
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Zoology 114 (2011) 255– 264

Contents lists available at ScienceDirect

Zoology

j o ur nal homep age : w w w.elsev ier .de /zool

Environmental  implications  of  skeletal  micro-density  and  porosity  variation  in
two  scleractinian  corals

Erik  Caroselli a,  Fiorella  Pradaa,  Luca  Pasquinib,  Francesco  Nonnis  Marzanoc, Francesco  Zaccanti a,
Giuseppe  Falinid,  Oren  Levye,  Zvy  Dubinskye, Stefano  Goffredoa,∗

a Marine Science Group, Department of Evolutionary and Experimental Biology, University of Bologna, Via F. Selmi 3, I-40126 Bologna, Italy
b Department of Physics, University of Bologna, Via Berti-Pichat 6/2, I-40127 Bologna, Italy
c Department of Evolutionary and Functional Biology, University of Parma, Via G.P. Usberti 11A, I-43100 Parma, Italy
d Department of Chemistry, University of Bologna, Via Selmi 2, I-40126 Bologna, Italy
e The Mina & Everard Goodman Faculty of Life Sciences, Bar-Ilan University, Ramat-Gan 52900, Israel

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 24 January 2011
Received in revised form 6 April 2011
Accepted 25 April 2011

Keywords:
Coral skeletons
Mediterranean Sea
Temperate corals
Sea surface temperature
Skeletal density

a  b  s  t  r  a  c  t

The  correlations  between  skeletal  parameters  (bulk  density,  micro-density  and  porosity),  coral  age and
sea surface  temperature  were  assessed  along  a latitudinal  gradient  in  the  zooxanthellate  coral  Balanophyl-
lia europaea  and  in the  azooxanthellate  coral  Leptopsammia  pruvoti.  In  both  coral  species,  the variation
of  bulk  density  was more  influenced  by the  variation  of  porosity  than  of micro-density.  With  increasing
polyp  age,  B.  europaea  formed  denser  and  less  porous  skeletons  while  L. pruvoti  showed  the  opposite
trend,  becoming  less  dense  and  more  porous.  B. europaea  skeletons  were  generally  less  porous  (more
dense)  than  those  of  L.  pruvoti,  probably  as  a consequence  of  the  different  habitats  colonized  by the
two  species.  Increasing  temperature  had  a negative  impact  on  the zooxanthellate  species, leading  to
an  increase  of  porosity.  In  contrast,  micro-density  increased  with  temperature  in the  azooxanthellate
species.  It is hypothesized  that  the  increase  in porosity  with  increasing  temperatures  observed  in B.
europaea  could  depend  on  an  attenuation  of  calcification  due  to  an  inhibition  of the  photosynthetic  pro-
cess at elevated  temperatures,  while  the  azooxanthellate  species  appears  more  resistant  to  variations  of
temperature,  highlighting  possible  differences  in  the  sensitivity/tolerance  of these  two  coral  species  to
temperature  changes  in  face  of global  climate  change.

© 2011 Elsevier GmbH. All rights reserved.

1. Introduction

Studying how terrestrial and marine ecosystems respond to
present and future environmental shifts related to climate change
is a fundamental challenge for ecologists (Karl and Trenberth,
2003; Harley et al., 2006). The rate of climate change is acceler-
ating, and the average surface temperature of the Earth is likely
to increase by 1.1–6.4 ◦C until the end of the 21st century, with
a best estimate of 1.8–4.0 ◦C (Solomon et al., 2007). Growing evi-
dence suggests that climate change is having more substantial
and rapid effects on marine communities than on terrestrial ones
(Richardson and Poloczanska, 2008). Increased seawater temper-
ature, enhanced ultraviolet-B radiation, upper-ocean acidification,
and anthropogenic stress will affect all levels of ecological hierar-
chies and a broad array of marine ecosystems (Walther et al., 2002).

The magnitude of temperature change is expected to be greater
in temperate areas than in tropical ones (Solomon et al., 2007).

∗ Corresponding author. Tel.: +39 051 2094244; fax: +39 051 2094286.
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Climatic models further predict that the Mediterranean basin will
be one of the regions most affected by the ongoing warming trend
and by an increase in extreme events (Lejeusne et al., 2010). This
commends the Mediterranean Sea as a potential model of global
scenarios to occur in the world’s marine biota, and a natural focus of
interest for research. The Mediterranean is already one of the most
impacted seas in the world, since climate change interacts synergis-
tically with many other disturbances such as eutrophication caused
by increased use of agricultural phosphates and the damming of
rivers (Tsimplis et al., 2006). In recent years, the coralligenous
community of the Mediterranean Sea, one of the most diverse
communities there (∼1666 species; Ballesteros, 2006) where sus-
pension feeders are dominant, has been strongly affected by several
mass mortality events (Cerrano et al., 2000; Perez et al., 2000;
Rodolfo-Metalpa et al., 2000; Romano et al., 2000; Coma et al., 2009;
Garrabou et al., 2009). Ecosystem engineers, 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., 2009).

