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Abstract The correlation between two environmental

factors (solar radiation and sea surface temperature),

biometry, and population density was assessed along a

latitudinal gradient in the zooxanthellate coral Balano-

phyllia europaea and in the azooxanthellate coral Leptop-

sammia pruvoti. With increasing polyp size, the oral disc of

B. europaea assumed an oval shape, while that of L. pruv-

oti retained a circular shape. In both species, biometric

parameters varied more with temperature than with solar

radiation. In the zooxanthellate species, temperature

explained a higher percentage of biometric parameter

variance than in the azooxanthellate species. While envi-

ronmental factors did not co-vary with demographic char-

acteristics in L. pruvoti, temperature was negatively related

to the population density of B. europaea. It is hypothesized

that the negative effect of temperature on biometry and

population density of B. europaea depends on photosyn-

thesis inhibition of symbiotic zooxanthellae at high tem-

peratures, which would lower the calcification rate and

availability of energetic resources.

Introduction

The variation of environmental parameters due to latitude

is a substantial causal factor of the global distribution of

corals (Kleypas et al. 1999). The distribution of atolls and

main coral reefs of the world, confined between 30�N and

30�S latitude (Kinsey and Davies 1979), suggests that coral

growth actually decreases at high latitudes to a point where

coral reef development no longer occurs (Grigg 1982).

Coral ‘‘growth’’ is a composite of the three related char-

acters of annual calcification, skeletal density, and linear

extension rate (calcification = skeletal density · linear

extension; Lough and Barnes 2000; Carricart-Ganivet

2004), and their measurement is essential when assessing

the effects of environmental parameters on coral growth

(Dodge and Brass 1984). These three variables have been

studied along a latitudinal gradient in the genera Porites

(Grigg 1982; Lough and Barnes 2000) and Montastraea

(Carricart-Ganivet 2004) and variation in the three

parameters has been related to variation in temperature and

light associated with latitude. In colonies of the genus

Porites in the Hawaiian archipelago, Australian Great

Barrier Reef, and Thailand, negative correlations with

latitude were found for the linear extension, leading to an

increase in skeletal density of the colonies (Grigg 1982;

Lough and Barnes 2000). In colonies of the genus Mon-

tastraea in the Gulf of Mexico and Caribbean Sea, negative

correlations with latitude were found for calcification and

skeletal density, leading to an increase in linear extension

rate (Carricart-Ganivet 2004). Rates of linear extension in
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the colonial corals of the genera Pocillopora and Acropora

and in a number of species of the Faviidae family in sub-

tropical Australia (Crossland 1981; Stimson 1996; Harriott

1999) were considerably slower than those at low latitude.

Also in the solitary corals of the Fungiidae family, a neg-

ative relationship was found between growth rate and lat-

itude (Goffredo and Chadwick-Furman 2003). In contrast,

there seem to be cases where rates of coral growth do not

vary with increasing latitude. For instance, Acropora yon-

gei, Acropora formosa, Turbinaria frondens, and Porites

heronensis from subtropical Australia have linear extension

rates similar to those of closely related taxa in the tropics,

confounding any causal link between latitude and growth

rates of coral colonies or coral reefs (Harriott 1999).

For temperate areas, studies on the relationship between

environmental parameters and coral growth are scarce. In

Astrangia danae (Jacques et al. 1983) and Plesiastrea

versipora (Howe and Marshall 2002), calcification rate

increases with temperature, similar to the trend in tropical

corals, albeit at lower temperatures. This study presents the

relationship between latitudinal variation of environmental

factors [solar radiation and sea surface temperature (SST)]

and biometry and population density of two Mediterranean

Sea corals, Balanophyllia europaea (Risso 1826) and

Leptopsammia pruvoti (Lacaze-Duthiers 1897).

