collection Sites

Gastropods were collected from three field stations (designated from this point
forward as Ambient, Moderate, and Low pH sites) off the northeastern coast of Levante
Bay, northeastern Vulcano Island (Fig. 1). Levante Bay is a shallow (2-3 m depth),
micro-tidal region that contains active CO, seeps which creates a pH gradient (~6.8 — 8.2)
along the northeastern shoreline (Boatta et al. 2013). The seawater carbonate chemistry
gradient at our three stations was defined by Milazzo et al. (2014), and based on data
collected during 2011-2012. The Ambient site served as a reference site with a mean pH
of 8.15+0.01 (n=95) and was located approximately 850 m from the main CO; seep; the
Moderate site was approximately 390 m distant from the seep with a mean pH of
8.03+£0.01 (n=95) which is a predicted near-future level of pH (Nakicenovic and Swart
2000); the Low site was approximately 300 m distant from the seep with a mean pH of
7.73£0.02 (n=95), predicted to occur by the end-of-century (IPCC 2014; Milazzo et al.
2014).

All gastropods were collected haphazardly by hand (every individual encountered
was collected) while snorkeling or wading in the intertidal in May 2013 from the three
sites described above. Site-specific sample sizes of gastropods at the time of collection
were: P. caerulea (Ambient: n=20; Moderate: n=31; Low: n=47), P. rustica (Ambient:

n=81; Moderate: n=32; Low: n=35), O. turbinatus (Ambient: n=50; Moderate: n=31;
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Low: n=28), H. trunculus (Ambient: n=24; Moderate: n=34; Low: n=25). Intact
individuals of each species were placed into zip-lock bags, sealed, then placed inside
tightly capped 2-liter plastic bottles, and transported to the University of Alabama at
Birmingham, USA. Immediately upon arrival, the gastropods were removed from their
shells and their respective soft tissues placed into labeled, 250 mL plastic jars with a
solution of 4% formalin. All shells were rinsed repeatedly under flowing, distilled water
and gently scrubbed clean by hand, labeled, and then air dried and digitally photographed
using a Nikon D5100 digital camera. For each shell, length, width, height, and shell
aperture width and height were measured to the nearest tenth of a millimeter using a
digital caliper (iGaging 6 External Caliper). Shell length data were used for intraspecific
comparisons of the mean sizes of individuals of each gastropod species at each of the
three seep sites.

The numbers of shells examined varied with the type of analysis. A quantitative
approach was taken for determinations of shell mineralogy and shell strength (point
compression). Numbers of shells examined for mineralogy using XRD ranged from 11 to
25 for a given site, while sample sizes of shells used for shell strength analysis (Ambient
and Low sites only) ranged from 7 to 23 for a given site (Table 1). Shells for these
analyses were randomly selected from the pool of available shells by numbering all of
them and using a random number generator in Microsoft Excel to choose those for
analysis. A qualitative approach was taken for digital photographs of shells (a
representative shell of each species from each site). Similarly, micro-imaging (SEM,
EBSD) of shells of each species was carried out on a representative shell from each of the

three sites. The representative shells (one shell per species per site) depict the general
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condition of all shells collected from each site for each species. Individuals on the

extreme ends of shell condition were not used as representatives.

X-ray diffraction analysis (XRD)

Shells of each gastropod species were examined for their mineralogy (aragonite
and calcite in both limpets; only aragonite in the top-shell snail and whelk) by XRD (Ries
2011). Shells were prepared by repeatedly submerging each shell in a 10% NaCIO
solution to digest away all residual organic tissue (McClintock et al. 2011). Clean shells
were rinsed under distilled water, and then air-dried for a period of 12 hrs. Shells were
wrapped in sterile gauze and broken into fragments with a hammer. Fragments were
subsequently placed into an agate mortar along with one to two mL of 95% ethanol and
then ground to a slurry with an agate pestle. The resultant slurry was placed onto a 25mm
X 75mm x 1mm glass microscope slide and air dried for 12 hrs to a powder.

Powdered shell was analyzed using a Philips X Pert Analytical X-ray diffraction
system (PANalytical B.V., Almelo, Netherlands). XRD data were collected at 45kV and
40 mA, and the 2@ scan range was from 25° to 50°, with a step size of 0.06 and scan
speed of 2 s-step™ to obtain precise measurements of calcite and aragonite peaks. The
resulting XRD pattern for each shell was used to determine the levels (percent) of calcite
and/or aragonite using equations given in (Ries 2011). The primary calcite peak (d(104))
corresponded to 20 = 29.5-30.2° on the XRD pattern generated. The two primary
aragonite peaks (d(111) and d(021)) corresponded to 20 = 26.3° and 27.2°, respectively

(Milliman 1974).
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Scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD)
analyses

Whole shells of representative individuals from each gastropod species from the
Ambient and Low sites were examined using SEM and EBSD by first immersing each
shell in epoxy resin (EpoThin Epoxy System) followed by a curing period of at least
24hr. Epoxy-embedded shells were then cut in half longitudinally using a diamond tipped
saw. The exposed surface of the embedded shell was then ground and polished for
analysis following the protocol described in Pérez-Huerta and Cusack (2009) excluding
the use of colloidal silica. One-half of a shell from each species from the Ambient and
Low sampling sites was examined using SEM. The other half of the same shell from each
individual was examined using EBSD.

Resin-embedded shell halves for SEM analysis were etched with 2% HCI,
generously coated with gold, and imaged using a Quanta FEG 650 Scanning Electron
Microscope (FEI) set on high-vacuum mode at 20kV with a spot of four. SEM images
were collected from the apex region of the limpet shell halves. The apex of the shell is the
oldest portion of the shell and erosion becomes evident at this location first. Images for
the shell halves of top-shell snails and whelks were collected for a single uniform ventral
location on the first shell whorl above the aperture.

Shell halves for EBSD analysis were coated with a 2.5 nm layer of carbon and the
epoxy resin surrounding each shell hand-painted with silver paint to decrease electron
charging (see Pérez-Huerta and Cusack 2009). EBSD was carried out with a Hikari
EDAX camera mounted on a Field Emission Scanning Electron Microscope (Tescan
Lyra XMU). OIM 7.0 software was employed to collect data at 30kV, under a high

vacuum mode, large beam intensity (20), and at a step size resolution of 1 um or less.
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EBSD images were collected from the apex of the representative limpet shells. EBSD
data were analyzed using OIM 5.3 from EDAX-TSL and presented in diffraction maps
and crystallographic maps, with different colors representing different crystal orientations

within a given region of shell (further details in Pérez-Huerta et al. 2011).

Shell strength analysis

Replicate shells of individuals of each gastropod species collected from the
Ambient and Low sample sites were used for mechanical strength analysis. Shells were
cut with a diamond saw such that portions of both the external and internal surfaces of the
shell were isolated for analysis. Shells of the two species of limpets were cut horizontally,
two-thirds of the way down each shell’s length as measured from the anterior tip. The
apex of limpet shells was selected as the site for measures of external shell surface
strength, and a site approximately 1-3mm (adjusted proportionately to the total length of
the shell) from the posterior tip of the shell was chosen for measures of internal shell
surface strength. Shells of top-shell snails were cut at a horizontal diagonal to expose the
inner surface of the shell just within the aperture. The shell apex was selected for
measurements of external shell strength, and a point located approximately 4 mm within
the aperture at its halfway mark was selected for measurements of inner shell surface
strength. Whelk shells were cut horizontally just above the aperture opening, to expose
the external shell surface above the aperture for strength measurements. The region of the
internal shell surface used for strength measures was located on the ventral shell face
approximately 4mm from the outer edge of the aperture, half way down the shell’s

aperture length.
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Prior to shell strength measurements, each shell sample was embedded in resin
such that only the outer and inner shell surfaces described above were left exposed. Two
different types of epoxy resin were used, JB Weld epoxy for limpet shells and EpoThin
Epoxy Resin for shells of the top-shell snail and whelk.

Shell mechanical strength analyses were conducted using a point compression
measure of the force necessary to crack a given shell. This technique also allowed for
indirect calculations of shell toughness and shell elasticity. For each point compression
analysis, a shell sample was placed onto the flat stage of a force stand (LRX Plus, Lloyd
Instruments) and the compression measure performed using a metal point affixed to the
stand. A 5-kN load cell was used with the metal point lowered at 0.03mm-min™ for shells
of both limpets and at a speed of 0.06mm-min™ for shells of the top-shell snail and
whelk. During each run, the point was lowered until shell fracture occurred. The force
exerted on the shell during the run and the machine extension (distance the machine arm
moved between readings) was continuously recorded using NEXYGENPIlus software.
Data derived from force and machine extension measures were used to determine

Young’s Modulus (elasticity) via stress-strain curves employing the following equations:

F
Stress =g = —,
A

. AL
Strain=¢ = —

e

Where F is force (N) at a given time point; A is the area (m?) of the metal point used for
the compression test; AL is the machine extension (m), and L. is the effective length (m).
The amount of energy per unit volume the shell withstands before breaking (toughness;

J-m™®) was calculated as the area under the stress-strain curve.
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Statistical Analyses

Mean shell lengths of all individuals collected from the Ambient, Moderate, and
Low sites were compared within each of the four gastropod species. Shell length data that
were normally distributed were compared using an ANOVA followed by a post-hoc
Tukey test. For shell length data that were not normally distributed, log transformed data
were subjected to a nonparametric Kruskal-Wallace rank sum test followed by a Dunn’s
test.

For data generated from XRD analysis, covariance of mean percent (+ SE) of
calcite and aragonite with both site (Ambient, Moderate, and Low) and size (shell length)
was tested using a linear regression model. The mean percent (+ SE) of calcite and
aragonite were compared across the three sites (pH) for both of the limpet species. These
data were not normally distributed and were therefore subjected to a Kruskal-Wallis test
followed by a Dunn’s test. As the top-shell snail and the whelk were composed entirely
of aragonite, no site comparisons were necessary.

Shell mechanical strength data were compared separately for internal and external
shell surfaces for each of the four gastropod species. For each shell surface type, data
were compared between the Low and the Ambient sites for three shell structure measures
(force, toughness, and elasticity). Covariance of these variables with both site (pH) and
size (shell length) was determined using a linear regression model. There were several
cases in which the data were adjusted for shell size (length) because a covariance
between site (pH) and size (shell length) was detected. These included both the toughness
and elasticity of the external shell surface in the limpet P. rustica, the force required to

break the internal shell surface in the top-shell snail O. turbinatus, and the toughness of
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and force required to break the internal shell surface in the whelk H. trunculus. Normally
distributed data were compared between the Ambient and Low sites using a Student’s t-
test. Data that were not normally distributed were compared using a Mann-Whitney U
test. R Statistical Software (R Development Core Team 2010) was used to conduct all

statistical analyses and a p<0.05 was considered significant.

Results

Mean (x SE) sizes (shell length) of the four species of gastropod collected from
each of the three pH sites are presented in Fig. 2. Intraspecific mean shell length did not
differ significantly among the three pH sites in the limpet, P. caerulea, (ANOVA, F 2,95
=2.717, p = 0.071) and the whelk H. trunculus (Kruskal-Wallis test, H,=2.95, p =0.229).
However, mean shell length differed significantly between sites for the limpet, P. rustica,
(ANOVA, F(2,126) = 4.05, p = 0.02) and the top-shell snail O. turbinatus (Kruskal-Wallis
test, H,=9.07, p = 0.011). Specifically, shells of the limpet P. rustica were longer at the
Low site than those at the Ambient site (Tukey HSD test, p =0.015). In contrast, shells of
top-shell snail collected from the Low site were shorter than those at the Ambient site
(Dunn’s test, p = 0.0013), and similar in length to those collected at the Moderate site

(Dunn’s test, p = 0.031).

X-ray Diffraction
XRD analysis confirmed that the shells of both limpets, P. caerulea and P. rustica
were composed of aragonite and calcite. Mean (+ SE) percentages of aragonite and

calcite in shells did not differ significantly for P. caerulea (Kruskal-Wallis test,
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H,=1.143, p = 0.5647), but differed significantly for P. rustica (Kruskal-Wallis test,
H,=13.569, p = 0.0011) (Fig. 3). Significant differences in ratios of aragonite to calcite
were found in the shells of P. rustica collected at the Low and Moderate sites (Dunn’s
test, p = 0.0004) with levels of aragonite in shells of limpets from the Low site about a
third (5.4% versus 15.6%) of those in shells of individuals from the Moderate site (Fig.
3). XRD also reported that shells of the top-shell snail O. turbinatus and the whelk

H. trunculus are composed entirely of aragonite.

Shell Imaging

Digital photographs of representative shells collected from each of the three pH
sites revealed varying levels of dissolution among the four species of gastropods (Fig. 4).
Shells of the whelk H. trunculus collected at the Low site showed the most dramatic shell
dissolution with considerable pitting and erosion of the outermost layer (Fig. 4a-c). In
some instances, whelk shells from this site displayed holes that measured up to 5mm
diameter, the apparent result of dissolution through all shell layers. The top-shell snail
and the sublittoral limpet P. caerulea showed a similar, but more modest level of shell
dissolution that increased with proximity to the Low site. Shells of both species from the
Moderate site had reduced luster and faded pigmentation, while shells at the Low site
displayed mild dissolution of the outermost layer (Fig. 4: d-f; j-I respectively). The
gastropod shells least affected by increased proximity to the seep were of the intertidal
limpet P. rustica, a species submerged only at high tide (Fig. 4g-i). Here, slight shell
dissolution was evident at the shell apex (oldest region) at the Low site, but not evident at

the other two sites.
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The shell of the representative limpet P. caerulea from the Low site had an outer
prismatic calcite layer above a thicker, inner crossed-lamellar aragonite layer (Fig. 5b),
while the representative shell from the Ambient site revealed only the crossed-lamellar
aragonite layer clearly. The outer prismatic calcite layer was obscured by epibionts or
microbial infestation (Fig 5a). The thickness of the apex region of the Low site shell of
P. caerulea was 8.9% greater than that for the representative individual from the Ambient
site. In contrast, the shell of the representative individual of P. rustica from the Low site
was 16.0% thinner than that of the representative individual from the Ambient site (Fig.
5c-d). A crossed-lamellar aragonite layer is visible in the representative shell of P. rustica
from both the Ambient and Low sites, but the distinct external prismatic calcite layer is
only visible in the representative individual from the Low site (Fig. 5c-d).

