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Cladocora caespitosa

The endemic reef-builder of the Mediterranean Sea 
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Columbretes Islands and the Illa Grossa Bay 
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Cladocora caespitosa bioconstructions in the Columbretes Islands Marine Reserve 
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Cladocora caespitosa bioconstructions in the Columbretes Islands Marine Reserve 

"[�

��B
�/�
��
�

���
�
V
���
����

+%��
�����'�(����+���
)
����
��%�%��
���%���
�
�
�	%�����
)����
%	*��
?)
� �%
)���� ���

+%��*� ��&��,�
	�
� 
)
� )
��+%�� �����
���
� �+� ��� F
�
%� ��	� J��
?
�I�	8� ��� 
)
� +�
�	5� J�� C
��� +��� )��� )
��� ��� ��	������)���� 
)
� ��� ��
��
�����
�������

����	����3����+��������	�����
�*�%�
+%���	���
�������
�����
�
��
�����V
�
)��&�

)
� E
��

��-�� 3
�
���� 	
�� ���� :��D�;� ��	� 
)
� ���%�(�


�� .����	�� �����
�
D
�
��
� +��� 
)
��� �%����
� 
)��%�)�%
� 
)
� �
%	*� �+� 
)
� ��� ��
��
�����
(������
�%�
����� ��� ���%�(�


��� E%����
� +��� 
)��� ,��&�,��� ����� �����	
	� (*� ��
gg@%���	
������
���22��
�
���)����
���
�
�����$����
��(*�
)
�=�����

����	
���
�����
�
.�������8�>�:��.;��+�E�������	�(*�
)
���.�������&����7
�
�:�?��  [L X TY;��?)���
���%�����
� ,��� ������
	� (*� ����
�%�
��
� ����
�
�� ��	
� (*� E�� �������5� D��
D�	��+�L�

�������	�����
��������
�







T��

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
:����,��(


����"���G���������	��
��
����H�
�
�
�
�
�



Unexpected patterns in Cladocora caespitosa reproduction 
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Chapter II 
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Cladocora caespitosa long-term responses to SST warming 
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Invasive macrophytes in a marine reserve: interactions with Cladocora caespitosa
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Invasive macrophytes in a marine reserve: interactions with Cladocora caespitosa
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ORIGINAL ARTICLE

Cladocora caespitosa bioconstructions in the Columbretes
Islands Marine Reserve (Spain, NW Mediterranean):
distribution, size structure and growth
Diego-Kurt Kersting1 & Cristina Linares2

1 Columbretes Islands Marine Reserve, Hnos Bou 31, 12003 Castelló, Spain

2 Departament d‘Ecologia, Universitat de Barcelona, Avda Diagonal 643, 08028 Barcelona, Spain

Introduction

The scleractinian Cladocora caespitosa (Linnaeus, 1767) is

the only endemic zooxanthellate coral in the Mediterra-

nean with reef-forming capacity at the present time

(Morri et al. 1994) and in the past (e.g. Aguirre & Jimé-

nez 1998). The oldest fossil reef known to date is after

the Messinian Event (Late Pliocene, Aguirre & Jiménez

1998), following the extinction of ancient tropical reef

ecosystems in the Mediterranean (e.g. Esteban 1996).

Therefore, C. caespitosa banks may be considered the

unique continuation of the reef ecosystems to the present

day (Kühlman et al. 1991; Aguirre & Jiménez 1998).

This species occurs at a wide range of substratum, depth

and hydrodynamic conditions (Zibrowius 1980; Schiller

1993). Schuhmacher & Zibrowius (1985) classified C. caes-

pitosa as a constructional but ahermatypic coral, as it does

not contribute significantly to the framework of reefs. In

the last few years, the family to which the genus Cladocora

belongs has been revised based on contrasting molecular

investigations. The genus has been excluded from Faviidae

and included first in Caryophylliidae (Romano & Cairns

2000) and afterwards in Oculinidae (Fukami et al. 2008).

The distribution of extant Cladocora caespitosa colonies

has decreased compared with the fossil distribution (Lab-

orel 1987). The causes of this historic reduction are not

clear but they could be associated with environmental

changes. Such decreases seem to be continuing today

(Morri et al. 2001). This decline is being reinforced by

recurrent mass mortality events that were recorded for

C. caespitosa during the last decade (Perez et al. 2000;

Rodolfo-Metalpa et al. 2005; Garrabou et al. 2009; Ker-

sting & Linares 2009), probably caused by climate warm-

ing (Lejeusne 2010). Thus, global warming seems to be
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Castelló, Spain.

E-mail: diegokersting@gmail.com

Accepted: 7 December 2011

doi:10.1111/j.1439-0485.2011.00508.x

Abstract

Today, living banks of the coral Cladocora caespitosa appear to be restricted to

a few Mediterranean locations and are threatened by the escalating impacts

affecting coastal areas. In this study the exceptional occurrence of the Mediter-

ranean coral C. caespitosa in the Columbretes Islands Marine Reserve (NW

Mediterranean, Spain) is characterised in terms of spatial distribution, cover

area, colony size and growth rates. The coral colonies form beds and banks in

rocky bottoms within a semi-enclosed bay that offers both hydrodynamic pro-

tection and high water exchange. The spatial distribution of the C. caespitosa

colonies, from 5 to 27 m depth, is highly aggregated, depending on sea-floor

morphology and showing up to 80% of substrate coverage. The annual corallite

growth rates obtained through the alizarin red staining method and x-ray

image analysis are similar, and range between 2.55 ± 0.79 mm and

2.54 ± 0.81 mm, respectively. The exceptional nature of these bioconstructions

is due to their cumulative cover area, which is comparable in size to the largest

C. caespitosa bioconstructions described to date in Mljet National Park

(Croatia, Adriatic Sea).
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an important threat for this temperate coral, which was

already included by Augier (1982) in a list of endangered

marine species.

Although Cladocora caespitosa is a conspicuous species,

large bioconstructions of this coral are very rare at the

present time, and the common C. caespitosa populations

are built up of small, disperse colonies. Some C. caespitosa

bioconstructions have been described, but only in a few

have the distribution patterns and main population charac-

teristics been intensively studied (Schiller 1993; Peirano

et al. 2001; Kružic & Požar-Domac 2003; Kružić & Benk-

ović 2008).

In this study, we describe the Cladocora caespitosa bio-

constructions in the Illa Grossa Bay (Columbretes Islands,

NW Mediterranean, Spain) in terms of spatial distribu-

tion, size structure and growth rates. The results are com-

pared with published data from other areas providing

new comparative information on biological and ecological

features of different populations of this endangered coral

species across the Mediterranean Sea.

Material and Methods

Study site

The Columbretes Islands emerge 30 nautical miles off the

coast of Castelló (Spain, NW Mediterranean) within a

90 · 40 km volcanic field at 80–90 m water depth

(Muñoz et al. 2005). A marine reserve encircles the archi-

pelago, covering an area of 5500 ha. Illa Grossa

(39�53.825¢ N, 0�41.214¢ E), the largest of the islets in

Columbretes (14 ha), is a C-shaped, drowned Quaternary

volcanic caldera that is open to the NE in the main direc-

tion of winter storm waves (Fig. 1) (Aparicio & Garcı́a

1995; Sánchez-Arcilla et al. 2008). The bay formed by this

islet has a total surface of 150,000 m2 and hosts the stud-

ied Cladocora caespitosa population.