Balanophyllia europaea is a solitary, ahermatypic,

zooxanthellate, and scleractinian coral, which is endemic to

the Mediterranean Sea (Zibrowius 1980). Due to its sym-

biosis with zooxanthellae, the distribution of this coral is

restricted to 0-50 m depth (Zibrowius 1980), where its

population density can reach dozens of individuals per

square meter (Goffredo et al. 2004). Its reproductive biol-

ogy is characterized by simultaneous hermaphroditism and

brooding (Goffredo et al. 2002). L. pruvoti is an aherma-

typic, azooxanthellate, solitary, and scleractinian coral,

which is distributed in the Mediterranean basin and along

the European Atlantic coast from Portugal to southern

England. It is one of the most common organisms under

overhangs, in caverns, and crevices at 0–70 m depth,

reaching densities of thousands of individuals per square

meter (Zibrowius 1980; Goffredo et al. 2006). Its repro-

ductive biology is characterized by gonochorism and

brooding (Goffredo et al. 2006).

The aim of this study is to assess the variation in the

biometric parameters and population density of the zoo-

xanthellate B. europaea and of the azooxanthellate L.

pruvoti along a solar radiation and SST gradient.

Materials and methods

From November 9, 2003 to September 30, 2005, specimens

of B. europaea and L. pruvoti were collected from six sites

along a latitudinal gradient, from 44�20¢N to 36�45¢N
(Fig. 1). Latitude is the main factor influencing the varia-

tion of temperature and light (Kain 1989), which are the

two environmental parameters considered in this study

since they are strongly linked to coral biometry, physiol-

ogy, and demography (Kleypas et al. 1999; Lough and

Barnes 2000; Harriott and Banks 2002; Al-Horani 2005).

At each site, a transect was sampled for both species. For

B. europaea, the transect consisted of three patches of 1 m2

each, arranged in a line, 5 m apart and situated along a reef

exposed south at a depth of 5–7 m. For L. pruvoti, the

transect consisted of at least three patches of 0.00425 m2

each, situated on the vault of crevices 3 m apart, at a depth

of 15–17 m (site and number of patches for B. europaea:

Genova n = 8, Calafuria n = 18, Elba n = 3, Palinuro

n = 3, Scilla n = 8, and Pantelleria n = 3; site and number

of patches for L. pruvoti: Genova n = 3, Calafuria n = 3,

Elba n = 4, Palinuro n = 3, Scilla n = 3, and Pantelleria

n = 3). Regular spacing of quadrats and transects may be

biased if laid over a population with a natural regular

spacing. However, this should not have occurred in these

cases since the distributional pattern of the two species is

disaggregated (random) (personal observation; Goffredo

and Zaccanti 2004; Goffredo et al. 2004). All of the coral

polyps present were collected from each patch. The sam-

pling was performed at depths known to have high popu-

lation densities and where the reproductive biology of the

two species had been studied previously (Goffredo and

Zaccanti 2004; Goffredo et al. 2002, 2004, 2006). The area

of each patch was smaller for L. pruvoti than for B. euro-

paea because of the very high density of the former species

and the difficulty of sampling on the vaults, inside narrow

caves.

Collected corals were dried at 50�C for 4 days, and then

observed under a binocular microscope to remove frag-

ments of substratum and calcareous deposits produced by

other organisms. A low drying temperature was chosen to

avoid phase transitions in the skeletal aragonite/calcite

composition (Vongsavat et al. 2006), as this problematic

will be investigated using these samples in a diffracto-

metric analysis in preparation. 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 and Chadwick-Furman

2003; Goffredo et al. 2002). Polyp volume (V) was deter-

mined by applying the formula V ¼ L
2
� W

2
� hp (Goffredo

et al. 2002, 2006). Skeletal density (D) was calculated by

dividing M by V. The population density was obtained as:

(1) NI, number of individuals per area unit (N m–2), (2) G,

grams per unit area (g m–2), and (3) P, percent coverage.