SEM imagery indicated that the representative aragonite shells of both the top-
shell snail and whelk are constructed of multiple layers (Fig. 6). The outermost layer for
the snail appeared eroded for the representative individual’s shell from the Ambient site,
while the outer shell layer of the individual from the Low site appeared to contain
microbes (Fig. 6¢-d). The next shell layer of the top-shell snail was a layer of prismatic
microstructure followed by several additional layers with crossed-lamellar
microstructure. There was no obvious degradation of microstructural organization among
these layers in shells of representative snails collected from the Ambient and the Low
sites. In contrast, SEM imagery indicated that representative shells of the whelk from the
Low site had a shell microstructure characterized by degradation and less structural

diversity as well as a smooth, eroded external surface (Fig. 6a-b).
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EBSD images of representative shells of the limpet P. caerulea collected from the
Low site demonstrated increased disorganization of the crystallography of the calcite
layer (Fig. 7). The outermost edge of the representative shell collected from the Ambient
site displays a thin layer (< 20 um) of small, irregularly shaped calcite crystals (Fig. 7a-
b). These crystals show a preferred (most common) crystallographic orientation with the
c-axis parallel to the outermost edge of the shell. This outermost shell layer of the
individual from the Ambient site was separated from an inner calcite layer by a distinct
organic layer (Fig. 7a). The inner sublayer of the calcite layer was composed of larger,
prismatic crystals oriented with the c-axis perpendicular to the outermost shell layer (Fig.
7b). A transition from the outer calcite layer to the inner aragonite layer is denoted by
progression to a region of discontinuous diffraction. The representative shell of an
individual from the Low site had a single thinner, more disorganized calcite layer (Fig.
7d-e), without the prismatic layer and the outermost thinner layer. The preferred
crystallographic orientation is with the c-axis parallel to the horizontal plane of the shell.

EBSD images of representative shells of the limpet P. rustica collected from the
Ambient and Low sites revealed relatively similar shell crystallography at both sites (Fig.
8). While the shell from the Ambient site had overall lower electron diffraction (Fig. 8a),
it is evident that two discrete portions make up the calcite layer: an outer sublayer with
smaller crystals oriented with the c-axis parallel to the outermost edge of the shell, and an
inner sublayer composed of larger crystals with a preferred orientation with the c-axis
perpendicular to the outermost edge of the shell (Fig. 8b). The same two sublayers within
the calcite layer are even more obvious within the shell of a representative individual

collected from the Low site (Fig. 8c-d). The outer sublayer of the calcite layer is
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composed of small, irregularly shaped crystals, which demonstrate a preferred orientation
with the c-axis parallel to the outermost edge of the shell. The inner sublayer of the
calcite layer is less well defined, but is composed of larger crystals oriented with the c-
axis perpendicular to the outermost edge of the shell. There is no obvious simplification
of the crystallographic structure of the calcite layer within the shell of P. rustica at the
Low site (Fig. 8d). There does appear, however, to be some loss of organization of the
inner (and newer) portion of the calcite layer in the shell from the representative
individuals from the Low site (Fig. 8d). As with the shell of P. caerulea, the calcite layer
at the Low site is thinner than that of the shell of the representative individual from the

Ambient site.

Shell Strength Characteristics

The mean force required to fracture the shell did not differ significantly between
the Ambient and Low sites for any of the four gastropod species for either the external
(P. caerulea: p =0.5242; P. rustica: p =0.6349; O. turbinatus: p =0.8506; H. trunculus:
p=0.2905) or internal surfaces (P. caerulea: p=0.355; P. rustica: p =0.650; O. turbinatus:
p=0.118; H. trunculus: p=0.574). The mean shell toughness (J-m™) of external shell
surfaces also did not differ significantly between shells of individuals from the Ambient
and Low sites for any of the gastropod species (P. caerulea: p =0.6207; P. rustica: p
=0.9362; O. turbinatus: p =0.8586; H. trunculus: p =0.8672). In contrast, the mean shell
toughness of internal shell surfaces differed significantly between the two sites for two of
the four gastropod species, the limpet P. rustica (T-test, t35=2.776, p =0.009) and the

whelk H. trunculus (T-test, t14=2.565, p = 0.022). Inner surfaces of shells of the limpet
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P. rustica collected from the Low site had significantly higher toughness values than
those of individuals collected at the Ambient site. In contrast, inner surfaces of the whelk
shells collected from the Low site had significantly lower toughness values than those of
individuals collected at the Ambient site.

A significant difference in the mean elasticity (ability to deform and rebound) of
the external shell surface was detected in the top-shell snail (T-test, t;5=2.423, p =0.026),
but not among any of the three other species (P. caerulea: p =0.639; P. rustica: p =0.629;
H. trunculus: p =0.431). The external surface elasticity was significantly reduced in top-
shell snail shells from individuals at the Low site (0.25 £ 0.02 GPa; n = 8) when
compared to those from the Ambient site (0.34 = 0.02 GPa; n = 12). Both limpets had
inner shell surfaces with significantly lower elasticity at the Low site (P. caerulea: T-test,
t21=2.736, p = 0.012; P. rustica: T-test, t3,63=4.45, p < 0.0001). Mean elasticity of the
inner shell surface did not differ significantly among shells of individuals of the top-shell
snail (T-test, t;5=0.639, p = 0.533) or whelk (T-test, t;,=1.127, p = 0.279) collected from

the Ambient and Low sites.

Discussion

A wide variety of mollusks are highly susceptible to the effects of ocean
acidification, including those of high commercial importance (Cooley et al. 2012; 2015).
Studies carried out at Mediterranean CO; seeps have shown that gastropod species
diversity declines as seawater pH levels fall and that pH-tolerant species are often smaller
than conspecifics living under ambient pH conditions due to increased physiological
stress and shell dissolution (Cigliano et al. 2010; Milazzo et al. 2014; Garilli et al. 2015;

Harvey et al. 2016). Laboratory studies on a variety of mollusks have also shown that
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metabolic costs increase, growth decreases, and overall body size decreases in individuals
exposed to acidified conditions (reviewed by Kroeker et al. 2013a). The two species of
limpets examined in the present study, P. caerulea and P. rustica, are clearly exceptions
to this general trend, as shell length did not decrease with increasing proximity to the CO,
seeps. Rodolfo-Metalpa et al. (2011) found that P. caerulea living at high CO; levels
were able to upregulate calcification rates to counteract dissolution, and that this
adaptation to hypercapnia was retained even when individuals were transplanted to
ambient pH conditions. Here, we found that P. caerulea demonstrated a statistically non-
significant trend towards increased size with decreasing pH, while P. rustica significantly
increased in shell size with decreasing pH. Ransome (2007) found that although the
abundances of P. caerulea decreased with declining pH at a CO, seep off the island of
Ischia, Italy, mean shell length increased significantly. The larger size of P. caerulea at
low-pH sites at multiple CO, seep systems suggests that this species may be reaping the
benefits of increased productivity of the microphytobenthos (Johnson et al. 2015) and
decreased competition from less resilient grazers.

A number of investigators have noted that marine invertebrates able to persist in
acidified conditions are likely to benefit from decreased competition for the abundant
algal food resources known to characterize sites close to seeps (Porzio et al. 2011,
Baggini et al. 2015). The larger sizes of P. caerulea collected from the site nearest the
CO;, seep may also be the result of individuals allocating greater amounts of energy to
shell growth. As shells of juvenile or early adult mollusks are at greater risk of

dissolution (Bamber 1990; Green et al. 2004), limpets may necessarily be compensating
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by depositing addition shell material that ultimately generates larger shell size in a more
acidic environment.

In contrast to the limpets, the top-shell O. turbinatus exhibited a significant
decrease in shell length with decreasing pH. Similarly, the whelk Hexaplex trunculus
displayed a trend towards smaller shell size with increasing hypercapnia, which has since
been verified statistically by Harvey et al. (2016). Both gastropods have shells composed
entirely of aragonite, a mineral known to be twice as soluble as calcite (Mucci 1983),
while containing crystals that are smaller and more densely packed than calcite (Weiner
and Addadi 1997). This difference in crystalline microstructure makes it more
energetically demanding to build or replace shell material that is composed of aragonite
(Allemand et al. 2011). Combined, these factors increase the challenges for calcified
marine invertebrates with aragonite shells to grow to adult size and maintain their shells
under low pH stress. Accordingly, the aragonitic shell of new recruits of the reef-building
vermetid gastropod Dendropoma petraeum transplanted along the CO, gradient off
Vulcano Island, dissolved at low pH levels (Milazzo et al. 2014). Moreover, the Mg/Ca
content of their shells significantly increased in seawater with lowered carbonate ion
concentrations, reflecting an impaired ability of the vermetids to remove Mg from
haemolymph and extrapallial fluids

Because there are differences in the vulnerability of shells to reduced pH based on
their ratio of calcite to aragonite, it is important to evaluate the lability of the ratio of
these CaCO3 polymorphs at the three pH sites sampled in the present study. Our XRD
analyses indicated that there was no change in the ratio of calcite to aragonite in the shells

of the limpet P. caerulea. This observation was contrary to our expectations, as two



31

previous studies of P. caerulea found that individuals counteract dissolution of their
shells in reduced pH seawater by up-regulating calcification, resulting in a thickening of
the shell’s aragonite layer (Rodolfo-Metalpa et al. 2011; Langer et al. 2014).
Accordingly, we expected to find that the ratio of calcite to aragonite in the shells of
individuals would decrease as pH decreased. One possibility for this discrepancy is that
both studies cited above were conducted at much lower levels of pH than those at the
established field sites in the present study. The low pH in both previous studies was
between 6.4 and 6.8, levels well below the 7.73 pH that characterized our Low site. It is
possible that a pH threshold exists, below which limpets will begin up-regulating
calcification. If collection of P. caerulea had occurred closer to the CO, seep, we may
have detected a thickening of the aragonitic layer, and the expected decline in the ratio of
calcite to aragonite.

In contrast to the limpet P. caerulea, the shells of its congener P. rustica
displayed a significant increase in the calcite to aragonite ratio for shells of individuals
collected at the Low site. Since this species also had a longer shell at the Low site, it may
be that the observed increase in calcite stems from the allocation of calcite along the shell
margins during shell lengthening. If this increase in shell length occurred without a
corresponding increase in shell thickness, this could explain the higher calcite to
aragonite ratio detected. Lastly, because the shell of P. rustica is known to have an outer
periostracum (not all limpets possess a periostracum), this proteinaceous outer layer may
provide additional protection from dissolution and, therefore, the loss of calcitic shell

material (Prusina et al. 2015).
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Recent studies have suggested that dissolution of shells may be an equal, if not
greater, threat than the altered calcification rates known to occur under conditions of
ocean acidification (Roleda et al. 2012; Eyre et al. 2014). If true, our ability to predict the
prospective impacts of ocean acidification will require considerable knowledge of shell
mineralogy, microstructure, and microtexture. In the present study, scanning electron
microscopy (SEM) confirmed the presence of both aragonitic and calcitic layers in the
shells of both limpet species (MacClintock 1967; Langer et al. 2014). Interestingly, while
our XRD data did not reveal an increase in the amount of aragonite in shells of
individuals collected from the Low site, a representative shell from the same site
examined with SEM was 8.9% thicker than a representative shell from an individual from
the Ambient site. This thickening of the shell supports previous studies with P. caerulea
which indicate that individuals compensate for dissolution under ocean acidification
conditions by thickening of the aragonite layer coincident with the apex of the shell
(Rodolfo-Metalpa et al. 2011). In contrast to the shell of P. caerulea, the representative
shell of P. rustica collected at the Low site showed no evident increase in thickness at the
apex of the Low site shells. In fact, the Low site shell is thinner than the Ambient site
shell. The thinning of the shell could be a result of dissolution or decreased energy
allocation to thickening of the shell. Given that P. rustica had significantly larger shells at
the Low site, it is possible that the growth in length was achieved at the expense of
increasing shell thickness.

The top-shell snail, which possesses a periostracum, exhibited greater microbial
bioerosion at the Low site as compared to the Ambient site. This could be explained by

damage to, or erosion of, the periostracum, a likely result of chronic exposure to
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hypercapnia. The representative top-shell snail collected at the Low site showed no
reduction in layering when compared to that collected at the Ambient site. Contrary to the
top-shell snail, a difference was clearly evident in the layering in shells of representative
whelks collected at the Ambient and the Low sites. The representative shell collected at
the Low site exhibited reduced microstructural layering visible in the shell’s cross-
section. This reduction in complexity may contribute to structural weaknesses detected in
shell compression analyses (see below). As seen in the sublittoral limpet P. caerulea,
shell cross-section analysis also indicated evidence of greater microbial bioerosion in the
outer shell of the representative whelk collected at the Ambient site. Both the limpet

P. caerulea and the whelk lack a periostracum, so their external shell is likely to be more
vulnerable to biotic and abiotic erosion.