The present study focuses on two  scleractinian species com-
monly occurring in the Mediterranean Sea: Balanophyllia europaea
and Leptopsammia pruvoti.

0944-2006/$ – see front matter ©  2011 Elsevier GmbH. All rights reserved.
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B. europaea is a solitary, ahermatypic, zooxanthellate, and scle-
ractinian coral, which is endemic to the Mediterranean Sea and is
distributed at 0–50 m depth due to its symbiosis with zooxanthellae
(Zibrowius, 1980). Along the Italian coasts, its skeletal density and
population abundance are negatively correlated with sea surface
temperature (SST) (Goffredo et al., 2007). In addition, the popu-
lation structures of this species become less stable and deviate
from the steady state with increasing SST due to a progressive

deficiency of young individuals (Goffredo et al., 2008). Its calcifica-
tion is negatively correlated with SST (Goffredo et al., 2009). It has
been hypothesized that photosynthesis of the symbiotic algae of
B. europaea is inhibited at high temperatures, consequently caus-
ing an inhibition of calcification (Goffredo et al., 2009). There is
concern for the future of this species (Goffredo et al., 2008, 2009)
with regard to the current predictions of global warming by the
Intergovernmental Panel on Climate Change (IPCC).

Fig. 1. Living specimens (top), skeletons (middle) and corallites (bottom) of (a, c and e) Balanophyllia europaea and (b, d and f) Leptopsammia pruvoti. Dotted lines in (b) and
(d)  indicate polyp lengths (L = maximum axis of the oral disc). (e and f) Computerized tomography scans of two corallites. Age was determined by counting the high density
growth bands (hd). In these samples, the skeleton of B. europaea is 5 years old, while the skeleton of L. pruvoti is 4 years old.
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L. pruvoti is an ahermatypic, non-zooxanthellate, and solitary
scleractinian coral, which is distributed in the Mediterranean basin
and along the European Atlantic coast from Portugal to Southern
England and Ireland (Zibrowius, 1980). It is one of the most com-
mon  organisms in semi-enclosed rocky habitats, under overhangs,
in caverns, and small crevices at 0–70 m depth (Zibrowius, 1980).
Sea surface temperature and solar radiation have been reported
not to significantly influence its skeletal density, corallite length,
width, height or population abundance along an 850-km latitudinal
gradient on the west coast of Italy (Goffredo et al., 2007).

SST, whose variation is mainly influenced by latitude (Kain,
1989), is strongly linked to coral biometry, physiology, and demog-
raphy (Kleypas et al., 1999; Lough and Barnes, 2000; Harriott
and Banks, 2002; Al-Horani, 2005). Several studies have shown
that coral growth is strongly related to temperature (Goreau and
Goreau, 1959; Bak, 1974; Jokiel and Coles, 1978; Highsmith, 1979;
Crossland, 1984; Kleypas et al., 1999; Lough and Barnes, 2000;
Goffredo et al., 2007, 2008, 2009). Coral growth is defined by three
related characteristics: calcification, skeletal density, and linear
extension rate (calcification = skeletal density × linear extension;
Lough and Barnes, 2000; Carricart-Ganivet, 2004). Most studies on
coral skeletal density have focused on bulk density, which is the
mass divided by the total enclosed volume, including the volume
of the enclosed skeletal voids (porosity). Bulk density has been
found to vary with exposure, latitude, depth, temperature, loca-
tion within a colony, and also between different growth forms (see,
e.g., Dustan, 1975; Schneider and Smith, 1982; Oliver et al., 1983;
Hughes, 1987; Jiménez and Cortés, 1993; Harriott, 1997; Carricart-
Ganivet, 2004; Goffredo et al., 2007, 2009; Dar and Mohammed,
2009; Tanzil et al., 2009). Another measure of skeletal density
appearing in the literature is micro-density (mass per unit vol-
ume  of the material which composes the skeleton; Barnes and
Devereux, 1988). As porosity decreases, bulk density will approach
micro-density, and neither can exceed the density of pure arago-
nite (2.94 mg  mm−3; Marszalek, 1982; Bucher et al., 1998), due to
the presence of an intra-crystalline organic matrix which is absent
in abiotic carbonates (Cuif et al., 1999). Bulk density, porosity and
micro-density have rarely been investigated together (Barnes and
Devereux, 1988; Bucher et al., 1998), even though they are the fac-
tors influencing the ability of coral skeletons to resist natural and
anthropogenic breakage (Wainwright et al., 1976; Chamberlain,
1978; Tunnicliffe, 1979; Schumacher and Plewka, 1981; Vosburgh,
1982; Liddle and Kay, 1987; Jiménez and Cortés, 1993; Rodgers
et al., 2003). Variability in micro-density among colonies within and
among species, localities, and environmental conditions remains
largely unstudied (Bucher et al., 1998). This is the first study
exploring all of these three skeletal parameters (bulk density,
micro-density and porosity) in temperate corals, with the aim of
defining their relationships with coral age and SST and highlighting
possible differences in the sensitivity/tolerance of the two  investi-
gated coral species to temperature changes in face of global climate
change.