All data relating to the Calafuria site of B. europaea

were taken from the dataset of Goffredo et al. (2004),
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where the biometric analysis was performed on 75 polyps

collected randomly at 6 m, and several patches were

sampled between 0 and 13 m to examine the bathymetric

distribution. For the biometric analysis, the same 75 polyps

were used in this work, while for the correlation analysis

between biometry, population density, and environmental

parameters, only the patches sampled between 5 and 7 m

were considered.

As done by a number of authors (e.g., Harriott 1999;

Lough and Barnes 2000; Carricart-Ganivet 2004; Peirano

et al. 2005a, b) in their studies on the influence of envi-

ronmental parameters on coral growth, the physical mea-

surement data in our study also (SST and solar radiation)

have been obtained from data banks. During 2003–2005,

SST data were obtained for each site 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 are measured by

mareographic stations SM3810, manufactured by the Ital-

ian Society for Precision Apparatuses (SIAP), placed close

to the sampling sites. Mean annual SST was obtained from

hourly values measured from January 2001 to January 2005

(number of hourly values = 35,064 for each site). Monthly

values of solar radiation (W m–2) were obtained from the

International Cloud Climatology Project (ISCCP; available

at http://www.ingrid.ldgo.columbia.edu/). These estimates

are derived from satellite measurements of cloud and

atmospheric optical properties. Mean annual solar radiation

of each site was obtained for the 2.5�-latitude-by-longitude

square associated with each of the six sites (number of

monthly values = 48 for each site).

Statistical analyses

Spearman’s rank correlation coefficient is an alternative to

Pearson’s correlation coefficient (Altman 1991). It is useful

when data are non-normally distributed, and thus the

assumptions of Pearson’s correlation coefficient are not

met. Spearman’s rank correlation coefficient was used to

calculate the significance of the correlations between bio-

metric parameters and environmental variables, and be-

tween population density and environmental variables.

Kruskal–Wallis test is a non-parametric alternative to

the analysis of variance (ANOVA), and it is used to

compare groups of means. The advantage of this test is that

the assumption of normality of data is not required, as the

Fig. 1 Map of the Italian

coastline indicating the sites

where the corals were collected.

Abbreviations and coordinates

of the sites in decreasing order

of latitude: GN Genova–

Portofino, 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. For each site, solar

radiation and sea surface

temperature values are

indicated. Solar radiation and

SST both varied among the sites

(Kruskal–Wallis test and

P < 0.001)
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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 non-normal distribution of sample data, and it is

a viable alternative to parametric statistics (Potvin and Roff

1993). Kruskal–Wallis test was used to compare mean

solar radiation, SST, polyp length, and population density

among study sites.

Covariance analysis (ANCOVA) is a combination of

linear regression and variance analysis (Altman 1991). It

can be used to compare the regression equations between

different groups. For example, given the linear regression

equations between the same two variables of three groups

of treatments, the analysis compares the slopes and inter-

cepts of the three equations. ANCOVA was used to com-

pare the relationships between biometric parameters and

polyp length among study sites.

The Monte Carlo method (Gabriel and Lachenbruch

1969) solves problems in the non-parametric test for small

samples. In fact, it estimates the P-value by taking a ran-

dom sample from the reference set and studies its permu-

tations (Senchaudhuri et al. 1995). Our Monte Carlo

estimate for P used 100,000 random permutations. This

method was used to estimate the significance of the

Kruskal–Wallis test when comparing the mean population

densities among study sites for both species.

Kruskal–Wallis tests, Spearman’s correlation coeffi-

cients, and Monte Carlo corrections for small sample size

were calculated with SPSS 12.0 (Apache Computer Soft-

ware Foundation, Forest Hill, MD).

Results

Solar radiation and SST both varied among the sites

(Kruskal–Wallis test, degrees of freedom = 5, and

P < 0.001; Fig. 1). While solar radiation correlated nega-

tively with latitude, SST correlated significantly after

exclusion of Genova–Portofino (GN) site from analysis

(Fig. 2). The GN site is characterized by particular local

conditions (xeroterm site because of local currents and rock

composition; APAT, available at http://www.apat.gov.it)

and typically has higher SSTs than expected at that latitude

(annual SST of Ligurian Sea = 18�C and Genova–Portof-

ino (GN) = 19.6�C); (Fig. 1).