The sea bottom in the bay has an average depth of

15 m and is covered mainly by rocky substrata and bio-

genic sands in the central and deeper areas. A wide flat

channel crosses the bay with the main storm direction

(NE). In the bay, the rocky slopes of the islet sink

abruptly, reaching at least 5 m depth in the shallowest

areas. In the central part of the bay the sea floor becomes

less steep, although eroded remnants of the successive

volcanic eruptions, in the form of crests (rock formations

over 5 m in height and 10 m in length) and blocks, are

frequent in the NW and SE borders (Aparicio & Garcı́a

1995). The infralittoral photophilic algal community cov-

ers the illuminated parts of the crests and blocks and is

mainly dominated by dense facies of Dictyopteris polypo-

dioides starting at 5 m depth (Templado & Calvo 2002).

Sea surface temperatures (SST) have been taken daily

with a calibrated mercury-in-glass thermometer since

1991. The mean monthly SST in Illa Grossa Bay ranges

from 13.16 ± 0.80 �C (February) to 26.19 ± 1.16 �C

(August) (±SD) (average obtained from daily measures

between 1991 and 2010; D.-K. Kersting & C. Linares,

unpublished observations).

Spatial distribution

Due to the size of the bay and the ubiquity of the Cladoc-

ora caespitosa colonies, high resolution mapping tech-

niques, such as used in Kružić & Benković (2008), had to

be disregarded. Instead, an interpolation technique using

transects was chosen and allowed to cover the whole bay.

Therefore, Illa Grossa Bay was surveyed through radial

transects starting from 14 homogeneously distributed

points throughout the bay from 1 to 30 m depth (Fig. 1).

There were at least four transects per point (North, East,

South and West). Transects were 50 m long and 1 m

wide (50 m2) and each of them was subdivided into ten

5 m2 areas to record: depth range, number of colonies

and colony diameters (major axis D1 and minor axis D2

following Peirano et al. 2001). The colony diameters were

measured to the nearest half centimeter with a 127-cm

aluminium tree caliper. The C. caespitosa cover was

obtained by approximating the colony base area to that

of a circumference (D1 = D2) or an ellipse (D1 „ D2)

depending on the shape of each colony.

The C. caespitosa cover in the bay was mapped through

interpolation of the coral cover data obtained in transects

with a gridding method (inverse distance to a power,

SURFER version 9 software). In the mapping and estima-

tions of coral cover, each of the 5-m2 areas was considered

as a single geographical location related to its coral cover

data.

Spatial autocorrelation of coral cover at different dis-

tance classes was studied with spatial correlograms (Oden

a b

Fig. 1. (a) Location of Columbretes Islands (NW Mediterranean Sea,

Spain). (b) Illa Grossa islet and the surveyed transects.
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& Sokal 1986) using Moran’s I coefficient (Moran 1950).

The autocorrelation coefficient Moran’s I evaluates

whether the spatial pattern observed is clustered,

dispersed or random. The distance classes used for the

correlogram were 10, 20, 30, 40, 50, 100 and 200 m and

the distance matrix was obtained from the geographical

position of each 5-m2 transect subunit. Significant posi-

tive autocorrelation means that within a particular dis-

tance class, the coral cover value is more similar

(clustered) than obtained randomly from any distance

class.

The spatial analysis was undertaken using PASSAGE

2.0 software (Rosenberg & Anderson 2011; http://www.

passagesoftware.net). Distance matrix used for the

Moran’s I correlogram was generated with GEOGRAPHIC

DISTANCE MATRIX GENERATOR 1.2.3 software (http://

biodiversityinformatics.amnh.org/open_source/gdmg). Rela-

tionships between the sea-floor morphology and coral

cover were searched by overlaying the bathymetry of the

bay (authorized by the Ministry of Environmental and

Rural and Marine Affairs, Spanish General Secretariat for

the Sea) and the coral cover map.

Size-frequency distribution and colony morphology

To choose a single size descriptor the correlation between

diameter (D1, D2) and height (H) was studied in 115 col-

onies (Fig. 2). D1 showed a positive and significant rela-

tionship with D2 (r2 = 0.8946; P < 0.01; n = 115) and

with H (r2 = 0.8134, P < 0.01; n = 115). Hence, D1 was

selected as the colony size descriptor, given also its easy

measurement. D1, measured on 1511 colonies in the bay,

was used to obtain the size-frequency distribution of the

population, which was analysed in terms of descriptive

statistics using skewness (Sokal & Rohlf 1995).

As no quantitative data are available on the local

current regime in the bay, the relationships between the

hydrodynamics of the bay and the shape of Cladocora

caespitosa colonies were investigated through the spheric-

ity Is-index (maximum height ⁄maximum diameter of a

colony) (Riedl 1966; Kružić & Benković 2008; Fig. 2) and

the correlation between D1 and the depth of colony

occurrence.

Colony growth rates

The annual polyp growth rate was estimated using two

methodologies: alizarin red staining technique and sclero-

chronology (x-ray image analysis of the corallites)

(Fig. 3). The staining method was applied both in aquaria

and in situ to colonies living between 14 and 16 m depth.

The alizarin red concentration used in both cases was

10 mgÆl)1, and the staining lasted for 24 h (Lamberts

1978; Schiller 1993; Rodolfo-Metalpa et al. 1999). The

colonies stained in aquaria were re-installed in the bay

after the staining treatment. This transplantation was

done using underwater putty to fix the base of the colony

to the rock at the same location and depth where it had

been previously collected. The in situ staining was under-

taken by covering each colony with a semi-spherical

transparent plastic structure well fitted to the ground to

avoid significant losses in the alizarin red solution (as

H

D1
D2

Is Index = H/D1

Fig. 2. Size descriptors used in the biometry of Cladocora caespitosa.

a

b

Fig. 3. (a) Alizarin red stain in Cladocora caespitosa corallites. (b)

X-ray image of a C. caespitosa corallite with annual high and low

density bands. Scale bars: 0.5 cm.
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described in Lamberts 1978). This structure was large

enough not to interfere with the colony, thus avoiding

polyp retraction. Five colonies were stained in 2008 (four

in aquaria and one in situ) and seven in 2009 (six in

aquaria and one in situ). The corallites of each colony

were collected 12 months after the staining. The corallites

were cleared of organic material and tissue by submersion

in H2O2 (30%) for 24 h and were then polished with an

electric mini-borer with a diamond cutting wheel until

the alizarin mark limit was clearly noticeable. A total of

540 corallites were used to measure the annual growth

rate with this method. The measurement was performed

with a caliper to the nearest 0.01 mm from the edge of

the calyx to the upper limit of the staining (Schiller 1993;

Rodolfo-Metalpa et al. 1999).

Evaluation of mean growth rates through corallite

x-ray analyses was conducted on 13 colonies of C. caespi-

tosa. Corallites were collected, cleaned in H2O2 (30%),

x-radiographed with a medical unit and growth rates

calculated with CORAL XDS software (http://www.

nova.edu/ocean/ncri//projects/coralxds/index.html) (Peir-

ano et al. 2005; Kružić & Benković 2008).

Given that the goal of the study was to provide mean

growth rates of C. caespitosa colonies in Columbretes for

comparison with similar published references, only the

differences in polyp growth obtained from both method-

ologies (alizarin red and x-ray) were tested through a

Kolmogorov–Smirnov two-sample test. The low number

of colonies stained with alizarin in situ and in the aquaria

prevented us from analysing statistically the differences

between both techniques as well as differences relating to

depth and sites. All statistical analyses were performed

using STATISTICA 8 software.

Results

Spatial distribution

The depth distribution of Cladocora caespitosa colonies in

the Illa Grossa Bay ranged from 5 to 27 m. The colonies

occurred on rocky and small block (average diame-

ter < 1 m) bottoms as well as on vertical, sub-vertical

and horizontal substrata. The highest C. caespitosa cover

was found between 10 and 20 m depth; about 85% of the

cumulative C. caespitosa colony area was concentrated at

this depth range (Fig. 4). Coral cover and depth showed

no linear correlation (r = )0.24, P < 0.01).