In the present study, electron backscatter diffraction (EBSD) facilitated the
identification of differences in crystallography within the calcite regions of the shells of
the two limpet species collected from the Ambient and Low sites. Although EBSD
analysis of aragonitic shell microstructures is possible, including those of limpets (e.g.,
Suzuki et al. 2010), the absence of sufficient diffraction and continuous data prevented
the use of this technique to examine the aragonitic shells of the whelk and top-shell snail
and the aragonite portions of the limpet shells. EBSD revealed that the shell of a
representative individual of P. caerulea collected at the Ambient site exhibited two well-
defined sublayers of organized calcite crystals. The two sublayers, in combination, are
42.8% thicker in the shell of the individual collected at the Ambient site when compared
to that of the individual from the Low site. This reduction in thickness was the result of

simplification of the calcite layer (reduction in sublayers) at decreased pH. Interestingly,
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the orientation of the crystals in this single layer more closely resembles that seen in the
outer calcite layer of the shell collected at the Ambient site. This suggests that simple
dissolution of the outer layer is not the case, but may rather reflect a reduction in the
capacity to produce new shell material. The shell of P. caerulea collected at the Low site
also had less organized crystallography within its single layer of calcite, indicating less
control over the biological processes regulating biomineralization. For example, several
studies have shown that shell ultrastructure can be altered and the level of disorganization
of calcite or aragonite crystals increased under conditions of ocean acidification
(Welladsen et al. 2010; Hahn et al. 2012; Fitzer et al. 2014; Li et al. 2014).

In contrast to its congener, there was no difference in the crystallography of the
shells of P. rustica at the Ambient and the Low sites. Other than the entire calcite layer
being 47.5% thinner in the shell of the individual from the Low site, the two calcite
sublayers in the shell at the Low site were similar to those at the Ambient site. This lack
of difference may reflect the presence of the outer protective periostracum. Fortuitously,
our use of two closely related limpet species that differ in the presence or absence of a
periostracum, a difference that might be attributed to occupying strikingly different
habitats (intertidal versus subtidal) provides a mechanism to evaluate the role of the
periostracum in resisting ocean acidification.

Finally, various measures of shell material properties in the gastropod species
were employed to determine quantitatively if shell integrity had been compromised with
chronic exposure to reduced pH. Each of the four species experienced a significant
decrease in either toughness or elasticity of the shell with reduced pH. Despite visible

evidence of dissolution of shells from the Low site, no significant effect on the force
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required to crack the shell was observed in any species. Welladsen et al. (2010) reported
that while exposure to near-future levels of ocean acidification decreased the force
required to crush the shell of the oyster Pinctada fucata, there was no change in the force
needed to initially crack the shell. While no significant change in force to crack shells
was seen between gastropods collected from the Low and Ambient sites, it is possible
that additional shell strength analyses, such as measures of crushing compression, could
reveal a decrease in required force to crush shells of individuals living at low pH.
However, even compromising a single material property can result in a decrease in shell

integrity that increases the vulnerability under conditions of ocean acidification.

Patella rustica sampled from the Low site experienced a significant increase in
shell toughness but decrease in shell elasticity of the internal shell surface. Therefore, the
surface of the internal shell was less brittle and stiffer. The lack of similar changes
(toughness and elasticity) in the external surface of the shell could be due to the
protective nature of the periostracum. This outer shell layer slows the rate of dissolution,
prevents entry of bioeroding organisms, and ultimately reduces physiological stress by
lowering the investment of energy to shell maintenance (Neves et al. 2007; Coleman et
al. 2014). Another factor that can influence shell elasticity is shell mineralogy. In a study
of calcareous tubes produced by the serpulid tubeworm Hydroides elegans, Chan et al.
(2012) postulated that shells composed of both aragonite and calcite have lower elasticity
when their aragonite content declines. Indeed, invertebrate calcareous structures that are
composed predominantly of aragonite have greater elasticity than those that are largely
calcite (Pérez-Huerta et al. 2008; Weiner 2008). In the present study, the percent

aragonite decreased in shells of P. rustica at the Low site and shell elasticity was also
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significantly reduced. This reduction was detected on the interior surface near the edge of
the shell, the site of most predator attacks on limpets (Lowell 1986). Both crabs and sea
birds have been observed to pry or chip at the edges of limpet shells to gain access to the
soft body tissues (Coleman et al. 1999). Reduced shell elasticity may compromise the

ability to withstand such predator attacks.

Similar to its intertidal congener, the subtidal limpet P. caerulea exhibited a
decrease in shell elasticity of the inner shell surface at the Low site. However, there was
no corresponding reduction in percent aragonite. As a subtidal species, the prolonged
exposure to acidified water could result in the change in shell elasticity. Chronic exposure
to reduced pH may also affect the organization of shell minerals. Welladsen et al. (2010)
reported that the aragonitic inner shell layer of the pearl oyster Pinctada fucata became
disorganized, with crystal structures developing as misshapen and irregular when
chronically exposed to reduced pH. In the present study, crystallographic analysis
revealed a decrease in crystal organization and a simplification in the calcite layering in a
representative shell of P. caerulea collected from the Low site. While not investigated in
the present study, if layers of aragonite crystals are similarly reduced, the hardness of the
shell will be reduced (He et al. 1991; Yang et al. 2011). These differences in the material
properties of shells of two closely related limpets, P. rustica and P. caerulea, exposed
chronically to low pH highlight the complicated nature of predicting the impacts of ocean

acidification on a given species (Kroeker et al. 2013b).

The top-shell snail Osilinus turbinatus was the only species among the four
gastropods examined in the present study to exhibit a significant decrease in elasticity of

the external surface of the shell with exposure to chronic low pH. The obvious loss of the
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outer protective periostracum along with a decrease in shell elasticity is likely to make
shells more susceptible to bioeroding organisms and boring and crushing predators.
Coleman et al. (2014) reported the impacts of laboratory-simulated ocean acidification on
the shells of two common intertidal gastropods that are in the same superfamily
(Trochoidea) as O. turbinatus. One of the species, Austrocochlea procata, demonstrated
a decrease in shell strength (force required to crack the shell) in response to reduced pH.
However, the second gastropod, Subninella undulata, which in contrast to A. procata
possessed a periostracum, showed no reduction in shell strength at low pH. The top-shell
snail investigated in the present study demonstrated decreased shell integrity in terms of
elasticity but no overall decrease in force required to crack the shell as seen with

S. undulata. It is possible that in the top-shell snail a reduction in shell elasticity, but not
the force required to break the shell, is partially due to the periostracum and its added

resilience to dissolution in acidic environments.

Shells of the whelk H. trunculus at the Low site revealed a significantly reduced
measure of toughness of the internal shell surface when compared to those from the
Ambient site. While not significant, there were also strong trends towards a decrease in
the force necessary to crack the shell and the elasticity of the external shell surface of
individuals collected at the Low site. The reduced toughness of the internal shell surface
suggests either dissolution is occurring or calcification is impaired due to physiological
stress associated with a low pH environment or the undersaturation of aragonite that
characterizes the Low site (Milazzo et al. 2014). As H. trunculus has a shell comprised
entirely of aragonite, a mineral that requires a greater energetic investment to produce

than calcite (Allemand et al. 2011), pH stress may reduce the capacity to maintain or
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produce the inner shell surface. Costs of shell maintenance and production are not trivial.
For example, the cost of producing the organic matrix within calcium carbonate can cost
an organism 10-60% of the energy invested in somatic growth, and the polymorph
aragonite has a higher level of organic material within its matrix than does calcite
(Palmer 1992). H. trunculus is unique among the four gastropods examined as it not only
depends on its shell as refuge from predators, but uses the toothed lip of the shell aperture
to chip off the shells margins of prospective prey including gastropods and bivalves
(Peharda and Morton 2006; Morton et al. 2007). With high levels of dissolution and
pitting observed in the external shell and the decreased toughness of the internal shell

detected, it is likely that a shell chipping mode of predation will be compromised.

The present study is consistent with the general consensus that there is a wide
degree of species-specific variation in responses of marine mollusks to ocean
acidification (Parker et al. 2013). For example, significant differences were found even
among gastropods (limpets) of the same genus in the present study. While various
properties of the CaCOg shells appear to be resilient to chronic pH levels as low as 7.7,
evidence of dissolution, disorganized and simplified crystallographic arrangement of
minerals, and impaired shell integrity suggest challenges to survival in a near future pH
environment. Whether these compromised shell features hinder populations remains to be
determined. However, it is noteworthy that Hall-Spencer et al. (2008) found that both the
whelk and top-shell snail in the present study were reduced or absent at a separate seep
site (Ischia, Italy) at pH levels similar to our Low site. The results presented here depict a

situation in which gastropods experience alterations in biomineralization and mechanical
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properties of their shells. These alterations have the potential to render individuals more

susceptible to infection or predation.
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Table 1. Total sample sizes of shells and their mean length (xSE) for each of four
gastropod species collected at ambient, moderate, and low pH seep sites. Also shown are
the sample sizes of shells examined from each pH site for x-ray diffraction (XRD) and

strength analyses

Species H Total XRD Strength
P P Sample Size Sample Size  Sample Size
8.15+0.01 24 13 9
(n=95)
’ \t’:’uhrfgﬁlus 8.03+0.01 34 13 0
' (n=95)
7.73+0.02 25 14 9
(n=95)
8.15+0.01 50 15 12
(n=95)
Top-shell
] 8.03+0.01 31 15 0
O. turbinatus (n=95)
7.73+0.02 28 16 9
(n=95)
8.15+0.01 20 11 7
(n=95)
o Lc'éﬂfffea 8.0320.01 31 21 0
: (n=95)
7.73+0.02 47 25 17
(n=95)
8.15+0.01 81 23 23
(n=95)
PLIrTspt?;a 8.03+0.01 32 22 0
' (n=95)
7.73+0.02 35 16 15

(n=95)
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Figure 1. Location of sampling sites along the northeastern shore of Levante Bay,
Vulcano Island, Italy. The “V” represents locations of CO, seeps
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Figure 2. Mean shell length for four species of gastropods collected from ambient,
moderate, and low pH sites in shallow water off VVulcano. Error bars are mean +
SE mm. Lowercase letters represent significant differences in mean shell lengths
for each species for each of the three seep sites
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Figure 3. Percentages of aragonite and calcite in the shells of the limpets P. rustica and
P. caerulea collected from ambient, moderate, and low pH sites off VVulcano.
Lowercase letters indicate significant differences in the ratio of aragonite to
calcite in shells within a given species. Comparisons were made only within, not
between, species
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Figure 4. Representative digital photographs of shells collected from ambient (row 1),
moderate (row 2), and low (row 3) pH sites off VVulcano for the gastropods
Hexaplex trunculus (a-c), Osilinus turbinatus (d-f), Patella rustica (g-i), and
Patella caerulea (j-1). Scale bars for each picture represent 1 cm. Arrows indicate
areas of visible dissolution
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Figure 5 Scanning electron microscopy of shells from both limpet species collected at
three CO, seep sites off Vulcano Island, Italy. Patella caerulea at (a) ambient pH
and (b) low pH. Patella rustica at (c) ambient pH and (d) low pH. The presence of
microbes on the shell is represented by an “M”, aragonite layers are marked with
an “A”, and calcite layers are marked with a “C.” Scale bars represent 100 um



52

Figure 6 Scanning electron microscopy of shells from two gastropod species collected at
three pH vent sites off Vulcano Island, Italy. Hexaplex trunculus at (a) ambient
pH and (b) low pH. Osilinus turbinatus at (c) ambient pH and (d) low pH. The
presence of microbes on the shell is represented by an “M”; prismatic layers are
marked with a “P”; Crossed-lamellar layers are marked with a “CL.” Scale bars
represent 100 pm
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Figure 7 Electron backscatter diffraction data for sections across the thickness of shells
of Patella caerulea collected from ambient (a-b) and low (d-e) pH seep sites. (a,
d) Diffraction intensity maps of shell section with white arrows indicating the
preferred orientation of crystals. (b, €) Corresponding crystallographic maps
demonstrating the orientation of calcite crystals. (c) Color-key for calcite
crystallographic planes. (a, b) Scale bars represent 100 um. (d-e) Scale bars
represent 70 um
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Figure 8 Electron backscatter diffraction data for sections across the thickness of shells
of Patella rustica collected from ambient (a-b) and low (d-e) pH sites. (a, d)
Diffraction intensity maps of shell section with white arrows indicating the
preferred orientation of crystals. (b, €) Corresponding crystallographic maps
demonstrating the orientation of calcite crystals. (c) Color-key for calcite
crystallographic planes. (a-b) Scale bars represent 100 pm. (d-e) Scale bars
represent 90 pm
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Abstract