Polyp length (Fig. 3) 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, repro-

ductive biology, and population dynamic studies of B. eu-

ropaea, L. pruvoti, and other solitary corals (Hoeksema

1991; Bell and Turner 2000; Goffredo and Chadwick-Fur-

man 2003; Goffredo et al. 2002, 2004, 2006). Polyp width,

height, volume, and skeletal mass all correlated positively

with polyp length in both the coral species examined

(Figs. 4, 5). Skeletal density correlated positively with

polyp length in B. europaea at only two sites (Palinuro and

Pantelleria). In contrast, skeletal density correlated nega-

tively with polyp length in L. pruvoti at all sites (Figs. 4, 5).

In both the coral species, the relationships between bio-

metric parameters and polyp length varied significantly

among the study sites (ANCOVA, degrees of freedom be-

tween exponents = 5, and P < 0.05). Each relationship

between the biometric parameters and polyp length was

linearized and the obtained slopes (representing the original

equation exponent) were compared among study sites.

None of the slopes was homogeneous among study sites.

The increase in polyp width in comparison with that of

polyp length differed in the two species (Figs. 4, 5). In B.

europaea, an allometric relationship was found; length in-

creased more rapidly than did width, which resulted in an

oval oral disc as polyp size increased (at all sites, the con-

fidence interval CI of the regression equation exponent was

<1, 0.52–0.90, CI 95%, and degrees of freedom = 37–94;

Fig. 4). L. pruvoti had either isometric growth (at Scilla and

Pantelleria, the confidence interval of the regression equa-

tion exponent contained 1, 0.96–1.01, CI 95%, and degrees

of freedom = 114–143) or allometric growth, with the polyp

length increasing less quickly than the width did (at

Genova–Portofino, Calafuria, Elba, and Pantelleria, the

confidence interval of the regression equation exponent >1,

1.00–1.10, CI 95%, and degrees of freedom = 75–209;

Fig. 5), which resulted in a circular oral disc as polyp size

increased.

In both species, the lengths of the sampled individuals

differed significantly among the sites (Kruskal–Wallis test,

degrees of freedom = 5, and P < 0.001). For this reason,

analyses of correlations between environmental variables

and biometric parameters were performed after applying to

the data the method of the adjusted values in relation to

length (Steel 1980). In B. europaea, whereas polyp length,

width, height, and volume positively correlated with solar

radiation and SST, skeletal mass and skeletal density were

negatively correlated (Fig. 6). In all cases, SST explained

2.5–7.4 times more of the variance than did solar radiation

(the percentage of biometric parameter variance explained

by SST ranged from 3.9% for length to 63.8% for skeletal

mass; Fig. 6). In L. pruvoti, solar radiation did not correlate

with any biometric parameter. Polyp length, height, vol-

ume, and skeletal density were correlated with SST, which

explained from 0.5% of the variance for volume to 1.2%

for length (Fig. 6). SST was more highly correlated with

biometric parameters in B. europaea than in L. pruvoti (r2

of the relationship between biometric parameters and SST

was three times higher for length to 638 times higher for

skeletal mass).

In B. europaea, population density varied significantly

among the sites (Kruskal–Wallis test, Monte Carlo
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correction for small sample size, degrees of freedom = 5,

and P < 0.001) and was negatively correlated with SST

(Fig. 7). In L. pruvoti, population density did not vary

among the sites (Kruskal–Wallis test, Monte Carlo cor-

rection for small sample size, degrees of freedom = 5, and

P > 0.05). Mean population density for L. pruvoti was

10.155 individuals m–2 (SE 1.317), 2,030 g m–2 (SE 232),

and 15.4% cover (SE 1.4).

