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Abstract This is the first study exploring skeletal
mechanical properties in temperate corals. The variation of
skeletal mechanical properties with distance from the
aboral pole, coral age, and population was investigated in
the corals Balanophyllia europaea (zooxanthellate) and
Leptopsammia pruvoti (non-zooxanthellate), collected at
three sites along a wide latitudinal gradient. Mechanical
properties were measured by nanoindentation, a technique
applied here in detail for the first time to a scleractinian. In
both species, a reduction of Young’s modulus was
observed toward the oral pole, which is the youngest part of
the skeleton. Skeletons of B. europaea increased their
Young’s modulus with age, unlike L. pruvoti. Only the
zooxanthellate species showed reduced Young’s modulus
in southern populations, coherently with the observed
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reduced skeletal bulk density and porosity with SST
(decreasing latitude) in B. europaea, and with the lack of
correlations with SST and latitude for skeletal bulk density
and porosity in L. pruvoti. These results support previous
hypotheses on differences in the skeletal mechanical
properties of these two coral species in relation to the
observed variations of skeletal bulk density and porosity
with temperature/latitude, which may have consequences
related to the envisaged seawater warming of next decades.
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Introduction

Sea surface temperature (SST) is one of the main factors
that determine coral reef development (Kleypas et al.
1999), and it strictly depends on latitude (Kain 1989). The
rate of climate change is accelerating, and the average
surface temperature of the oceans is likely to increase by
1.1-6.4 °C during the current century (Solomon et al.
2007). Marine and terrestrial biodiversity and ecosystems
are responding through variations in distribution, abun-
dance, phenology, structure, and functioning (Stenseth
2002; Helmuth et al. 2006; Parmesan 2006). The magni-
tude of temperature change is expected to be greater in
temperate areas than in tropical ones (Solomon et al. 2007).
In the Mediterranean Sea, the current rate of warming
averages 0.04 °C per yr (Diaz-Almela et al. 2007), twice
than in the global ocean (Vargas-Yadez et al. 2007).
Recently, the coralligenous community, which is one of the
most diverse in the Mediterranean Sea (~ 1,700 species)
(Ballesteros 2006) and where suspension feeders are
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dominant, has been affected by several mass mortality
events linked to excessively high temperatures (Cerrano
et al. 2000; Perez et al. 2000; Garrabou et al. 2008).
Engineer species, including gorgonians and sponges, have
been the most affected taxa down to depths of 45 m
(Cerrano et al. 2000; Perez et al. 2000; Garrabou et al.
2008). The Mediterranean region experienced large climate
shifts in the past (Luterbacher et al. 2006), and it has been
identified as one of the most prominent “hot spots” in
climate change projections (Giorgi and Lionello 2006).

Environmental parameters such as light and temperature
are fundamental for coral survival, but whereas their
influence on tropical corals is widely studied, it is not so for
temperate regions. In Astrangia danae and Plesiastrea
versipora from temperate sites, calcification rate increases
with temperature as occurs in tropical corals, albeit over a
colder temperature range (Howe and Marshall 2002).
Laboratory observations on calcification rates in Cladocora
caespitosa and Oculina patagonica from the Mediterranean
Sea and field observations on the Mediterranean endemic
Balanophyllia europaea along a temperature gradient
indicate negative correlations between temperature and
calcification (Rodolfo-Metalpa et al. 2006; Goffredo et al.
2009). In the case of the latter species, the reduction of
calcification with increasing temperature (decreasing lati-
tude) results in skeletons which are less dense (Goffredo
et al. 2007), due to an increase in skeletal porosity (Car-
oselli et al. 2011), and especially of pores with larger size
(Fantazzini et al. 2013). It has also been hypothesized that
this increase in porosity would lower the mechanical
resistance of the skeletons (Fantazzini et al. 2013). Even if
it is reasonable to expect that lower porosity and/or skeletal
bulk density (Bucher et al. 1998) would result in a reduc-
tion of skeletal mechanical resistance, the studies on coral
skeletal mechanical properties are almost absent in the
literature. Another Mediterranean solitary coral, Leptop-
sammia pruvoti, has been studied along the same temper-
ature/latitude gradient, but no effect of temperature on its
calcification, skeletal bulk density, or porosity has been
detected (Caroselli et al. 2011; Fantazzini et al. 2013).

The present study focuses on these two common
scleractinian corals of the Mediterranean Sea: B. euro-
paea (Risso, 1826) and L. pruvoti Lacaze-Duthiers, 1897,
aiming to investigate the variations of coral skeletal
mechanical properties. The two species differ for the
presence/absence of photosynthetic symbionts, which
differentiate the two taxa concerning both their biological
processes (metabolism and growth), and the habitat they
colonize. Studying the skeletal mechanical properties
(Young’s modulus and hardness) provides insights into
the trend of these properties in relation to the environ-
mental variables and reveals structural differences within
and among individuals.

@ Springer

Balanophyllia europaea is a solitary and zooxanthellate
(symbiotic with unicellular algae of the genus Symbiodi-
nium) scleractinian coral, which is endemic to the Medi-
terranean Sea, where it colonizes rocky substrates
(Zibrowius 1980, 1983). Because of its symbiosis with
zooxanthellae, its bathymetric distribution is limited to the
illuminated shallow waters, down to 50 m depth. In addi-
tion to the aforementioned negative effects of temperature
on its calcification, skeletal bulk density, and porosity, also
its population structure stability and abundance decrease
with increasing SST (decreasing latitude), due to a pro-
gressive lack of young individuals (Goffredo et al. 2007,
2008). The negative correlations between SST and many
biological parameters generate concern for the future of
this endemic species with respect to global warming pro-
jections (Goffredo et al. 2008, 2009).

Leptopsammia pruvoti is a solitary, non-zooxanthellate
scleractinian that is distributed in the Mediterranean basin
and along the European Atlantic coastline, up to UK and
Ireland (Zibrowius 1980). It is one of the most common
species in sheltered rocky environments, where it colonizes
the vaults of caves and crevices between 0 and 70 m deep,
reaching densities that exceed 10,000 individuals per
square meter (Goffredo et al. 2007). SST and latitude do
not significantly influence its skeletal bulk density, poros-
ity, population abundance and structure stability, and cal-
cification rate along a latitudinal gradient spanning 850 km
on the western coasts of Italy (Goffredo et al. 2007; Car-
oselli et al. 2012a, b).

