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Abstract

Correlations between solar radiation, sea surface temperature (SST), biometry, and population density were
assessed along a wide latitudinal gradient in the non-zooxanthellate solitary coral Caryophyllia inornata. Bio-
metric parameters were more strongly correlated with temperature than with solar radiation as in previous
studies on Mediterranean solitary corals. With increasing SST, populations were characterized by bigger pol-
yps, and consequently by a higher percent area coverage and mass per square meter. Population abundance
was not correlated with SST, similarly to the non-zooxanthellate solitary Lepfopsammia pruvoti. Instead, the
population density of the zooxanthellate solitary Balanophyllia europaea decreases with increasing SST. When
extrapolating the relationships between biological parameters of the three species and SST, according to the
projected seawater temperature increase, a higher tolerance to temperature for non-zooxanthellate species

seems to be confirmed.

Global warming and ocean acidification caused by human
activities since the industrial revolution of the 19th century
(such as deforestation, burning of fossil fuels, and land use
change) represent a serious threat for tropical coral reef eco-
systems (Hoegh-Guldberg 2011). Climate change projections
estimate that the Earth’s average surface air temperature is
likely to increase of 1.1-6.4°C by 2100 (Solomon et al. 2007).
Marine organisms are likely to be more sensitive to climate
changes than their terrestrial counterparts, because tempera-
ture influences water column stability, nutrient enrichment,
and the degree of new production (Richardson 2008). In par-
ticular, during the last 2-3 decades an increase with at least
0.3-0.4°C has been recorded in mean annual sea surface tem-
peratures (SST) across much of the global tropics and sub-
tropics (Kleypas et al. 2008). Increasing temperature is
considered the major cause of many large-scale coral bleach-
ing events (Guest et al. 2012; Furby et al. 2013), which are
becoming ever more frequent (Wilkinson 2004). In temper-
ate areas, the effect of increasing temperature is expected to
be even greater. For instance, the Mediterranean Sea seems
to show warming rates three times higher than the global
ocean (Solomon et al. 2007), and simulations for the Medi-
terranean region project an increase in air surface tempera-
ture of 3.1-4.6°C by 2081-2100 under a moderate (Al1B)
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scenario (Giorgi and Lionello 2008). Similar increase rates in
Mediterranean SSTs (+ 1.8°C) are projected for 2050 (Gualdi
et al. 2013). This makes the Mediterranean Sea, whose
monthly mean S$STs range between 12°C and 28°C during
the year (Nykjaer 2009), a perfect field for research on the
effects of temperature on corals.

Coral growth, physiology, demography, and distribution
patterns are strongly linked to the variation of light and
temperature, which strictly depend on latitude (Kleypas
et al. 1999; Lough and Barnes 2000; Carricart-Ganivet 2004).
The development of coral reefs generally decreases from the
equator to 30°N and 30°S latitude (Kinsey and Davies 1979;
Grigg 1982). Three related parameters are the main factors
influencing coral growth: net calcification rate, skeletal bulk
density (Bucher et al. 1998), and linear extension rate (net
calcification = skeletal bulk density x linear extension;
Lough and Barnes 2000; Carricart-Ganivet 2004). Analyzing
these variables also allows to predict the possible effect of cli-
matic changes on coral ecosystems (Cooper et al. 2008; Can-
tin et al. 2010; Caroselli et al. 2012a). The three growth
components have been studied along a latitudinal gradient
in the tropical genera Diploastrea (Cantin et al. 2010), Mon-
tastraea (Carricart-Ganivet 2004) and Porites (Lough and
Barnes 2000; Tanzil et al. 2009; Cooper et al. 2012) and their
variation has been related to changes in temperature and
light associated with time and latitude. While studies on the
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relationship between coral growth and environmental
parameters in the tropics are numerous, such studies are
scarce for temperate zones. In colonies of the Mediterranean
endemic zooxanthellate coral Cladocora caespitosa from the
Adriatic Sea, SST is positively correlated to calcification and
linear extension rates (KruZzi¢ et al. 2012). However, labora-
tory observations on calcification rates in C. caespitosa and
Oculina patagonica, showed that long periods of elevated tem-
peratures corresponding to, or higher than, the maximum
summer temperature in the field lead to a decrease of calcifi-
cation (Rodolfo-Metalpa et al. 2006a). The studies along a
wide latitudinal gradient in the Mediterranean Sea on two
solitary dendrophylliid corals observed a different sensitivity
to SST in the zooxanthellate Balanophyllia europaca and in
the non-zooxanthellate Leptopsammia pruveti. In B. europaea,
SST is negatively correlated with a broad range of biological
parameters such as population abundance (Goffredo et al.
2007), skeletal bulk density, due to an increase in porosity
(Caroselli et al. 2011), population structure stability (Gof-
fredo et al. 2008), and calcification rate (Goffredo et al.
2009). In L. pruvoti all these biometric (Goffredo et al. 2007),
growth, and demographic parameters (Caroselli et al. 2011,
2012a,b) are unrelated to SST. The greater sensitivity of B.
europaea to increasing SST has been hypothesized to depend
on the inhibition of the zooxanthellar photosynthetic pro-
cess at excessively high temperatures (Goffredo et al. 2008;
Caroselli et al. 2012, 2012). The sensitivity to high tempera-
ture may depend on the zooxanthellae clade host by B. euro-
paea (clade A-temperate; Visram et al. 2006), even if also
clade B2 has been found in specimens maintained in aquaria
and transplanted at CO, vents (Meron et al. 2012). In fact,
clade A-temperate is sensitive to long term temperature
increases (Rodolfo-Metalpa et al. 2006b), while clade B2 is
resistant to cold temperatures and wide annual temperature
fluctuations (Thornhill et al. 2008). Investigating the differ-
ent response between symbiotic and nonsymbiotic corals
may highlight different sensitivity related to the presence of
the symbionts, and shed light on the possible species assem-
blage shifts that may occur because of climate change (van
Woesik et al. 2011). Since very few data are available on
non-zooanthellate species (Caroselli and Goffredo 2014), it is
strongly needed to target also this group of corals for studies
related to the effects of climate change.

