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ABSTRACT: Echinoids have high-magnesium (Mg)
calcite endoskeletons that may be vulnerable to CO,-
driven ocean acidification. Amalgamated data for
echinoid species from a range of environments and
life-history stages allowed characterization of the
factors controlling Mg content in their skeletons. Pub-
lished measurements of Mg in calcite (N = 261), sup-
plemented by new X-ray diffractometry data (N = 382),
produced a database including 8 orders, 23 families
and 73 species (~7 % of the ~1000 known extant spe-
cies), spanning latitudes 77°S to 72° N, and including
9 skeletal elements or life stages. Mean (+ SD) skeletal
carbonate mineralogy in the Echinoidea is 7.5 + 3.23
wt% MgCQOgsin calcite (range: 1.5-16.4 wt%, N = 643).
Variation in Mg within individuals was small (SD =
0.4-0.9 wt% MgCOs3). We found significant differ-
ences among skeletal elements: jaw demi-pyramids
were the highest in Mg, whereas tests, teeth and
spines were intermediate in Mg, but generally higher
thanlarvae. Higher taxa have consistent mineralogical
patterns, with orders in particular showing Mg related
to first appearance in the fossil record. Latitude was a
good proxy for sea-surface temperature (SST), although
incorporating SST where available produced a slightly
better model. Mg content varied with latitude; higher
Mg content in warmer waters may reflect increased
metabolic and growth rates. Although the skeletons of
some adult urchins may be partially resistant to ocean
acidification, larvae and some species may prove to be
vulnerable to lowered pH, resulting in ecosystem
changes in coastal marine environments.
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Magnesian calcite skeletons of the New Zealand endemic
sea urchin Evechinus choloroticus may be vulnerable to
ocean acidification.
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INTRODUCTION

Ocean acidification, the result of ocean uptake of
increasing pCO, (Raven et al. 2005, IPCC 2014), is
decreasing the saturation state of calcium carbonate,
which, in many marine invertebrates, makes the pro-
duction and maintenance of calcified structures more
difficult (e.g. Orr et al. 2005). The effects of ocean
acidification on calcium carbonate saturation state
will vary with depth and location, but general predic-
tions are for a 2- to 4-fold increase in both calcite and
aragonite solubility in sea surface waters this cen-
tury, with the aragonite saturation horizon (below
which aragonite can be expected to dissolve) reach-
ing the surface in at least the Southern Ocean by
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=2050 (Orr et al. 2005, Fabry et al. 2008). Under-
standing the response of marine calcifiers, in particu-
lar their ability to make their skeletons and shells, to
this major and rapid environmental change requires
an understanding of skeletal carbonate mineralogy
across a range of phyla and at various life-history
stages.

Among these major marine calcifiers are those in
the phylum Echinodermata, with approximately 7000
known extant species and 13 000 extinct species, and
including the Class Echinoidea (sea urchins) with
about 1000 known extant species distributed in the
world's oceans (Kroh & Mooi 2011). Echinoids are
ecologically important marine invertebrates and are
considered to be the most important group of con-
sumers living in shallow water (Steneck 2013). Lar-
val, juvenile and adult echinoids have an endoskele-
ton of calcite (CaCQOj3) produced by the mesoderm
and usually covered by the epidermis, with the
exception of the spines of urchins in the order
Cidaroida (Dubois 2014). The teeth are also directly
exposed to surrounding sea water and may contain
the highest levels of magnesium (Mg) (Wang et al.
1997). The skeleton is laid down as stereom, in a 3-
dimensional rhombohedral mesh-like calcite lattice
(with more or less Mg substitution) with individual
elements being crystalline, a skeletal form unique to
the Echinodermata that has its maximum develop-
ment in the Echinoidea (Smith 1980, Dubois & Chen
1989, Cavey & Markel 1994). Production, growth and
maintenance of this mesodermal skeleton is the
result of intricate and detailed biochemical pathways
(Wilt 1999, Matranga et al. 2013). Calcified skeletal
elements of adult echinoids include test plates, jaw
components (including teeth and pyramids) and
spines, both primary and secondary. The feeding
echinopluteus larvae of most echinoids have a basket-
shaped endoskeleton supporting the body and arm
rods that support the larval arms (Emlet 1988, Kinjo
et al. 2006), which can be simple or fenestrated cal-
cite rods, with the latter being more robust (Kinjo et
al. 2006).

The skeletal elements of most echinoids are com-
posed of Mg-calcite (=3 to 16 wt% MgCOj;; Chave
1952, 1954, Raup 1966), where Mg2+ is substituted for
Ca** during calcification. The Mg content of Mg-
calcite varies with latitude in some marine calcifiers,
including echinoderms (Chave 1954, Andersson et al.
2008, McClintock et al. 2011, Lebrato et al. 2013). This
trend has been attributed to differences in growth
rate, carbonate saturation state and sea temperature
(e.g. Mackenzie et al. 1983, Andersson et al. 2008,
Hermans et al. 2010), all of which may be related.