Discussion

The difference between the two species in the relationship

between skeletal density and polyp size can be interpreted

in terms of relationship between calcification and linear

extension. As polyp size of B. europaea increases, there is

a progressive decrease in linear extension rate (Goffredo

et al. 2004). A parallel diminution of the calcification rate

could explain the maintenance of skeletal density among

mean values of 0.001–0.002 g mm–3 regardless of polyp

size, at four of the six sites studied (Genova–Portofino,

Calafuria, Elba, and Scilla). At the Palinuro and Pantelleria

sites, calcification rate could decrease less quickly than did

linear extension rate, causing a positive correlation be-

tween skeletal density and polyp size. In L. pruvoti, as

known for several other solitary corals (Bablet 1985; Ya-

mashiro and Nishihira 1998; Goffredo and Chadwick-

Furman 2003; Goffredo et al. 2004), the linear extension

rate should decrease with increasing polyp size. The dim-

inution of skeletal density with increasing polyp size may

have been due to a greater decrease in calcification than in
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Leptopsammia pruvoti (c living

polyp; d corallite) specimens

from Genova–Portofino. Dotted
line indicates polyp length (L:

maximum axis of the oral disc)
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linear extension rate. The radiological analyses underway

on both species are expected to provide an understanding

of the relationship between calcification and linear exten-

sion rates.

The difference in the biometric relationship between the

oral disc axes between the two species may relate to sed-

imentation stress. Sedimentation has many negative effects

on corals, including prevention of growth and calcification,

interference with respiration, nourishment and photosyn-

thesis, increase in energy dissipation, damaging polyp

tissues, lowering the fecundity, and interfering with sub-

stratum colonization process (Rosenfeld et al. 1999, and

references therein). Corals can adopt different strategies to

prevent these negative effects, i.e., sediment rejection

behavior or resistant growth forms (Stafford-Smith and

Ormond 1992; Bell and Turner 2000). The oval form of the

oral disc is one of these resistant forms, since it decreases

the area affected by sedimentation and favors the removal
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of sediment from the polyp surface (Hoeksema 1991). The

allometric relationship between polyp width and length in

B. europaea, which produces a progressively oval-shaped

oral disc, may prevent damage from sedimentation that

might otherwise occur as the polyp becomes larger

(Goffredo et al. 2004). In corals living on the vertical walls,

the removal of sediment is carried out by gravity, rather

than by active mechanisms (Stafford-Smith and Ormond

1992). Moreover, in shallow water overhangs of the

Ligurian Sea, a thin coat of sediment covers the vertical

surfaces, while it is absent on the down-facing surfaces

(Virgilio et al. 2006). L. pruvoti polyps, characterized

by circular oral discs, do not need growth forms resistant to

damage from sedimentation, since they colonize the

vaults of caves and crevices with their oral pole directed

downward.

The SST environmental variable correlated with bio-

metric parameters more strongly than did solar radiation in
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Fig. 6 Variation in the biometric parameters of two corals, Balan-
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both species. This relationship is more marked in B. eu-

ropaea, which is zooxanthellate, suggesting the possible

effect of temperature on photosynthesis in the algal sym-

bionts. In zooxanthellate corals, photosynthesis enhances

calcification (Gattuso et al. 1999; Al-Horani et al. 2005),

and both processes have temperature optima (Howe and

Marshall 2002; Al-Horani 2005). In B. europaea, the de-

crease in skeletal density with increasing SST could de-

pend on an attenuation of calcification due to an inhibition

of the photosynthetic process at higher temperatures. In L.

pruvoti, the weak relationship between temperature and

skeletal density could be due to the absence of zooxan-

thellae, and thus lack of a physiological dependence of

calcification on photosynthesis.