This study investigated the relationship of the latitudinal
variation of SST and solar radiation with biometry and popu-
lation density in the temperate-subtropical coral Caryophyllia
inornata (Duncan 1878). The Caryophylliidae family is ubig-
uitous through all oceans of the world, and is composed
both by solitary and colonial forms divided into 51 genera
that include 296 living species (Cairns 1999; Kitahara et al.
2010). In the Mediterranean Sea, five genera are reported
consisting of nine species (Minelli et al. 1995). The exclu-
sively non-zooxanthellate genus Caryophyllia is the most
diverse within the non-zooxanthellate scleractinian genera,
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Fig. 1. Map of the Italian coastline indicating the sites where corals
were collected. Abbreviations and coordinates of the site in decreasing
order of latitude: GN Genova, 44°20'N and 9°08'E; CL Calafuria,
43°27'N and 10°21'E; LB Elba isle, 42°45'N and 10°24'E; PL Palinuro,
40°02'N and 15°16’E; SC Scilla 38°01'N and 15°38’E; PN Pantelleria isle,
36°45'N and 11°57'E.

comprising 66 exclusively solitary species, including C. inor-
nata (Cairns 1999; Kitahara et al. 2010). C. inornata is distrib-
uted from the Mediterranean basin up to the Northeastern
Atlantic coast from the Canary Islands to the North Sea
(Zibrowius 1980; Cairns 1999). It is one of the main species
colonizing dimly lit environments of vertical or overhanging
walls, caves and wrecks from the surface down to 100 m
depth (Zibrowius 1980), and in some cases it is the domi-
nant species (Zibrowius 1978). It is a gonochoric and brooder
species, for which a possible asexual production of embryos
is proposed (Goffredo et al. 2012b).

The aim of this documentary study was to assess for the
first time the variation in biometric parameters (corallite
length, width, height, volume, mass, and skeletal bulk den-
sity), and population density of C. inornata in sites along a
latitudinal gradient spanning 850 km along the Western Ital-
ian coast, and spanning 2.5°C of average SST. Since the spe-
cies is non-zooxanthellate, it was expected to be tolerant to
increasing SST such as the non-zooxanthellate L. pruvoti.

Methods

From 14 May 2009 to 14 April 2011, specimens of C. inor-
nata were collected from six sites along a latitudinal gradient
on the Italian coasts, from 44°20'N to 36°45'N (Fig. 1; Table
1). Latitude is the main factor influencing the variation of
temperature and light (Kain 1989), which are the two envi-
ronmental parameters considered in this study since they are
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Table 1. Values of solar radiation and SST indicated for six
Mediterranean sites, Solar radiation and SST both varied among
the sites (Kruskal-Wallis test, p<0.001). Sites are arranged in
decreasing order of latitude. SE standard error.