The mechanical properties of the skeleton may be very
important for coral survival. For example, skeletal strength
may limit the viable coral size, influence the growth form,
and determine the range of hydraulic conditions that corals
can withstand, influencing the selection of suitable habitats
(Chamberlain 1978). This latter aspect is strongly con-
nected with the ongoing global climate change, which is
expected to cause an increase in extreme meteorological
events (Solomon et al. 2007) which could expose the corals
to severe hydrodynamic stress. This is the first study
exploring skeletal mechanical properties in temperate
corals, with the aim of (1) defining their relationships with
the distance from the aboral pole, coral age, and sampling
site and (2) detecting differences in mechanical properties
related to the decreasing skeletal porosity previously
observed with increasing SST (decreasing latitude), thus
highlighting possible differences in the mechanical resis-
tance of their skeletons in face of global climate change.
Analyzing different skeletal regions and corals of different
age was expected to reveal differences related to the life
stage of the coral, as most biological parameters of the two
species have been found to vary with age, while analyzing
different populations was expected to reveal differences
related to the thermal regime characterizing the sites,
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Fig. 1 Map of the Italian coastline indicating the sampling sites.
Abbreviations and coordinates of the sites: CL Calafuria, 43°45'N, e
10°35'E; PL Palinuro, 40°03'N, e 15°26’E; PN Pantelleria Island,
36°75'N, e 11°95'E

which has been found to strongly influence biological
parameters at least in B. europaea (Goffredo et al. 2007,
2008, 2009, 2012; Caroselli et al. 2011).

Materials and methods
Collection of specimens and age determination

Between July 1, 2010 and February 4, 2011, specimens of
B. europaea and L. pruvoti were collected in three sites
along a latitudinal temperature gradient from 43°45'N to
36°75'N (Fig. 1). In this study, 65 skeletons were analyzed:
33 specimens of B. europaea (11 from Calafuria, 12 from
Palinuro, and 10 from Pantelleria) and 32 of L. pruvoti (11
from Calafuria, 10 from Palinuro, and 11 from Pantelleria).
Corals were randomly collected at a depth of 5-7 m on
reefs facing south for B. europaea and at 15-18 m on the
vaults of caves and crevices for L. pruvoti. The sampling
was performed at depths known to have high population
densities and where the reproductive biology, biometry,
growth and population dynamics of both species had been
studied previously (Goffredo et al. 2002, 2004, 2005, 2006,
2007, 2008, 2009; Caroselli et al. 2012a, b).

At each site, corals of different size were sampled, to
have a minimum of three individuals in each age class
(Table 1). The three age classes represented three vital

stages with respect to sexual maturity (4-5 yr for B. eu-
ropaea, 2-3 yr for L. pruvoti; Goffredo et al. 2002, 2006):
the class of immature (B. europaea 0-5 yr; L. pruvoti
0-3 yr), mature (B. europaea 5-10 yr; L. pruvoti 3—6 yr),
and old individuals (B. europaea >10 yr; L. pruvoti >6 yr;
Table 1). The age of each sample was estimated from its
size by using the growth functions previously obtained for
each population (Goffredo et al. 2004, 2008, 2010; Car-
oselli et al. 2012b).

Mechanical properties and specimen preparation

Mechanical properties were measured with nanoindenta-
tion techniques, which involve the application of a con-
trolled force by an indenter, to produce a local deformation
of the surface, with a typical penetration depth of 100-
1,000 nm. The instrument used (Table Top Nanoindenta-
tion Tester, CSM Instruments, Massachusetts, USA)
included a nanoindentation head equipped with a diamond
Berkovich indenter, a microscope connected to a digital
camera, a motorized X translation table, an anti-vibration
table, and the software for control and data analysis. The
hardness H and the Young’s modulus E were obtained from
the analysis of the load—displacement curves according to
standard methods (Fig. 2; Oliver and Pharr 2004). The
hardness is a measure of the resistance of the material to
plastic deformation and is expressed as follows:

Pmax
A

where P, is the maximum applied load and A is the
projected contact area between the indenter and the spec-
imen under such load.

The Young’s modulus E quantifies the material’s stiff-
ness, which is the resistance to reversible (elastic) defor-
mations. This is derived from the initial slope dP/dh of the
load—displacement curve during unloading (Fig. 2; Oliver
and Pharr 2004).

To prepare the samples for nanoindentation measure-
ments, coral skeletons were submerged in solutions of
water and sodium hypochlorite commercial bleach (ratio
100:1) for 3 d, thus dissolving polyp tissue. After being
dried at 50 °C for 3-4 d, corals were observed under a
binocular microscope to remove fragments of sediment,
rock, and encrusting organisms. To perform nanoindenta-
tions on coral skeletal surface, preliminary treatments were
performed, which involved three processing phases:
embedding, cutting, and polishing. Embedding was per-
formed using an impregnating resin at room temperature
under rotary pump vacuum (10~" mbar) followed by 24 h
hardening at room temperature. Coral skeleton was then cut
using a diamond saw along the oral-aboral axis to obtain a
longitudinal section that left two skeletal septa exposed,

H =
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Table 1 Balanophyllia europaea and Leptopsammia pruvoti

Pop.  Date of coral collection  Age (yr)
Species n Mean (SD) n  Immature n  Mature samples (SD) »n  Old samples
samples (SD) (SD)
CL February 4, 2011 B. europaea 11 7.0 (4.3) 5 37 (L1 3 6.6(1.6) 3 12925
L. pruvoti 11 45@1.7) 3 23(03) 5 47 (.1 3 6.3 (0.2)
PL July 1, 2010 B. europaea 12 9.4 (6.1) 3 43(1.1) 6 7.5(.7) 3 18.2 (5.8)
L. pruvoti 10 53 2.7 3 22(04) 3 50(0.7 4 7.9 (1.8)
PN September 8, 2010 B. europaea 10 8.5 (4.2) 3 4.1(0.7) 3 7.0(1.6) 4 129 2.1
L. pruvoti 11 55@3.1) 3 24(0.5) 4 45 (0.8) 4 8.7 (24)

Mean age of the samples at each site and in each age class

Population codes: CL Calafuria, PL Palinuro, PN Pantelleria, n number of individuals, SD standard deviation

a
b g5l P mex
40
z loading
E 4
E 30- /
Ny 4 \ //
® 20 unloading /! dP/dh
S [
10 -
0 : Y Y |
0 200 400 600 800

Displacement, h (nm)

Fig. 2 a Pictures of one sample of Balanophyllia europaea (left) and
one of Leptopsammia pruvoti (right) embedded in resin and cut in
two. Nanoindentation measurements were taken along the red lines.
Quadrats in background are 1 mm wide. b Typical load—displacement
curve obtained on a B. europaea specimen at 50 mN maximum load.
The hardness is expressed by the ratio between the maximum applied
load (Py,x) and the projected contact area A between the indenter and
the specimen. The Young’s modulus E is derived from the initial
slope dP/dh of the load—displacement curve during unloading

one on the right side of the section and one on the left. This
section was first polished with glass paper (600 and 1,200
mesh) and finally using an alumina (Al,O3) colloidal sus-
pension (3—1, 0.5-0.3, and 0.05 pm grain size). To check
for differences in mechanical properties related to the

@ Springer

regions of the skeleton analyzed, the indentations, at a
maximum force of 50 mN, were performed in three zones
of the septa along the longitudinal section (Fig. 2), defined
by dividing the height (oral-aboral axis) of each coral in
three (oral zone, middle zone, and aboral zone). Because of
data variability, measures were repeated on the right and
left exposed septa (five indentations per side per zone), for
a total of ten indentations in each zone. Because of irreg-
ularities in the samples, such as defects in the surface and
problems due to thermal drift, indentations providing
clearly erroneous measurements (~0.5 % of all indenta-
tions) were removed from the dataset. For this reason, the
number of admitted indentations is lower than the number
of effectuated indentations.