Although the skeleton of echinoderms is calcitic, its
solubility is closer to that of aragonite than pure
calcite (Dubois 2014). The solubility of Mg-calcite
increases with increasing Mg content, with calcite
containing more than approximately 12 wt% MgCO3
being more soluble than aragonite (Walter & Morse
1984, Bischoff et al. 1987, Morse et al. 2006, Anders-
son et al. 2008). Given the high Mg?** content of the
sea urchin skeleton, the high solubility of the mineral
form (Andersson et al. 2008) and the dominance of
skeleton in the body wall, sea urchins are likely to be
particularly vulnerable to the effects of ocean acid-
ification. This is especially so for species in high-
latitude and deep-sea environments because they
already inhabit seawater that is only slightly super-
saturated with respect to the carbonate phase they
secrete (Andersson et al. 2008, but see Dubois 2014).
As ocean pH progressively declines, high-latitude
calcifiers are increasingly vulnerable as concurrent
ocean warming will likely prevent them moving
toward the lower latitudes. Marine calcifiers that
deposit stable carbonate minerals such as calcite and
low-Mg calcite may become increasingly dominant
(Andersson et al. 2008); this also applies to taxa (e.g.
sea stars) that are less calcified. Here we investigated
factors that may influence skeletal carbonate miner-
alogy, including water temperature, water chemistry,
phylogeny and natural genotypic variation.

We examined the skeletal mineralogy of sea urchins
from a broad range of latitudes, from 77°S to 72°N. In
a comprehensive literature review and incorporating
new data from the Northern and Southern Hemi-
sphere, we collated the mineralogy of 73 echinoid
species in 23 of the 50 currently recognized echinoid
families (Smith & Kroh 2011). Previous sampling ef-
forts had been concentrated in the Northern Hemi-
sphere, and we address this gap by generating data
for specimens from the Southern Hemisphere. In ad-
dition, while a number of mineralogical studies have
been published on echinoids (Clarke & Wheeler 1922,
Chave 1954, Pilkey & Hower 1960, Raup 1966, Weber
1969, Sumich & McCauley 1972, Bischoff et al. 1983,
McClintock et al. 2011), lack of replication reported
means the variability in the measurements with and
between individuals cannot be assessed. For more
than half of the species studied (568 %), apparently
only 1 specimen was examined. For 4 species, we
determined the mineralogy within individuals and
among multiple individuals. We assimilated data from
body skeletal elements for species from a range of
environments and life-history stages, to characterize
their mineralogy and evaluate the factors controlling
Mg content in their skeletons.
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METHODS

A comprehensive literature review showed that 56
species (261 measurements) from (mostly) the North-
ern Hemisphere have had mineralogy measured and
reported (Table S1 in Supplement 1 at www.int-
res.com/articles/suppl/m561p001_suppl.pdf); where
units varied, they were standardised to wt% MgCOs.
Most measurements were of test plates (N = 135),
but spines (N = 79) and mouthparts (N = 47) were
sometimes measured. Very few measurements were
replicated within an individual or in more than 1
specimen within a species or population. Only 48
measurements existed for Southern Hemisphere
specimens, while there were no published measure-
ments, worldwide, of the mineralogy of juveniles or
larvae.

To address gaps in the data from the literature,
adult and (where possible) juvenile specimens of
echinoid species were collected in New Zealand,
Australia, Antarctica and some tropical Pacific is-
lands for this study, as well as additional specimens
for the Northern Hemisphere (Table S2 in Supple-
ment 1). Tests of juveniles and adults were bleached
in 5% NaOCl, serially rinsed and dried, and then
subsectioned for X-ray diffractometry. In total, we
examined 382 specimens from 24 species, including
test plates (N = 112), primary and secondary spines
(N =81 and 40, respectively), demi-pyramids (N = 70)
and teeth (N = 53), as well as juveniles (N = 9).

Gametes of 4 species (Arachnoides placenta, Evechi-
nus chloroticus, Pseudechinus huttoni, Tripneustes
gratilla) were obtained from adult sea urchins by in-
ducing spawning with an inter-coelomic injection of
0.5 M KCl, and eggs were fertilized by adding sev-
eral drops of dilute sperm. Larvae were cultured in
20 1 buckets filled with 1 pm filtered seawater until
they reached the prism or early pluteus stage, col-
lected and bleached to remove organic material. Six-
teen samples, each containing at least 1000 individ-
ual larval skeletons, were then analysed using X-ray
diffractometry.

For X-ray diffractometry, approximately 0.5 g of
each sample was placed in a clean mortar, with 0.1 g
of analytical-grade halite (NaCl) as an internal stan-
dard, and ground to a fine powder until it was consis-
tent in colour and texture. A small amount of 95%
ethanol was added to make a slurry which was
smeared uniformly on a glass slide and left to air dry.
Each sample was scanned by a Phillips X-Ray dif-
fractometer (XRD) between 26° and 33°260. There
was 1 count per degree, and the count time was 1 s.
Calcite peak position was corrected based on the in-

ternal standard halite peak, and then a machine-
specific calibration for determining Mg content was
applied: y = 30x — 882, where y = wt% MgCO; in cal-
cite and x = calcite peak position in °20 (after Gray
& Smith 2004).