Mean annual sea
surface temperature

Mean annual
solar radiation

Code (W m™2), mean (SE) (°C), mean (SE)
GN 163.3 (6.7) 18.93 (0.39)
cL 177.0 (7.7) 18.88 (0.39)
LB 183.3 (7.5) 18.45 (0.43)
PL 193.5 (7.4) 19.72 (0.36)
sC 202.4 (7.3) 19.04 (0.27)
PN 210.7 (7.1) 20.65 (0.38)

strongly linked to coral biometry, physiology and demogra-
phy (Kleypas et al. 1999; Lough and Barnes 2000; Harriott
and Banks 2002; Al-Horani 2005). Samples were collected at
each site using transects that consisted of 4-8 square patches
of 1 dm? each, situated on the vault of crevices, 3 m apart
and at a depth of 11-16 m (site, number of patches, and
sampling depth: Genova: n=6, at 11 m; Calafuria: n=8, at
16 m; Elba: n=4, at 13 m; Palinuro: n=46, at 11 m; Scilla:
n=6, at 16 m; and Pantelleria: n=7, at 15 m). At the Elba
site, samples were collected from underneath the wings of a
sunken plane wreck. Regular spacing of quadrats and trans-
ects may be biased if laid over a population with a natural
regular spacing. However, this should not have occurred in
this case since the distributional pattern of the species is dis-
aggregated (random; personal observation). All polyps found
in each patch were collected. The sampling was performed at
depths known to have high population densities and where
the reproductive biology of C. inornata had been previously
studied (Goffredo et al. 2012b). Addition of quadrats to have
a higher number of replicates would have resulted in a stron-
ger population abundance dataset which would not have
required the Monte Carlo correction for low sample size (see
statistical analyses below). However, sampling effort and
data trends were comparable to previous studies on other
Mediterranean corals, for which the same statistical analysis
was performed (Goffredo et al. 2007).

Collected corals were dried at 50°C for 4 days, and then
observed under a binocular microscope to remove fragments
of substratum and calcareous deposits produced by other
organisms. A low drying temperature was chosen to avoid
phase transitions in the skeletal aragonite/calcite composi-
tion (Vongsavat et al. 2006), as this problem is being investi-
gated using these samples in diffractometric analyses (see
Goffredo et al. 2012a). Polyp length (L: maximum axis of
the oral disc), width (W: minimum axis of the oral disc),
and height (h: oral-aboral axis) were measured using a pair
of calipers, and dry skeletal mass (M) was measured using a
precision balance (Goffredo et al. 2002, 2007; Goffredo
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and Chadwick-Furman 2003). Polyp volume (V) was deter-
mined by applying the formula V=L/2XW /2Xhn (Goffredo
et al. 2002, 2006, 2007). Surface/volume (5/V) ratio was
obtained by dividing § by V, where S is the surface of
the entire upper area of the coral, obtained as a sum of
the surface of the oral disc zxL/2XW /2 and the lateral sur-
face of the coral obtained with the formula =X
[3x(L/2+W/2)—/(BXL/2+W/2)x(L/2+3XW/2)] xh (Ram-
anujan 1914), excluding the base in contact with the reef.
Skeletal bulk density (D) was calculated by dividing M by V.
The population density was obtained as: (1) NI, numbers of
individuals per area unit (N m 2), (2) MA, mass per area unit
(g m ?) and (3) P, percent coverage.

As done by a number of authors (e.g., Lough and Barnes
2000; Carricart-Ganivet 2004; Cantin et al. 2010) in their
studies on the influence of the environmental parameters on
coral growth, the physical measurement data in this study
(SST and solar radiation) also have been obtained from data
banks. SST data of the period January 1999-December 2010
were obtained for each site from the National Mareographic
Network of the Superior Institute for the Environmental Pro-
tection and Research (ISPRA; http://isprambiente.gov.it).
These data are measured by mareographic stations, SM3810
manufactured by the Society for the Environmental and
Industrial monitoring (SIAP+MICROS), placed closed to the
sampling sites (1-15 km from the actual sampling site).
Mean annual SST was obtained from hourly values (number
of hourly values= 105,120 for each site). Three digital
thermometers (i-Button, DS1921G-F5#, Maxim Integrated
Products, Dallas Semiconductors) were placed at the experi-
mental sites, to record seawater temperature every 2-3 h dur-
ing a time interval depending on the site (Fig. 2).
Thermometers were replaced every 3 months to avoid
encrustation and overgrowth by marine organisms. Ther-
mometer data were used to check if SST data are representa-
tive of the temperature at the depth of coral sampling.

Monthly values of solar radiation (W m 2) were obtained
from the archives of the Satellite Application Facility on Cli-
mate Monitoring (CM-SAF/EUMETSAT; http://www.cmsaf.
eu). These estimates are derived from real time satellite
measurements and data sets based on intersensor calibrated
radiances. Mean annual solar radiation of each site was
obtained for the 15 km square associated with each of the
six sites (number of monthly values = 144 for each site).