Statistical analyses

The nonparametric Kruskal-Wallis test was preferred to
the analysis of variance to compare mean age among
populations, because of the heteroskedastic nature of data.
This test does not require normal distribution of the data, it
is more reliable than its parametric counterpart in the case
of non-Gaussian distribution of the data sample (Potvin and
Roff 1993), and it was computed with SPSS 20.0.0.

Mechanical properties (E and H) did not meet the
assumptions of normality and homogeneity and were thus
analyzed using a permutational multivariate analysis of
variance (PERMANOVA), which does not require homo-
geneity of variance or normal distributions (Anderson et al.
2008). Tests were run using Euclidean distances among
samples and 999 permutations in the software Primer®.
The model included effects of the factors skeletal zone
(three levels: aboral, middle, and oral), age class (three
levels: immature, mature, and old), population (three lev-
els: Calafuria, Palinuro, and Panarea), and their
interactions.
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Fig. 3 Mean values of E and H in each coral zone and age class for
the two studied species. Population codes: CL Calafuria, PL Palinuro,
PN Pantelleria. White bars represent the mean values for the oral

Results
Hardness and Young’s modulus

Mean E and H values for each skeletal zone and age class,
underlining the general means in the three populations and
the total mean for the two species, were computed (Fig. 3;
details in Tables 2, 3). The study of skeletal mechanical
properties was divided into three analyses to assess the
hardness and Young’s modulus trends according to: (1) the
skeletal zone (within the individual), (2) the age class of
the individuals (within the population), and (3) the

zone, gray bars for the middle zone, and black bars for the aboral
zone. Error bars represent one standard deviation

population (among populations). In the PERMANOVA for
the Young’s modulus of both species, the interaction term
population x age x zone was significant (Table 4), and
then, the pair-wise comparisons among levels of each
factor were computed using this term (Electronic Supple-
mental Material, ESM 1, 2, and 3 for B. europaea; ESM 4,
5, and 6 for L. pruvoti). For the hardness of B. europaea,
the term zone was significant, without interactions
(Table 4), and was used for pair-wise comparisons among
skeletal zones (ESM 7). Also, the interaction term popu-
lation x age was significant (Table 4); then, this term was
used for pair-wise comparisons among levels of the factors
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Table 2 Balanophyllia europaea

Pop. Zone n Immature n Mature n Old samples (SD) n Total zone (SD)
samples (SD) samples (SD)
Young’s modulus (GPa)
CL Oral 49 66.3 (6.9) 29 68.0 (6.2) 30 69.1 (7.3) 108 67.5 (6.9)
Middle 43 67.8 (7.1) 24 76.0 (4.4) 30 77.7 (3.5) 97 72.9 (7.2)
Aboral 32 69.7 (7.0) 29 74.6 (3.2) 28 81.6 (5.6) 89 75.0 (7.4)
Total 124 67.7 (7.1) 82 72.6 (5.9) 88 76.0 (7.7) 294 71.6 (7.8)
PL Oral 28 58.1 (11.7) 55 66.7 (6.8) 30 71.1 (3.8) 113 65.7 (9.1)
Middle 27 64.1 (14.0) 58 70.2 (6.2) 27 72.7 (7.8) 112 69.3 (9.5)
Aboral 28 64.5 (14.9) 58 72.3 (5.6) 28 77.1 (3.3) 114 71.5 (9.6)
Total 83 62.2 (13.8) 171 69.8 (6.6) 85 73.6 (5.8) 339 68.9 (9.6)
PN Oral 30 62.0 (7.1) 25 59.0 (8.3) 38 69.5 (5.8) 93 64.2 (8.2)
Middle 30 68.5 (8.1) 24 66.6 (11.4) 38 75.2 (3.7) 92 70.8 (8.6)
Aboral 29 68.7 (6.0) 24 70.6 (2.8) 37 75.5 (4.4) 90 72.0 (5.5)
Total 89 66.4 (7.7) 73 65.3 (9.5) 113 73.4 (5.4) 275 69.0 (8.3)
Total indentations for B. europaea 908 69.8 (8.8)
Hardness (MPa)
CL Oral 49 5,011 (355) 29 5,280 (406) 30 5,155 (385) 108 5,123 (391)
Middle 43 5,154 (395) 24 5,140 (312) 30 5,172 (432) 97 5,156 (385)
Aboral 32 5,213 (438) 29 5,320 (423) 28 5,165 (409) 89 5,233 (424)
Total 124 5,113 (398) 82 5,253 (390) 88 5,164 (404) 294 5,167 (400)
PL Oral 28 5,046 (393) 55 4,909 (369) 30 4,961 (308) 113 4,957 (362)
Middle 27 5,116 (478) 58 5,036 (366) 27 4,949 (304) 112 5,034 (384)
Aboral 28 5,264 (497) 58 5,067 (325) 28 5,064 (290) 114 5,115 (374)
Total 83 5,142 (461) 171 5,006 (358) 85 4,991 (302) 339 5,035 (378)
PN Oral 30 4,841 (289) 25 5,092 (469) 38 4,972 (273) 93 4,962 (351)
Middle 30 4,993 (276) 24 5,120 (347) 38 5,189 (336) 92 5,107 (328)
Aboral 29 4,994 (403) 24 5,480 (474) 37 5,133 (356) 90 5,181 (444)
Total 89 4,942 (331) 73 5,229 (464) 113 5,097 (334) 275 5,082 (386)
Total indentations for B. europaea 908 5,092 (391)

Mean values of E and H in each coral zone and age class

Population codes: CL Calafuria, PL Palinuro, PN Pantelleria, n number of indentations, SD standard deviation

population and age (ESM 8 and 9). For the hardness of L.
pruvoti, the interaction terms population x age and popu-
lation x zone were both significant (Table 4) and were
used for pair-wise comparisons among levels of each factor
(ESM 10, 11, and 12).