Phylogenetic and environmental mixed models

We fitted generalised linear mixed models (GLMMs)
to the combined dataset using the R (R Development
Core Team 2015) package MCMCglmm (Hadfield
2010). Because our observations are collected from
an evolutionary diverse range of specimens, we first
investigated whether our data contain any phyloge-
netic signal. We fitted 3 models to data from those
specimens (N = 327) that could be placed in the phy-
logenetic tree reported by Smith AB et al. (2006). In
each model, wt% MgCOs; in calcite was the response
variable and 'absolute latitude’ (i.e. degrees from the
equator) and skeletal element were treated as fixed
predictor variables. The models differed in which
random variables were included; a full model con-
taining effects for both genus and phylogenetic rela-
tionships among genera was compared to models
with only phylogeny or genus included as random
variables.

As described in the ‘Results’ section, we found only
weak evidence for a phylogenetic signal in our data.
For this reason, we investigated variation in mineral-
ogy by latitude and among skeletal elements in our
complete dataset (including those species that could
not be placed in our phylogeny). In this case we fitted
2 models, each with wt% MgCOs; in calcite as a re-
sponse variable and genus as a random variable. We
compared a full model with fixed effects for absolute
latitude and body part with a model containing only
a latitude effect.

Finally, we tested the effectiveness of absolute
latitude as a proxy for seawater temperature by
analysing a subset of observations (N = 386) from
locations for which we could obtain an estimate of
mean sea surface temperature (SST). For this subset
of the data, we again compared 2 models, each with
a random effect for genus and a fixed effect for body
part. In the first model, we used SST as a fixed pre-
dictor variable; absolute latitude was used in the
second.

MCMCglmm fits models via Markov chain Monte
Carlo (MCMC). Before fitting models, we ran a num-
ber of preliminary analyses and found that running
MCMC:s for 200 000 generations and sampling every
150" iteration reliably produced consistent estimates
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with little evidence of autocorrelation. We used
these parameters to fit all models described
above. We chose the best fitting model using the
deviance information criterion (DIC), with the
lowest scoring model considered the best fit
(Lunn et al. 2000). A complete record of steps
used to fit and examine these models is pro-
vided in Supplement 2 at www.int-res.com/
articles/suppl/m561p001_supp2.pdf.

RESULTS

In total, we compiled 643 measurements of
echinoid mineralogy, encompassing 8 orders, 23
families and 73 species (Tables 1 & 2), and span-
ning latitudes from 77°S to 72°N (Fig. 1). Nine
skeletal elements or life stages were repre-
sented. Taken as a group, the mean + SD skele-
tal carbonate mineralogy for the Echinoidea was
7.5 + 3.23 wt% MgCOj; in 100 % calcite (range:
1.5-16.4 wt%, N = 643). The raw data results for
this study, along with the recalculations from
published literature, are available in Supple-
ment 1.

Variations in MgCOj; content in calcite can be
ascribed to phylogenetic position, environment
(e.g. temperature) and skeletal element or life
stage (mouthparts, spines, test, larval skeletons),
and we describe the relationships of these vari-
ables to our data below.

Phylogenetic influence on echinoid mineralogy

We investigated influences on mineralogy
using a series of GLMMs. We first considered
the possibility that our mineralogical data con-
tain a phylogenetic signal (Table 2). The best fit-
ting model in this analysis contains an effect for
phylogeny. However, the phylogeny used in this
model is only resolved to the genus level, mean-
ing there are multiple observations for each tip
in the tree. Thus, in addition to capturing phylo-
genetic relationships among genera, the phylo-
genetic effect in this model accounts for the fact
our observations come from many discrete gen-
era. When compared to models that contain a
categorical effect for genus, the phylogenetic
model provides only a marginal increase in
fit (ADIC < 1), demonstrating that relationships
among genera explain only a small proportion
of the variance in our data.

Table 1. Skeletal carbonate mineralogy of 73 species in the Class Echinoidea, including published data and new data from this study (for details, see Supplement 1 at

www.int-res.com/articles/suppl/m561p001_suppl.pdf)

References

Mean wt% MgCOj in calcite (when N > 2), range

Tests

Specimens for which
mineralogy is reported

Juveniles

Mouthparts

Spines

Species

& larvae

This study

3.6 (2.9-4.9)

6.6 (5.9-7.7)
7.2 (7.0-7.3)

5 tests, 5 spines

3 tests

Abatus injens Koehler, 1926

Sumich & McCauley (1972)
McClintock et al. (2011)

This study

Allocentrotus fragilis (Jackson, 1912)

7.5
11.5 (10.5-12.8)

1 test

Amphipneustes similis Mortensen, 1936

2.1 (1.6-2.9)

10 tests, 3 larvae
3 tests, 3 spines

Arachnoides placenta (Linnaeus, 1758)
Arbacia punctulata (Lamarck, 1816)

Arbacia sp.