Marine invertebrates in the Southern Ocean are considered to be at particularly
high risk to ocean acidification (OA). Echinoderms are especially vulnerable because
they employ what has historically been referred to as "high magnesium calcite’ (>4%
MgCO3) to construct their skeletal components. Calcite comprised of high levels of
magnesium is more soluble than either calcite or aragonite alone. Given that the Southern
Ocean is predicted by the IPCC to become undersaturated with respect to aragonite and
calcite by approximately 2050 and 2100, respectively, undersaturation with respect to
high magnesium calcite can be expected to occur even earlier. As the saturation levels of
calcite and aragonite in the Southern Ocean reach sub-saturation levels under ocean
acidification, echinoderms will confront both increased skeletal dissolution and the
potential for an increased energetic cost in producing and maintaining skeletal material.
Body component skeletal elements of representatives of the Echinodermata in the classes
Echinoidea (test, Aristotle’s lantern, spines), Ophiuroidea (whole body or arms and
central disk), and Asteroidea (whole body), were collected for analysis of their
mineralogy (Mg/Ca ratio) from a variety of biogeographic regions of Antarctica largely
south of 70 degrees latitude. Mg/Ca ratios varied among body components in the
Echinoidea, but not between those examined in the Ophiuroidea. The inclusion of smaller
numbers of species collected north of 70 degrees facilitated the determination that levels
of echinoderm skeletal magnesium decreased with increasing latitude between 62 and 76
degrees latitude. However, when restricted only to those individuals collected south of 70
degrees, a correlation between magnesium content and latitude was observed only in
asteroids. The basis of the inverse correlation between latitude and skeletal Mg®* in

echinoderms remains unknown, but the loss of a correlation in all but the asteroid
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samples above 70 degrees south where environmental stasis is pervasive suggests that

seawater temperature is a likely causative agent

Introduction

Global oceanic pCO; is increasing in response to an ongoing increase in
atmospheric carbon dioxide (CO,) (Gattuso et al. 2015). Since the pre-industrial age,
atmospheric CO; has increased from 278 to 400 ppm (IPCC 2014). As pCO;, in the ocean
increases, it causes a reduction not only in seawater pH but also in the saturation state (Q2)
of calcium carbonate (CaCO3) (Gattuso et al. 2015). Together, these alterations in
seawater chemistry are termed ocean acidification (OA; Caldeira & Wickett 2003). To
date, the average pH of ocean surface waters has fallen 0.1 pH units since pre-industrial
times and is predicted to fall another 0.3-0.4 pH units by the end of the century (Orr et al.
2005). Remarkably, this predicted decline in pH coincides with a 150% increase in H*
concentration and a 50% decrease in carbonate (CO3>) concentration (Orr et al. 2005).
This will accordingly lead to an increase in bicarbonate ions as free hydrogen ions bind
with carbonate. While these estimates are based on a global average of the world’s
oceans, the Southern Ocean is uniquely susceptible to ocean acidification (Orr et al.
2005,Fabry et al. 2009,McClintock et al. 2009). The Southern Ocean (defined as the
oceanic region south of 40°S latitude ) represents a vast surface area responsible for
approximately 40% of overall global CO, uptake (Fabry et al. 2009) and is predicted to
experience winter aragonite undersaturation as early as 2030 (McNeil & Matear 2008),
and year-round aragonite and calcite undersaturation by 2050 and 2100, respectively (Orr

et al. 2005).
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Marine calcifying invertebrates inhabiting the Southern Ocean will be among the
first globally to exhibit negative impacts of OA. The characteristics of the Southern
Ocean that make it more susceptible to OA include the increased solubility of
atmospheric CO; at low temperature, a naturally low saturation state (Q2) for CaCOg3, and
unique patterns of ocean mixing (Fabry et al. 2009). When Q > 1, formation of calcium
carbonate is thermodynamically favored, but when Q < 1, seawater become corrosive to
calcium carbonate and dissolution of its two predominant polymorphs, aragonite and
calcite, is favored. The saturation horizon (Q = 1) for aragonite occurs, on average, at
approximately 730 meters depth south of 60°S latitude (Collard et al. 2015). Under a
‘business as usual’ greenhouse gas model, the seasonal winter saturation horizon for
aragonite is expected to become shallower and reach the surface as early as 2030 between
a latitude of 65 to70 degrees south (McNeil & Matear 2008). Since aragonite is twice as
soluble as calcite (Mucci 1983), the saturation horizon for calcite in the Southern Ocean
will be deeper than that for aragonite. Nonetheless, the incorporation of magnesium in
place of calcium can significantly increase the solubility of calcite. ‘High magnesium
calcite’(> 4% MgCO3; Baggild 1930) is even more soluble than aragonite, and will
therefore exhibit a shallower saturation horizon than either aragonite or calcite (Morse et
al. 2006).

Members of the Echinodermata, a significant carbonate producing phylum in the
Southern Ocean, construct high magnesium calcite skeletal elements (Weber
1973,Dickson 2002,Lebrato et al. 2010). All five taxonomic classes are, therefore, at
increased risk of dissolution in reduced seawater pH and prone to impaired calcification

under the reduced saturation states predicted under near-future OA. Echinoids (sea
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urchins), ophiuroids (brittle stars), and asteroids (sea stars) occur in notably high
abundance on the benthos in Antarctica, and some species play key roles in structuring
benthic communities (e.g., Dayton et al. 1974). Despite their ecological significance and
their largely overlooked but important contribution to the global carbon cycle (Chave
1954, Lebrato et al. 2010), there is a paucity of information about the comparative
mineralogy of the skeletons of Antarctic echinoderms, and essentially a complete lack of
information on any species occurring at 70 degrees south latitude or greater.

It has long been known that the high magnesium content in calcite of the skeletal
components of echinoderms is generally linked to the group’s taxonomic history (Chave
1954). However, despite the role of taxonomy, for over a half a century there has existed
an enigmatic hypothesis that an inverse relationship exists between levels of magnesium
content and latitude in the skeletal elements of echinoderms (Chave 1954, Andersson et
al. 2008,McClintock et al. 2011). Despite the recent inclusion of new mineralogical data
for a select group of echinoderms collected from the Southern Ocean in the near
proximity of 67 degrees latitude (McClintock et al. 2011), the global latitudinal
hypothesis remains largely based on data from tropical and temperate species. Before
further speculating about the various environmental factors (e.g., temperature, salinity,
water chemistry, etc.) that may drive this intriguing distributional pattern in mineralogy,
it is important to extend the analysis of echinoderm mineralogy to unexplored latitudes
above 70 degrees south.

The purpose of the present study was twofold: first, to evaluate intra-class as well
as intra-specific differences in Mg/Ca ratios of the skeletal components of three classes of

Antarctic echinoderms to evaluate their differential susceptibility to near-future OA.
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Moreover, in approximately half of the taxa examined, we also compared Mg/Ca ratios in
identical skeletal elements or whole body across different spatial scales. Second, as our
study provides the first data on the Mg/Ca ratios of skeletal elements of echinoderms
collected south of 70 degrees latitude, we were able to conduct a more comprehensive
analysis of the global inverse correlation for skeletal magnesium content and latitude.
While the present study does not attempt to evaluate the basis for the latitudinal
relationship, our study is relevant to this question because the majority of the
echinoderms examined are from the extreme of their southern polar biogeographic range
(> 70 degrees south) where environmental factors such as seawater temperature are

effectively static.

Methods

The large majority of the echinoderms analyzed in the present study were
collected over National Science Foundation (NSF) research cruise NBP12-10 aboard the
U.S. R/V Nathanial B. Palmer that took place from Jan 1 - Feb 9, 2013. Collections were
initiated at 70° south latitude at sites along the western Antarctic Peninsula in the
Bellingshausen Sea and extending to the Ross Sea to latitude of 76 degrees south.
Samples for the present project were collected using a Blake Trawl (1.5 m width)
deployed to sample the benthos at 23 different collecting sites (see Table 1). The mean £
1SE depth at the sampling sites was 534 + 20.5 m, and ranged from 341 to 764 m
(Tablel). Echinoderms collected in each of the trawls were separated initially into
morphospecies aboard ship. For each sampling site, echinoderm vouchers for each

morphotype were photographed, labeled, and then fixed in ethanol or frozen aboard ship
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for shipment and subsequent identification to the lowest taxon possible. The benthic
collections from the 23 different geographic stations encompassed 20 taxa representative
of three of the five classes of Echinodermata, the Echinoidea, Ophiuroidea, and
Asteroidea.

Additional samples of Antarctic echinoderms were included in the present study.
These were collected on a subsequent NSF research cruise (LMG13-12) aboard the U.S.
R/V Laurence M. Gould that took place from Nov 22 to Dec 20, 2013. Collection
methods on this second cruise were identical to those described above for the first cruise.
This cruise sampled echinoderms from 10 additional geographic sites but did so at lower
Antarctic latitudes (62° to 65°S) in the region surrounding the northern tip of the
Western Antarctic Peninsula (Table 2). Echinoderms collected on this second cruise were
photographed, frozen on board ship, and then shipped frozen to Auburn University, USA.
Body components or intact individuals from this second cruise that were incorporated
into the present study included several sea stars, large brittle star arms, cidaroid sea
urchin spines, and intact individuals of the regular sea urchin Sterechinus spp..

During the initial cruise in Jan 2013, the echinoderms examined in the present
study were processed aboard ship. All brittle stars that had disk diameters > 1.5 cm were
dissected with a scalpel into two discrete body components, the central disk and the arms.
Smaller brittle stars were analyzed intact. All regular sea urchins were separated into
three basic body components: the spines, test, and Aristotle’s lantern. The gut and gonad
tissues were discarded. For all sea stars and irregular heart urchins, individuals were

analyzed intact.
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To prepare skeletal material, body components or intact individuals were placed
in a drying oven for 24 hr at 35 °C and then digested in a 10% NaClO solution to remove
all tissue (McClintock et al. 2011). The NaClO solution was exchanged as needed to
facilitate complete digestion of organic material. The cleaned skeletal elements were
rinsed generously with distilled water, vacuum dried, and then placed in a drying oven for
24 hrs. Each resultant skeletal sample was folded within a sheet of aluminum-foil, placed
into a labelled zip-lock bag and hand carried to the University of Alabama at
Birmingham, USA. The skeletal material from intact individuals or body components
was then ground into a fine powder using an agate mortar and pestle with the addition of
several mL of 95% ethanol to reduce heating. The resulting slurry was air dried for 12 hrs
and the subsequent powder used in mineralogical analysis. Skeletal preparation was
carried out in an identical manner for the echinoderm samples collected during the
second cruise (Nov-Dec 2013).

Molar Mg/Ca ratios were determined by X-ray diffraction (XRD) using a Philips
X’Pert Analytical X-ray diffraction system (PANalytical B.V., Almelo, Netherlands).
The system was set to run at 45kV and 40mV with a 20 scan range of 27° to 32°. The
scan speed was 2 s/step with a step size of 0.02 to obtain accurate measurements of the
calcite peak occurring at 20 = 29.5 °-30.2 °. The resulting diffraction pattern was used to
determine the molar Mg/Ca ratio following the equation given in Ries (2011):

Mg/Ca=0.17881(26)%- 10.20926(26)+145.59368

The data generated facilitated two intra-taxon statistical comparisons of Mg/Ca

ratios. First, comparisons were made for those taxa whose discrete body component

skeletal analysis was available. These included large body-sized (> 1.5 cm disk diameter)
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brittle stars that were separated into a central disk and arms, as well as the regular sea
urchins that had been divided into test, spines, and Aristotle's lantern (feeding apparatus).
For each taxon of large brittle star occurring at only one location, mean Mg/Ca ratio of
the skeletal material of arms was compared to mean Mg/Ca ratio of the skeletal material
of the central disk using a Student's t-test. For those collected at two or more locations,
mean Mg/Ca ratio of the skeletal material of the arms was compared to that of the central
disk using a two-way ANOVA. The two way ANOVA tested the effect of both body
component and station on Mg/Ca ratios. For each taxon of regular sea urchin, the mean
Mg/Ca ratios of skeletal material that comprised the test, spines, and lantern apparatus
were compared with one another using a one-way ANOVA. A Tukey HSD post-hoc test
was carried out to detect which components were significantly different from one
another. Prior to carrying out all statistical analyses, Mg/Ca ratios were log (x+1)
transformed to fit a normal distribution.

In the second intra-taxon comparison, the ratios of Mg/Ca were compared for
each taxon of echinoderm that was collected at multiple geographic sites and that had
more than 3 individuals collected per site. This allowed an assessment of whether
mineralogical composition of skeletons varied across sites within a given taxon or
species. Mg/Ca ratios of body components for large brittle stars and regular sea urchins,
as well as intact sea stars, brittle stars, and heart urchins were analyzed accordingly. As
above, species of large brittle stars were analyzed using a two-way ANOVA, looking at
components and site in the same test. If three or more sites were included in a given intra-

taxon geographic comparison, a one-way ANOVA was employed. A Tukey HSD test
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was used to specify differences between specific sites. If samples from only two
geographic sites were compared for a given taxon, a Student's t-test was employed.
Finally, Mg/Ca ratios were used to evaluate whether or not a correlation existed
between skeletal magnesium content (Mg/Ca ratio) and latitude for the echinoderms
collected over the two 2013 cruises. This analysis was divided into two separate
examinations of this potential relationship across two different sets of latitudes. First, a
Pearson's correlation analysis was conducted only for those echinoderms collected from
70 to 76 degrees latitude which included all taxa collected: large brittle star arms and
disk, regular sea urchin (cidaroid urchins and Sterechinus spp.) test, lantern, and spines,
intact sea stars, intact small brittle stars, and intact heart urchins (Table 3). This focused
analysis was carried out because these data are essentially the first for echinoderms in this
range of latitudes and because environmental variables such as seawater temperature are
essentially static above 70°S latitude. A second Pearson's correlation analysis was
conducted using echinoderm taxa that were collected on both cruises (from 62 to 76
degrees south). These included large brittle star arms, Sterechinus spp. (test, lantern, and

spines), cidaroid spines, and intact sea stars (Table 3).

Results

Mg/Ca ratios of skeletal material from body components or intact individuals of
the three classes of echinoderms examined ranged from 0 to 0.1894 mol/mol. For brittle
star body components, the mean (x SE) Mg/Ca ratios of skeletal material were 0.1109 +
0.0020 (disks; n =137) and 0.11 £ 0.0023 (arms; n = 146). For regular sea urchin body

components the mean (= SE) Mg/Ca ratios of skeletal material were 0.053 + 0.0023
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(tests; n =123), 0.0571 + 0.0024 (lanterns n = 92), and 0.0164 + 0.0021 (spines; n = 94).
Skeletal material of intact sea stars, brittle stars, and heart urchins had mean (x SE)
Mg/Ca ratios of 0.0825 £ 0.0026 (n = 60), 0.1019 £ 0.0024 (n = 142), and 0.0535 +
0.0023 (n = 112), respectively.