Analysis along the oral-aboral axis

In B. europaea, pair-wise comparisons showed that £ con-
sistently decreased from the aboral to the oral zone (ESM
1). The only exception was the subset of immature indi-
viduals at Palinuro, for which E was homogeneous among
skeletal zones (ESM 1). The same trend of decreasing
E from the aboral to the oral zone was highlighted for L.
pruvoti, the only exceptions being the subset of immature
individuals from Pantelleria, where E was higher in the
middle zone, and the substes of old individuals from

@ Springer

Pantelleria, having homogeneous E among skeletal zones
(ESM 4).

In B. europaea, H decreased from the aboral to the oral
zone (ESM 7). In L. pruvoti, significant differences in
H among skeletal zones were found, but they did not follow
any clear trend (ESM 10).

The reduction of E along the aboral-oral axis high-
lighted for both species represented a greater stiffness of
the aboral pole with respect to the oral pole. The decreasing
H along the aboral-oral axis in B. europaea represents a
higher resistance to irreversible deformation (breakage) of
the skeletal base with respect to the oral region.

Analysis according to age classes

In both species, mean age was homogeneous among the
populations (Kruskal-Wallis test, p > 0.05; Table 1).
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Table 3 Leptopsammia pruvoti

Pop. Zone n Immature n Mature n Old samples (SD) n Total zone (SD)
samples (SD) samples (SD)
Young’s modulus (GPa)
CL Oral 28 66.3 (4.1) 33 68.8 (5.4) 19 61.6 (10.0) 80 66.2 (7.0)
Middle 29 71.3 (2.7) 48 72.7 (5.1) 14 72.8 (5.5) 91 72.3 (4.6)
Aboral 30 70.2 (6.1) 37 70.3 (4.9) 29 71.9 (4.5) 96 71.6 (4.9)
Total 87 69.3 (5.0) 118 71.6 (5.1) 62 68.9 (8.3) 267 70.2 (6.1)
PL Oral 24 66.8 (8.6) 24 64.9 (8.6) 38 74.2 (4.7) 86 69.6 (8.2)
Middle 24 73.0 (3.8) 24 69.8 (6.0) 39 77.3 (5.5) 87 74.1 (6.1)
Aboral 25 72.5 (4.3) 28 68.5 (4.8) 38 77.5 (3.8) 91 73.4 (5.7)
Total 73 70.8 (6.5) 76 67.8 (6.8) 115 76.4 (4.9) 264 72.4 (7.0)
PN Oral 25 71.7 (4.4) 35 58.8 (8.9) 35 71.9 (6.4) 95 67.0 (9.4)
Middle 30 74.7 (5.0) 34 66.8 (8.0) 40 73.5 (6.2) 104 71.6 (7.4)
Aboral 25 71.3 (6.8) 38 68.3 (8.3) 40 73.4 (8.2) 103 71.0 (8.2)
Total 80 72.7 (5.6) 107 64.7 (9.4) 115 72.9 (7.0) 302 70.0 (8.5)
Total indentations for L. pruvoti 833 70.8 (7.4)
Hardness (MPa)
CL Oral 28 5,074 (404) 33 5,135 (567) 19 5,130 (405) 80 5,112 (474)
Middle 29 4,906 (267) 48 5,020 (370) 14 4,996 (275) 91 4,980 (327)
Aboral 30 5,075 (410) 37 5,237 (322) 29 5,344 (412) 96 5,219 (390)
Total 87 5,018 (371) 118 5,121 (428) 62 5,200 (404) 267 5,106 (409)
PL Oral 24 4,983 (289) 24 5,040 (245) 38 5,057 (399) 86 5,031 (330)
Middle 24 5,224 (390) 24 5,003 (280) 39 5,134 (283) 87 5,122 (322)
Aboral 25 5,279 (390) 28 5,120 (432) 38 5,049 (290) 91 5,149 (371)
Total 73 5,164 (378) 76 5,058 (335) 115 5,080 (327) 264 5,097 (345)
PN Oral 25 5,003 (313) 35 5,129 (460) 35 4,980 (226) 95 5,041 (353)
Middle 30 5,038 (333) 34 5,154 (419) 40 5,034 (358) 104 5,075 (373)
Aboral 25 4,994 (341) 38 5,140 (455) 40 5,083 (377) 103 5,082 (400)
Total 80 5,013 (326) 107 5,141 (441) 115 5,035 (331) 302 5,067 (376)

Total indentations for L. pruvoti

833 5,089 (378)

Mean values of E and H in each coral zone and age class

Population codes: CL Calafuria, PL Palinuro, PN Pantelleria, n number of indentations, SD standard deviation

In B. europaea, pair-wise comparisons showed that
E consistently increased from immature to mature indi-
viduals, the only exception being the subset of oral zones
from Palinuro, for which E was homogeneous among age
classes (ESM 2). In L. pruvoti, even if significant differ-
ences were detected, no clear pattern was found for E, and
its trend according to age classes varied depending on the
particular subset of data analyzed (ESM 5).

In both species, H showed very different trends
according to age classes depending on the subset of data
analyzed, casting doubts on the actual presence, and/or
biological significance of this pattern (ESM 8 and 11).

In B. europaea, the increase in E with increasing age
class indicated that old individuals had stiffer skeletons
than young ones.

Analysis among populations

Also in this analysis, B. europaea showed a clearer trend
with respect to L. pruvoti. In B. europaea, in all the cases
where E significantly differed among sites (67 %, six cases
of nine; ESM 3), E decreased from Calafuria to Pantelleria
following a southward latitudinal trend, indicating a
decrease in skeletal stiffness (ESM 3). In L. pruvoti, instead,
E showed cases of homogeneity among sites and both
negative and positive trends from Calafuria to Pantelleria,
without providing a clear pattern of interpretation (ESM 6).