When data were nonnormally distributed, the Spearman’s
rank correlation coefficient was used to calculate the signifi-
cance of the correlations between biometric parameters, pop-
ulation density and environmental variables. Spearman’s
coefficient is a powerful nonparametric alternative to Pear-
son’s correlation coefficient (Altman 1991) and was calcu-
lated with SPSS 12.0 (Apache Computer Software
Foundation, Forest Hill, Maryland).

SST, polyp length, and population density did not meet
the assumptions of normality and homoscedasticity, thus
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Fig. 2. Comparison between SST and temperature at sampling depth (Genova: 11 m; Calafuria: 16 m; Elba: 13 m; Palinuro: 11 m; Scilla: 16 m; and
Pantelleria: 15 m) during the indicated time interval. The left column shows correlation analyses between average daily SST and temperature at sam-
pling depth in each site for the indicated time interval. The right column shows SST (red line) and temperature at depth (black line) trends. n number

of samples (days).
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Fig. 3. Scatterplot of latitude and solar radiation of study sites (a). Scat-
terplot of latitude and SST of study sites (b). n number of sites; r Pear-
son’s correlation coefficient.

their homogeneity among sites was analyzed using a permu-
tational multivariate analysis of variance (Permanova),
which has no assumptions on data distribution and shape
(Anderson et al. 2008). Tests were run using euclidean dis-
tances among samples and 999 permutations in the software
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Primer®. To estimate the significance of the Permanova test
when comparing the mean population densities among
study sites, the nonparametric Monte Carlo method was
used (Gabriel and Lachenbruch 1969). This method solves
problems in the nonparametric test for small samples, in fact
it estimates the p-value by taking a random sample from the
reference set and studies its permutations (Senchaudhuri
et al. 1995).

Results

The correlation between average daily SST data from data
banks and average daily temperature data collected by the
digital thermometers at the sampling sites produced R* val-
ues ranging from 0.832 to 0.953, indicating that 83-95% of
the variance of seawater temperature at the sampling depth
is explained by SST variations (Fig. 2). At Pantelleria, the
mean difference between SST and temperature at sampling
depth on an annual basis was 1.48°C (SD=1.56°C;
SE=0.06°C). Solar radiation and SST both varied among the
sites (Permanova, df =5, p <0.001; Table 1). While solar radi-
ation was negatively correlated with latitude, SST was not
correlated with latitude (Fig. 3).

Polyp length (Fig. 4) was selected as the main biometric
parameter since it is a good indicator of skeletal mass and
has been used as the measure of size in biometric and repro-
ductive biology analyses of C. inornata and other solitary cor-
als (Bell and Turner 2000; Goffredo and Chadwick-Furman
2003; Goffredo et al. 2012b). Polyp width, height, volume
and skeletal mass all correlated positively with polyp length,
while §/V Ratio was negatively correlated with polyp length
in all sites (Fig. 5). Skeletal bulk density was negatively corre-
lated with polyp length in three sites (Calafuria, Genova,
and Palinuro) and not correlated with polyp length in the
other three (Elba, Scilla, and Pantelleria; Fig. 5).

The increase of polyp width with respect to polyp length
exhibited either an isometric growth (Genova and Calafuria,
the 95% confidence interval CI of the regression equation
exponent contained 1.0, 0.961-1.059, df =61-85) or an allo-
metric growth, with polyp length increasing more rapidly

Fig. 4. Caryophyllia inorata a: living polyp; b: top view of the corallite with the dotted line indicating polyp length (L: maximum axis of the oral
disc); c: side view of the corallite with the dotted line indicating polyp height (h: oral-aboral axis).
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Fig. 5. Caryophyilia inornata. Dependence of biometric parameters on polyp length (including regression fit exponents) in the six sites (GN Genova,
CL Calafuria, LB Elba, PL Palinuro, SC Scilla and PN Pantelleria). n number of individuals; r Pearson’s correlation coefficient. The sites are arranged in

order of increasing SST.

than width, (Elba, Palinuro, Scilla, and Pantelleria, the 95%
CI of the regression equation exponent was< 1.0, 0.829-
0.970, df = 38-240; Fig. 5), which resulted in a progressively
oval oral disc as polyp size increased.

Each relationship between biometric parameters and
polyp length was linearized by log-transforming both the
dependent and independent variable and the obtained slopes
(equal to the exponents of the power function equations
reported in Fig. 5) were compared among study sites. None
of the exponents was homogeneous among study sites (the
95% CIs of the exponents were never overlapped among all
sites; Table 2). The exponents of the relationships between
polyp length and width correlated negatively with solar
radiation (Fig. 6) while they were not correlated with
SST, indicating a trend of “ovalization” of the oral disc with
decreasing latitude. For all the other parameters, the

exponents not correlated with environmental
parameters.