Although Cladocora caespitosa colonies were present

throughout the bay with an average cover of 1.9%, some

areas displayed remarkably higher colony concentrations

with contagious distributions. In these areas, the coral

cover reached values up to 80% (in 5 m2) and maximum

colony densities of 5.5 colonies per m2. Scattered banks

of C. caespitosa (bioconstructions covering several square

meters) were to be found within these colony beds.

The Moran’s I correlogram indicates a significant

(P < 0.01) positive autocorrelation of the coral cover

data, in agreement with contagious distribution at dis-

tance classes of 10–50 m (Fig. 5).

The main colony concentration zones were located at

the NW and SE areas of the bay, where the steepest crests

occur (Fig. 6). The mean cover obtained in these areas

ranged from 2.7 to 7% in the NW and SE areas, respec-

tively. The estimates of the overall surface covered by the

colonies reached 240 m2 in the NW area and 910 m2 in

the SE area. The cumulative cover area of C. caespitosa in

the bay was estimated to be approximately 2900 m2.

Size-frequency distribution and colony morphology

The size-frequency distribution of this population was

unimodal and non-normal (K-S d = 0.127, P < 0.01,

Fig. 7). The skewness of the distribution was significantly

positive (g1 = 1.667; Sokal & Rohlf 1995), which indicates

the prevalence of small classes in the population. The

mean colony diameter was 31.48 ± 21.02 cm (±SD), and

the maximum and minimum diameters recorded within

transects were 150 and 2 cm, respectively. Regarding

colony morphology, the average Is-index value obtained

for this population was 0.55 ± 0.21 (±SD).

D1 and depth showed no correlation (r = )0.19,

P < 0.01). All the size classes were represented in the

middle depth range of distribution (10–20 m), whereas

the largest colonies were absent in the upper and lower

limits (Fig. 4).

Fig. 4. Depth distribution of D1 and cumulative colony area per

depth in the surveyed transects.
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Colony growth rates

In the Cladocora caespitosa corallites, two bands are

deposited annually: a high-density band (HD) in the

winter and a low-density band (LD) in the summer, as

previously found by Peirano et al. (1999, 2005). However,

the annual HD and LD bands were not always noticeable

in radiographed corallites and, consequently, many sam-

ples had to be disregarded. The image analysis of the 30

corallites resulted in 95 annual HD and LD bands.

Based on the alizarin staining method, the mean

annual growth rate obtained for 2008 and 2009 was

2.55 ± 0.79 mm (±SD). The individual minimum and

maximum growths were 0.49 and 5.49 mm, respectively.

The mean annual growth rate obtained by means of the

x-ray images was 2.54 ± 0.81 mm (±SD), and the mini-

mum and maximum growth rates were 1.41 and

5.19 mm, respectively. While alizarin staining method

provided growth rates from a unique year, the x-ray

method obtained growth data from different years. None-

theless, growth rates obtained from both methodologies

did not display significant differences (Kolmogorov–Smir-

nov two-sample test, P = 0.1).

Discussion

The characteristics of the Cladocora caespitosa population

in the Columbretes Islands Marine Reserve were excep-

tional in the current framework of this species in the

Mediterranean Sea. Despite the common occurrence of

colonies of C. caespitosa, barely 10 living banks and beds

of this species have been described in different locations

at the Western and Eastern Mediterranean Sea to date,

(Fig. 8). The mean colony diameter (D1) and coral cover

values obtained in Columbretes were higher than those

reported in other Mediterranean sites such as the Bay of

Piran and La Spezia (Schiller 1993; Peirano et al 2001).

The overall surface covered by Cladocora caespitosa was

comparable in size to the largest described C. caespitosa

bank reef known in the Mediterranean, at Veliko jezero

in the Mljet National Park (Croatia), as reported by

Kružić & Benković (2008). However, the type of colony

distribution in these two sites differed widely: there is a

continuous reef in Veliko jezero and a combination of

banks and separate colonies in Columbretes (Fig. 6). By

applying the terminology proposed by Peirano et al.

(1998), that is, bed (a great number of distinct subspheri-

cal colonies 10–30 cm in diameter) or bank (large forma-

tions reaching several decimeters in height and covering

several square meters in surface area), the C. caespitosa

population of the Columbretes Islands can be considered

a combination of both types of colony distribution. A ver-

itable reef development is almost certainly limited by the

hydrodynamic conditions within the bay. There are fre-

quent remains of broken colonies throughout the bay, the

result of the combined action of boring organisms and

hydrodynamics. In fact, some of the detritic deposits

within the bay have an important fraction of corallite

fragments.

The contagious distribution pattern of Cladocora caes-

pitosa in the bay is probably related to at least two fac-

tors: reproductive strategies and sea-bottom morphology.

Clumped distributions have been reported for benthic

species with philopatric dispersion (e.g. Gori et al. 2011),

including C. caespitosa (Peirano et al. 2001). In the case

of C. caespitosa the only study dealing with reproduction

Fig. 5. Spatial correlogram (Moran’s I) for Cladocora caespitosa cover in the Illa Grossa Bay. Solid dots show significance (P < 0.01) for the

Moran’s I coefficient in the distance classes.
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(Kruzic et al. 2007) shows the occurrence of mechanisms

that force the eggs to stay near the parental colonies (e.g.

eggs covered in mucus coating). These mechanisms

reduce the dispersion of eggs and consequently of larvae,

which will finally develop new colonies near the parental

ones. On the other hand, the distribution of C. caespitosa

in the bay has been shown to be associated with sea-bot-

tom morphology and hydrodynamic protection. The two

areas in the bay displaying higher coral cover values

occurred in sites with irregular bottom morphology,
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Fig. 6. Cladocora caespitosa bioconstructions

in the Illa Grossa Bay. (a) Coral cover (%)

map of the bay. Scale bar: 100 m. (b) Detail

of a C. caespitosa bank in the study area (the

scale is 30 cm). (c) Bathymetric map of the

study bay, dotted ovals show the zones

where rock crests are predominant and

arrows show the NE–SW central channel in

the bay. (d) 3D coral cover map of the area

(note that the relief in this map reflects the

coral cover values, not the sea-floor

morphology).
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where rock crests and blocks are common. These features

and the relative location of these sites in the bay, at both

sides of the central NE–SW channel (Fig. 6), ensure rela-

tive protection during the strong NE storms occurring in

fall and winter (Sánchez-Arcilla et al. 2008).

No correlation between depth and the colony diameter

(D1) or coral cover was found. Most of the Illa Grossa

Bay C. caespitosa population is concentrated in the 10–

20 m depth range. The low coral cover and the absence

of the bigger colony sizes in the shallowest limit of the

distribution (5–10 m) are probably related to a higher

exposure to waves. But this absence is as also clearly

noticeable in the deeper range (20–30 m); in this case the

prevalence of low cover and smaller sizes could be related

to sea-floor morphology and substrata, as detritic beds

are more common in this depth range and rocks are rare.

The Is-index obtained for the Columbretes colonies

showed a high degree of colony sphericity and is

comparable to the minimum values obtained by Kružić &

Benković (2008) in Mljet. These lower values were related

by these authors to the influence of strong bottom sea

currents. In spite of the protection given by the C-shaped

Illa Grossa islet to waves and currents coming from the

N, S and W, currents can be quite strong in the bay with

E and NE winds. Hence, the combination of protection

and elevated water exchange with the open sea seems to

be a common factor in the development of large C. caes-

pitosa bioconstructions; the reef described by Kružić &

Benković (2008) in Mljet is a perfect example. Other sim-

ilarities in the bioconstructions of Mljet and Columbretes

were the depth range in which the colonies are found and

the temperature regime.

High erect algal cover has been considered a limiting

factor in C. caespitosa development (Peirano et al. 1998).