Weber (1969), Ries (2011)

Chave (1954)
This study
This study

6.7 (4.9-7.7)

8.4 (6.9-9.3)

5.5
10.2 (9.9-10.7)

1 test, 1 spine
3 tests, 2 spines
5 tests, 6 spines,
6 mouthparts

(4.0-4.9)
4.6 (3.9-5.9)

Breynia australasiae (Leach, 1815)

(5.1-9.9)

8.4

9.1 (7.7-9.7)

Centrostephanus rodgersii (A. Agassiz,

Chave (1954)
Weber (1969)

5.0
4.1

6.7
11.8

1 test, 1 spine
1 test, 1 spine

1 spine
1 test
3 tests

1863)
Cidaris blakei (A. Agassiz, 1878)

Cidaris cidaris (Linnaeus, 1758)

Chave (1954)

Cidaris rugosa (H.L. Clark, 1907)

Clypeaster sp.

Clarke & Wheeler (1922)
McClintock et al. (2011)

8.4
7.6 (range not given)

Ctenocidaris perrieri Koehler, 1912

This study, Pilkey & Hower (1960)
Bischoff et al. (1987), Chave (1954)

11.4 (10.6-12.3) Clark (2009), Raup (1966), Ebert

6.1

8.4 (7.3-9.5)
10.7 (10.1-11.4)

8 tests, 1 juvenile
3 tests, 3 spines
5 tests, 3 spines,

3 mouthparts
2 tests, 1 spine

Dendraster excentricus (Eschscholtz, 1829)

Diadema antillarum Phillipi, 1845

5 (5.3-8.0)
5 (7.2-7.7)

11.6 (10.8-13.1)

Diadema savignyi (Audouin, 1829)

(2001)

Weber (1969), Ebert (2001)

12.2

(13.5-14.8)

Diadema setosum (Leske, 1778)
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Fig. 1. Global distribution of echinoid specimens for which carbonate mineralogy has been measured (of the 643 measure-
ments compiled in the database, 392 had adequate location data)

Environmental patterns of echinoid mineralogy

Given the relatively weak phylogenetic signal in
our data, we chose to investigate ontological and
environmental effects on mineralogy using the com-
plete data set, including species that could not be
placed on our phylogeny (Supplement 2). These
models show significant and large effects on magne-
sium content of both distance from equator and the
skeletal element from which measurements were
taken. A model that contains effects for both of these
variables fits the data substantially better than one
that includes a latitude effect alone (ADIC > 500).
Importantly, the inclusion of skeletal elements in this
model alters our estimate of the effect of distance
from the equator on Mg content. Although there is a
significant effect for latitude in both models, the ef-
fect is smaller in the full model (point estimate =
—0.64 percentage points per degree of latitude, 95 %
credible interval = —-0.085 to —0.045) than one that
ignores the skeletal element from which measure-
ments were taken (point estimate = —0.09, 95 % cred-
ible interval = -0.114 to —-0.061).

The effect of latitude described above presumably
arises as a result of sea water temperature decreas-
ing as latitude increases. We were able to obtain esti-
mates of recent mean SST for a subset of the loca-
tions from which our data are sourced. Most new
samples are from very shallow water, but depth in-
formation is seldom available in published data;

in general, water depth is likely to be shallow enough
for SST to be a reasonable approximation of ambient
temperature. For this subset of the data, a model that
uses SST to predict Mg content produces a better fit
than a model using only absolute latitude (Supple-
ment 2).

Variation within individual echinoids

Mineralogy varied systematically within an indi-
vidual sea urchin. Indeed, it matters very much both
what life stage and what skeletal element has been
measured (Fig. 2). For example, test plates of Trip-
neustes gratilla contain, on average, about 9.6 wt%
MgCOg; (N = 5). Small calcareous mouthparts (rotula,
pyramid, and epiphysis) of this species tend to con-
tain more Mg (10.3 to 12.1 wt% MgCO3;), while the
spines and teeth contain less (6.3 to 8.6 wt% MgCOs).
In the few echinoid species where such details are
reported, the trend is similar (Table 1). Among all
species in the database, the epiphysis is the highest
in Mg (mean = 12.3 wt% MgCOg3, N = 11), followed
by the rotula (11.4 wt% MgCO;3, N = 9) and demi-
pyramid (9.5 wt% MgCO;, N = 83). Tests (9.3 wt%
MgCOg;, N =317) and teeth (5.7 wt% MgCO3, N = 66)
are intermediate in Mg content, as are spines (5.0
wt% MgCO;, N = 200), although secondary spines
are generally lower than primary spines (Table 3).
Adult skeletal elements are generally higher in Mg
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18 choloroticus from Stewart Island, south-
16 : . - ° ern New Zealand. In 1 individual from
14 = this species, 10 measurements were
12 + = - - “ . - made on each of the major skeletal ele-
10 N = ments. The range of Mg in calcite in each
5 - = + + set of 10 replicates varied from 1.5 to 2.7
- = - - . - wt% MgCO; (SD 0.4-0.9 wt% MgCOs;
o . - + + 5 . Table 4), less than the variation among
& = = _ = _ skeletal elements and among species.
2 - - - In those species where more than 1
0 T T T T T T T T 1 individual has been considered, there is
@a,\" o@\’b @@b <& (&e"’ /\06‘& b’b‘:é‘& ‘@'2' some broad consistency of skeletal car-
@‘Q i t \o“e’ %e&"\ \® bonate mineralogy. For example, meas-