The length of sampled individuals differed significantly
among sites (Permanova, df =5, p<0.001). For this reason,
analyses of correlation between the other biometric parame-
ters (W, h, V, §/V, M, D) and environmental variables were
performed after applying to the data the method of the
adjusted values in relation to length (Steel 1980; Goffredo
et al. 2007). Polyp length and width showed a positive corre-
lation with both solar radiation and SST, while S/V ratio
showed a positive correlation only with solar radiation.
Polyp height and skeletal mass were negatively correlated
with both solar radiation and SST. Negative correlations were
also found between polyp volume and solar radiation and
between skeletal bulk density and SST (Fig. 7). The same

analyses were repeated after exclusion of the Elba site to

were
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Table 2. Exponents of the relationships between biometric
parameters and polyp length for six sites where corals were col-
lected. None of the exponents was homogeneous among study
sites. Sites are arranged in decreasing order of latitude.

95%
Exponent Confidence
Parameter Code (mean) interval

Width (mm) GN 1.029 0.999-1.059
CL 1.010 0.961-1.059

LB 0.950 0.935-0.965

PL 0.944 0.918-0.970

SC 0.907 0.874-0.940

PN 0.889 0.829-0.949

Height (mm) GN 1.055 0.974-1.135
CL 0.743 0.594-0.891

LB 0.934 0.889-0.978

PL 0.801 0.663-0.939

sSC 1.016 0.892-1.139

PN 1.039 0.850-1.227

Volume (mm?) GN 3.084 2.988-3.180
CL 2.752 2.595-2.910

LB 2.883 2.835-2.931

PL 2.745 2.603-2.888

SC 2.923 2.791-3.054

PN 2.928 2.725-3.130
§/V ratio (mm™") GN -1.024 —(1.046-1.002)
CL -0.963 —(0.995-0.931)
LB -0.970 —(0.982-0.959)
PL -0.938 —(0.969-0.908)
SC -0.959 —(0.987-0.932)
PN -0.955 —(1.001-0.910)

Skeletal mass (g) GN 2.921 2.787-3.056
CL 2.344 2.006-2.681

LB 2.915 2.844-2.987

PL 2.634 2.451-2.817

SC 2.783 2.527-3.039

PN 2.883 2.689-3.076
Skeletal bulk GN -0.162 —(0.270-0.054)
density CL —0.409 —(0.725-0.092)
(g mm™3) LB 0.032 ~0.033-0.097
PL -0.111 —(0.214-0.009)

SC —-0.139 —0.340-0.062

PN —0.045 —0.236-0.147

consider only the sites characterized by a natural substratum.
Also after exclusion of the Elba site, the length of sampled
individuals differed significantly among sites (Permanova,
df =4, p<0.001). In the majority of cases (71%), both SST
and solar radiation explained 1.3-555.6 times more of the bio-
metric parameter variance after exclusion of the Elba site (Fig.
7). Without considering the Elba site, polyp length and §/V
ratio showed a positive correlation with both solar radiation
and SST, while width and skeletal bulk density were positively
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Fig. 6. Caryophyllia inornata. Correlation and linear regression analysis
between the regression fit exponents of the width-length relationships (y
axis) and solar radiation (x axis) of the six sites. n number of sites; r Pear-
son’s correlation coefficient; R? Pearson’s determination coefficient.

correlated only with solar radiation (Fig. 7). Polyp height, vol-
ume, and skeletal mass showed a negative correlation both
with solar radiation and SST (Fig. 7). Summarizing these
results, polyp width, height, volume and skeletal bulk density
resulted more correlated with solar radiation, while length
and skeletal mass were more correlated with SST (Fig. 7).

The analyses on population density were also carried out
after exclusion of the Elba site, since the plane wreck where
corals were collected displayed a population abundance that
was 10 times higher than the mean of all other natural sites
analyzed. All the three measures of population density varied
significantly among the sites (Permanova, Monte Carlo cor-
rection for small sample size, df =4, p<0.01; Fig. 8). While
population abundance (NI) was not correlated with environ-
mental parameters, mass per square meter (MA) showed a
positive correlation both with solar radiation and SST, with
SST wvariation explaining a higher percentage of MA variance
than solar radiation (41.0% for SST, 19.1% for solar radia-
tion; Fig. 8). Percent cover (P) showed a positive correlation
only with SST, whose variation explained 33.3% of percent
cover variance (Fig. 8).