The occurrence of shallow beds of this coral has been

attributed to factors inhibiting algal growth, such as water

turbidity or the grazing activity of sea urchins (Herndl &

Velimirov 1986; Morri et al. 2001). It has even been

hypothesised that the occurrence of C. caespitosa banks

happens only below the compensation depth of photo-

philic algae (Rodolfo-Metalpa et al. 1999). The algal cover

in Columbretes is significantly high (Templado & Calvo

2002), and in the Illa Grossa Bay, C. caespitosa often

occurs within a high coverage of Dictyopteris polypodioides

in the infralittoral photophilic algal community, although

colonies in a sciaphilic habitat are also found. Halimeda

tuna, Cystoseira sauvageauana and Cystoseira compressa

frequently grow in the interstices between polyps of some

of the colonies as well. Despite the high algal cover in the

bay, only Codium bursa and Codium coralloides have been

occasionally observed overgrowing C. caespitosa colonies.

Therefore, contrary to the previous finding that large beds

and banks are limited by high algal cover, an important

C. caespitosa population has developed in Columbretes

despite the dense photophilic algal community, reinforc-

ing the high level of ecological plasticity of this coral,

which is capable of living in such contrasting environ-

ments as photophilic communities (e.g. Columbretes) or

circalittoral coralligenous assemblages, e.g. in Bonassola

and Riomaggiore, Ligurian coast (Morri et al. 1994), or

in Cap de Creus and Medes Islands, Catalan coast (D.

Kersting & C. Linares, personal observation).

Alizarin staining technique and x-ray analysis showed

no significant difference in the growth rates obtained.

Kružić & Požar-Domac (2002) used both methodologies

in parallel and with similar results. However, certain

factors must be taken into account when considering

Fig. 7. Size frequency distribution of Cladocora caespitosa colonies in

Illa Grossa (n = 1511).

Fig. 8. Main living Cladocora caespitosa bioconstructions described in

the literature. 1. Columbretes Islands (Present work). 2. Port-Cros (Lab-

orel & Laborel-Deguen 1978). 3. La Spezia region (Morri et al. 1994,

2000; Peirano et al. 2001, 2005; Rodolfo-Metalpa et al. 2005). 4. Bay

of Piran (Schiller 1993). 5. Rovinj (Zibrowius 1980). 6. Prvić (Zibrowius

1980; Kružić & Benković 2008). 7. Pag (Kružić & Benković 2008). 8.

Mljet (Kružic & Požar-Domac 2003; Kružić & Benković 2008). 9. Eubée,

Gulf of Atalanta (Laborel 1961). 10. Tunisia (Zibrowius 1980).
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these methodologies. As mentioned above, annual HD

and LD banding are not always noticeable in radio-

graphed corallites. The causes of this remain unknown

and further research should investigate the factors which

determine the pattern of seasonal calcium deposition. On

the other hand, the staining was successful using both

treatments, in aquaria and in situ. In this study, the in

situ staining method was used to stain C. caespitosa coral-

lites for the first time, and it was an effective and easily

implemented method with minimal manipulation of the

colonies. The only limitation was that the staining struc-

ture requires a tight fitting to the ground.

The annual growth rate obtained for C. caespitosa in

Columbretes fits into the lower range of the results

obtained by different authors using either alizarin staining

or x-ray analysis on living colonies (Table 1). These rates

demonstrate the slow growth of this species. Bearing in

mind these growth rates, the mean age of the colonies in

the bay of Columbretes Island could be roughly estimated

at 50 years; almost 10% of the colonies may be over

100 years old, and some colonies in Columbretes could

reach ages up to 300 years.

The large C. caespitosa bioconstructions in the Mediter-

ranean have a high patrimonial value due to their rarity,

their slow growth and the dynamics of this coral species.

Moreover, their conservation is an important concern in

the face of the increasing threats affecting these excep-

tional bioconstructions. Although the Columbretes Islands

Marine Reserve protects C. caespitosa in the Illa Grossa

Bay from direct human impacts, this population could be

endangered by global change-related disturbances such as

recurrent mortalities linked to positive thermal anomalies

(Kersting & Linares 2009) or the presence of invasive

algal species such as Caulerpa racemosa and Lophocladia

lallemandii. Given that the Columbretes Islands are

isolated at the edge of the continental shelf 60 km from

the nearest coast, and the main current regime from

north to south (Font et al. 1990) in this area, the connec-

tivity of the Columbretes C. caespitosa population with

the nearest populations at the coast west of the islands is

probably very low. To evaluate the viability of these

endangered Mediterranean bioconstructions, further sci-

entific studies are needed on topics such as population

dynamics and connectivity, especially in the present con-

text of the impacts from global change.
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INTRODUCTION

Understanding reproductive biology is essential to
comprehending the population dynamics of marine
or ganisms (Fadlallah 1983). Hence, knowledge of
coral reproduction is necessary for the management
and preservation of coral reefs. For example, suc-
cessful reproduction can allow for the addition of
new individuals to existing populations, the coloniza-
tion of new areas, and the recovery of populations
damaged by natural or human disturbances. 

The majority of scleractinian species can be classi-
fied as either hermaphroditic or gonochoric; how-
ever, more complex sexual patterns have also been
described (Harrison & Wallace 1990, Baird et al.
2009, Guest et al. 2012). Likewise, there are 2 types
of larval development or reproductive modes. Fertil-
ization is either internal, i.e. the embryo develops
within the polyp and is released as a motile planula

larva (brooding), or external, with the embryo devel-
oping in the water column (broadcast spawning)
(Harrison & Wallace 1990, Baird et al. 2009). How-
ever, information on the reproductive biology of tem-
perate scleractinian species is relatively scarce in
comparison to tropical scleractinian corals (see Harri-
son 2011 for a review), particularly for the Mediter-
ranean Sea (Goffredo & Zaccanti 2004, Goffredo et
al. 2006, Goffredo et al. 2010).

Hermaphroditic broadcast spawners are the domi-
nant group among tropical scleractinian corals (Harri-
son & Wallace 1990, Harrison 2011, Kerr et al. 2011).
In contrast, temperate scleractinians appear to display
higher variability in their sexual condition and fertil-
ization strategy, although the latter appears to be fairly
consistent within the same family. Within the family
Caryophyllidae, for example, the species Ca ryo phyl -

lia inornata, C. smithi, Lophelia pertusa and Paracy-

athus stearnsii are gonochoric, whereas C. ambrosia,
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C. cornuformis and C. sequenzae appear to be herma -
phroditic (Fadlallah & Pearse 1982a, Waller et al.
2005, Waller & Tyler 2005, Goffredo et al. 2012). How-
ever, all these species, except for C. inornata, show
the same fertilization mode (external; broadcast
spawners) (Fadlallah & Pearse 1982b, Waller et al.
2005, Waller & Tyler 2005, Goffredo et al. 2012). Simi-
larly, in the family Dendrophylliidae, Balano phyllia

elegans and Leptopsammia pruvoti are gono choric,
whereas B. europaea is des cribed as a hermaphroditic
species (Fadlallah & Pearse 1982a, Goffredo & Zac-
canti 2004, Goffredo et al. 2006). All species of the
Dendrophylliidae are brooders and show internal fer-
tilization of gametes (Fadlallah & Pearse 1982a, Gof-
fredo & Zaccanti 2004, Goffredo et al. 2006).