2. Materials and methods

2.1. Collection and treatment of specimens

Specimens of B. europaea (Risso, 1826) and L. pruvoti Lacaze-
Duthiers, 1897 (Fig. 1A and B) were collected between 9 November
2003 and 24 June 2008 from 6 sites along a latitudinal gradient,
from 44◦20′N to 36◦45′N (Fig. 2). Corals of B. europaea were
randomly collected along a reef with southerly exposure at a
depth of 5–7 m.  Corals of L. pruvoti were randomly collected on
the vault of crevices at a depth of 15–17 m.  The sampling was
performed at depths known to have high population densities
and where the reproductive biology of the two species had been

Fig. 2. Map  of the Italian coastline indicating the sites where the corals were col-
lected. Abbreviations and coordinates of the sites in decreasing order of latitude:
GN, Genova, 44◦20′N, 9◦08′E; CL, Calafuria, 43◦27′N, 10◦21′E; LB, Elba Isle, 42◦45′N,
10◦24′E; PL, Palinuro, 40◦02′N, 15◦16′E; SC, Scilla, 38◦01′N, 15◦38′E; PN, Pantelleria
Isle, 36◦45′N, 11◦57′E.

studied previously (Goffredo et al., 2002, 2004, 2006; Goffredo and
Zaccanti, 2004).

Coral tissue was  totally removed by immersing the samples
in a solution of 10% commercial bleach for 3 days. Corals were
dried for 4 days at a maximum temperature of 50 ◦C to avoid
phase transitions in the skeletal carbonate phases (Vongsavat et al.,
2006). Each sample was inspected under a binocular microscope
to remove fragments of substratum and calcareous deposits pro-
duced by other organisms. During this microscopic inspection, the
few specimens that showed evident signs of bioerosion were sepa-
rated and excluded from the analysis. Polyp length (L: longest axis
of the oral disc), width (W:  shortest axis of the oral disc), and height
(h: oral–aboral axis) were measured using a pair of calipers (Fig. 1C
and D; cf. Goffredo et al., 2007).

2.2. Age determination

Coral age was obtained by growth band analysis of about
40 skeletons randomly selected from the samples collected for
each population, by means of computerized tomography (CT; von
Bertalanffy, 1938; Goffredo et al., 2008; Fig. 1E and F). This tech-
nique is commonly applied to scleractinian corals (Bosscher, 1993;
Helmle et al., 2000) and has also been successfully used in solitary
corals (Goffredo et al., 2004, 2008, 2010). The age of each skeleton
was determined by counting the growth bands, which are distin-
guished by a high-density band in winter and a low-density band in
summer (Peirano et al., 1999; Goffredo et al., 2004, 2008). For L. pru-
voti, a power function model was used to correlate the age/length
data obtained by the CT scans of each population, since it produced
the best fit. Using this model, the age of each coral sample was
determined from its length. For B. europaea, the age of each sam-
ple was  estimated using the von Bertalanffy’s growth function for
analyzing the data obtained by CT growth band analysis (cf.
Goffredo et al., 2008).
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2.3. Determination of skeletal parameters

To obtain the skeletal parameters, the buoyant weight of 250
specimens of B. europaea and 248 specimens of L. pruvoti was mea-
sured using the density determination kit of the Ohaus Explorer Pro
balance (±0.0001 g; Ohaus Corp., Pine Brook, NJ, USA). For buoyant
weight measurements, the standard pan was replaced by a sus-
pended weighing cradle attached to an underwater weighing pan
submerged in a glass beaker filled with distilled water. A cover iso-
lated the device from air flow within the laboratory. Measurements
required for calculating the skeletal parameters were:

� density of the fluid medium (in this case, distilled
water: 1 g cm−3 at 20 ◦C and 1 atm)

DW dry weight of the skeleton
BW buoyant weight of the skeleton = weight of the

skeleton minus weight of the water displaced by it.
To obtain this measurement, corals were placed in a
desiccator connected to a mechanical vacuum pump
for about 4 h in order to suck out all of the water and
air from the pores (Barnes and Devereux, 1988). Still
under vacuum conditions, the dry corals were soaked
by  gradually pouring distilled water inside the
desiccator. The coral was then slowly lowered onto
the  underwater weighing pan, ensuring that no air
bubbles adhered to its surface. The buoyant weight
measurement was taken when the reading was
stable, to avoid errors caused by measurement
instability in the first few seconds due to water
movement. This simple and nondestructive method
has been widely used on various corals (Franzisket,
1964; Bak, 1973, 1976; Jokiel et al., 1978; Graus and
Macintyre, 1982; Hughes, 1987; Barnes and
Devereux, 1988; Davies, 1989; Mann, 1994; Marubini
et al., 2003; Ammar et al., 2005; Spiske et al., 2008;
Shi et al., 2009).

SW saturated weight of the coral = weight of the skeleton
plus weight of the water enclosed in its pores. The
coral was  taken out of the water, quickly blotted with
a  humid paper towel to remove surface water, and
weighed in air, making sure that no water droplets
were left on the weighing platform, which would
lead to an overestimation.