Two plots were produced (Figs. 9, 10) by projecting the
relationships between skeletal bulk density, NI and SST for
the three species C. inornata (present study), B. europaea, and
L. pruvoti (from Goffredo et al. 2007) to compare their sensi-
tivity to the projected increase of seawater temperature
according to different Intergovernmental Panel on Climate
Change (IPCC) scenarios.

Discussion

The 82-95% of seawater temperature variance at coral
sampling depth (11-16 m) was explained by variations in
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Fig. 7. Caryophyliia inornata. Variation in biometric parameters with solar radiation and SST, including all sites (a) and after exclusion of the Elba site
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SST, indicating that SST generally follows the actual tempera-
ture trend at the sampling depth, as shown by the tempera-
ture trends at both depths (Fig. 2). At the Calafuria and
Pantelleria sites, where more temperature data were collected
(some populations display periods of missing data because
the thermometers were damaged or lost), 87-93% of SST var-
iance was explained by variations of temperature at sampling
depth (Fig. 2). This trend was maintained across all popula-
tions, indicating that SST is a good proxy for actual tempera-
ture at the sampling depth of this study. Even if, in the
Mediterranean Sea, temperature ranges, seasonal variations
and anomalies appear highly important in affecting orga-
nism metabolism, growth rates, diseases and mortality
(Crisci et al. 2011), we prefer the use of annual mean tem-
perature to discriminate thermal differences among sites, to
allow comparisons with previous studies on other Mediterra-
nean scleractinians for which mean annual SSTs have been
used (Goffredo et al. 2009; Caroselli et al. 2012; Fantazzini
et al. 2013). Since the present study focused on the influence
of SR and SST, we selected sites with similar environmental
traits other than SR and SST, but we did not thoroughly ana-
lyzed all the site characteristics such as zooplankton avail-
ability, geographic orientation, pollution, exposure to
streams and waves, and water turbidity, which could all con-
tribute to the observed differences in some population traits.
However, these local differences, while contributing to the
variability of population parameters, are not strong enough
to determine variations in population abundance (NI). For
example, in the Mediterranean Sea zooplankton abundance
decreases southwards, while NI did not decrease southward
in this study.

The relationship between skeletal bulk density and polyp
size can be interpreted in terms of relationship between cal-
cification and linear extension. In C. inornata, as known for
several other solitary corals (Bablet 1985; Yamashiro and
Nishihira 1998; Goffredo et al. 2009), the linear extension
rate is expected to decrease with increasing polyp size (age).
Since calcification = skeletal density X linear extension
(Lough and Barnes 2000; Carricart-Ganivet 2004), a parallel
decrease of linear extension and calcification rates could
explain the stable skeletal bulk density around values of
0.001 g mm * regardless of polyp size, at three of the six
sites studied (Elba, Scilla, and Pantelleria). At the Calafuria,
Genova, and Palinuro sites, the decrease of skeletal bulk den-
sity with increasing polyp size may have been due to a
greater decrease in calcification than in linear extension, as
already suggested for L. pruvoti (Goffredo et al. 2007). The
sclerochronological analyses underway on C. inornata will
further explore the relationships between calcification and
linear extension rates in this species.

In the majority of sites (four out of six), an allometric
relationship was found between polyp width and length,
with larger (older) polyps characterized by a progressively
oval oral disc. Moreover, the negative correlation between

Biometry and abundance of a solitary coral

solar radiation and the exponents of the relation between
length and width, outlined a trend of increasing ovalization
of the oral disc with increasing solar radiation (decreasing
latitude). The shape of polyp oral discs has been put in rela-
tion to sedimentation stress. To prevent the negative effects
of sedimentation, corals can adopt different strategies, as
sediment rejection behavior or resistant growth forms (Gof-
fredo et al. 2010; Bongaerts et al. 2012; Erftemeijer et al.
2012), such as an oval oral disc (Hoeksema 1991). The pro-
gressive ovalization of the oral disc with increasing length in
the Mediterranean zooxanthellate B. europaca is hypothe-
sized to prevent damage from sedimentation, which might
occur as polyps become larger (Goffredo et al. 2004, 2007).
However, in corals living on vertical walls, such as C. inor-
nata, sediment removal should be easily carried out by grav-
ity, rather than by active mechanisms (Stafford-Smith and
Ormond 1992). For example, the non-zooxanthellate L. pru-
voti, colonizing the vaults of Mediterranean caves and crevi-
ces with the oral pole facing downward, has more circular
oral discs (Goffredo et al. 2007). Thus, the progressively oval
shape of the oral discs in C. inornata polyps, who colonizes
vertical walls and overhangs, is hardly explained as a direct
response to sedimentation stress. As an alternative hypothe-
sis, morphology has been put in relation with zooplankton
capture ability (Houlbréque and Ferrier-Pages 2009). Having
a greater feeding surface area has shown to be advantageous
for zooplankton capture (Sebens 1979; Hoeksema and
Waheed 2012). In the presence of high flow speed, a high
surface area or §/V ratio could increase zooplankton capture
by providing greater contact area (Sebens and Johnson 1991;
Helmuth and Sebens 1993), as suggested by field observation
in the Caribbean Sea (Sebens et al. 1996, 1998), in the Gulf
of Panama (Palardy et al. 2005) and laboratory observation
(Ferrier-Pages et al. 2010). In this study, $/V increased with
solar radiation. Since in the Mediterranean zooplankton
abundance generally decreases with increasing solar radia-
tion (Saiz et al. 2014), the morphological variation registered
could represent an adaptation to improve the prey capture
under conditions of decreased prey abundance and high
flow, typical of the shallow waters where the samples of C.
inornata were collected.