The scleractinian Cladocora caespitosa (Linnaeus,
1767) is the only reef-forming Mediterranean ende -
mic zooxanthellate coral (Morri et al. 1994, Aguirre
& Jiménez 1998). This coral is physiologically and
morph o logically similar to the typical tropical reef-
building scleractininans, being zooxanthellate, colo-
nial and capable of forming extensive bioconstructions
(Zi bro wius 1982). C. caespitosa occurs from shallow
waters to depths of approximately 40 m (where light
still allows photosynthesis by the symbiotic zooxan-
thellae) and at sites characterized by calm waters or
exposed to strong currents (Zibrowius 1982, Kružić &
Benković 2008, Kersting & Linares 2012). Currently,
living banks of the coral C. caespitosa appear to be
res tricted to a few Mediterranean locations and are
threatened by the escalating impacts affecting coastal
areas such as global warming and the spread of inva-
sive species (Kružić & Požar-Domac 2007, Kružić et al.
2008b, Kersting & Linares 2012). Furthermore, C. cae-

spitosa populations have been strongly affected dur-
ing the past decade by mass-mortality events related
to positive sea surface temperature (SST) anomalies
(Perez et al. 2000, Rodolfo-Metalpa et al. 2005, Garra -
bou et al. 2009, Kersting & Linares 2009).

To date, only 2 studies based on in situ observations
and preliminary histological analyses have provided
insights into the reproduction of this emblematic spe-
cies. The spawning of this coral species was first ob-
served by Schiller (1993) in the Bay of Piran
(Northern Adriatic Sea), where eggs and sperm bun-
dles were released by a few colonies 4 d prior to the
full moon in June. More recently, Kružić et al. (2008a)
observed the timing and mode of spawning on banks
of C. caespitosa in the saltwater lake Veliko jezero
(Mljet National Park, Croatia) and described the spe-
cies as colonial hermaphroditic but with colonies re-
leasing either sperm or eggs during each spawning
episode 2 nights before the full moon in June 2005.

The aim of this study was to increase our knowl-
edge of the reproductive biology of Cladocora cae-

spitosa in the Western Mediterranean. The biocon-
structions of this emblematic species along the
Mediterranean Sea are currently threatened by sea-
water temperature increases and other anthro-
pogenic impacts, and a thorough understanding of
the reproductive characteristics of the species is
imperative. We used histological techniques to
study the sexual condition, as well as the reproduc-
tive cycle of this species in order to assess the
timing of spawning in the Columbretes Islands Mar-
ine Reserve (Western Mediterranean, Spain). This
information was compared with results previously
re ported for the Adriatic Sea. In addition, we exam-
ined the sexual condition of C. caespitosa in 5 West-
ern Mediterranean locations to determine the gen-
eral patterns of reproduction in this area.

MATERIALS AND METHODS

To determine the sexual condition of Cladocora

caespitosa (gonochoric vs. hermaphroditic) at both
polyp and colony levels, colonies of C. caespitosa

were sampled by SCUBA in 5 Western Mediterran-
ean locations: Columbretes Islands Marine Reserve
(Spain), Eivissa (Spain), Medas Island Marine
Reserve (Spain), Cap de Creus Natural Park (Spain),
and Natural Reserve of Scandola (Corsica) (Fig. 1).
The number of sampled colonies per site was vari-
able, depending on the abundance of the species at
each sampling site (Table 1).

166

Fig. 1. Map of the study sites in the Western Mediterranean
and Adriatic Sea (Sites 1−5 in this study and Site 6 in
Kružić et al. 2008a). 1: Columbretes Islands Marine Reserve
(W Medi terranean, Spain), 2: Eivissa (W Mediterranean,
Spain), 3: Medas Island Marine Reserve (NW Mediterran-
ean, Spain), 4: Natural Reserve of Scandola (NW Mediter-
ranean, France), 5: Cap de Creus (NW Mediterranean,
Spain) and 6: Mljet National Park (Adriatic Sea, Croatia). 

Scale bar = 200 km
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To investigate the reproductive cycle of Cladocora

caespitosa, 10 colonies were surveyed monthly
from April 2008 to July 2009 in the Columbretes
Islands Marine Reserve (Spain, NW Mediterranean,
39° 53.825’ N, 0° 41.214’ E) at a depth of 15 m. These
colonies (20−50 cm in diameter) were individually
marked in one of the areas with higher coral cover in
Illa Grossa Bay (Kersting & Linares 2012). Particular
efforts were made to select healthy colonies with no
signs of recent or past mortality. Seawater tempera-
ture was measured daily during the study period
with Stowaway Tidbits (ONSET, Cape Cod, MA,
USA) auto nomous sensors installed at the same
depth and location as the studied colonies.

Initial histological analyses were conducted to
assess the sexual condition of Cladocora caespitosa

in all sampled sites, as well as to assess the sex of
each of the 10 marked colonies in the Columbretes
Islands; 3 polyps per colony were sampled for this
purpose. According to these results, 3 male and 3
female colonies were selected and 3 polyps of each
colony were further investigated. By the end of the
study, 33 polyps per colony had been analyzed. The
collected samples were fixed in 4% formaldehyde in
seawater, decalcified in a solution of HCl (37%),
formaldehyde and water (1.3:0.8:7.9) for 24 h, dehy-
drated through a graded alcohol series and finally
embedded in paraffin. Cross sections of polyps
(5−6 μm thick) were stained with haematoxylin-eosin
and examined under a light microscope equipped
with a micrometer. In female colonies, the total num-
ber of oocytes per polyp was counted and minimum
and maximum diameters of oocytes (sectioned
through the nucleolus) were measured. The number
of oocytes per polyp was counted when less than 100;
whenever more than 100 oocytes were observed, the
polyp was classified in the class >100. Oocyte diame-
ters were measured in a maximum of 30 oocytes per
polyp. In male colonies, only the number of sper-
maries was recorded due to the impossibility of
measuring their size accurately. Due to the low num-
ber of either oocytes or spermaries in some samples,

we were unable to establish specific stages of matu-
ration; however, as maturation and oocyte size are
correlated (Shlesinger et al. 1998) we used the latter
to estimate oocyte development.

Pearson’s product−moment correlation was com-
puted to examine the relationship between oocyte
size (diameter) and seawater temperature at 15 m
depth using the software package STATISTICA 8.0.

RESULTS AND DISCUSSION

Colonies of the scleractinian coral Cladocora cae-

spitosa from the Western Mediterranean were deter-
mined to be gonochoric, since all polyps examined
within the same colony were of the same sex. This
species was described as hermaphroditic in the Adri-
atic Sea by Kružić et al. (2008a), i.e. polyps within
one colony had both male and female gonads. In fact,
the preliminary histological analysis made by these
authors showed that oocytes and spermaries devel-
oped on separate mesenteries within each polyp.
Moreover, these authors found that a single colony of
C. caespitosa in the field released either female or
male gametes, but not both simultaneously. In con-
trast, we found either oocytes or spermaries in a sin-
gle polyp and colony and no signs of sex reversal,
which are both typical signs of a gonochoric sexual
condition (Fig. 2). Even though spawning was not
directly observed in this study, the simultaneous mat-
uration of gametes and the drastic decrease in the
number of occytes and spermaries between August
and October (Fig. 3) suggested that the release of
sperm and eggs occurred at or around the same time
in the Western Mediterranean C. caespitosa.