VMATRIX = DW−BW
� matrix volume = volume of the skeleton, excluding

the volume of its pores.
VPORES = SW−DW

� pore volume = volume of the pores in the skeleton.
VTOT = (VMATRIX + VPORES) total volume = volume of the skeleton including its

pores.
Additionally, the following skeletal parameters were calculated:

Micro-density (matrix density) = DW/VMATRIX
Porosity = (VPORES/VTOT) × 100
Bulk density = DW/VTOT.

The above method was  slightly different from the one pro-
posed by Bucher et al. (1998),  since we decided not to use
acetone or wax in order to preserve the samples for further anal-
yses. However, the results of this buoyant weighing technique
were confirmed by the strong relationship between bulk den-
sity and porosity obtained for both species and all locations (see
Section 3).

As in other studies on the influence of environmental parame-
ters on coral growth (i.e., Harriott, 1999; Lough and Barnes, 2000;
Carricart-Ganivet, 2004; Peirano et al., 2005a,b), SST data were
obtained from data banks. During 2003–2005, SST data for each
site were obtained from the National Mareographic Network of
the Agency for the Protection of the Environment and Technical
Services (APAT, available at http://www.apat.gov.it). These data
were measured by mareographic stations (SM3810; SIAP, Bologna,
Italy), which were located close to the sampling sites (<1 km). Mean
annual SST was  obtained from hourly values measured from Jan-
uary 2001 to January 2005 (number of hourly values = 35,064 for
each site; Table 1).

2.4. Statistical analyses

Spearman’s rank correlation coefficient was used to calculate
the significance of the correlations between skeletal parameters
and sea surface temperature. Spearman’s rank correlation coeffi-
cient is an alternative to Pearson’s correlation coefficient (Altman,
1991). It is useful for data that are non-normally distributed and
do not meet the assumptions of Pearson’s correlation coefficient.
The Kruskal–Wallis test was  used to compare SST, age, and skeletal
parameter characteristics among study sites. The Kruskal–Wallis
test is a non-parametric alternative to the analysis of variance
(ANOVA) and is used to compare groups of means. The advantage
of this test is that it does not require normality of the data, as the
test is based on the ranks of data. This distribution-free test proved
to be more robust than its parametric counterpart in the case of
a non-normal distribution of sample data, and it is a viable alter-
native to parametric statistics (Potvin and Roff, 1993). All analyses
were computed using SPSS. 12.0.

3. Results

SST varied among the sites, with mean values spanning from
18.0 ◦C to 19.9 ◦C (Kruskal–Wallis test, df = 5, p < 0.001; Table 1). In
both coral species, the ages of the sampled individuals differed sig-
nificantly among the sites (Kruskal–Wallis test, df = 5; B. europaea:
p < 0.050; L. pruvoti: p < 0.001; Table 1).

Table 1
Balanophyllia europaea and Leptopsammia pruvoti. Values of sea surface temperature (SST), date of sample collection, number of collected samples and age of the samples at
each  site. The Genova site is characterized by particular local conditions (xerotherm site due to local currents and rock composition; see www.apat.gov.it) and typically has
higher  SST than expected for this latitude (annual SST of Ligurian Sea: 18 ◦C; Genova: 19.6 ◦C). In both coral species, the ages of sampled individuals differed significantly
among the sites (Kruskal–Wallis test, df = 5; B. europaea: p < 0.050; L. pruvoti: p < 0.001). The sites are arranged in order of increasing seawater temperature.

Population Code SST (◦C) Date of collection Species n Age (years)

Annual mean (SE) Range Mean (SE) Range (years)

Calafuria CL 18.02 (0.04) 12.6–29.4 31 January 2004/24 June 2008 B. europaea 38 7.05 (0.80) 1.5–17.1
L.  pruvoti 44 4.52 (0.19) 2.0–6.6

Elba  LB 18.74 (0.04) 12.5–26.7 10–11 November 2003 B. europaea 17 6.16 (0.21) 4.0–7.5
L. pruvoti 42 8.05 (0.40) 3.2–13.7

Palinuro PL 19.14 (0.03) 12.9–27.1 2–3 April 2004 B. europaea 49 7.77 (0.36) 1.6–16.2
L.  pruvoti 45 5.07 (0.31) 1.6–9.5

Scilla SC 19.54 (0.02) 15.3–25.3 6–7 January 2005 B. europaea 8 7.59 (0.49) 5.7–9.7
L.  pruvoti 29 8.69 (0.10) 1.4–19.7

Genova GN 19.56 (0.04) 13.1–34.7 24 October 2004 B. europaea 23 8.42 (0.63) 1.3–13.8
L.  pruvoti 43 8.29 (0.52) 1.6–13.8

Pantelleria PN 19.88 (0.04) 13.1–26.8 29–30 September 2005/1 August 2006 B. europaea 115 7.92 (0.23) 1.7–13.5
L.  pruvoti 45 7.74 (0.60) 1.7–14.8

n, number of individuals; SE, standard error.
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Table 2
Balanophyllia europaea. Correlation analysis between polyp age (independent variable) and skeletal parameters (dependent variable) at 6 sites along the west coast of Italy.
Relationships were fitted to a power function model y = axb . The exponent (b) and factor (a) values are indicated only where the relationship was significant. The sites are
arranged in order of increasing seawater temperature.