The spatial distribution of adult corals is influenced by

the number of offspring produced per reproductive event

and their dispersal capability (Hughes et al. 2000). Theo-

retically, low fecundity combined with wide larval

dispersal results in a low density of local populations. In

contrast, high fecundity combined with limited larval dis-

persal produces high local population density (Gerrodette

1981; Carlon 2002; Goffredo and Zaccanti 2004; Goffredo

et al. 2004). In symbiotic corals, a large portion of the

energy needed for gametogenesis and larval development

is supplied by photosynthate from the zooxanthellae

(Rinkevich 1989). The low population density of B. euro-

paea relative to that of L. pruvoti could be due to lower

polyp fecundity and the greater dispersion capability of its

larvae (Goffredo and Zaccanti 2004; Goffredo et al. 2002,

2004, 2006). However, population density also depends on

recruitment and mortality due to various factors, including

predation, so this hypothesis requires further testing. The

decrease in population density of B. europaea with

increasing SST might depend on a polyp’s reduced

fecundity, consequent to a decrement of the photosynthetic

efficiency of the symbiont zooxanthellae at higher than
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optimal temperatures (Al-Horani 2005), resulting in lower

energy resources for gametogenesis (Rinkevich 1989;

Carlon 2002). Without utilizing photosynthesis, L. pruvoti

would maintain its population density around the mean

value regardless of the SST. Further studies on the repro-

ductive biology of these two species at different sites

situated along a latitudinal gradient might clarify the

relationship between polyp fecundity and SST.

In conclusion, it is hypothesized that high temperature

is a negative factor for the zooxanthellate B. europaea,

since it would lower the photosynthetic efficiency of its

symbionts, causing negative effects on both polyp growth

and colonization process, while it would not significantly

influence the azooxanthellate L. pruvoti. An alternative

explanation for the decrease of skeletal and population

density of B. europaea with increasing temperature could

be related to suspension feeding. In the Mediterranean

Sea, nutrient levels and zooplankton availability are typ-

ically lower in summer–fall (i.e., high temperature) than

in winter–spring (i.e., low temperature; Coma et al. 2000;

Coma and Ribes 2003). Low nutrients and zooplankton

availability cause stress and starvation in Cladocora ca-

espitosa (Peirano et al. 2005a) and a summer dormancy in

the metabolism of several benthic suspension feeding taxa

(Coma et al. 2000; Coma and Ribes 2003). Moreover, in

Stylophora pistillata colonies, starved corals present sig-

nificantly lower levels of calcification and photosynthesis

than fed corals (Houlbrèque et al. 2004). Low energetic

resources could be the causes of low skeletal and popu-

lation density in B. europaea at high temperatures.

However, if this was the case, the inhibition would be

stronger in L. pruvoti, which is a full heterotrophic, than

in B. europaea, which can rely on the symbiont. In

contrast, we found that the skeletal and population den-

sities of L. pruvoti are almost the same in low and high

temperature study sites; thus the hypothesis of a photo-

synthetic inhibition at high temperatures seems to be

more appropriate. Anyway, other factors such as pollution

could influence the spatial distributions of populations.

During the sampling period of this study, the Italian

Ministry of the Environment and Land and Sea Protection

conducted sea water quality surveys along the Italian

coasts, based on basic oceanographic data (NO3
–, NO2

–,

NH4
+, PO4

3–, SiO4
4–, salinity, chlorophyll, and transparency,

which are parameters included in the Sea Water Classi-

fication; Seawater Monitoring Program, available at

www2.minambiente.it/sito/settori_azione/sdm/pubblicazi-

oni/pubblicazioni.asp; www.sidimar.ipzs.it). Ministry data

exhibited negative correlations between latitude and

environmental quality along the western coasts of Italy,

but this is hardly linkable to our data since we found that

the population density of both species does not co-vary

with latitude.

Future work to test the hypothesis of an inhibition of

photosynthetic efficiency of B. europaea at high tempera-

tures will involve experimental measurements of photo-

synthesis at different temperatures and stable isotopes

analyses on B. europaea skeletons to reconstruct the pho-

tosynthetic efficiency of the polyps.
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