Although corals display great plasticity in their life-
history characteristics (Richmond & Hunter 1990),
sexuality is generally consistent within most coral
species and genera and within certain families (Har-
rison 2011). However, some examples of changes in
sexual condition among populations have been re -
ported in the literature. The scleractinian reef build-
ing coral Diploastrea heliopora was first classified as
gonochoric on the Great Barrier Reef (Harrison 1985)
but in Singapore was recorded to have colonies with
hermaphroditic polyps, showing concurrent male
and female gametes (Guest et al. 2012). This species
may exhibit alternate sexual function, with an over-
lap occurring when the end of one gametogenic cycle
coincides with the beginning of the next cycle. In
other species, unidirectional protandry has been
related to colony size and age (e.g. Stylophora pistil-

lata; Rinkevich & Loya 1979), and bidirectional sex
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Population Males Females Immature

Columbretes Is. 4 5 1
Eivissa 0 2 0
Medas Islands 2 6 2
Scandola 2 0 0
Cap de Creus 4 0 0

Table 1. Summary of the sexual condition of Cladocora cae-

spitosa colonies sampled at 5 study sites in the Western 
Mediterranean. No colonies were hermaphrodite
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change has also been described for corals from the
family Fungiidae (Loya & Sakai 2008). Sexual mode
variation has been also documented for Protopa-

lythoa species in the Great Barrier Reef (Babcock &
Ryland 1990) and for Palythoa tuberculosa in Japan

(Yamazato et al. 1973). In the latter study, colonies
were reported to be herma phroditic while polyps
within these colonies were gonochoric (Hirose et al.
2011). The variability in sexual condition of Clado-

cora caespitosa appears to be one of the first records
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Fig. 3. Cladocora caespitosa. (A)
Number of oocytes per polyp, (B)
oocyte diameter, (C) number of
spermaries per polyp and seawa-
ter temperature in the Colum-
bretes Islands Marine Reserve.
Oocyte and spermaries data are
shown in bars (monthly average
± SD), and SST is shown as points
connected by a smoothed line
(monthly average ± SD). Grey
background: reproductive season

Fig. 2. Gonads of Cladocora

caespitosa. (A) Female septum
packed with mature oocytes
(July 2008) containing an oval
nucleus and a spherical nucleo-
lus. (B) Male with  spermaries
filled with spermatozoa (August 

2008). Scale bars = 50 μm
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of this unusual plasticity in a temperate coral, along
with Astroides calycularis, which was described as
hermaphroditic in Algeria (Lacaze-Duthiers 1873)
and as gonochoric in the Southern Tyrrhenian Sea
(Italy) (Goffredo et al. 2010).

During the first year of study in the Columbretes
Islands, oocytes and spermaries were detected in
the mesenteries from April to October 2008 (Fig. 3)
and reached their maximum development in August
2008, when oocyte mean diameter was 88.43 ±
22.53 μm (mean ± SD) and the number of oocytes and
spermaries reached approximately 100 per polyp
(Fig. 3). Gamete abundance showed a monthly in -
crease during both study years, with a peak in July
and August 2008 and a remarkable decrease in Octo-
ber 2008. The number of oocytes per polyp increased
from an average of 10 ± 8.64 in April 2008 to ~100 in
July 2008. Similarly, the number of spermaries in -
creased from 7 ± 4.71 in April 2008 to ~100 in July
2008. During the second year of the study (2009),
oocytes and spermaries were first detected in March
and April, respectively. Although the monthly num-
ber of oocytes was very comparable between the
2 study years, the number of spermaries showed
higher variability, especially in June (52 ± 30.4 in
2008 vs. 7 ± 4.7 in 2009). The maximal oocyte size
found in this study also contrasted with previous
findings reported for C. caespitosa in the Adriatic Sea
(Kružić et al. 2008a). The mean diameter of spawned
eggs described by these authors was 416 ± 73.12 μm,
over 4 times greater than our measurements. Even
though Kružić et al. (2008a) estimated oocyte sizes
after spawning, the difference in size is extraordi-
nary. To date, only small changes in oocyte sizes of
scleractinian corals have been reported during the
last month before spawning (Shlesinger et al. 1998).

Oocyte development (in terms of size) were
strongly correlated with seawater temperature (r =
0.80, p < 0.05, Fig. 3). The drastic decrease in number
of gametes in October 2008 indicated that spawning
occurred at the end of the summer in the Colum-
bretes Islands, a pattern that differs from the spawn-
ing period described for the Adriatic Sea (early sum-
mer) (Schiller 1993, Kružić et al. 2008a). Several
studies have demonstrated that reproductive traits,
including the spawning period, vary with latitude
and geographic location (Rinkevich & Loya 1979,
Kojis 1986, Richmond & Hunter 1990, Fan & Dai
1995, Baird et al. 2009). Seasonal changes in sea -
water temperature are frequently cited as an impor-
tant environmental factor controlling gametogenetic
cycles or planulae release periods in scleractinian
corals (see Richmond & Hunter 1990 and Harrison

2011 for reviews). Accordingly, we could hypo thesize
that differences in seawater temperature be tween
the Western Mediterranean and the Adriatic Sea
could result in a shift in the reproductive cycle of
Cladocora caespitosa. However, populations in both
regions are located at similar latitudes and subjected
to similar seasonal seawater temperature regimes
(Kružić & Benković 2008 and present study). How-
ever, gamete spawning appeared to be related to
contrasting periods of seasonal SST regimes: increas-
ing temperatures in the Adriatic versus decreasing
temperatures in the Western Mediterranean. Thus, a
temperature shift cannot explain the differences
reported in gamete spawning, either in time (a 
>2-mo lag occurs between spawning in the Adriatic
and the Western Mediterranean Seas) or in the sea-
sonal SST regime (decreasing versus increasing
SST).

Alternatively, the differences in the reproductive
traits (i.e. oocyte size) observed for Cladocora caespi-

tosa from the Western Mediterranean and the Adri-
atic could be due to genetic divergences between
these geographic regions. Further analyses using
nuclear DNA markers are needed to investigate
whether these regional populations correspond to
different lineages. In fact, the taxonomy and system-
atics of the entire order Scleractinia are being
reviewed using several genetic markers and results
to date have revealed several discrepancies between
morphological observations and phylogenetic analy-
ses (Pinzón & LaJeunesse 2011, Budd et al. 2012).

In contrast to the reproductive differences found
between Cladocora caespitosa populations in both
Mediterranean regions investigated to date, our
results re vealed many reproductive similarities with
the coral Oculina patagonica (cited as a Mediterran-
ean alien species; Zibrowius 1974). O. patagonica

has been described as gonochoric in both the Eastern
and Western Mediterranean. In both regions, it
reached its maximum gonadal development in
August (oocyte mean diameter 100 μm), coinciding
with the highest water temperatures (Fine et al.
2001). As our results suggested for C. caespitosa,
spawning in O. patagonica was observed in Septem-
ber, when the temperature began to decrease (Fine
et al. 2001). Consequently, our results indicated that
the driving factor for gonad development in C. cae-

spitosa is directly related to increasing seawater tem-
peratures in  summer, although other factors, such as
changes in photoperiod, were not investigated and
cannot be excluded. As observed by Glynn et al.
(2012), coral sexual traits in several taxa demonstrate
strong phylogenetic relationships. The similarities
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reported here between the reproductive cycles of
C. caespitosa and O. patagonica support recent
mole cular phylogenies grouping both species within
the same family (Oculinidae; Fukami et al. 2008).

Although Cladocora caespitosa reefs were abun-
dant in the past history of the Mediterranean Sea
(Aguirre & Jiménez 1998), bioconstructions of this
coral are currently very rare and should be consid-
ered endangered (Kružić & Benković 2008, Kersting
& Linares 2012). A thorough knowledge of the  sexual
reproduction of C. caespitosa will allow the design of
 efficient protection and conservation plans for this
emblematic species in the Mediterranean Sea. Fur-
ther research on this topic is needed to better under-
stand the unusual reproductive plasticity of this tem-
perate coral and how its reproductive biology might
affect its ecology.
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Abstract

Recurrent climate-induced mass-mortalities have been recorded in the Mediterranean Sea over the past 15 years. Cladocora
caespitosa, the sole zooxanthellate scleractinian reef-builder in the Mediterranean, is among the organisms affected by
these episodes. Extensive bioconstructions of this endemic coral are very rare at the present time and are threatened by
several stressors. In this study, we assessed the long-term response of this temperate coral to warming sea-water in the
Columbretes Islands (NW Mediterranean) and described, for the first time, the relationship between recurrent mortality
events and local sea surface temperature (SST) regimes in the Mediterranean Sea. A water temperature series spanning
more than 20 years showed a summer warming trend of 0.06uC per year and an increased frequency of positive thermal
anomalies. Mortality resulted from tissue necrosis without massive zooxanthellae loss and during the 11-year study, necrosis
was recorded during nine summers separated into two mortality periods (2003–2006 and 2008–2012). The highest necrosis
rates were registered during the first mortality period, after the exceptionally hot summer of 2003. Although necrosis and
temperature were significantly associated, the variability in necrosis rates during summers with similar thermal anomalies
pointed to other acting factors. In this sense, our results showed that these differences were more closely related to the
interannual temperature context and delayed thermal stress after extreme summers, rather than to acclimatisation and
adaption processes.
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Introduction

Since the late 20th century, global warming has been enhanced

by human activities [1]. In this ongoing climatic change, climatic

models predict that the Mediterranean Sea will be among the

regions that are most affected by the warming trend and the

increase of extreme events [2,3]. In fact, warming trends in the last

decades are well documented for the Mediterranean Sea, in both

deep and coastal waters [4–7].