In both species, hardness did not show any clear pattern
of interpretation, as shown by the tables of pair-wise com-
parisons, which provided very different patterns depending
on specific subset of data analyzed (ESM 9 and 12).
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Table 4 Balanophyllia
europaea and Leptopsammia
pruvoti

Permutational multivariate
analysis of variance
(PERMANOVA) results for
comparisons of stiffness and
hardness by population (Pop),
age class (Age), skeletal zone
(Zone), and their interactions.
Tests were run using Euclidean
distances among samples and
999 permutations in the
software Primer®

df Degrees of freedom, SS sum
of squares, MS mean squares

Significant effects (p < 0.05)
are indicated with an asterisk (*)

Discussion

Source df SS MS Pseudo-F P (perm)

Balanophyllia europaea

Young’s elastic modulus (stiffness)
Pop 2 2,777.8 1,388.9 26.740 0.001*
Age 2 11,126 5,562.8 107.10 0.001*
Zone 2 8,113.1 4,056.6 78.101 0.001*
Pop x age 4 1,778.1 44453 8.5584 0.001*
Pop x zone 4 246.91 61.727 1.1884 0.334
Age X zone 4 247.90 61.974 1.1932 0.304
Pop x age x zone 8 1,202.3 150.29 2.8936 0.008*
Residual 881 45,759 51.940
Total 907 69,509

Hardness
Pop 2 2.6548 x 10° 1.3274 x 10° 9.4484 0.001*
Age 2 1.3330 x 10° 6.6651 x 10° 47441 0.008*
Zone 2 3.6341 x 10° 1.8171 x 10° 12.934 0.001*
Pop x age 4 4.5926 x 10° 1.1481 x 10° 8.1723 0.001*
Pop x zone 4 6.0631 x 10° 1.5158 x 10° 1.0789 0.371
Age x zone 4 9.1654 x 10° 22914 x 10° 1.6310 0.163
Pop x age X zone 8 1.8953 x 10° 23691 x 10° 1.6863 0.093
Residual 881 1.2377 x 108 1.4049 x 10°
Total 907 1.3888 x 108

Leptopsammia pruvoti

Young’s elastic modulus (stiffness)
Pop 2 501.86 250.93 6.6311 0.001*
Age 2 3125.9 1,563.0 41.303 0.001*
Zone 2 4,092.3 2,046.2 54.072 0.001*
Pop x age 4 4,645.2 1,161.3 30.688 0.001*
Pop x zone 4 189.51 47378 1.2520 0.281
Age X zone 4 166.48 41.621 1.0999 0.365
Pop x age x zone 8 1,328.4 166.05 4.3880 0.001*
Residual 806 30,500 37.842
Total 832 45,574

Hardness

Pop 2 27357 x 10° 1.3678 x 10° 0.99276 0.378
Age 2 2.6130 x 10° 1.3065 x 10° 0.94824 0.397
Zone 2 1.4265 x 10° 7.1324 x 10° 5.1765 0.006*
Pop x age 4 1.8748 x 10° 4.6870 x 10° 3.4017 0.010%
Pop x zone 4 1.9089 x 10° 47721 x 10° 3.4635 0.010%
Age x zone 4 1.5507 x 10° 0.3877 x 10° 0.28137 0.911
Pop x age x zone 8 1.4098 x 10° 1.7622 x 10° 1.2790 0.271
Residual 806 1.1105 x 108 1.3778 x 10°
Total 832 1.1857 x 108

To summarize the obtained results, the only clear pattern
observed for the hardness was a decreasing trend from the
aboral to the oral pole in B. europaea. Regarding stiffness,
in both species, a general trend of reduction of E from the
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aboral to the oral pole emerged. In B. europaea, also a
positive trend of E with increasing individual age class and
a negative trend of E when moving southwards were
observed.

Mechanical properties were measured by nanoindenta-
tion, a technique applied here in detail for the first time to a
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scleractinian, and applied to corals only in one previous
study on the black coral (Juarez-de la Rosa et al. 2012).
Furthermore, this is one of the first studies analyzing
mechanical properties in scleractinian corals. One study
performed on Acropora sp., Goniopora sp., and Porites sp.
focuses on porosity and resistance to compression, which
result strongly correlated with Young’s modulus (Wu et al.
2009). A recent analysis of skeletal porosity, bulk density,
and microdensity (Bucher et al. 1998) of B. europaea and
L. pruvoti suggests a higher sensitivity to rising tempera-
ture of the former zooxanthellate species with respect to the
latter azooxanthellate one (Caroselli et al. 2011). In fact,
while skeletal porosity (especially macroporosity; Fan-
tazzini et al. 2013) increases with increasing SST
(decreasing latitude) in B. europaea, causing a consequent
decrease in skeletal bulk density, in L. pruvoti bulk density
and porosity do not vary with SST/latitude, while micro-
density even seems to increase with increasing SST (Car-
oselli et al. 2011).

Skeletal stiffness (E) is inversely and closely related to
skeletal porosity (Wainwright et al. 1976; Chamberlain
1978). In the case of nanoindentation, the type of porosity
influencing the measured E values is a “fine” porosity with
typical submicron sizes, because indentations are carried
out far from coarser pores using the optical microscope
coupled to the indenter. Mean E values did not reveal
differences between the two species (Tables 2, 3).
Although L. pruvoti has a lower skeletal bulk density and a
higher mean porosity than B. europaea (Caroselli et al.
2011), their stiffness seemed to be the same (Tables 2, 3).
Thus, L. pruvoti differs from B. europaea in its “coarse”
porosity, which is higher in L. pruvoti (Fantazzini et al.
2013). Moreover, this is a new finding that was undetect-
able by buoyant weight measurements of porosity (Caros-
elli et al. 2011), but became measurable after the
application of nanoindentation techniques.

The only clear pattern observed for the hardness was a
decreasing trend from the aboral to the oral pole in B.
europaea. This finding was quite unexpected, since the
microdensity of this species (i.e., the density of calcium
carbonate crystals, excluding the voids of skeletal porosity)
has not been observed to follow any environmental trend
(Caroselli et al. 2011). The observed presence of calcite in
addition to aragonite, especially localized at the aboral
pole, is unlikely to cause this pattern, since it has also been
observed in L. pruvoti (Goffredo et al. 2012), whose
hardness did not follow any clear trend in the present study.
A possible explanation may be related to a different per-
centage of organic matrix embedded in the skeletal crystals
along the oral-aboral axis, which could influence the
hardness of skeletal material; however, this hypothesis
requires further experiments to be properly tested. Apart
this exception, the absence of any clear trend of hardness

for L. pruvoti, as well as for the factors age class and
population in B. europaea, suggests that porosity does not
influence hardness and Young’s modulus in equal mea-
sures, even if possible trends may be masked by the natural
high variability among individuals and study sites. Even if
porous spaces should reduce the hardness of the material,
they may also obstacle the plastic deformation, which is
based on the mobility of crystalline defects (dislocation),
which are blocked when there are no means of propagation.
This effect might be responsible for the lack of clear trends
of hardness, except the decrease from aboral to oral pole in
B. europaea.