The mean Mg/Ca ratio of the central disk of large brittle stars did not differ
significantly from the mean Mg/Ca ratio of arms for any of the nine taxa examined
(Figure 1): Ophiocamax spp. (ANOVA, F(1,30) = 0.268, p = 0.608), Ophiocantha
pentactus (ANOVA, F,18) = 1.537, p = 0.230), Ophionotus spp. (ANOVA, F 16) =
0.142, p = 0.712), Ophiopearla koehleri (ANOVA, ¢ 26) = 1.793, p = 0.190),
Ophioplinthus gelida (ANOVA, F s5) = 0.056, p = 0.810), Ophioplinthus spp. (ANOVA,
Fa,22) = 0.179, p = 0.676), Ophiura carinifera (ANOVA, F(1 24 = 0.779, p = 0.386),
Astrohamma tuburculata (Student's T-test, t11) = 1.288, p=0.224), and an unidentified
species (Student's T-test, ts) = 1.801, p=0.146). In contrast, the mean Mg/Ca ratios in
skeletal mineralogy in several of the body components of the two taxa of regular sea
urchins examined, cidaroid urchins and Sterechinus spp., differed from one another
(Figure 2). Intra-taxon differences in mean Mg/Ca ratios among body components of
cidaroids (ANOVA,; F(,, 41y = 102.7, p < 0.001) were attributable to spines having a
significantly lower mean Mg/Ca ratio when compared to that of the lantern and test
(Tukey HSD test; p <«0.001). Mean Mg/Ca ratios for the cidaroid lantern and test did not
differ significantly (Tukey HSD test; p = 0.894) from one another. Similar significant
differences in mean Mg/Ca ratios were detected among the body components of

Sterechinus spp. (ANOVA: F,188) =30.57, p << 0.001), with spines having a lower mean
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Mg/Ca ratio than the test and lantern (Tukey HSD test, p <« 0.001), while the mean
Mg/Ca ratio did not differ between test and lantern (Tukey HSD test, p = 0.476).

When compared across all 33 sampling sites (both cruise collections combined),
seven of the nine taxa of large brittle stars fit the criteria for geographic site-specific
comparisons of Mg/Ca ratios: Ophiocamax spp., Ophiocantha pentactus, Ophionotus
spp., Ophiopearla koehleri, Ophioplinthus gelida, Ophioplinthus spp., and Ophiura
carinifera. Since no significant differences were found between the Mg/Ca ratios of the
arms and disk for each of these taxa, these data were combined for site specific
comparisons. Among the seven taxa, Ophionotus spp. was the only taxon to demonstrate
a significant site-specific difference in mean Mg/Ca ratios (ANOVA; F(116) = 14.26, p =
0.002). The two collecting sites compared for this taxon were located at 71.7°S and
76.9°S latitude, and the level of magnesium in the skeletal materials was higher at the
lower latitude site (Mg/Ca = 0.049) than at the higher latitude site (Mg/Ca = 0.038).
Cidaroid urchins demonstrated no site-specific differences in mean Mg/Ca ratios for the
test or the lantern (ANOVA; Fg 29y = 0.699, p=0.705; and F 19) = 2.515, p=0.058,
respectively), but had significant differences in the mean Mg/Ca ratio for spines
(ANOVA, Fg27) = 3.361, p = 0.007). One site was found to be significantly different
from the other collections sites. This collection site was located at 65°S and was the
deeper of the ten site collections. Similarly, Sterechinus spp. demonstrated significant
differences in mean Mg/Ca ratios for spines (ANOVA, F10,33) = 3.770, p=0.002) but not
for tests (ANOVA, Fae6) = 1.378, p=0.189) or lanterns (ANOVA, F1241y =1.792, p =
0.082). Here again, a single collection site (64.3°S, Weddell Sea) was driving the

significant differences among spines.
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Three taxa of sea stars were analyzed for intraspecific geographic differences in
skeletal Mg content: Porania antarctica, Cheiraster spp., and Bathybiaster spp. None of
the three taxa demonstrated significant site-specific differences in mean Mg/Ca ratio
(ANOVA; Fip6) = 1.19, p = 0.365; F(3.9) = 1.87, p=0.205; F(2.7) = 0.15, p = 0.861,
respectively). The three taxa of intact brittle stars examined, Ophiocantha antarctica,
Ophiolimna antarctica, and Ophioplinthus spp., similarly showed no site-specific
differences in mean Mg/Ca ratio (ANOVA: F(g40) = 0.557, p = 0.824; F(4,30) = 0.905, p =
0.473; T-test, t7) = 0.306, p = 0.762, respectively). Heart urchins (analyzed as a single
taxon) also demonstrated no site-specific differences in Mg/Ca ratios (ANOVA,; F(12,99) =
1.018, p = 0.439).

Since no brittle star disks were collected north of 70° south, only those collected
from 70.8°-76.9° south were included in the correlation analysis between latitude and
magnesium content. We found no significant statistical correlation between skeletal
Mg/Ca ratios and latitude for brittle star disks (Pearson correlation coefficient, r = -0.144,
N =137, p = 0.092, Figure 3). A significant correlation between skeletal Mg/Ca ratios
and latitude was observed neither for brittle star arms collected between 62.8° - 76.9°S
(Pearson correlation coefficient, r = -0.008, N = 146, p = 0.924; Figure 3), nor when
brittle star arms from individuals collected north of 70°S were removed from the
correlation analysis (Pearson correlation coefficient, r = -0.015, N = 137, p = 0.860;
Figure 3).

Mg/Ca ratios of skeletal material from intact sea stars collected from 62.4° -
76.9°S revealed a significant inverse correlation with latitude (Pearson correlation

coefficient; r =-0.539, N = 60, p << 0.001; Figure 3). This inverse relationship remained
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significant even when restricted to individuals collected below 70°S (Pearson correlation
coefficient; r =-0.349, N = 48, p = 0.015; Figure 3). In contrast, no significant correlation
between latitude and Mg/Ca ratios was found for intact brittle stars (Pearson correlation
coefficient; r = 0.118, N = 142 p = 0.163; Figure 3) or heart urchins (Pearson correlation
coefficient, r =0.105, N = 112, p = 0.271; Figure 3). No correlation analysis was carried
out for latitudes north of 70°S as these two groups were not sampled in this region.

No significant correlation was observed across latitude and Mg/Ca ratios of
cidaroid urchin tests or lanterns collected between 70.8° - 76.3°S (Pearson correlation
coefficient, r =-0.234, N =41, p = 0.14; r =-0.099, N = 34, p = 0.576, respectively;
Figure 4). Correlation analysis for data north of 70°S was not carried out as no cidaroid
urchin tests or lanterns were collected in that region. Correlation analyses revealed a
significant negative association between latitude and Mg/Ca ratios for the spines of
cidaroid urchins collected from 62.9° - 76.3°S (Pearson correlation coefficient, r = -
0.655, N =43, p < 0.001; Figure 4). This negative association was no longer significant
when samples were restricted to those collected south of 70°S (Pearson correlation
coefficient, r = -0.272. N=37, p = 0.104; Figure 4). No significant correlation was
observed between latitude and Mg/Ca ratios of Sterechinus spp. lanterns collected either
62.4°-76.4°S (Pearson correlation coefficient, r = -0.173, N = 58, p = 0.195, respectively)
or collected only above 70°S (Pearson correlation coefficient, r = 0.139, N=54, p = 0.315;
Figure 4). However, correlation analyses revealed a significant negative association
between latitude and Mg/Ca ratios for both the test and spines of Sterechinus spp.
collected from 62.4°-76.4°S (Pearson correlation coefficient, r =-0.272, N =82, p =

0.010; and r =-0.474, N=51, p < 0.001, respectively; Figure 4). When tests and spines
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only from individuals collected below 70°S were analyzed, the correlation between
latitude and Mg/Ca ratios was no longer significant (Pearson correlation coefficient, r=-

0.0003, N=78, p = 0.998; and r =-0.158, N = 47, p = 0.289; respectively).

Discussion

The present study adds significantly to the limited knowledge of mineralogy of
the skeletons of Antarctic echinoderms. Prior to our analysis, with the exception of one
comparative study of 26 echinoderm species (McClintock et al. 2011) collected largely
from a single region of the Antarctic Peninsula (64°S), little information was available for
taxa collected for latitudes between 60 and 66°S. Moreover, other than one echinoid
species (Sewell & Hofmann 2011) and two crinoid species (Chave 1954) collected at 71
and 78°S latitude, respectively, virtually nothing was known about the mineralogy of
echinoderms at latitudes greater than 70° south. The present study begins to fill this
important gap in knowledge for a group of marine invertebrates known to possess
mineralogy particularly susceptible to dissolution in a region of the world's oceans known
to be uniquely susceptible to early impacts of anthropogenic ocean acidification. While it
is largely recognized that the skeletal components of echinoderms are comprised of ‘high
magnesium calcite," @ much more soluble form of calcium carbonate than either aragonite
or low magnesium calcite (Morse et al. 2006), it is less appreciated that Mg/Ca ratios of
echinoderms, and other calcifying marine invertebrates in general, are highly reliant on
seawater saturation state, the Mg/Ca content of seawater, and seawater temperature
(Mackenzie et al. 1983,Magdans & Hermann 2004,Ries 2004,Andersson et al. 2008).

Because the Southern Ocean is the coldest sea in the world, there is greater solubility of
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carbonate and, when compared to temperate and tropical oceans, naturally low saturation
states for carbonate minerals. Accordingly, the Southern Ocean is experiencing some of
the first effects of OA. For example, the aragonite shells of pteropods in some regions of
the Southern Ocean are already displaying dissolution due to periodic undersaturation
(Bednarsek et al. 2012). The Southern Ocean will continue to be at the forefront of OA
impacts (Andersson et al. 2008,Fabry et al. 2009).

Given their high magnesium skeletal composition and that seawater in the
Southern Ocean is expected to become undersaturated with respect to polymorphs of
calcium carbonate within the next twenty-five to fifty years (Orr et al. 2005), Antarctic
echinoderms are particularly at risk. Understanding whether Antarctic echinoderms will
be able to compensate for dissolution by redirecting sufficient energy and resources into
skeletal maintenance without reducing fitness or suffering significant mortality is
important (Wood et al. 2008). Moreover, as Antarctic echinoderms dominate the biomass
of many benthic communities throughout the Southern Ocean, they contribute
substantially to global carbonate cycles (Arntz et al. 1994,David et al. 2005,Lebrato et al.
2010,Grange & Smith 2013). In addition to their high abundance, many echinoderms in
Antarctica play key roles in structuring benthic communities (Dayton et al. 1974,Arntz et
al. 1994). Should ocean warming and ocean acidification lead to the loss of echinoderm
species the ecological impacts could be profound. Additionally, the loss of echinoderms
would result in a significant depletion of a carbon source released directly to the benthos
(Lebrato et al. 2010).

To date, previous studies have measured mol% MgCO; or wt% MgCO3 when

evaluating the magnesium content of echinoderm skeletal components. In the present
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study we chose another approach, measuring Mg/Ca ratios. Our rationale for using this
approach was that our chosen analytical technique, X-ray Diffraction Analysis (XRD,
used to determine Mg/Ca ratio), specifically detects only the magnesium that has been
incorporated into the calcite crystal lattice structure of skeletal components. Former
methodologies employed (e.g., Secondary lon Mass Spectrometry, Inductively Coupled
Plasma Mass Spectrometry, and EDS) detect magnesium that is also present outside of
the calcite crystalline structure, for example, organic molecules rich in magnesium
(Milliman 1974). The resultant measurements lead to an overestimation of the
magnesium content. While our approach of measuring Mg/Ca ratios was more accurate in
this context, it also limited our ability to directly compare our findings to past studies.
Nonetheless, we were still able to identify patterns in magnesium content and make
comparisons to those patterns reported previously using different techniques (Chave
1954,McClintock et al. 2011).

McClintock et al. (2011) examined the wt% MgCO3 for a suite of Antarctic
echinoderms and found that the skeletal components of sea stars contained the highest
levels of magnesium when compared to the other classes of echinoderms. In the present
study we found that skeletal components of brittle stars had slightly higher magnesium
contents (Mg/Ca ratio) than did skeletons of sea stars, heart urchins, and individual body
components of regular urchins. However, in both the present study and that of
McClintock et al. (2011), brittle stars and sea stars were the two classes of echinoderms
with the highest magnesium content. The elevation of brittle stars to the class of Antarctic
echinoderms with the highest magnesium content in the present study is likely related to

our methodology to ascertain a more accurate measure of skeletal magnesium content.
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This emphasizes the need to use XRD in future studies to ensure that evaluations of
skeletal magnesium content and, therefore, the prospective susceptibility of taxa to ocean
acidification, are best interpreted.

Following brittle stars and sea stars, the Mg/Ca ratios were highest to lowest in
regular urchin lanterns, heart urchin tests, regular urchin tests and regular urchin spines.
While these data suggest that skeletal structures of brittle stars and sea stars may be at
greater risk of dissolution under conditions of OA, this must be interpreted in the context
of skeletal vulnerability. Sea stars and brittle stars lack the extensive calcified structures
that occur in sea urchins, and their ossicles are often embedded within tissues that form
the body wall. It is possible that brittle stars and sea stars have evolved skeletal
components with high ratios of Mg/Ca because the skeletal elements are more protected
from environmental exposure. On the other hand, at least one study to date has found that
despite a thicker body wall, sea star skeletons can remain vulnerable to ocean
acidification. Gooding et al. (2009) reported that the sea star Pisaster ochraceus
chronically exposed to end-of-the-century [CO,] (780ppm) over a 70 day period had
increased rates of growth but suffered from a reduced calcified mass.