All of C. inornata biometric parameters showed a higher
correlation with the environmental variables after the exclu-
sion of the Elba site, where corals were collected under the
wings of a sunken plane wreck lying on a sandy substrate. In
this site, all of the population density parameters for C. inor-
nata resulted in a 10 times higher mean value than at the
other five sites, and this is the only scleractinian present on
the shaded parts of the wreck, even if other scleractinian spe-
cies (such as L. pruvoti) colonize natural rocky environments
close to the wreck (Goffredo et al. 2007). These higher values
of population density may be the result of (1) higher com-
petitive strategies making C. inornata a pioneer species that
colonizes available substratum quicker than other organisms;
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Fig. 8. Caryophylliia inornata. Variation in population density parameters
with solar radiation and SST after the exclusion of the Elba site. NI num-
ber of individuals per square meter, MA mass per square meter, P per-
cent cover. rho? Spearman’s determination coefficient; rho Spearman’s
correlation coefficient; n number of quadrats.

(2) higher tolerance/resistance to artificial substrata such as a
wreck; (3) a combination of the two; and (4) other unknown
factors. Indeed, C. inornata is thought to asexually produce
embryos throughout the year (Goffredo et al. 2012), while
other potentially competitive corals such as L. pruvoti exhibit
only a single sexual reproductive event per year. This trait,
coupled with a possible higher tolerance to artificial sub-
strata, may explain the exceptionally high population abun-
dance on the plane wreck of the Elba site. Due to these
particular conditions, the Elba site was excluded from all
analyses between biometric and population density parame-
ters and environmental variables. This choice was also sup-
ported by the increase of all correlation parameters between
environmental and biometric parameters after exclusion of
the Elba site.

Both solar radiation and SST were negatively correlated
with polyp height in C. inornata. Calyx height is one of the
factors influenced by the depth of surrounding sediment. For
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Fig. 9. Caryophyllia inomata, B. europaea, and L. pruvoti. Projected rela-
tionships between skeletal bulk density and SST in relation to current
temperatures and two IPCC scenarios of SST increase: scenario B1 (aver-
age warming of 1.8°C), and A1B (average warming of 2.8°C).

example, polyps of the congeneric species Caryophyllia smi-
thii living in horizontal and vertical walls characterized by
high sedimentation have been found to grow with a taller
calyx than those living in low sediment areas (Bell and
Turner 2000). The decrease in height with increasing solar
radiation is in agreement with the decreasing sedimentation
stress with decreasing latitude along Italian coasts, as shown
by a sea water quality survey conducted along the Italian
coast by the Italian Ministry of the Environment and Land
and Sea Protection during the period of this study (5i.Di.Mar.
available at http://www.sidimar.tutelamare.it/index.jsp).
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Skeletal bulk density of C. inornata was unrelated to SST
(Fig. 7). This confirmed the expectations of this study, and it
is consistent with recent analyses proposing a higher toler-
ance to temperature increase of non-zooxanthellate Mediter-
ranean corals than their symbiotic counterparts (Caroselli
et al. 2011, 2012a,b). In fact, the zooxanthellate B. europaca,
studied in the same sites and with the same methods as the
present study, strongly decreases its skeletal bulk density
with increasing temperature (Goffredo et al. 2007), due to an
increase in porosity (Caroselli et al. 2011). Instead, the non-
zooxanthellate L. pruvoti studied in the same sites has an
homogeneous skeletal bulk density with SST, and may even
benefit from increasing temperature, since corals living in
sites with higher SSTs have a higher density of the crystals of
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calcium carbonate (micro-density; sensu Bucher et al. 1998)
composing their skeleton (Caroselli et al. 2011).