Population Code n Dependent variable Factor Exponent r2 r

Micro-density – – 0.051 0.226
Calafuria CL 38 Porosity 35.293 −0.117 0.109 −0.330*

Bulk density 1.740 0.052 0.123 0.350*

Micro-density – – 0.012 0.110
Elba  LB 17 Porosity – – 0.013 0.116

Bulk density – – 0.005 −0.068

Micro-density – – 0.026 −0.162
Palinuro PL 49 Porosity – – 0.058 −0.241

Bulk density – – 0.030 0.173

Micro-density 2.485 0.043 0.591 0.768*

Scilla SC 8 Porosity – – 0.377 0.614
Bulk density – – 0.194 −0.440

Micro-density 2.559 0.030 0.531 0.729*

Genova GN 23 Porosity – – 0.026 −0.162
Bulk density – – 0.084 0.290

Micro-density 2.528 0.032 0.494 0.703***

Pantelleria PN 115 Porosity 41.548 −0.084 0.056 −0.237*

Bulk density 1.461 0.086 0.156 0.394***

n, number of individuals; r2, Pearson’s coefficient of determination; r, Pearson’s correlation coefficient.
* p < 0.050.

*** p < 0.001.

In B. europaea, when bulk density correlated positively with age
(Calafuria and Pantelleria), porosity correlated negatively, regard-
less of the response of micro-density. When bulk density did not
vary with age (Genova, Elba, Palinuro and Scilla), neither did poros-
ity vary, regardless of micro-density patterns (Table 2). In two  cases
(Scilla and Genova), micro-density was positively correlated with
age (Table 2).

In L. pruvoti, when bulk density correlated negatively with age
(Genova, Calafuria, Elba and Scilla), porosity correlated positively,
regardless of the response of micro-density. When bulk density
remained constant (Palinuro and Pantelleria), porosity was also

unchanged, irrespective of micro-density (Table 3). In three cases
(Calafuria, Genova and Pantelleria), micro-density was  positively
correlated with age (Table 3).

Thus, in both species, the variation of bulk density with age was
determined by the variation of porosity rather than by the variation
of micro-density. Whenever the relationship between bulk density
and micro-density or age was significant, it showed a positive trend.

The mean porosity of B. europaea was significantly lower than
that of L. pruvoti in 4 out of 6 populations (Genova, Calafuria, Elba
and Pantelleria; Student’s t-test, p < 0.001). In the Palinuro popula-
tion, porosity was significantly lower in L. pruvoti (Student’s t-test,

Table 3
Leptopsammia pruvoti. Correlation analysis between polyp age (independent variable) and skeletal parameters (dependent variable) at 6 sites along the west coast of Italy.
Relationships were fitted to a power function model y = axb . The exponent (b) and factor (a) values are indicated only where the relationship was significant. The sites are
arranged in order of increasing seawater temperature.

Population Code n Dependent variable Factor Exponent r2 r

Micro-density 2.525 0.031 0.14 0.374*

Calafuria CL 44 Porosity 27.600 0.285 0.19 0.431**

Bulk density 1.943 −0.178 0.13 −0.361*

Micro-density – – 0.07 −0.273
Elba  LB 42 Porosity 23.156 0.250 0.12 0.349*

Bulk density 2.331 −0.188 0.13 −0.365*

Micro-density – – 0.01 0.071
Palinuro PL 45 Porosity – – 0.00 −0.049

Bulk density – – 0.01 0.069

Micro-density – – 0.09 −0.298
Scilla  SC 29 Porosity 26.852 0.128 0.17 0.417*

Bulk density 2.029 −0.074 0.19 −0.437*

Micro-density 2.634 0.012 0.20 0.445**

Genova GN 43 Porosity 27.799 0.205 0.24 0.491***

Bulk density 1.917 −0.112 0.15 −0.382*

Micro-density 2.532 0.036 0.39 0.621***

Pantelleria PN 45 Porosity – – 0.04 0.194
Bulk density – – 0.03 0.157

n, number of individuals; r2, Pearson’s coefficient of determination; r, Pearson’s correlation coefficient.
* p < 0.050.

** p < 0.010.
*** p < 0.001.



Author's personal copy

260 E. Caroselli et al. / Zoology 114 (2011) 255– 264

Table  4
Balanophyllia europaea and Leptopsammia pruvoti. Mean porosity of the samples at each site and significance of Student’s t-test used to compare the values between the two
species. The sites are arranged in order of increasing seawater temperature.