Fig. 2. Ranges of Mg in calcite among different life stages and skeletal elements
in the class Echinoidea. Crosses are means, lines are +1 SD, dots are range

than larvae (4.4 wt% MgCOj;, N = 16). There is very
little apparent change in mineralogy of tests from the
juvenile stage (8.2 wt% MgCOj;, N = 13) onwards
(adult tests = 9.3 wt% MgCOg3, N = 317).

Mg content within skeletal elements in the same
individual is fairly consistent, at least in Evechinus

Table 3. Summary statistics for Mg in calcite in different life stages and

skeletal elements across the class Echinoidea

urements of the tests of Tripneustes
gratilla had 7.7 to 11.5 wt% MgCO;
(N =11), whereas the test measurements
in Echinometra mathaei were generally
higher (13.5-16.2 wt% MgCOj3;, N = 6) and those in
Sterechinus neumayeri generally lower (4.7-6.8 wt%
MgCOg3, N = 9). However, variation within species
(SD = 1.0, 1.1 and 0.6 wt% MgCOg;, respectively, for
the examples above) may be ascribable to environ-
mental differences among populations.

DISCUSSION

There is still much to learn about Mg in
Life stage Skeletal element ——Wt% MgCOs in calcite N echinoid skeletons. In this study, data
Mean Minimum Maximum SD were collated on the mineralogy of 73
Adults  Test plates 9.3 3.1 162 2.8 317 echinoid species in 23 families. While
Primary spines 5.1 1.6 12.2 24 159 these data provide a substantial addition
Secondary spines 4.5 2.7 6.7 09 41 to our understanding of echinoid miner-
All spines 5.0 1.6 12222 200 alogy, 73 species represents only ~7 % of
Eplphysm . 123 8.6 16.4 23 11 living echinoid species, and there are no
Demi-pyramid 9.5 4.5 15.6 2.5 83 L
Tooth 57 15 11.4 24 66 data for many orders (e.g. Pedinoida,
Rotula 11.4 6.7 15.2 2.7 9 Holectypoida, Holasteroida), especially
All mouthparts 8.3 1.5 16.4 3.3 169 the diverse and fragile deep-sea order
Juveniles Whole skeleton 8.2 5.5 12.9 22 13 Echinothurioida.
Larvae Larval skeleton 4.4 1.7 7.3 1.5 16
All life stages and elements 7.5 1.5 16.4 3.3 643
Variation within individuals

Table 4. Variation in Mg in skeletal carbonate within a single individual of
Evechinus chloroticus from Stewart Island, New Zealand

Echinoids are unlike the many taxa
where individual mineralogy does not
appear to vary systematically (see, e.g.

Skeletal element N Mean Min Max Range SD Smith et al. 2013); in fact, different skele-
tal elements may vary considerably in
Test 10 9.3 7.8 10.4 2.7 0.88 composition within a single individual.
Primary spine 10 4.3 3.4 4.9 1.5 0.40 In a general way, Mg content in echinoid
Secondary spine 10 5.1 4.6 6.7 2.1 0.60 keletal components incr ith di
Demi-pyramid 10 101 8.8 11.5 2.7 0.66 skelelal components ncreases with cis-
Tooth 10 45 2.8 53 2.5 0.70 tance from the surrounding sea water.
Lowest Mg content is found in the
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spines, with more in the test and teeth, and the high-
est Mg content in the internal feeding structures of
Aristotle’s lantern. The lower-Mg skeletal elements
are more chemically stable and potentially more
resistant to dissolution than those with MgCO;
greater than about 12 wt%. Since the test, teeth and
spines extend into the water column, they may bene-
fit from the lower solubility associated with lower Mg
in calcite. The spines of the order Cidaroida also lack
a protective ectodermal cover, but the spines are
resilient to acidification due to a specialised outer
layer of polycrystalline calcite called the cortex (Dery
et al. 2014, Dubois 2014). These are the same ele-
ments that may become more at risk of dissolution
than other skeletal elements as pH falls in the surface
oceans (e.g. Raven et al. 2005). Ma et al. (2009)
showed that Mg content in the grinding tooth
increases towards the tip, and they theorised that
increasing Mg increases the mechanical hardness of
the calcite. If this is so, it may provide a further expla-
nation for variations in Mg content in calcite pro-
duced by a single individual, navigating the tradeoffs
between resistance to chemical dissolution and
mechanical strength. While there may be variation of
Mg within a single skeletal element, as the entire
element was prepared for analysis, we would not be
able to discern any local variation. Others have eluci-
dated the variations in Mg associated with the cut-
ting edge of urchin teeth (Killian et al. 2011), observ-
ing that the strongest parts of the teeth are enriched
in Mg relative to the rest of the tip.