In both species, a general trend of reduction of E from
the aboral to the oral pole emerged. Since the aboral pole is
the oldest zone of the skeleton, the reduction of E along the
oral-aboral axis might be due to the change of this property
according to age, possibly in connection with changes in
porosity. A reduction in porosity can occur due to the
continued growth of the aragonite skeletal fibers, which fill
the pores previously occupied by the gastrovascular chan-
nel and living tissue (Cohen and McConnaughey 2003).
Since this process is dependent on age, it might explain the
higher E values observed in the aboral pole. Gradations in
microstructure and/or porosity are often encountered in
biological structures such as bamboo, plant stems, and
bone, where the strongest elements correspond to those
regions that are subjected to the highest stresses (Suresh
2001). Artificial materials with porosity gradients have
been used to realize isoelastic medical implants with good
stiffness matching at the bone/implant interface (Traini
et al. 2008). The porosity/Young’s modulus gradient of
coral skeletons may similarly favor the distribution of
equal strain levels between skeletal parts that experience
different stresses. In this way, by reducing the occurrence
of localized strains higher than the elastic limit, the fatigue
resistance of the structure as a whole is likely to be
enhanced.

In B. europaea, a general positive trend of E with
increasing individual age class was observed. The bigger
mature corals are more prone to hydrodynamic stress; thus,
an increase in stiffness and skeletal bulk density, resulting
in a lower porosity, might increase the mechanical resis-
tance to hydrodynamism. B. europaea could have an
advantage at implementing this strategy with respect to L.
pruvoti, because it lives at shallow depths, in unsheltered
habitats, characterized by currents and strong waves.
Indeed, whereas in B. europaea the increase in stiffness
was rather clear, L. pruvoti showed an inconsistent and
much more variable pattern. Several studies report reduced
calcification and faster skeletal growth in sheltered habi-
tats, leading to very porous skeletons, as occurs in L.
pruvoti (Chamberlain 1978; Oliver et al. 1983). The lower
porosity of B. europaea with respect to L. pruvoti
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(Caroselli et al. 2011) might be an adaptation to resist the
strong disturbances of the colonized habitat. Making a less
porous skeleton, when not required, would waste a lot of
energy in the non-zooxanthellate species, whose metabo-
lism depends entirely on heterotrophic nutrition. In B. eu-
ropaea and L. pruvoti, porosity and skeletal bulk density
(Bucher et al. 1998) follow an inverse relationship
according to the age of the individuals (Caroselli et al.
2011). An increase in bulk density is always accompanied
by a reduction in porosity; when the former remains con-
stant, also the latter does not vary (Caroselli et al. 2011).
These two variables are closely connected to the Young’s
modulus (Wainwright et al. 1976; Chamberlain 1978):
having a denser and less porous skeleton means higher
stiffness. In fact, in this study, B. europaea showed a
marked positive trend of E with age: old individuals had
stiffer, denser, and less porous skeletons than young indi-
viduals. Conversely, a clear trend was not observed in L.
pruvoti. These results highlighted a general strong rela-
tionship between stiffness and age. In fact, in both species,
skeletal stiffness decreased from the aboral pole (the oldest
part of the skeleton) to the oral pole (the newly deposited
part of the skeleton), and in B. europaea, this trend is
confirmed also according to the age of individuals:
immature individuals had less stiff skeletons than mature
and old individuals.

In B. europaea, a quite stable negative trend of E was
observed when moving southwards (from Calafuria to
Palinuro to Pantelleria). This trend in stiffness is consistent
with the previously observed increase in skeletal porosity
with increasing SST (decreasing latitude; Caroselli et al.
2011), especially the “coarse” porosity (Fantazzini et al.
2013). In fact, the three populations display higher average
temperatures when moving southwards (Goffredo et al.
2007, 2008, 2009, 2012; Caroselli et al. 2011, 2012a, b). In
L. pruvoti, a stable trend of E was not recorded, in agree-
ment with the lack of correlations between porosity of this
species and SST/latitude (Caroselli et al. 2011). Apart from
temperature, also the nutrients might explain the reduction
of E observed in B. europaea together with the increase in
SST. In the Mediterranean Sea, the levels of nutrients and
the availability of zooplankton are lower in summer (at
higher temperatures) than in winter (at lower temperatures;
Coma et al. 2000; Coma and Ribes 2003). Few nutrients and
a low availability of zooplankton cause stress and starvation
in Cladocora caespitosa (Peirano et al. 2005) and a summer
quiescence in the metabolism of several benthic suspension
feeders (Coma et al. 2000; Coma and Ribes 2003). In col-
onies of the tropical Stylophora pistillata and Galaxea
fascicularis, calcification is significantly reduced in starved
corals compared to fed ones (Houlbréque et al. 2004). The
reduction of E observed in B. europaea in the populations
characterized by skeletons that are more porous might
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therefore be explained because of the low energetic
resources. However, if this were true, the inhibition of
calcification and therefore the increase in porosity and
decrease in Young’s modulus should even be higher in L.
pruvoti, which is completely heterotrophic, compared with
B. europaea, which can also count on its symbionts. Instead,
in the present study, the stiffness of L. pruvoti did not seem
to change among populations in relation to temperature
(southwards).

In conclusion, along the oral-aboral axis, in both spe-
cies, significant changes were recorded in the Young’s
modulus, with higher values in the aboral zones with
respect to oral ones. The analysis of age classes showed a
trend of the Young’s modulus in B. europaea, for which
older corals had a stiffer skeleton. Conversely, in L.
pruvoti, the skeletal stiffness did not vary consistently
with age. Along the latitudinal gradient, the zooxanthel-
late species showed a southward trend of decreasing
stiffness, while L. pruvoti did not show consistent trends.
These results can be considered in the context of global
climate change, as they confirm that the previously
observed reductions in skeletal bulk density and porosity
with increasing SST (decreasing latitude; Goffredo et al.
2007; Caroselli et al. 2011) translate in different
mechanical properties of the skeleton, at least for the three
populations investigated in the present study. An increase
of 1.8-4 °C in sea surface temperature is expected by
2100, the highest increase being in the temperate areas of
the northern hemisphere, compared with tropical ones
(Solomon et al. 2007). The zooxanthellate species B. eu-
ropaea is likely to be negatively affected in the stiffness
of the skeletons of its polyps, due to the expected increase
in skeletal porosity with rising temperatures, while L.
pruvoti polyps are likely to be less affected, since the
mechanical properties of their skeletons seem to show no
particular influence along a wide latitudinal gradient, as
well as most of their biological parameters investigated so
far, including skeletal porosity (Fantazzini et al. 2013).
The current study found that the zooxanthellate and
the non-zooxanthellate representatives bear different
mechanical properties. Since there is only one species
represented in each coral group, any generalization to the
broader groups of symbiotic and non-symbiotic corals
should be made with caution. Nonetheless, the engineer-
ing meaning of reduced E value does not simply say that
B. europaea skeletons will react worse mechanically
toward global warming; it just mean that they will deform
easier. This is the first study exploring mechanical prop-
erties of a scleractinian by nanoindentation, and the
overall mechanical performance needs to be further tested
in different species and environmental conditions, to have
a clearer pattern of the possible consequences of climate
change on skeletal structures.