Population Code Species n Mean porosity (%) SE Significance

Calafuria CL B. europaea 1814 29.58 0.04 p < 0.001
L.  pruvoti 210 37.35 0.48

Elba  LB B. europaea 38 30.00 0.25 p < 0.001
L.  pruvoti 76 36.05 0.78

Palinuro PL B. europaea 80 38.20 0.20 p < 0.001
L.  pruvoti 152 31.02 0.05

Scilla SC B.  europaea 48 30.78 0.94 ns
L.  pruvoti 115 30.99 0.44

Genova GN B. europaea 55 31.44 0.16 p < 0.001
L.  pruvoti 123 36.26 0.80

Pantelleria PN B. europaea 171 35.11 0.09 p < 0.001
L.  pruvoti 144 41.84 0.10

n, number of individuals; SE, standard error.

p < 0.001), while in the Scilla population both species exhibited the
same porosity (Table 4).

In both species and in all locations, a strong correlation was
observed between bulk density and porosity. In B. europaea, the
relationship between bulk density and porosity was  1.8–45.0 times
stronger than that with micro-density, as indicated by the ratio
of the r2 values of the regressions (Table 5). In L. pruvoti,  this
relationship was even more emphasized, the correlation with
porosity being 1.7–185.0 times stronger than that with micro-
density (Table 6).

Since the average age of the samples differed among the sites
(Table 1), analyses of correlations between SST and skeletal param-
eters were performed after applying to the data the method of the
adjusted values in relation to age (Steel, 1980; see Goffredo et al.,
2007 for an example of application on corals). In B. europaea, SST did
not correlate with micro-density, while it was positively correlated
with porosity, explaining 4.5% of its variation, and negatively corre-
lated with bulk density, explaining 4.2% of its variation (Fig. 3). In L.
pruvoti, SST was positively correlated with micro-density, explain-
ing 15.4% of its variation, but showed no correlation with porosity
and bulk density (Fig. 3).

4. Discussion

4.1. Relationships among skeletal parameters

In both species and in all locations, the strong relationship
between bulk density and porosity was expected and indicates
that the buoyant weighing technique we used gave reason-
able results (Tables 5 and 6; Bucher et al., 1998). Bulk density
trends were always diametrically opposed to porosity trends
(Tables 2, 3, 5 and 6; Fig. 3), regardless of the trend of micro-density,
thus indicating that the variations in micro-density, even when sig-
nificant, were not strong enough to cause significant variations in
bulk density.

4.2. Relationships between micro-density and age

Bulk density is determined by the pattern in which the mate-
rial is laid down (micro-density) and by the volume of skeletal
voids it encloses (porosity) (Bucher et al., 1998). Micro-density is
the specific gravity of the material of which the skeleton is made.
The scleractinian coral skeleton is a two-phase composite material

Table 5
Balanophyllia europaea. Correlation analysis between bulk density, micro-density and porosity at the 6 sites. The exponent and factor values are indicated only where the
relationship was  significant. The sites are arranged in order of increasing seawater temperature.

Population Code n Dependent variable Independent variable Factor Exponent r2 r

Bulk density Porosity 7.532 −0.409 0.963 0.981***

Calafuria CL 38 Bulk density Micro-density 0.160 2.462 0.241 0.491**

Micro-density Porosity 3.035 −0.032 0.143 0.378*

Bulk density Porosity 9.701 −0.490 0.956 0.978***

Elba LB 17 Bulk density Micro-density 0.003 6.515 0.532 0.729***

Micro-density Porosity 2.992 −0.036 0.417 0.646**

Bulk density Porosity 13.728 −0.581 0.931 0.965***

Palinuro PL 49 Bulk density Micro-density 0.377 1.510 0.125 0.353*

Micro-density Porosity – – 0.015 0.122

Bulk  density Porosity 8.436 −0.440 0.950 0.975***

Scilla SC 8 Bulk density Micro-density – – 0.021 0.145
Micro-density Porosity – – 0.003 0.055

Bulk  density Porosity 8.273 −0.435 0.920 0.959***

Genova GN 23 Bulk density Micro-density – – 0.037 0.192
Micro-density Porosity – – 0.0001 0.01

Bulk  density Porosity 14.315 −0.593 0.936 0.967***

Pantelleria PN 115 Bulk density Micro-density 0.157 2.427 0.253 0.503***

Micro-density Porosity 3.093 −0.039 0.093 0.305**

n, number of individuals; r2, Pearson’s coefficient of determination; r, Pearson’s correlation coefficient.
* p < 0.050.

** p < 0.010.
*** p < 0.001.
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Table 6
Leptopsammia pruvoti. Correlation analysis between bulk density, micro-density and porosity at the 6 sites. The exponent and factor values are indicated only where the
relationship was  significant. The sites are arranged in order of increasing seawater temperature.