Adult and juvenile skeletal elements are generally
higher in Mg than larvae of the same species. At least
some skeletal elements show variation in mineralogy
within the element. It is possible that larvae, being
small and perhaps vulnerable to dissolution in the
water column, require their skeletons to be formed of
less soluble low-Mg calcite. Even though they pro-

duce only small amounts of calcite, it does form a
relatively large part of their body weight (17 to 67 %
of dry weight, Clark et al. 2009, Gonzalez-Bernat et
al. 2012). However, Dubois (2014) stressed that the
larval skeleton remains protected from the direct
effects of lower-saturation water by mesoderm cells,
and a recent meta-analysis indicated that the vulner-
ability of the larval skeleton is largely due to ener-
getic constraints (Byrne et al. 2013, see also Stumpp
et al. 2012). Tropical echinoplutei are comparatively
more sensitive to ocean acidification (Byrne et al.
2013), possibly due to a higher Mg content of their
skeleton. If the energetic cost of adding Mg to calcite
reduces their other functions, perhaps they precipi-
tate the most stable mineral they can.

It is also important to note that the inclusion of
skeletal element and life stage in our GLMMs altered
our estimate of effect of latitude on Mg content.
In addition, incorporation of SST data produced a
slightly better model to predict Mg content. In cases
where species live at similar latitudes but with differ-
ent influences of boundary currents and upwelling,
these contrasting thermal regimes as well as carbon-
ate mineral saturation states (Gruber et al. 2012) may
prove to be important. It is therefore crucial that this
source of variation is included in future synthesis
studies and that studies report local SST so that it
may be included in future meta-analyses.

Phylogenetic influences on echinoid mineralogy

Phylogenetic patterns are common in skeletal car-
bonate mineralogy, as in the sponges (Smith et al.
2013) and bryozoans (Smith AM et al. 2006). Here
among the urchins, mineralogy within echinoid
orders is relatively consistent (Table 5). For example,
the standard deviations of 1.5 to 3.6 % within the 8

Table 5. Comparison of the observed mineralogy of modern specimens in echinoid orders with the seawater chemistry of the time of their first
appearance in the fossil record. First fossil appearance data from Smith AB et al. (2006) and Fossilworks.org; past seawater data from Ries (2004)

——— First appearance data from fossil record——— —— Known mineralogy of modern specimens —
Order Date of Period Past Past Test plates Spines

first fossils seawater carbonate N Mean SD N Mean SD

(Mya) Mg:Ca ratio sea state

Clypeasteroida 100-105  Albian, Early Cretaceous 1 Calcite IT 35 8.4 2.9 1 7.4
Camarodonta 115-120  Aptian, Early Cretaceous 0.8 Calcite II 149 8.3 3.6 115 6.1 1.2
Echinoneoida 160-165  Middle-Late Jurassic 2 Transition 1 14.9 1
Spatangoida 160-165  Middle-Late Jurassic 2.1 Transition 16 8.4 2.4 7 8.0 2.5
Arbacioida 165-170  Middle Jurassic 2.1 Transition 5 7.4 1.5 8 4.0 1.1
Salenioida 180-185  Early Jurassic 2.2 Aragonite II 1 12.4 1 5.3
Diadematoida 190-195  Early Jurassic 2.4 Aragonite II 19 10.9 2.4 13 7.8 2.1
Cidaroida 250-255  Early Triassic 2.6 Aragonite II 20 8.9 2.9 18 59 1.5
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orders are less than the range observed among the
orders (SD of global mean = 7.5%). In most of the
orders, test plates are generally intermediate in Mg
content (with means ranging from 7.4 to 8.9 wt%
MgCOs3). However, the orders Diadematida, Echi-
noneoida and Salenioida contain on average greater
than 10 wt% MgCO; in test plates, although sample
size is too small for valid generalisation in the latter 2
(only 1 specimen each), and as they are largely trop-
ical orders, there may be an effect of temperature.
Mean mineralogy of spines is both lower in Mg and
less variable in all species examined.

The echinoid order Cidaroida appeared in the fos-
sil record for the first time in the early Triassic (Smith
AB et al. 2006), when the Mg:Ca ratio in the global
ocean was >3. These are the only urchins that sur-
vived the Triassic mass extinction event and are con-
sidered to be the ancestral group from which all mod-
ern Echinoidea evolved (Smith 1984). The Orders
Selenioida and Diadematoida appeared in the early
Jurassic (Smith AB et al. 2006; Fossilworks.org) when
the Mg:Ca ratio was still >2 (a so-called aragonite
sea). Over the next 50 million years, the Mg:Ca ratio
decreased, so that by the time fossils of the orders
Clypeasteroida and Camarodonta appeared in the
fossil record during the Early Cretaceous, the Mg:Ca
ratio in the global ocean was about 1 (a calcite sea).
Orders Echinoneoida, Spatangoida and Arbacioida
appeared for the first time during the transition
period in the Middle to Late Jurassic. Recent studies
show that high-Mg calcite producing organisms, in-
cluding echinoids, precipitate Mg in calcite propor-
tional to the Mg:Ca ratio in seawater (Ries 2010), and
it has been suggested that in the late Cretaceous,
these organisms may have precipitated low-Mg cal-
cite in response to the low Mg:Ca ratio present at that
time. Although the relationship between seawater
Mg:Ca ratio at first appearance in the fossil record,
and the overall mineralogy of modern taxa might be
expected to be blurred by environmental change and
evolution, nevertheless the echinoid orders show, at
least in test plates, a general decrease in Mg content
over the transition from an aragonite sea to a calcite
sea (Fig. 3). The spine data show no such change;
Ries (2010) also noted that the mineralogy of spines is
less likely than that of test plates to reflect seawater
chemistry.