Coral Reefs (2015) 34:121-132

131

Acknowledgments The research leading to these results has
received funding from the European Research Council under the
European Union’s Seventh Framework Program (FP7/2007-2013)/
ERC Grant Agreement No. 249930 (CoralWarm: Corals and global
warming: the Mediterranean versus the Red Sea). We wish to thank F.
Gizzi, C. Marchini, M. Reggi, and S. Prantoni for their underwater
assistance in collecting the samples. The diving centers Centro Im-
mersioni Pantelleria and Il Pesciolino supplied logistic assistance in
the field. The Scientific Diving School (www.sdseducational.org)
collaborated in the underwater activities. This research was financed
by the Associazione dei Tour Operator Italiani (ASTOI), the Marine
and Freshwater Science Group Association (www.msgassociation.
org), and the Italian Ministry of Education, University and Research
(MIUR). The experiments complied with current Italian law.

References

Anderson MJ, Gorley RN, Clarke KR (2008) PERMANOVA-+ for
PRIMER: Guide to software and statistical methods. PRIMER-
E, Plymouth

Ballesteros E (2006) Mediterranean coralligenous assemblages: a
synthesis of present knowledge. Oceanogr Mar Biol 44:123-195

Bucher DJ, Harriott VJ, Roberts LG (1998) Skeletal micro-density,
porosity and bulk density of acroporid corals. J Exp Mar Biol
Ecol 228:117-136

Caroselli E, Mattioli G, Levy O, Falini G, Dubinsky Z, Goffredo S
(2012a) Inferred calcification rate of a Mediterranean azooxan-
thellate coral is uncoupled with sea surface temperature along an
8° latitudinal gradient. Front Zool 9:32

Caroselli E, Zaccanti F, Mattioli G, Falini G, Levy O, Dubinsky Z,
Goffredo S (2012b) Growth and demography of the solitary
scleractinian coral Leptopsammia pruvoti along a sea surface
temperature gradient in the Mediterranean Sea. PLoS ONE
7:€37848

Caroselli E, Prada F, Pasquini L, Marzano FN, Zaccanti F, Falini G,
Levy O, Dubinsky Z, Goffredo S (2011) Environmental impli-
cations of skeletal micro-density and porosity variation in two
scleractinian corals. Zoology 114:255-264

Cerrano C, Bavestrello G, Bianchi CN, Cattaneo-Vietti R, Bava S,
Morganti C, Morri C, Picco P, Sara G, Schiaparelli S, Siccardi
A, Sponga F (2000) Catastrophic mass-mortality episode of
gorgonians and other organisms in the Ligurian Sea (NW
Mediterranean), summer 1999. Ecol Lett 3:284-293

Chamberlain JA (1978) Mechanical properties of coral skeleton:
compressive strength and its adaptive significance. Paleobiology
4:419-435

Cohen AL, McConnaughey TA (2003) Geochemical perspectives on
coral mineralization. Rev Mineral Geochem 54:151-187

Coma R, Ribes M (2003) Seasonal energetic constraints in Mediter-
ranean benthic suspension feeders: effects at different levels of
ecological organization. Oikos 101:205-215

Coma R, Ribes M, Gili JM, Zabala M (2000) Seasonality in coastal
ecosystems. Trends Ecol Evol 12:448-453

Diaz-Almela E, Marba N, Duarte CM (2007) Consequences of
Mediterranean warming events in seagrass (Posidonia oceanica)
flowering records. Global Change Biol 13:224-235

Fantazzini P, Mengoli S, Evangelisti S, Pasquini L, Mariani M, Brizi
L, Goffredo S, Caroselli E, Prada F, Falini G, Levy O, Dubinsky
Z (2013) Time-Domain NMR study of Mediterranean sclerac-
tinian corals reveals skeletal-porosity sensitivity to environmen-
tal changes. Environ Sci Technol 47:12679-12686

Garrabou J, Coma R, Bensoussan N, Bally M, Chevaldonné P,
Cigliano M, Diaz D, Harmelin JG, Gambi MC, Kersting DK,

Ledoux JB, Lejeusne C, Linares C, Marschal C, Pérez T, Ribes
M, Romano JC, Serrano E, Teixido N, Torrents O, Zabala M,
Zuberer F, Cerrano C (2008) Mass mortality in the NW
Mediterranean rocky benthic communities: effects of the 2003
heat wave. Global Change Biol 15:1090-1103

Giorgi F, Lionello P (2006) Climate change projections for the
Mediterranean region. Global Planet Change 63:2-3

Goffredo S, Arnone S, Zaccanti F (2002) Sexual reproduction in the
Mediterranean solitary coral Balanophyllia europaea (Sclerac-
tinia, Dendrophylliidae). Mar Ecol Prog Ser 229:83-94

Goffredo S, Mattioli G, Zaccanti F (2004) Growth and population
dynamics model of the Mediterranean solitary coral Balano-
phyllia europaea (Scleractinia, Dendrophylliidae). Coral Reefs
23:433-443

Goffredo S, Radeti¢ J, Airi V, Zaccanti F (2005) Sexual reproduction
of the solitary sunset cup coral Leptopsammia pruvoti (Sclerac-
tinia, Dendrophylliidae) in the Mediterranean. 1. Morphologi-
cal aspects of gametogenesis and ontogenesis. Mar Biol
147:485-495

Goffredo S, Airi V, Radetic J, Zaccanti F (2006) Sexual reproduction
of the solitary sunset cup coral Leptopsammia pruvoti (Sclerac-
tinia, Dendrophylliidae) in the Mediterranean. 2. Quantitative
aspects of the annual reproductive cycle. Mar Biol 148:923-932

Goffredo S, Caroselli E, Mattioli G, Zaccanti F (2010) Growth and
population dynamic model for the non-zooxanthellate temperate
solitary coral Leptopsammia pruvoti (Scleractinia, Dend-
rophylliidae). Mar Biol 157:2603-2612

Goffredo S, Caroselli E, Mattioli G, Pignotti E, Zaccanti F (2007)
Variation in biometry and demography of solitary corals with
environmental factors in the Mediterranean Sea. Mar Biol
152:351-361

Goffredo S, Caroselli E, Mattioli G, Pignotti E, Zaccanti F (2008)
Relationships between growth, population structure and sea
surface temperature in the temperate solitary coral Balanophyllia
europaea  (Scleractinia, Dendrophylliidae). Coral Reefs
27:623-632

Goffredo S, Caroselli E, Mattioli G, Pignotti E, Dubinsky Z, Zaccanti
F (2009) Inferred level of calcification decreases along an
increasing temperature gradient in a Mediterranean endemic
coral. Limnol Oceanogr 54:930-937