While irregular and regular sea urchins also are classified as possessing
endoskeletons, the dermis separating the test from the environment is very thin and
highly permeable, offering little protection against exposure to ocean acidification
(Binyon 1976,Muiles et al. 2007,Sewell & Hofmann 2011). Skeletal exposure is taken to
the extreme in the heavily calcified species of cidaroid urchins, where the thick pencil-
like spines lack any epithelial covering. Interestingly, cidaroids are still able to efficiently

calcify in seawater undersaturated with respect to calcium carbonate (David et al. 2005).
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Clearly, predicting which classes or lower taxa are most vulnerable to ocean acidification
is not straightforward, and is further complicated beyond simple issues of solubility given
that there are biological controls over skeletal production.

Similar to differences detected in Mg/Ca ratios among classes of echinoderms
(McClintock et al. 2011; present study), variation may also occur between species within
a class and within the skeletal material associated with different body components of
individuals. In the present study, brittle stars demonstrated no difference between the
mean Mg/Ca ratios of the central disk and arms, but among regular sea urchins we
detected significantly different mean Mg/Ca ratios based on body component. This
variation is in agreement with past studies of the mineralogy of skeletons of regular sea
urchins (Chave 1954,Weber 1969,Byrne et al. 2014). We found the highest mean ratios
of Mg/Ca in the tests and Aristotle lanterns (with no significant difference between the
two), but two- and four-fold lower mean ratios in the spines of Sterechinus spp. and
cidaroid urchins, respectively, when compared with the other two body components. In
contrast, Byrne et al. (2014) found that the Aristotle lantern (6.5 % MgCO3) in the sea
urchin Tripneustes gratilla had the lowest magnesium content (measured as % MgCO3)
and tests the highest (8.6 %) magnesium content. Interestingly, the spines of T. gratilla
had an intermediate content of 7% MgCOs. Such intraspecific differences could be based
on functional morphology, but more research is necessary to determine the source or
sources of this variation. Byrne et al. (2014) attributed the increased magnesium content
of tests and lanterns to their function, indicating higher magnesium content strengthens
the calcite of the test against crushing or drilling predators, and a stronger lantern may

increase resistance to wear and tear, or breakage. Another potential explanation for the
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observed variation in magnesium content between body components is that regular sea
urchins possess separate calcification processes or pathways for various body
components that may result in variation in their mineralogy (Ebert 2007,LaVigne et al.
2013).

One of the most unique aspects of the present study was the feasibility of making
intraspecific comparisons of Mg/Ca ratios in skeletal body components and intact
individuals from geographically separated sub-populations for representatives of species
across three classes of echinoderms. Among the three species of sea stars examined, there
were no significant differences in mean Mg/Ca ratios of intact skeletons across their
respective sites of collection. For Bathybiaster spp. (Ross Sea) and Porania antarctica
(western Antarctic Peninsula), the three sites sampled for each were relatively close to
one another (approximately within 74 and 140 km, respectively). In contrast, Cheiraster
spp. (western Antarctic Peninsula to Ross Sea) was collected from four different sites that
ranged across an entire 13.5 degrees of latitude (approximately 1500 km). We are
unaware of any comparative studies in other sea stars that take an intraspecific
comparative approach other than that of McClintock et al. (2011) who sampled
subpopulations of the Antarctic sea star Labidiaster annulatus at three sites, one site at
61°S and the other two sites close to one another near 65°S. A small but significant
difference was found in the wt% MgCO3; between one of the 65° sites and the other two
geographic sites.

Among the three taxa of intact brittle stars we compared across biogeographic
sites, despite sites being separated by as much as 5.3° of latitude, there were no

significant differences in mean Mg/Ca ratios of skeletons, similar to the pattern seen in



75

sea stars. Similarly, Mg/Ca ratios in body components of six of the seven species of large
brittle stars showed no differences across geographic sites. In the one taxa of large brittle
star that differed with collection site (Ophionotus spp.), both the skeletal materials in the
arms and in the disks differed in Mg/Ca ratios across the two geographically separated
sampling sites (71.9° and 76.9°S).

Among the single taxonomic group of irregular sea urchins, no differences in
mean Mg/Ca ratios for intact individuals were detected for 13 collecting sites sampled
across 7 degrees of latitude. Similarly, with the exception of spines, no differences were
detected among sampling sites for cidaroid urchins. However, both the test and the spines
of the regular urchin Sterechinus spp. varied with collection site. Mean Mg/Ca ratios of
the test and spines sampled across 15 and 11 geographic sites, respectively, and spanning
latitudes from 64 to 76°S, had magnesium contents that varied from 0.011 - 0.109 (tests)
and 0.001 - 0.078 (spines). When the relationship between latitude and magnesium
content of regular sea urchins was examined, we found a significant inverse negative
correlation between magnesium content and latitude for spines in both cidaroid urchins
and Sterechinus spp. when data from all latitudes (not just those above 70°S) were
included.

The basis for the variance in the magnesium content of spines in cidaroids and
regular urchins is unknown. However, unlike the test and the lantern that are constantly
exposed internally to reduced pH and sub-saturation states (e.g., Collard et al. 2014), the
spines of cidaroid urchins lack an epithelium and are completely exposed to seawater.
Moreover, the epithelium of the spines of Sterechinus spp. is thin and permeable. It is

possible, therefore, that the spines provide a more sensitive, direct measure of
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environmental saturation state than do the other body components. Therefore, at higher
latitudes where saturation state is reduced, despite the capacity for sea urchins to calcify
below the aragonite saturation horizon (David et al. 2005), the magnesium content of
spines is somewhat reduced.

The present study provides insights into the long-held theory that there is a
significant inverse correlation between latitude and skeletal magnesium content in the
Echinodermata (Chave 1954,Andersson et al. 2008,McClintock et al. 2011). Past studies
have exclusively used techniques that measure magnesium as wt% MgCQOs3. The present
study exploits measures of the Mg/Ca ratio, a more accurate measure of skeletal
magnesium content, which is not directly comparable to former studies but can be used to
evaluate basic patterns. In this context, data for Mg/Ca ratios in echinoderms in the
present study generally support the global latitudinal hypothesis as previously proposed.
As an extension of this analysis we chose to run correlation analyses with data from
individuals collected exclusively above 70°S in addition to those collected from 62 —
76°S. We did this because we hypothesized that at latitudes above 70°S the environment
is relatively static in terms of seawater temperature. Shallow water temperature can
range as much as 3°C with maximum temperatures near 2°C in the course of a year for
the Western Antarctic Peninsula (Barnes et al. 2006). However, shallow water
temperature in areas above 70° S, such as McMurdo Sound, typically stay below 0° C and
range by approximately 1.5° C or less (Hunt et al. 2003). In fact, Hunt et al. (2003)
reported that temperatures between August and early December varied by less than 0.01°
C from the surface to 400m. Later season temperatures remained relatively stable below -

1.8°C (Hunt et al. 2003). By focusing on the mineralogy of echinoderm species above
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70°S, we essentially removed temperature as a variable. If changes in Mg/Ca ratios
continued with increasing latitude above 70°S, it would imply that a factor other than
seawater temperature might be driving the inverse relationship between latitude and
skeletal magnesium content in echinoderms. However, because we generally observed no
changes in Mg/Ca ratios for body component or intact echinoderms collected above 70°S,
we believe this supports the hypothesis that temperature is likely a factor driving this
relationship. Interestingly, sea stars were the only taxon to maintain a correlation between
latitude and magnesium content between 70-76°S. As sea stars generally have more tissue
and less continuous calcified mass than sea urchins, it is possible that these characteristics
alter how calcification will be impacted by latitude. With the continued correlation in a
relatively thermally static environment, it is likely that more than just temperature plays a
role in the determination of skeletal magnesium content. The present study thus provides
not only the first analysis of a suite of echinoderms above 70° south, but evidence that the
correlation between skeletal magnesium content in echinoderms and latitude is driven, at

least in part, by changes in seawater temperature.
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Table 1. Latitude, longitude, and depth (m) of the 23 collection sites above 70° south
from the January 2013 research cruise.

Latitude Longitude  Depth (m)
-70°48.71'  -92 31.30' 430
-71°42.14'"  -91 30.22' 430
-71° 41.94' -9341.62' 670
-70°50.52"  -9524.67 472
-71°45.14"  -102 14.09' 459
-72°28.95'  -104 33.77' 591
-72° 47,14  -104 32.24' 496
-73°43.29° -103 37.01' 699
-72°10.64'" -103 30.84' 341
-72°12.25'  -103 35.78' 612
-71°08.83'  -107 59.07' 627
-73°09.53'"  -129 53.69' 440
-73°17.79°  -129 11.54' 506
-73°29.91' -12955.12' 516
-73°14.81' -129 30.15%' 478
-75°19.05' -176 54.12' 570
-76°21.18'"  -17049.49' 546
-76° 28.76"  -165 44.26' 457
-76°59.89'  -175 05.59' 541
-76°14.71' 174 30.24' 604
-76°54.22' 169 57.91' 764
-75°50.00' 166 30.32' 552
-74° 42.46' 168 24.76' 489




84

Table 2. Latitude, longitude, and depth (m) of the 10 collection sites along the Western
Antarctic Peninsula from the November 2013 research cruise.

Latitude Longitude Depth (m)
-62°59.75"  -58 35.91' 320
-63° 42.03' -56 04.71' 293
-64° 18.13'  -56 08.18' 290
-64° 02.11'  -56 43.69' 220
-63°41.14"  -56 51.54' NA
-63°45.22"  -5541.03' 334
-63° 3457  -5437.76' 227
-62° 26.53'  -5527.53' 245
-62° 53.63'  -59 10.06' 827
-65° 01.25'  -64 25.50' 312
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Table 3. The number of sites at which each taxon was collected either below 70° south or
above 70° south latitudes.

Body parts
Taxa # Sites <70°S  # Sites > 70°S
analyzed

Sea Stars Intact 4 10
) Arms 4 17

Large Brittle Stars )
Disk N/A 17
Small Brittle Stars Intact N/A 17
Spines 2 14
Sterechinus spp. Test 2 14
Lantern 2 14
Spines 2 11
Cidaroid Urchins Test N/A 11
Lantern N/A 11

Heart urchins Intact N/A 13
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Fig. 1. Mean molar Mg/Ca ratio for distinct body components (disks and arms) within

nine species of brittle stars collected along the western coast of Antarctica. Error
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Fig. 2. Mean molar Mg/Ca ratio for distinct body components (tests, spines, and
Aristotle’s lanterns) within cidaroid sea urchins and the sea urchin genus
Sterechinus collected along the western coast of Antarctica. Error bars represent
mean + 1 SE. Asterix represents significantly different means.
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Fig. 3. Correlation between latitude south and molar Mg/Ca ratio of skeletal components
of large brittle stars split into arms and central disks, intact sea stars, intact brittle
stars, and intact heart urchins. Closed circles represent the molar Mg/Ca ratios for
samples collected north of 70°S and open circles represent those collected south

of 70°S The solid lines represent the correlation between latitude and molar
Mg/Ca ratios above 70°S latitude. The hashed lines represent the correlation

between latitude and molar Mg/Ca ratios between 62°-76°S latitude. The p-values
below 0.05 represent significant correlations between latitude and molar Mg/Ca

ratios of skeletal material.
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Abstract

Marine invertebrates currently living at the upper reach of their temperature
tolerance and that cannot migrate to more physiologically tolerable temperatures are
particularly susceptible the impacts of rising seawater temperatures associated with
global climate warming. Populations of the common seagrass-associated sea urchin
Lytechinus variegatus that occur in the northern Gulf of Mexico lack the ability to extend
their distribution northward in response to rising seawater temperatures. Previous studies
indicate that aspects of the behavior, physiology, and immunology of this sea urchin will
soon be temperature stressed, however, nothing is known about potential temperature
impacts on its mineralogy. Sea urchins construct their skeletons out of high magnesium
calcite, and the magnesium content of calcite can be influenced by a variety of abiotic
factors including temperature. In several instances, elevated seawater temperature has
been shown to increase levels of magnesium in echinoderm calcite, a result that may
render the skeleton more susceptible to the negative impacts of ocean acidification.
Understanding how elevated temperature impacts the mineralogy of the skeleton of the
ecologically important sea urchin L. variegatus will assist in making predictions about
susceptibility to ocean acidification. Juvenile sea urchins were collected in Eagle Harbor,
FL and chronically exposed for 90 days to either 26°C (control) or to a predicted near-
future temperature of 30°C. Individuals were sub-sampled every 30 days and the Mg/Ca
ratios of their test, spines, and Aristotle's lantern were determined using X-ray diffraction
techniques. Contrary to expectation, Mg/Ca levels in body components were lower in
individuals held in the 26°C than the 30°C treatment. The only exception was the test at

day 90 and the spines on days 60 and 90, where there was no significant difference in
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magnesium levels between the two temperature treatments. There was also no effect of
age (growth) on Mg/Ca levels of individual body components at either temperature. Our
results suggest that either this sea urchin does not increase its allocation of magnesium to
calcite with elevated temperature, or that individuals held at 30°C were stressed and may
have been investing their resources elsewhere. For L. variegatus, elevated temperature

may not increase skeletal solubility under conditions of ocean acidification.

Introduction

As a result of increasing levels of anthropogenic carbon dioxide (CO,) emissions,
marine invertebrates are experiencing environmental changes at an unprecedented rate.
Remarkably, the current rate of increase of global atmospheric CO; is approximately an
order of magnitude greater than that estimated to have occurred over the past several
thousands of years (Doney and Schimel, 2007). This increase in such a potent greenhouse
gas has resulted in a rise of 0.6°C globally over the past century (Smith et al., 2009).
Given that the world's oceans act as sinks for atmospheric heat and CO,, sea-surface
temperature (SST) has risen by approximately 0.4°C (Levitus et al., 2009), and ocean pH
has dropped by an average of 0.1 pH units (Rhein et al., 2013a). This increase in SST is
expected to continue and result in another 2-3°C of warming by the end of the century
(2100) (Collins et al., 2013). Tropical and subtropical in the Northern Hemisphere are
expected to experience some of the strongest ocean warming (Collins et al., 2013).