In the Mediterranean Sea, the frequency of abnormally warm

summers has increased, resulting in unprecedented mass-mortality

events. Although some early mortalities were detected in the 1970s

and 1980s (e.g., [8,9]), the first multispecies mass-mortality event

was described in the NW Mediterranean in the summer of 1999

[10–12]. In the summer of 2003, a new mass-mortality episode

occurred in NW Mediterranean coastal waters, this time over a

larger geographic area [13]. Both events affected over 30 species of

benthic invertebrates, mostly cnidarians, sponges and bryozoans

[13,14].

While the relationship of these mortalities to water temperature

was unequivocal [11,13], different factors, such as energetic

constraints due to prolonged summer stratification of the water

column [5] and pathogens [15], have been linked to the direct

cause of death of the organisms. To date, several studies have

examined the direct relationship between sea-water temperature

and the mortality patterns of affected species; however, these

studies are basically field studies encompassing one or a few years

of observations [13,16,17] or laboratory experiments [5,18].

Hence, there is an important lack of long-term studies assessing

the long-term responses of temperate species to ongoing warming.

Cladocora caespitosa, the sole zooxanthellate scleractinian reef-

builder in the Mediterranean, is among the organisms affected by

these mortalities [12,13,19,20]. Although it can be considered a

conspicuous species, extensive bioconstructions of this endemic

coral (i.e., banks; [21]) are very rare at the present time and are

threatened by global change-related disturbances, such as the

above-mentioned mortalities as well as the presence of invasive

species [22,23]. Although an important effort has been made to

study the thermal tolerance of this species in aquaria [20,24,25],

no study has assessed the long-term effects of warming-induced

mortalities on natural C. caespitosa populations, especially on the

endangered micro-reefs of this coral.

Here, we provide, for the first time, an analysis of the

relationship between seawater warming and mortality in a C.

caespitosa population over an 11-year period. We do so using data

on the local water temperature regime for the period from 1991 to

2012 in the Columbretes Islands; this data set can also provide

additional information on Mediterranean warming trends. The
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objectives of the present work are to study the existence of

correlative evidence between the occurrence and intensity of the

necrosis events and the local sea surface temperature (SST) regime

and to compare the response of C. caespitosa throughout the

recurrent mortality events in the Columbretes Islands to obtain

information on the long-term effects of thermal anomalies on

Mediterranean benthic species.

Materials and Methods

Ethics Statement
This study was conducted according to the permitting

requirements of the Columbretes Islands Marine Reserve

Authority (Secretarı́a General de Pesca, MAGRAMA). The

Secretarı́a General de Pesca specifically issued the required

permission for the C. caespitosa study in the Columbretes Islands

Marine Reserve.

Study site
TheColumbretes Islands emerge 30 nautical miles off the coast of

Castelló (Spain, NWMediterranean). Amarine reserve encircles the

archipelago covering an area of 5,500 ha. Illa Grossa (39u53.8259N,

0u41.2149E), the largest of the islets in the Columbretes (14 ha), is a

C-shaped, drowned, Quaternary volcanic caldera (Fig. 1). The

studied C. caespitosa population occurs in the central area of the bay

formed by this islet (150,000 m2, 5–30 m depth range); with the

highest coral cover values in the NW and SE parts. The cumulative

coral cover in the bay reaches 2,900 m2 in amixed bank-bed colony

distribution [22].

C. caespitosa mortalities
The impact of tissue necrosis on the C. caespitosa colonies was

studied each year over the period 2002–2012. Mortalities were

described and quantified by combining annual random transects

and long-term monitoring of individually identified colonies. In

the random transects, a total of 110 to 160 colonies were surveyed

annually during the autumn (October – November). The long-

term annual monitoring of identified colonies began in 2002 with

26 individually marked and mapped colonies; which were

increased to 250 in 2006. The surveyed colonies occurred at a

depth range of 5 to 20 m, and their maximum diameters ranged

from 5 to 150 cm. Schemes and photographs of each colony were

used in each survey to depict the areas affected by necrosis.

In each surveyed colony the following data were obtained:

depth, percentage of the colony area affected by necrosis (in

increments of 10% and differentiating recent or old necrosis) and

the size of the colony through its maximum axis. The percentage

of necrosis was always related to the living area of the colony.

Necrosed areas below 10% were not considered to prevent

confusion with other sources of natural mortality, such as those

eventually induced by depredation by the gastropod Babelomurex

cariniferus (Kersting DK, pers. obs.).

To detect delayed necrosis in the C. caespitosa colonies,

additional surveys were undertaken four to five months after the

first necrosis was detected.

Kolmogorov-Smirnov two-sample tests were used to determine

whether there were significant differences in necrosis for the

following comparisons: (i) along the depth gradient (5–15 m vs.

15–20 m; because vertical temperature profiles showed weak

vertical gradients (,1uC) in the upper 15 m of depth during the

warmest period), (ii) between the two main mortality periods

(2003–2006 vs. 2008–2012) and (iii) during the second mortality

period, between colonies that were previously unaffected (,10%

necrosis) or affected ($10% necrosis) during the first mortality

period. This last test explored the existence of any degree of

acclimatisation over time.

Kruskal-Wallis analysis was used to test for differences in

necrosis depending on colony size (maximum diameter size classes:

,25 cm, 25–50 cm, .50 cm).

Temperature measurements
The SST data have been recorded daily in the Columbretes

Islands Marine Reserve since 1991 at depths of 1 m using a

calibrated mercury-in-glass thermometer (Thies Clima, model

2.2141.00.64, Göttingen, Germany). The temperature was mea-

sured between 8:00 and 9:00 a.m. by the Marine Reserve wardens

following the same protocol (bucket sampling in the first meter of

water and direct measurement with the thermometer). Overall,

Figure 1. Map of the study site. A. The Columbretes Islands (NW Mediterranean, Spain). B. Illa Grossa Bay.
doi:10.1371/journal.pone.0070820.g001
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6,028 daily measurements of SST were collected, which covers

75% of the 1991–2012 period, with a mean value of 274 data logs

per year and a mean temporal cover of 87% during the summer

(June-September). However, with only 27 data logs during the

summer, the year 2000 was not considered in the statistical

analyses.

Uncertainty in SST from bucket measurement is on the order of

a few tenths of a degree C [26]. Comparisons with hourly records

recorded by autonomous data loggers (Water Temp pro v2,

ONSET, Cape Cod, MA, USA; accuracy: 0.21uC, resolution:

0.02uC) at 1 m depth from June 2011 to October 2012 yielded

very good results, indicating that these punctual measurements

reflected the near surface thermal environment (T1m =0.97 SST

+ 0.64, r = 0.99, p,0.001, N= 446). Additional temperature

profiles (0–20 m) were recorded monthly in the Illa Grossa Bay

from 2004 to 2007 using an SBE 39 temperature and pressure

sensor (Sea-Bird Electronics, Bellevue, WA, USA). Since 2007, the

bay was equipped with Stowaway Tidbits (ONSET, Cape Cod,

MA, USA; accuracy: 0.2uC, resolution: 0.14uC) autonomous

sensors set at depths of 5, 10, 15 and 20 m (1 hour data-sampling

frequency). These sensors were installed in the same area as the

permanent C. caespitosa transects.