Population Code n Dependent variable Independent variable Factor Exponent r2 r

Bulk density Porosity 21.824 −0.717 0.925 0.961***

Calafuria CL 44 Bulk density Micro-density 0.091 2.881 0.230 0.480**

Micro-density Porosity – – 0.092 0.303

Bulk  density Porosity 19.874 −0.692 0.924 0.961***

Elba LB 42 Bulk density Micro-density 0.003 6.398 0.547 0.740***

Micro-density Porosity 3.250 −0.054 0.417 0.646***

Bulk density Porosity 8.798 −0.458 0.900 0.949***

Palinuro PL 45 Bulk density Micro-density – – 0.011 0.105
Micro-density Porosity – – 0.016 0.126

Bulk  density Porosity 11.711 −0.536 0.950 0.975***

Scilla SC 29 Bulk density Micro-density – – 0.015 0.122
Micro-density Porosity – – 1.00E−06 0.001

Bulk  density Porosity 19.743 −0.685 0.943 0.971***

Genova GN 43 Bulk density Micro-density – – 0.019 0.138
Micro-density Porosity – – 0.0001 0.01

Bulk  density Porosity 13.069 −0.569 0.742 0.861***

Pantelleria PN 45 Bulk density Micro-density – – 0.004 0.063
Micro-density Porosity 1.581 0.144 0.195 0.442**

n, number of individuals; r2, Pearson’s coefficient of determination; r, Pearson’s correlation coefficient.
* p < 0.050.

** p < 0.010.
*** p < 0.001.

Fig. 3. Variation in the skeletal parameters of two  corals, Balanophyllia europaea and
Leptopsammia pruvoti, with sea surface temperature (SST). r2

s Spearman’s determi-
nation coefficient, rs Spearman’s correlation coefficient, n number of individuals.

consisting of fiber-like crystals of aragonitic calcium carbonate
phases (crystal fibers and micro-spherulites) intimately associated
with an intra-crystalline organic matrix (OM) (Cuif et al., 1999). OM
generally constitutes <0.1% of the total skeleton weight (Constantz
and Weiner, 1988) and is believed to initiate nucleation of calcium
carbonate and provide a framework for crystallographic orientation
and species-specific architecture (Towe, 1972; Addadi and Weiner,
1985; Lowenstam and Weiner, 1989).

For both species, in the populations where the relationship
between micro-density and age was significant (Scilla, Genova and
Pantelleria for B. europaea and Calafuria, Genova and Pantelle-
ria for L. pruvoti;  Tables 2 and 3), micro-density increased from
2.6 mg  mm−3 at minimum age (1.3–5.7 years) to 2.8 mg  mm−3 at
maximum age (9.7–17.1 years). This variation is quite relevant with
respect to the density of inorganic CaCO3 (2.94 mg  mm−3 for arag-
onite and 2.71 mg  mm−3 for calcite; Marszalek, 1982) and might be
determined by the influence of OM.  A decrease of intracrystalline
OM content with increasing age could explain the increase of micro-
density with age found in this study. As an alternative hypothesis,
which is currently being tested, the production of different kinds of
OM along the life cycle of the polyp could lead to the precipitation
of crystal phases with different densities, thus causing the observed
increase of micro-density with age. The different densities of crys-
tal phases could result from different processes, e.g., an increased
isomorphic substitution of strontium to calcium in the aragonite
structure, a different polymorphic selection between calcium car-
bonate polymorphs (aragonite is denser than calcite) or a decrease
of the relative number of low-density centers of calcification (pos-
sibly amorphous calcium carbonate; Cohen and McConnaughey,
2003) with respect to the aragonitic fibrous structure. Indeed, pre-
liminary data on B. europaea skeletons show a decreasing calcite
content (and increasing aragonite content) with age (S. Goffredo,
personal observation), thus supporting the latter hypothesis.

4.3. Relationships between porosity and age

In L. pruvoti, porosity increased with age in 4 out of 6 populations
(Genova, Calafuria, Elba and Scilla). Thus, younger individuals were
less porous and, as they got older, the skeleton’s porosity increased.
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In most populations of B. europaea, porosity did not vary with age,
while in 2 out of 6 populations (Calafuria and Pantelleria) porosity
decreased with age.

To compare the average porosity between the two  species, the
relationships between porosity and age obtained in the present
study (when significant) were used to estimate the porosity val-
ues of samples collected for previous analyses (Goffredo et al.,
2007). For this earlier study, a higher number of samples of the
two species had been collected within quadrats in the same sites
as used for the present study. The inverse of the age–porosity rela-
tionship obtained in the present work was applied to their age,
thus obtaining their porosity. For those populations with a non-
significant age–porosity relationship, the average porosity value
calculated in the present study was assigned to all the samples of
Goffredo et al. (2007).  The mean porosity of B. europaea was sig-
nificantly lower than that of L. pruvoti in 4 out of 6 populations
(Genova, Calafuria, Elba and Pantelleria; Student’s t-test, p < 0.001).
In the Palinuro population, porosity was significantly lower in L.
pruvoti (Student’s t-test, p < 0.001), while in the Scilla population
both species showed no differences in porosity (Table 4). A pos-
sible explanation for the generally lower porosity of B. europaea
compared to L. pruvoti might be the adaptation to two  very different
habitats. Several studies show that in protected habitats extension
is faster, but branches are more lightly calcified, so skeletal porosity
is higher than in non-protected habitats. Where water movement is
high, branches are thicker, shorter and more heavily calcified, mak-
ing them more resistant to wave action (Chamberlain, 1978; Oliver
et al., 1983; Harriott, 1997, 1998). Indeed, B. europaea is found in
open and light habitats often subject to currents and water motion
and may  need stronger skeletons, while L. pruvoti lives in much
more sheltered environments such as crevices and caves.