Assuming a business as usual model, the acidification of the world's oceans is
also expected to continue, with a further decline of 0.3-0.4 pH units by 2100 (Hoegh-

Guldberg et al., 2014). Because these two environmental stressors will occur
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concurrently, it is important to understand how impacts on marine invertebrates from one
stressor (elevated temperature) may affect their susceptibility to a second stressor
(acidification).

Environmental factors such as temperature are known to affect multiple aspects of
marine invertebrate physiology and ecology. In some instances, increased temperature
within some optimal range can be beneficial by promoting or increasing rates of
development, for example (Delorme and Sewell, 2013; Hardy et al., 2014; Li et al.,
2011). Moreover, temperature increases within an optimal range can lessen the negative
impacts of other environmental factors including stress associated with salinity or pH
(Brennand et al., 2010; Byrne et al., 2011; Delorme and Sewell, 2014; McCulloch et al.,
2012). Nevertheless, for marine invertebrates currently living at or near their upper
thermal tolerance level, temperature increases may result in sub-lethal negative impacts
by increasing respiratory demand and ultimately limit resources and energy available for
growth and reproduction (Portner, 2008; Portner and Knust, 2007). Some marine
invertebrate species are able to escape warming by extending their geographic range to
more physiologically tolerable environments (Jones et al., 2009, 2010; Spencer, 2008).
However, not all marine invertebrates are able to do so as some are bound by geological
constraints.

Echinoderms are generally impacted by changing temperature (Moore, 1966).
These impacts can occur at all life history stages, affecting both development and
survival (e.g., Byrne et al., 2013; Delorme and Sewell, 2013; Hardy et al., 2014; Sewell
and Young, 1999). There has also been interest in the impacts of temperature on the

magnesium content of the skeletal components of echinoderms. Echinoderms construct
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their skeletal components out of 'high magnesium calcite,’ the most soluble polymorph of
calcium carbonate (Vinogradov and Odum, 1953; Weber, 1973). The amount of
magnesium present in the calcite determines solubility and also affects the hardness of
the mineral (Byrne et al., 2014; Kunitake et al., 2012). As solubility increases, so does the
susceptibility to dissolution with increasing ocean acidification (Morse et al., 2006).
While magnesium content is generally linked to taxonomic history (Chave, 1954), there
is a long standing hypothesis that magnesium content in echinoderm skeletons increases
with decreasing latitude (Andersson et al., 2008; Chave, 1954; McClintock et al., 2011).
However, the driving cause(s) of this trend remains unclear. Several studies have shown
that magnesium content varies with multiple abiotic and biotic factors such as
temperature, salinity, Mg/Ca ratio of seawater, diet and carbonate saturation states
(Andersson et al., 2008; Asnaghi et al., 2014; Hermans et al., 2010; Marubini et al., 2003;
Ries, 2004). It has been further suggested that temperature, as it affects overall growth
rates, may be the most important factor for echinoderms, particularly those inhabiting
intertidal and shallow subtidal environments (Wolfe et al., 2013).

Lytechinus variegatus is a common intertidal/subtidal sea urchin whose
biogeographic distribution ranges from Brazil to North Carolina, including the Gulf of
Mexico and Caribbean (Mortensen, 1943; Watts et al., 2001). The species typically
inhabits sea grass beds where it is a primary grazer, impacting both energy transfer and
density of seagrass beds (Heck and Valentine, 1995; Watts et al., 2013). Some
populations occur in shallow, semi-enclosed bays in the Gulf of Mexico where they exist
at the extreme northern extension of their biogeographic range in the Gulf of Mexico.

While L. variegatus is exposed to significant daily and annual variations in temperature
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(Beddingfield and McClintock, 2000; Challener et al., 2015), individuals exposed
chronically to temperatures of 30°C or more experience stress. For example, Brothers and
McClintock (2015) recently reported righting and covering behaviors in L. variegatus
were negatively affected after a ten day exposure to 32°C.The present study expands on
our understanding of the capacity of the common subtropical sea urchin L. variegatus to
withstand rising seawater temperatures in the extreme northern distribution of its
biogeographic range. By exposing individuals to a chronic near-future temperature
deemed stressful but not lethal, we examine whether chronic stress-inducing temperature
exposure impacts the allocation of magnesium to skeletal calcite. We are accordingly
able to address the question of whether L. variegatus exposed to near-future elevated
temperature will necessarily produce higher magnesium calcite and thus render its

skeletal components more susceptible to dissolution with intensifying ocean acidification.

Methods

Juvenile Lytechinus variegatus (20-25 mm diameter, n = 85) were hand collected
from seagrass beds in Eagle Harbor in Port Saint Joseph Bay, FL (29°45°N, 85°24’W) in
June 2014 and transported to the University of Alabama at Birmingham, Birmingham,
AL. Upon return to the laboratory, 25 individuals were randomly selected, measured,
weighed, and sacrificed for mineralogical analysis to establish baseline mean (£ SE)
Mg/Ca ratios in discrete skeletal components (spines, test, and Aristotle’s lantern). The
remaining individuals (n = 60) were randomly distributed into twenty 38-L aquaria
containing artificial seawater (Instant Ocean® prepared with reverse-osmosis filtered

water) at a salinity of 32 ppt, a temperature of 23°C, and a pH of 8.2. Each of the 20
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aquariums held 3 sea urchins in individual plastic, cylindrical cages (25.4 cm x 10.2 cm,
HxD). Aquariums were aerated continuously using airstones plumbed to a CORALIFE®
Super LuftSL-65 high pressure aquarium pump and water in each aquarium was
circulated using a recirculating filter pump (Aqueon Power Filter 10). Water temperatures
were controlled with EHEIM Jager 50 W heaters and daily temperature measurements
were taken using an YSI 85 temperature meter. Sea urchin feces and uneaten artificial
food (see below) were siphoned out of the aquaria every day before feeding, and a 30-
50% water change was carried out every other day to maintain good water quality.
Measures of water quality (salinity, ammonia, nitrate, nitrite, and pH) were measured
every other day for each aquarium using a Fisher Scientific handheld refractometer,
Agquarium Pharmaceuticals, Inc. liquid test kits, and a Fisher Scientific Accumet basic
model AB 15 pH meter with an ACCUTU pH electrode, respectively.

Before beginning the temperature treatments, sea urchins were kept at a constant
temperature for one week (23.09 + 0.1°C) to allow them to acclimate to laboratory
conditions following collection and transport. After this one week acclimation period,
each of the twenty aquaria was randomly assigned to one of the two temperature
treatments (ambient - 26°C; near- future elevated - 30°C). Each sea urchin was fed an ad
libitum diet of formulated feed (Hammer et al., 2012). The temperature in each aquarium
was gradually increased over one week from 23 C to either 26°C or 30°C. Aquaria were
held at their respective temperature for a 3 month period under a photoperiod of 12 h
light: 12 hr dark. Every four weeks, each aquarium was cleaned to remove bacterial

growth and algal biofilms (Challener and McClintock, 2013).
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Every four weeks, a single sea urchin was removed from each of twenty aquaria
and its test diameter measured and whole body wet determined after a 30 sec draining
period on an absorbent paper towel. Individuals (n = 10 for each of the two temperature
treatments) were then sacrificed and the tissue dissected away from the skeletal
components: test, spines, and Aristotle’s lantern. Skeletal material was then placed into a
10% NaClO solution to dissolve away remaining organic tissue. The NaClO solution was
exchanged as necessary to promote complete digestion. The clean skeletal material was
rinsed with distilled water, vacuum dried, and then air dried for 24 hrs. Once dry, skeletal
components were ground into a fine powder using an agate mortar and pestle while
adding approximately 15 drops of 95% ethanol to facilitate grinding. This slurry was air
dried for 24 hrs and the resultant finely ground powder used in X-ray Diffraction
Analysis (XRD). The XRD was carried out using a Philips X Pert Analytical X-ray
diffraction system. The x-ray tube had a copper target and the wavelength utilized in the
experiment was 1.54056 angstroms (0.154056 nanometers). The resulting XRD pattern

was used to determine the Mg/Ca ratio following the equation in Ries (2011):

Mg/Ca = 0.17881(20) — 10.20926(20) + 145.59368

The above equation relates Mg/Ca ratio to the 2@ value of the main calcite peak taken
from the resulting XRD pattern.

Mg/Ca ratios were log(x+1) transformed to fit a normal distribution. Mg/Ca
ratios, wet weight, and test diameter were compared over time within treatment as well as

between treatments. Statistical comparisons over time did not include the baseline data as
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it was collected prior to exposure to experimental temperatures. Mg/Ca ratios were also
compared within temperature treatments among body components (test, spines, and
lantern). A two way RMANOVA was used to determine if whole body wet weight, test
diameter, or skeletal Mg/Ca ratio for body components changed with time or temperature.
A Tukey HSD post-hoc test was employed to specify which time points differed from
others. At each time point (30, 60, or 90 days), a Student’s T-test was used to compare
mean Mg/Ca ratios between the two temperature treatments. Lastly, a one-way ANOVA
was used to determine if skeletal Mg/Ca ratios in the test, spines, and lantern were
significantly different from one another at each time period sampled within each
temperature treatment. A Tukey HSD post-hoc test differentiated which body

components were significantly different from the others.

Results

The original sample size of sea urchins held in the 30°C treatment was reduced by
four sea urchins over the course of the experiment due to their displaying indications of
stress (significant spine loss). The balance of sea urchins in this temperature treatment
appeared healthy and allowed for a statistically robust analysis. All sea urchins held in
the ambient 26°C temperature treatment remained viable throughout the experiment.

Time (day 30, 60, and 90) did have a significant effect on wet weight and test
diameter of the sea urchins (RMANOVA,; F(;32) = 61.82, p <0.001; F.32 = 57.73, p <
0.001, respectively). Both mean wet weight and test diameter increased with time (Figure
1a, b). A Tukey HSD test indicated that, within the 26°C treatment, wet weight changed

significantly at each time point (Tukey HSD test; p < 0.001). Similarly, within the 30°C
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treatment, mean wet weight of sea urchins was significantly different at every time point
(Tukey HSD test; 30 vs. 60 p = 0.005; 30 vs. 90 p < 0.001; 60 vs 90 p = 0.013,
respectively), but the increase between days 30 and 60 (5.6 g wet wt) was greater than the
difference between days 60 and 90 (5.0 g wet wt). Sea urchins held in the 26°C seawater
demonstrated significant test diameter increase at each time point (Tukey HSD test; p <
0.05). However, sea urchins held in the 30°C seawater demonstrated significant test
diameter differences between the 30 and 60 day measurement and the 30 and 90 day
measurement (Tukey HSD test; p < 0.001). In contrast, mean test diameters from day 60
to 90 were not significantly different from one another, but showed a trend of an increase
(Tukey HSD test; p = 0.327). In contrast to the growth parameters, Mg/Ca ratios did not
vary over time for L. variegatus in either temperature treatment for the test (RMANOVA,;
F32) =0.273, p = 0.763; Figure 2a), spines (RMANOVA; F(2,32) = 2.25, p = 0.122;
Figure 2b), or lantern (RMANOVA; F(2,32) = 0.565, p = 0.574; Figure 2c).

Increased seawater temperature (30°C) did not have a significant effect on either
total body wet weight or test diameter in sea urchins (RMANOVA,; F1.16) = 3.88, p =
0.066; F(1, 16 = 3.92, p = 0.065, respectively). It is noteworthy that the individuals held in
the 26°C treatment were consistently, but not significantly, heavier and larger than those
in the 30°C treatment (Table 1). There was a significant effect of temperature on mean
Mg/Ca ratios of sea urchin test, spines, and lantern such that the 26°C sea urchins had
consistently higher ratios than those raised at 30°C (RMANOVA; F(1.16) = 18.73, p =
0.0005; F1, 16 = 6.61, p = 0.021, F(1, 16) = 20.55, p < 0.001, respectively; Table 2). The
Mg/Ca ratios differed for each body component. For the test, the significant difference in

Mg/Ca ratios between the two temperature treatments occurred at both day 30 and 60
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(Student T-test; t6) = 2.129, p = 0.049; t16) = 3.61, p = 0.002, respectively; Figure 2a).
For the spines, Mg/Ca ratios differed after day 30 (Student T-test; tq6) = 2.56, p = 0.021;
Figure 2b) but were not significantly different on days 60 and 90. In contrast to the test
and spines, the Aristotle’s lantern demonstrated significant differences in Mg/Ca ratios
between temperature treatments on days 30, 60, and 90 (Student T-test; 1) = 3.284, p =
0.005; tue) = 2.553, p = 0.021; t16 = 2.337, p = 0.033, respectively; Figure 2c).

Mg/Ca ratios were also compared among the body components within each
temperature treatment (26°C and 30°C) and at each time point (30, 60, and 90 days;
Table 2). At 26°C, the spines had significantly lower ratios than did the test or lantern on
days 30, 60, and 90 (ANOVA: F27) = 15.68, p < 0.001; F(227) = 9.19, p = 0.001; F2 27 =
14.02, p < 0.001, respectively; Figure 3a). At 30°C, the spines had significantly lower
ratios than the test and lantern, but not at every time point (Figure 3b). The skeletal
material in the three body components of individuals held at 30°C did not have
significantly different Mg/Ca ratios at day 60 (ANOVA: F(z 21y = 1.02, p = 0.378), but did
at days 30 and 90 (ANOVA: F(z21y = 15.59, p < 0.001; F(2,21) = 7.79, p = 0.003,

respectively).