Percent cover and mass per square meter of C. inornata
were positively correlated to SST. This increase was likely
due to the increase in polyp length with SST (Fig. 7). In fact,
it must be noted that correlations in Fig. 7 are based on the
corrected values in relation to length. Thus, the lack of cor-
relation between width and SST must be interpreted as if
there is no correlation after eliminating the contribution due
to polyp length (i.e., as if all polyps had the same length).
However, since width is dependent on length (Fig. 5), with
increasing SST populations are characterized by polyps that
are more long (and consequently wide), then they have a
larger surface area and this explains the increase of percent
cover with SST. The same applies to mass per square meter,
since also polyp mass is strictly dependent on polyp length
(Fig. 5). The number of polyps per square meter was not
related to environmental variables, similarly to what
reported for the non-zooxanthellate L. pruvofi and again dif-
ferently from the zooxanthellate B. europaea, whose abun-
dance decreases with SST (Goffredo et al. 2007). The absence
of symbionts in C. inornata and L. pruvoti is proposed as the
cause of their higher tolerance to the effects of temperature
than B. europaea (Caroselli et al. 2011, 2012a,b). The non-
zooxanthellate coral C. inornata seems to be quite tolerant to
the temperature range considered in this study, without
strong variations of its skeletal bulk density and population
abundance. When comparing this coral to the other species
previously studied along the same latitudinal gradient, it
appears that also the non-zooxanthellate L. pruvoti is tolerant
to the temperature range experienced in the field, since its
biometry, growth, demography, and skeletal characteristics
are not negatively correlated with SST (Caroselli et al. 2011,
2012a,b). Conversely, increasing seawater temperature seems
to strongly and negatively affect both polyp growth and col-
onization process of the zooxanthellate B. europaea (Goffredo
et al. 2007, 2008, 2009). In this latter species, warmer popu-
lations are less stable and show a progressive deficiency of
young individuals, so that there is concern for the future of
this species (Goffredo et al. 2008).

The IPCC projects an increase of global SSTs of 1-3°C by
2100 (Solomon et al. 2007). The speed of many negative
changes in the oceans are near or are tracking the worst-case
scenario from the IPCC and other predictions (Rogers and
Laffoley 2011). For instance, many recent mass mortality
events in the Mediterranean Sea are put in relation to tem-
perature increase (Rodolfo-Metalpa et al. 2000; Coma et al.
2009; Garrabou et al. 2009). A plot was produced by projec-
ting the relationships between skeletal bulk density and SST
for the three species C. inornata (present study), B. europaea,
and L. pruvoti (data from Goffredo et al. 2007) to compare
their sensitivity to the projected increase of seawater temper-
ature according to different IPCC scenarios (Fig. 9). Extrapo-
lating the regression between skeletal bulk density and SST
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has the limitation of assuming that the linear relationship
will be maintained, which may not necessarily be true (Gof-
fredo et al. 2009). C. inornata was represented as a straight
line as a result of the mean value of skeletal bulk density reg-
istered among the sites considered in this study, since it did
not show correlations with SST (Fig. 9). Assuming a quite
slow and conservative increase (1.8°C, B1 scenario), SST is
expected to exceed the zero skeletal bulk density point for B.
europaea (21.0°C) in a wide part of its areal extent, while the
skeletal bulk density of L. pruvoti will drop only by 10% with
respect to current values (Fig. 9). When assuming a moderate
case scenario (AlB) with a 2.8°C increase, B. europaea is
expected to exceed the zero skeletal bulk density point in all
of its areal extent, while L. pruvoti will drop only by 16% in
skeletal bulk density (Fig. 9). In a subsequent plot the rela-
tionships between population abundance (NI) and SST were
projected for the three species according to the IPCC scenar-
ios already considered (Fig. 10). C. inornata and L. pruvoti
were both represented as straight lines in correspondence to
their mean value of NI, which was not related to SST (Fig.
10). Assuming the more conservative increase (1.8°C, B1 sce-
nario), SST would exceed the zero population density point
for B. europaea in all sites except the coldest one (LB), while
assuming the moderate case scenario (A1B) with a 2.8°C
increase, B. europaca is expected to disappear from all of its
areal extent (Fig. 10).

Even with the limitations of extrapolating relationships
beyond the actually measured temperatures, these projec-
tions confirm that these three species, sharing a wide part of
their distribution area, may have very different temperature
tolerance and consequent response to seawater warming.
These findings also support the hypothesis that non-
zooxanthellate scleractinians may be more tolerant to tem-
perature increase than symbiotic ones. However, the limit of
temperature increase that will still be tolerable by these non-
zooxanthellate species is unknown. Concern for the future
of Mediterranean zooxanthellate corals and the need for fur-
ther studies on non-zooxanthellate species is confirmed by
the present findings.
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