Environmental patterns and ocean acidification

In our model, SST data are sufficiently similar to
their proxy (absolute latitude), so that we are able to
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Fig. 3. Relationship between the Mg:Ca ratio in seawater at
the time of first fossil appearance to Mg in calcite in modern
echinoid orders

use published or inferred latitude to consider temper-
ature effects on Mg incorporation (see Supplement 2).
Latitude and seawater temperature are strongly re-
lated to variation in Mg content (independent of
latitude-related phylogenetic effects), within both
family and skeletal elements (Fig. 4). This parabolic
relationship shows that among and within families
and skeletal elements, Mg in general decreases with
increasing latitude (and decreasing temperature).

Seawater temperature and Mg content are corre-
lated in many echinoderms (Clarke & Wheeler 1917,
Chave 1954, Pilkey & Hower 1960, Raup 1966, Weber
1969, Davies et al. 1972, Richter & Bruckschen 1998,
Clark 2009), although confounding factors have been
noted, such as phylogenetics (Raup 1966, Davies et
al. 1972), growth rate (Dodd 1967, Weber 1969),
robustness (Clark 2009) and age (Davies et al. 1972,
Sumich & McCauley 1972). Our data allow some
disentangling of these strands.

Among both larvae and adults, tropical species
generally contain more MgCO; than temperate spe-
cies, which in turn show higher levels than those
from polar regions (Fig. 4); this follows a similar
pattern in skeletal robustness, where tropical echi-
noid adults and larvae have greater weight:volume
ratio than their cold-water counterparts (Clark 2009).
In tropical waters, high saturation with respect to cal-
cium carbonate may reduce the energetic costs of
calcification.

Weber (1969) suggested that this ‘temperature
effect’ arises from higher -calcification rates at
warmer water temperatures and that an increase in
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Fig. 4. Latitudinal variation of Mg in calcite among (A) families and (B) skeletal elements in the class Echinoidea. Grey lines: trend

the rate of calcification increases the amount of mag-
nesium captured by a crystal growing in an organic
matrix. Given that the solubility product of calcite is
approximately 1.3 times higher in polar temperatures
(Ksp at 0°C ~ 0.71 x 10%) compared with tropical sea
temperatures (K, at 30°C ~ 0.52 x 10°), the incorpo-

ration of magnesium into calcite (further increasing
solubility) in polar species could mean that maintain-
ing a skeleton would just become too physiologically
demanding.

Although biogenic calcite is generally less soluble
than biogenic aragonite, the addition of Mg increases
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its solubility, so that the high-Mg calcite of echinoids
is just as vulnerable to ocean acidification as that of
their aragonitic tropical counterparts (Andersson et
al. 2008). There is some suggestion that the addition
of Mg to calcite strengthens its mechanical proper-
ties (Killian et al. 2011, Long et al. 2014, Stock 2014),
but it may be that the mechanical advantages con-
veyed by Mg are be overshadowed by the chemical
disadvantages.

Published models suggest that temperate and polar
waters, where many echinoids are important parts of
the ecosystems, may reach undersaturation first on
the planet, especially in the Southern Ocean (An-
dersson et al. 2008). Even with the lower Mg content
typical of cool-water echinoids, undersaturation in
coastal waters could affect survival, calcification and
especially reproductive success and settlement of
larvae (Clark 2009, Sewell & Hofmann 2011).

Calcite of tropical urchin species is typically high in
Mg, often reaching 12 wt% MgCOs;, the threshold
above which high Mg-calcite becomes more soluble
than aragonite (Bischoff et al. 1987). They too may be
particularly vulnerable to the effects of ocean acidifi-
cation when the lower carbonate saturation levels
predicted to occur in the Southern Ocean and sub-
Arctic Pacific by 2050 and 2100, respectively (Orr et
al. 2005), extend to lower latitudes.