Discussion

While the inverse relationship between latitude and skeletal magnesium content
has been reasonably well documented for temperate and tropical echinoderms, the factors
driving this relationship remain largely speculative, ranging from seawater temperature to
diet (e.g., Asnaghi et al., 2014; Hermans et al., 2010). In the present study, we chose to

investigate the effects of temperature since it seems a likely factor involved in regulating
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magnesium content (Chave, 1954) and since current global climate change is driving both
seawater warming and ocean acidification simultaneously. The expected impact of rising
temperature on Mg/Ca ratios of echinoderm skeletons (increased Mg/Ca ratio) will, in
turn, render echinoderm skeletons more soluble and potentially more susceptible to
dissolution in acidifying seawater. Echinoderms experiencing skeletal dissolution are
likely to have to invest their limited resources in skeletal maintenance and, by doing so,
compromise fitness (Wood et al., 2010).

Individuals of the sea urchin Lytechinus variegatus examined in the present study
were collected from a common environment and maintained in laboratory conditions that
were identical in every respect except for seawater temperature. Accordingly, any
changes observed in sea urchin skeletal Mg/Ca ratios in body components can be
confidently attributed to temperature. Whole body wet weight and test diameter increases
of individuals of L. variegatus observed in both temperature treatments indicate that the
sea urchins were in generally good condition and actively growing. Interestingly, changes
in growth between observation days 60 and 90 stood out for individuals held in the 30°C
treatment. While an increase in whole body wet weight remained significant, the rate of
growth was reduced (+4.98g from 30 to 60 days vs +5.58g from 60 to 90 days) in this
time period. Moreover, there was a small but non-significant increase in test diameter
(+1.49 mm over 30 days). As both total wet weight and test diameter increase slowed in
the last thirty days of the 30°C treatment, but did not do so in individuals held in the 26°C
treatment, it is possible that chronic exposure to 30°C had become sufficiently stressful to
hinder growth. Temperature has a well-known direct impact on echinoderm physiology,

including increased growth within the optimal thermal range (Fujisawa and Shigei, 1990;



102

Hardy et al., 2014). However, if the increase in temperature exceeds an individual’s
thermal tolerance range, the benefits of increasing temperature (e.g. increased metabolic
rate) are lost. Elevated temperature, then, begins to hamper energy availability for
physiological processes beyond maintenance, including growth and reproduction
(Portner, 2008). While not quite statistically significant, the differences in wet weight and
test diameter observed between individuals in the temperature treatments at 90 days may
indicate physiological stress. As individuals in the 30°C treatment did not gain body size
over the last 30 days of the 90 day trial, this temperature is likely to have exceeded the
thermal tolerance for chronic exposure, channeling materials and energy away from
growth.

Unlike the growth parameters examined in the present study, there were no
significant changes in Mg/Ca ratios of skeletal material in the three primary body
components over the 90 day course of the experiment in either temperature treatment. We
had hypothesized that skeletal Mg/Ca ratios might change as the individuals in our
experiment grew from juvenile (pre-gonadal size) to adult body size. Previous studies
have demonstrated differential effect of temperature on echinoderms according to life
history stage. However, these studies have not examined skeletal mineralogy, per se,
emphasizing fertilization success, embryonic development, or larval growth (including
larval skeletal morphometrics) (e.g., Byrne, 2011; Byrne et al., 2009; Delorme and
Sewell, 2013; Diaz-Pérez and Carpizo-Iltuarte, 2011; Sewell and Young, 1999). Other
studies have had outcomes suggesting skeletal mineralogy in echinoids might be
susceptible to environmental variables. For example, juveniles of the sea urchin

Paracentrotus lividus that were held over a one month period at a predicted end-of-
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century pH (7.7) had tests that were significantly more vulnerable to crushing than those
held at ambient pH (Asnaghi et al., 2014). As the test in this study showed a differential
response to acidification, it suggests that test responses to temperature may be plastic and
might involve changes in mineralogy that would be manifest in altered test biomechanics.
Nonetheless, Byrne et al. (2014 and references within) suggests that ocean acidification
would seem to more often affect biomechanics of echinoderm skeletons, while
temperature is more likely to impact mineralogy of the skeletons

Because temperature is a key predicted factor behind the inverse correlation
between latitude and skeletal magnesium (Hermans et al., 2010), we were surprised to
find that the mean Mg/Ca ratios for the skeletal material of each of the three body
components of L. variegatus were consistently higher in sea urchins held at 26°C than in
those sustained at 30°C. This pattern is relevant because elevating magnesium with near-
future temperature increases may strengthen skeletal components (increased magnesium
increases calcite hardness) that are generally facing increased susceptibility to dissolution
from ocean acidification. In the absence of elevated magnesium, a weaker test or spines
may render individuals more structurally susceptible to crushing, biting, or drilling
predators. As for the lantern, a weaker lantern can impair feeding efficiency as the teeth
are constantly being ground down (Ma et al., 2009). Clearly, there are trade-offs.
Becoming somewhat more susceptible to dissolution may be a good trade off when
weighted against loss of structural integrity.

One possible explanation for the surprisingly higher Mg/Ca ratios observed in
skeletal components at 26°C than at 30°C is that the individuals chronically exposed to

30°C are experiencing sub-lethal, temperature-induced stress. While L. variegatus



104

periodically experiences 30°C in the northern Gulf of Mexico, to date it is not yet
chronically exposed to this temperature (Challener et al., 2015). Previously, Brothers and
McClintock (2015) observed that individuals of L. variegatus held chronically at 32°C in
the laboratory survived for only 14 days despite being held in all respects under culture
conditions. Because the individuals of L. variegatus in the present study were chronically
exposed to 30°C, physiological stress could have a normative allocation of magnesium to
calcite with increased temperature under the species’ thermal optima.

The present study confirmed that the major skeletal body components of the sea
urchin L. variegatus (test, spines, and lantern) exhibit significantly different Mg/Ca
ratios. In particular, the spines consistently contained less magnesium than did either the
test or the lantern. The three components each have a different structure and function, and
it has been suggested that biomineralization pathways may differ , leading to altered
mineralogy (Goetz et al., 2014; Robach et al., 2009; Veis, 2011). Previous studies have
also demonstrated that skeletal magnesium content varies not only between skeletal
components but in some instances within components (e.g., Borzg¢cka-Prokop et al.,
2007; Ma et al., 2009). This internal variation allows mineral hardness to vary within a
given skeletal component and is likely to have functional consequences (Byrne et al.,
2014; Goetz et al., 2014; Ma et al., 2009). While it is evident that increased hardness due
to elevated magnesium content in the test and feeding apparatus would have benefits, it is
less clear why spines do not require a similar hardness. Spines are a vital defensive
structure against predation but remain less vulnerable to dissolution with lower Mg/Ca
ratios. Previous studies with echinoids support our findings that spines have a lower

magnesium content than other body components. For example, Borzecka-Prokop et al.
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(2007) reported lower levles but also demonstrated that there is a gradient of magnesium
with higher levels at tht base of the spine and reduced levels towards the spine tip. Byrne
et al. (2014) posited that this gradient facilitates a certain amount of brittleness in the

spine tip that may have a functional role in furthering defense or escape.
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Table 1. Mean (xSE) total wet weight and test diameter of Lytechinus variegatus kept for
90 days at either 26°C or 30°C and sampled every 30 days. Sample size at the baseline
was 25 individuals, 10 individuals in the 26°C treatment, but sample size in the 30°C

treatment was 8 individuals at each time point.

Wet Weight (g) Test Diameter (Rhein et al.)
Time (days)
26°C 30°C 26°C 30°C
Baseline 7.02 £0.45 24.04 + 0.56
30 17.89 £ 0.77 17.58 + 0.83 320+0.8 31.3+£05
60 24.56 + 1.26 23.16 £ 0.72 36.9+0.4 36.5+£0.3
90 31.87 £1.59 28.14+0.78 39.7+0.9 379105




Table 2. Mean (x SE) molar Mg/Ca ratios of individuals of Lytechinus variegatus

112

sampled every thirty days for a total of ninety days. Sea urchins were kept at either 26°C
or 30°C. Sample size was 10 individuals for 26°C and 8 individuals for 30°C at each time

point.

Mean Molar Mg/Ca (+ SE)

Body Component  Day
26°C 30°C

30 0.168+£0.009  0.130 + 0.007

Lantern 60 0.172 £ 0.013 0.125 + 0.013
90 0.181 £ 0.013 0.138 £ 0.012

30 0.110+£0.009  0.075+0.010

Spine 60 0.122 £ 0.010 0.102 £ 0.014
90 0.110+£0.009  0.088 +0.010

30 0.179+ 0.010 0.147 £ 0.012

Test 60 0.183+0.009  0.127 +0.014
90 0.171 £ 0.008 0.147 £ 0.012
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Figure 1. Growth of individuals of the sea urchin Lytechinus variegatus kept at either
26°C (filled circles) or 30°C (open circles) for 90 days. Measurements were taken at 30,
60, and 90 days after the beginning of the experiment. a) mean wet weight (g) and b)
mean test diameter (mm). Error bars are mean + SE
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Figure 2. Change in mean molar Mg/Ca ratios for distinct body components (test, spines,
and Aristotle’s lantern) of individuals of the sea urchin Lytechinus variegatus kept at
either 26°C (filled circles) or 30°C (open circles) for 90 days. Measurements were taken
at 30, 60, and 90 days after the beginning of the experiment. Mean molar Mg/Ca ratios
over the course of the experiment for the sea urchin (a) test, (b) spines, and (c) Aristotle’s
lantern. The error bars are mean = SE
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APPENDIX B

X-RAY DIFFRACTION DATA FOR LYTECHINUS VARIEGATUS



Calcite 20 Treatment Time
Lantern Spine Test (°C) (days)
29.85658 29.63536 29.83328 baseline 0
29.91841 29.72466 29.87014 baseline 0
29.79677 29.67649 29.8933 baseline 0
29.75821 29.73791 29.83297 baseline 0
29.76863 29.68144 29.82918 baseline 0
29.79918 29.70975 29.8649 baseline 0
29.8323 29.70475 29.7729 baseline 0
29.86776 29.6896 29.80092 baseline 0
29.77827 29.70948 29.92389 baseline 0
29.78089 29.61563 29.86936 baseline 0
29.87397 29.66094 29.83581 baseline 0
29.78411 29.6335 29.86928 baseline 0
29.90196 29.73833 29.89312 baseline 0
29.70256 29.61632 29.86567 baseline 0
29.71813 29.74271 29.84993 baseline 0
29.84904 29.82439 29.89805 baseline 0
29.83427 29.72885 29.85992 baseline 0
29.78046 29.93388 29.85694 baseline 0
29.81035 29.70438 29.91102 baseline 0
29.86969 29.68854 29.79714 baseline 0
29.82868 29.77223 29.75663 baseline 0
29.80476 29.67296 29.81371 baseline 0
29.8073 29.77786 29.82591 baseline 0
30.04976 29.74522 29.91289 baseline 0
29.82754 29.73462 29.89396 baseline 0
29.78515 29.75455 29.88188 26 30
29.78938 29.68875 29.81774 26 30
29.8443 29.76813 29.76938 26 30
29.95848 29.77755 29.94402 26 30
29.7729 29.66634 29.85361 26 30
29.90482 29.78378 29.85128 26 30
29.79413 29.76063 29.79912 26 30
29.86936 29.55486 30.00065 26 30
29.84772 29.66437 29.87672 26 30
29.86315 29.68343 29.8647 26 30
29.73593 29.83549 29.94429 26 60
29.81629 29.64322 29.83723 26 60
29.83416 29.70804 29.89674 26 60
29.97295 29.80474 29.9281 26 60
29.75357 29.64307 29.82703 26 60
29.90733 29.81702 29.81797 26 60
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Calcite 20 Treatment Time

Lantern Spine Test (°C) (days)
29.87889 29.67814 29.93052 26 60
29.98786 29.78946 29.81161 26 60
29.82201 29.67901 29.94315 26 60
29.77788 29.79177 29.81446 26 60
30.00327 29.7598 29.77535 26 90
29.76564 29.78096 29.84835 26 90
29.85287 29.70044 29.81093 26 90
29.87237 29.75953 29.87688 26 90
29.96935 29.60592 29.85493 26 90
29.7576 29.71403 29.90172 26 90
29.90191 29.55428 29.80718 26 90
29.9308 29.74642 29.78145 26 90
29.75011 29.72621 29.91609 26 90
29.87894 29.74166 29.92189 26 90
29.77624 29.60122 29.94079 30 30
29.73511 29.60385 29.89195 30 30
29.77673 29.54466 29.73788 30 30
29.79124 29.68475 29.74737 30 30
29.81752 29.60412 29.78657 30 30
29.76476 29.54863 29.7827 30 30
29.71714 29.73109 29.70827 30 30
29.68034 29.71011 29.75192 30 30
29.7501 29.57632 29.82354 30 30
29.67867 29.6958 29.83066 30 30
29.65719 29.75403 29.91354 30 60
29.75888 29.69469 29.71164 30 60
29.77281 29.84273 29.67149 30 60
29.7411 29.61433 29.80714 30 60
29.68933 29.64612 29.63805 30 60
29.83017 29.58622 29.69168 30 60
29.62705 29.78219 29.74739 30 60
29.87234 29.59674 29.80411 30 60
29.76847 29.74215 29.813 30 90
29.81059 29.59548 29.82625 30 90
29.70457 29.68483 29.84761 30 90
29.8603 29.57161 29.73518 30 90
29.67239 29.59194 29.92984 30 90
29.70152 29.61045 29.75875 30 90

29.794 29.73719 29.68093 30 90
29.88722 29.71075 29.76249 30 90
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