4.4. Relationships between skeletal parameters and sea surface
temperature

While in B. europaea there was an increase of porosity with
increasing temperature and no correlation with micro-density, in
L. pruvoti there was an increase of micro-density with increasing
temperature and no correlation with porosity.

The relationship between temperature and porosity in B.
europaea, which is a zooxanthellate coral, suggests a possible
effect of temperature on photosynthesis in the algal symbionts.
The same hypothesis was proposed in earlier studies (Goffredo
et al., 2007, 2008, 2009) investigating the relationship between
SST and biological parameters (population density, population sta-
bility, percentage of immature individuals, calcification) in this
species. In zooxanthellate corals, photosynthesis enhances calci-
fication (Gattuso et al., 1999; Al-Horani et al., 2005), and both
processes have temperature optima (Howe and Marshall, 2002; Al-
Horani, 2005). Thus, the increase of porosity with increasing SST in
B. europaea could result from an attenuation of calcification due to
an inhibition of the photosynthetic process at higher temperatures
(Goffredo et al., 2009).

Alternatively, suspension feeding could also explain the increase
of porosity with increasing SST observed in B. europaea. In the
Mediterranean Sea, nutrient levels and zooplankton availability
are typically lower in summer (i.e., at higher SST) than in win-
ter (i.e., at lower SST; Coma et al., 2000; Coma and Ribes, 2003).
Low nutrient and zooplankton availability causes stress and star-
vation in Cladocora caespitosa (Peirano et al., 2005a)  and a summer
dormancy in the metabolism of several benthic suspension feeders
(Coma et al., 2000; Coma and Ribes, 2003). In colonies of the tropical
corals Stylophora pistillata and Galaxea fascicularis,  calcification and
photosynthesis are significantly lower in starved corals than in fed
ones (Houlbrèque et al., 2004; Borell and Bischof, 2008; Borell et al.,
2008). The high skeletal porosity observed in B. europaea at high SST

might thus be explained as being a consequence of low energetic
resources. However, if this were the case, the inhibition would have
to be stronger in L. pruvoti, which is fully heterotrophic, than in B.
europaea, which can also rely on the symbiont. In the present study,
however, skeletal porosity of L. pruvoti did not vary with increasing
temperature. Thus, the hypothesis of photosynthetic inhibition at
high SST seems to be more appropriate for explaining the results
regarding porosity in B. europaea. Yet, the role of feeding in deter-
mining the increase of porosity cannot be completely excluded,
since the proportion of energy obtained by autotrophy versus het-
erotrophy has never been quantified for this species in the currently
available literature.

In L. pruvoti, the fact that temperature did not correlate with
porosity could be due to the absence of zooxanthellae, and thus
the lack of a physiological dependence of calcification on photo-
synthesis. However, the increase of micro-density with increasing
temperature observed in L. pruvoti is intriguing. A possible expla-
nation could be that aragonite, whose density is greater than that
of calcite (2.94 mg  mm−3 for aragonite vs. 2.71 mm−3 for calcite;
Marszalek, 1982), is more stable at high temperatures than is
calcite. In many carbonate-producing taxa, the precipitation of
biominerals depends on several aspects of the environment they
live in, such as temperature and chemistry, which strongly influ-
ence aragonite and magnesium calcite deposition (Morse et al.,
1997; Stanley and Hardie, 1998; Montañez, 2002; Skinner and
Jahren, 2003; Feely et al., 2004; Smith and Key, 2004). In partic-
ular, the abundance of various polymorphs of calcium carbonate
strongly depends on SST (Wray and Daniels, 1957; Ogino et al.,
1987). Calcite is the dominant polymorph at low temperatures.
With increasing temperature, calcite abundance decreases in favor
of aragonite (Sawada, 1997). High-Mg calcites and aragonite are
predominantly associated with warm tropical to subtropical waters
and low-Mg calcite levels are generally found at higher latitudes or
in cold, deep waters (Lopez et al., 2009). An increase of aragonite
with increasing temperature could cause the increase of micro-
density with temperature in L. pruvoti found in the present study
(Fig. 3).

5. Conclusion

In conclusion, it is hypothesized that high SST has a negative
impact on the zooxanthellate B. europaea, since it compromises
the photosynthetic efficiency of its symbionts, lowering its skele-
tal resistance due to increasing porosity. In contrast, the porosity
of the azooxanthellate L. pruvoti is unaffected by temperature, and
the skeletal resistance of this species may  even benefit from the
increased micro-density achieved in warmer waters. These results
have to be considered in the context of global climate change,
since they highlight possible differences of these two coral species
in their sensitivity/tolerance to temperature change. Interestingly,
B. europaea, which can count on both heterotrophy and symbi-
otic algae for its nourishment, seems to be negatively affected
by increasing temperatures, while L. pruvoti, which is fully het-
erotrophic, seems to be tolerant to higher temperatures. It seems
likely that photosynthesis plays a role in determining the different
sensibilities of these two species, and experimental measurements
of photosynthesis at different temperatures may clarify its role in
determining the observed patterns of skeletal parameters.
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