Goffredo S, Caroselli E, Mezzo F, Laiolo L, Vergni P, Pasquini L,
Levy O, Zaccanti F, Tribollet A, Dubinsky Z, Falini G (2012)
The puzzling presence of calcite in skeletons of modern solitary
corals from the Mediterranean Sea. Geochim Cosmochim Acta
85:187-199

Helmuth B, Mieszkowska N, Moore P, Hawkins SJ (2006) Living on
the edge of two changing worlds: forecasting the responses of
rocky intertidal ecosystems to climate change. Annual Review of
Ecology, Evolution and Systematics 37:373—404

Houlbréeque F, Tambutté E, Allemand D, Ferrier-Pages C (2004)
Interactions between zooplankton feeding, photosynthesis and
skeletal growth in the scleractinian coral Stylophora pistillata.
J Exp Mar Biol Ecol 207:1461-1469

Howe SA, Marshall AT (2002) Temperature effects on calcification
rate and skeletal deposition in the temperate coral Plesiastrea
versipora (Lamarck). J Exp Mar Biol Ecol 275:63-81

Juarez-de la Rosa BA, Munoz-Saldana J, Torres-Torres D, Ardisson
PL, Alvarado-Gil JJ (2012) Nanoindentation characterization of
the micro-lamellar arrangement of black coral skeletons. J Struct
Biol 177:349-357

Kain JM (1989) The seasons in the subtidal. Brit Phycol J 24:203-215

Kleypas JA, McManus JW, Menez LAB (1999) Environmental limits
to coral reef development: where do we draw the line? Am Zool
39:146-159

Luterbacher J, Xoplaki E, Casty C, Wanner H, Pauling A, Kiittel M,
Rutishauser T, Bronnimann S, Fischer E, Fleitmann D,

@ Springer


http://www.sdseducational.org
http://www.msgassociation.org
http://www.msgassociation.org

132

Coral Reefs (2015) 34:121-132

Gonzales-Rouco FJ, Garcia-Herrera R, Barriendos M, Rodrigo F,
Gonzales-Hidalgo JC, Saz MA, Gimeno L, Ribera P, Brunet M,
Paeth H, Rimbu N, Felis T, Jacobeit J, Diinkeloh A, Zorita E,
Guiot J, Tiirkes M, Alcoforado MJ, Trigo R, Wheeler D, Tett S,
Mann ME, Touchan R, Shindell DT, Silenzi S, Montagna P,
Camuffo D, Mariotti A, Nanni T, Brunetti M, Maugeri M,
Zerefos C, De Zolt S, Lionello P, Nunes MF, Rath V, Beltrami
H, Garnier E, Le Roy Ladurie E (2006) Mediterranean climate
variability over the last centuries: a review. In: Lionello P,
Malanotte-Rizzoli P, Boscolo R (eds) The Mediterranean
climate: an overview of the main characteristics and issues.
Elsevier, Amsterdam, pp 27-148

Oliver JK, Chalker BE, Dunlap WC (1983) Bathymetric adaptation of
reef-building corals at Davies Reef, Great Barrier Reef, Austra-
lia. I. Long term growth responses of Acropora formosa (Dana
1846). J Exp Mar Biol Ecol 73:11-35

Oliver WC, Pharr GM (2004) Measurement of hardness and elastic
modulus by instrumented indentation: advances in understanding
and refinements to methodology. J Mater Res 19:3-20

Parmesan C (2006) Ecological and evolutionary responses to recent
climate change. Annual Review of Ecology, Evolution and
Systematics 37:637-669

Peirano A, Abbate M, Cerrati G, Difesca V, Peroni C, Rodolfo-
Metalpa R (2005) Monthly variations in calyx growth, polyp
tissue, and density banding of the Mediterranean scleractinian
Cladocora caespitosa (L). Coral Reefs 24:404-409

Perez T, Garrabou J, Sartoretto S, Harmelin JG, Francour P, Vacelet J
(2000) Mortalit€é massive d’invertébrés marins: un evénement
sans précédent en Méditerranée Nord-Occidentale. CR Acad Sci
II-Vie 323:853-865

Potvin C, Roff DA (1993) Distribution-free and robust statistical
methods: viable alternatives to parametric statistics? Ecology
74:1617-1628

Rodolfo-Metalpa R, Richard C, Allemand D, Ferrier-Pages C (2006)
Growth and photosynthesis of two Mediterranean corals,

@ Springer

Cladocora caespitosa and Oculina patagonica, under normal
and elevated temperatures. J Exp Biol 209:4546-4556

Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB,
Tignor M, Miller HL (2007) Climate Change 2007: The Physical
Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge

Stenseth NH (2002) Ecological effects of climate fluctuations.
Science 297:1292-1296

Suresh S (2001) Graded materials for resistance to contact deforma-
tion and damage. Science 292:2447-2451

Traini T, Mangano C, Sammons RL, Mangano F, Macchi A, Piattelli
A (2008) Direct laser metal sintering as a new approach to
fabrication of an isoelastic functionally graded material for
manufacture of porous titanium dental implants. Dent Mater
24:1525-1533

Vargas-Yafiez M, Garcia Martinez MC, Ruiz FM, Tel E, Parrilla G,
Plaza F, Lavin A (2007) Cambio climatico en el Mediterraneo
espailol. Instituto Espafiol de Oceanografia, Ministerio de
Educacion y Ciencia, Madrid

Wainwright SA, Biggs WD, Curry JD, Gosline JM (1976) Mechanical
design in organisms. Edward Arnold, London

Wu YC, Lee TM, Chiu KH, Shaw SY, Yang CY (2009) A
comparative study of the physical and mechanical properties of
three natural corals based on the criteria for the bone-tissue
engineering scaffolds. J Mater Sci-Mater M 20:1273-1280

Zibrowius H (1980) Les scléractiniaires de la Méditerranée et de
I’Atlantique Nord-Oriental. Mem Inst Oceanogr (Monaco)
11:1-284

Zibrowius H (1983) Nouvelles données sur la distribution de quelques
scléractiniaires méditerranéens a I’Est et a 1’Ouest du Detroit de
Gibraltar. Rapports et Procés-Verbaux des Reunion - Commision
Internationale pour I’Exploration Scientifique de la Mer
Méditerranée 28:307-309



	Skeletal mechanical properties of Mediterranean corals along a wide latitudinal gradient
	Abstract
	Introduction
	Materials and methods
	Collection of specimens and age determination
	Mechanical properties and specimen preparation
	Statistical analyses

	Results
	Hardness and Young’s modulus
	Analysis along the oral--aboral axis
	Analysis according to age classes
	Analysis among populations

	Discussion
	Acknowledgments
	References