Among the skeletal elements, those highest in Mg
(the internal elements of Aristotle's lantern: epiphy-
sis, rotula and pyramid) would be the most vulnera-
ble to acidification, but they are separated from sea-
water by layers of tissue. In addition, sea urchins
exhibit considerable capacity to adjust the acid-base
balance of their coelomic fluid in response to in-
creased acidification and thus can maintain body
fluid homeostasis (Collard et al. 2014), although liv-
ing with increased acidification incurs an energetic
cost (Carey et al. 2016). It may be that spines, teeth
and test plates, although lower in Mg and thus less
soluble, will prove to be more vulnerable to dissolu-
tion effects. For the spines, this is especially the case
for the growing tip (Wolfe et al. 2013). Parts of teeth
that are higher in Mg may also be highly vulnerable.
Very small skeletal elements that are not well pro-
tected from sea water (such as larval echinoids)
would be the most vulnerable of all (Clark et al. 2009,
Sewell & Hofmann 2011). Studies on the reduction in
strength caused by exposure to acidified sea water
thus far have concentrated on test thickness of adults,
in terms of resistance to predators crushing whole
skeletons (e.g. Asnaghi et al. 2014, Byrne et al. 2014).
Similar investigation of individual skeletal elements
and/or juveniles is the next step.

The logical end result of either reduced calcifica-
tion or post-precipitation dissolution is that skeletal
elements end up thinner or lower in Mg. Decreased
Mg in calcite may reduce solubility, but it could
reduce strength as well. Consequently, mechanical
attack through predation or wave energy becomes
more effective at destroying or stressing the shell. If
the need for sufficiently strong shells means that
there is more investment in calcification, there is less
energy available for reproduction or other more
‘optional’ activities (growth, reproduction, defense).
If external sea water chemistry is reflected in inter-
cellular pH, mouthparts in particular could become
weaker, which would make feeding less effective or
remove access to some food sources. If some groups
regulate their internal pH, as may be the case with
cidaroid urchins (Collard et al. 2014), they may be
less vulnerable to acidification.

Alternatively, sea urchins may be able to accom-
modate changing sea-water chemistry by changing
biomineralisation pathways (see, e.g. Findlay et al.
2009). Indeed, some skeletons vary naturally and in
response to carbonate chemistry with, for example,
the Mg content in Paracentrotus lividus and Arbacia
lixula increased by 541 and 243 %, respectively, across
pH gradients associated with CO, seeps (Bray et al.
2014), and individuals of Eucidaris tribuloides pre-
cipitating Mg in calcite proportional to the Mg:Ca
ratio of seawater (Ries 2004). Vent site studies consis-
tently show that some echinoid species are relatively
resistant to high-CO, environments (e.g. Fabricius et
al. 2014, Uthicke et al. 2016), while others are not
(Calosi et al. 2013). In addition, the mineralogy of the
test of Tripneustes gratilla reared in ocean acidifica-
tion conditions from the very early juvenile (5 mm) to
the mature adult stage (~60 mm) did not differ from
that of urchins reared in control present-day condi-
tions (Byrne et al. 2014).

Some species are going to be more or less vulnera-
ble than others, related to the complex interplay of
mineralogy, water temperature, size, growth invest-
ment and life history. It is not surprising that detailed
studies have shown species-specific responses to
the same conditions (Fabricius et al. 2014). Even if
urchins are able to compensate for CO,-related stress
in terms of growth and survival, they may have
behavioural responses (such as reduced motility and
smaller grazing haloes, Kroeker et al. 2013) to ocean
acidification.

If skeletal weakness or compromised metabolism
do reduce the effectiveness of echinoid settlement,
feeding, survival and/or reproduction, as may hap-
pen in at least some species, then the inevitable
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effect will be to affect the balance in the many coastal
ecosystems dominated and/or maintained by echi-
noids. These invertebrates are often critical compo-
nents of the coastal ecosystems where they function
as ecological engineers where low and high abun-
dance can drive shifts in alternative stable states,
from kelp forests to macroalgal free barrens habitat
(Steneck 2013). Management of urchin populations
world-wide has included wholesale removal to pro-
tect foliose seaweeds and over-fishing; for some
high-Mg species, skeletal vulnerability to dissolution
pressure adds more vulnerability to their already
precarious situation.

CONCLUSIONS

Skeletal carbonate mineralogy and morphology of
sea urchins vary greatly. Larvae are usually lower in
Mg than adults, with both Mg content and skeletal
robustness decreasing in cooler waters. Adults show
a similar trend, but with the added complication
that different skeletal elements within individuals
also vary. Mouthparts are generally higher in Mg
than tests, while spines and teeth have lower Mg
contents. It may be that one source of this variability
is the dramatic change in seawater chemistry from
the Triassic to the Cretaceous, when these different
orders of echinoids were evolving. While the calcite
of polar species is lower in Mg and thus potent-
ially less soluble than that of lower-latitude counter-
parts, the combination of delicate skeletal morphol-
ogy and rapidly decreasing pH suggests that polar
echinoid species may be particularly vulnerable to
the effects of ocean acidification. Calcite of many
tropical species is more soluble than aragonite, so
that these species may be at risk if under-saturation
extends to lower latitudes. Dissolution pressure
and/or energetic constraints due to reduced mineral
saturation could exacerbate ecological stresses in
some urchin species, affecting whole coastal eco-
systems.
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