Data obtained from the temperature profiles and the autono-

mous sensors were used to obtain information on the vertical

gradients during the summer (June-September). Data from the

autonomous sensor located at a depth of 15 m (average depth of

the C. caespitosa population; [22]) were compared to the SST data

for the summers from 2007 to 2012 to validate the use of the latter

longer temperature series for the posterior necrosis-temperature

correlation analyses (T15m = 1.13 SST – 4.74 , r = 0.76, p,0.001,

N= 678). Summer SST anomalies (i.e., the temperature obtained

in the studied summer minus the average of the summers from the

original data set (1991–2012)) were obtained for the studied

summers (June-September, 2002–2012). Differences in summer

SST anomalies among years were analysed using a one-way

ANOVA and a Scheffé test for multiple comparison.

The persistence of high water temperatures during the studied

summers was recorded as the number of days in which the SST

exceeded certain temperature thresholds (from 24 to 28uC).

Correlation between mortality and water temperature
Three mortality descriptors were selected to study the relation-

ship between mortality events and SST anomalies: 1) The mean

percentage of the coral’s injured surface (hereafter, ‘‘necrosis’’); 2)

the percentage of colonies that were affected in their entirety by

the necrosis (hereafter, ‘‘total mortality’’) and 3) the percentage of

colonies that were affected by the necrosis to some extent

(hereafter, ‘‘affected colonies’’).

Pearson’s product-moment correlation was used to examine the

relationship among the three descriptors (necrosis-affected colo-

nies: r = 0.97, p,0.001; necrosis-total mortality: r = 0.81,

p,0.005; affected colonies-total mortality: r = 0.70, p,0.05;

N= 11). Necrosis was chosen as the principal mortality descriptor

because its use has been generalised in previous mortality studies

(e.g. [12,13,20,27–29]).

The SST descriptors used were as follows: 1) summer SST

anomalies and 2) persistence of temperature thresholds (i.e., the

number of days over temperature thresholds 24, 25, 26, 27 and

28uC).

Multiple linear correlation analyses were performed to explore

the relationship between the temperature and mortality descrip-

tors. These analyses were performed for the whole studied period

(2002–2012) and for the different mortality periods separately, in

order to search for differences between them. The correlation

analyses were also performed without the non-mortality years in

order to study the role of the necrosis intensity in the correlation

with the temperature descriptor.

Results

C. caespitosa mortalities: pattern of necrosis and inter-
annual incidence
Old basal necrosis (i.e., accumulated necrosis prior to 2002) of

approximately 3% was registered during the first colony surveys in

2002 and 2003. The first mass-mortality event affecting C.

caespitosa was detected in September 2003. Recurrent mortalities

were then detected at the end of the summers of 2004, 2005 and

2006. No mortality was detected in 2007. Although less virulent,

necrosis events occurred again during every summer from 2008 to

2012.

The polyp mortality was always characterised by direct tissue

necrosis without massive loss of zooxanthellae (i.e., the polyps

never lost the brownish-green colour given by the zooxanthellae).

Tissue necrosis began at the basal part of the polyps; in these first

stages, the polyps often remained expanded. Necrosis gradually

affected polyp structure until all tissue disappeared, leaving the

bare skeleton (Fig. 2). When colonies were only partially affected

by necrosis, the dead polyps were always adjacent to each other,

and the colony necrosis had a patched appearance. The evaluation

of the accumulated occurrence of the necrosis patches in each

colony showed that necrosis occurred both in the upper part and

lower sides of the colony in 89.5% of all cases. The first signs of

mortality were always detected during August and the beginning

of September.

No delayed necrosis was ever detected, when the event was

over, the necrosed areas of the colonies remained unchanged, and

epibionts rapidly covered the damaged parts.

Recovery of these necrosed areas was never detected. However,

in the last years of the survey (2010, 2011 and 2012), the

recolonisation of dead colony areas was registered; this occurred

through the recruitment of new C. caespitosa colonies on the old,

dead polyps (Fig. 3). This colony-on-colony recruitment was

recorded in 16.26% of the colonies that had experienced partial or

complete mortality (average necrosis 80.60620.3% (6 SD)).

Through this process, the recolonised colonies gained between

10 and 30% of new, living colony area.

Over the studied period, 80% of the monitored colonies

(N= 250) were affected to some extent (partially or totally) by

multiple mortality events. Considering the information from the

fixed and random colony transects, the total colony area that was

affected by the accumulated, recurrent necrosis was estimated to

range between 55 and 80%.

The highest necrosis values were recorded during the 2003

event, during which 13.39% of the surveyed colonies died

completely and necrosis reached an average of 25%

(24.94637.82%). Important mortalities occurred after the follow-

ing summers (2004–2006), with necrosis values ranging between

12.91627.46% and 19.62629.49%. The recurrent mortality

events that followed from 2008 to 2012 registered much smaller

percentages of necrosis (ranging between 1.95610.78% and

6.67618.11%). See Figure 4 and Table 1. Generally, necrosis

rates showed high variability between colonies, and affected and

unaffected colonies were commonly found one beside each other.

Total mortality (100% of necrosed surface) was mostly due to a

single mortality event rather than to accumulated necrosis from

multiple, recurrent events. In this sense, 26.7% of the studied

colonies experienced total mortality following a single event (half

C. caespitosa Long-Term Responses to SST Warming
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of these colonies died in 2003), while 6.9% experienced total

mortality as a result of repeated necrosis events.

Significant differences were found in necrosis over the entire

study period among the selected depth ranges (Kolmogorov-

Smirnov test, p,0.001). In contrast, no significant differences were

found between necrosis and colony size (Kruskal-Wallis test,

p = 0.415).

The average percentage of necrosis was significantly higher

during the first period than the second one: 19.07631.45%

between 2003 and 2006 vs. 3.96614.52% between 2008 and 2012

(Fig. 5a; Kolmogorov-Smirnov test, p,0.01). In contrast, similar

necrosis rates were recorded during the second period from

colonies that were unaffected or affected during the first period

(4.59617.06% vs. 3.57612.84%, respectively) (Fig. 5b; Kolmo-

gorov-Smirnov test, p.0.1).

Water temperature regime: annual cycle, warming trend
and thermal anomalies
Annual cycles showed a minimum of ca. 12uC in mid-February

and a maximum between 24.9 and 29.6uC in August (Fig. 6a). The

seasonal warming typically had two phases: slow warming rates

until mid-April, followed by steeper gradients through the end of

June (0.19 vs. 0.87uC per week). SST cooling was observed from

the end of August to the end of year at a rate of 0.66uC per week.

Over the period studied, SST exhibited a warming trend of

0.04uC per year (r = 0.30, N= 227). Focusing only on summer

Figure 2. Mortality of C. caespitosa. A. C. caespitosa colony showing partial necrosis. B. Totally affected colony. C. The necrosis process in the
polyps of C. caespitosa.
doi:10.1371/journal.pone.0070820.g002

Figure 3. ‘‘Colony-on-colony’’ recruitment in a necrosis-affect-
ed C. caespitosa colony. Scale bar: 5 cm.
doi:10.1371/journal.pone.0070820.g003
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SST (June to September), the warming trend was even stronger,

reaching 0.06uC per year (r = 0.55, N= 21) (Fig. 6b).

The frequency of positive thermal anomalies during the summer

has increased markedly since 2003 (Fig. 4). In 1991–2002, all

averaged summer thermal anomalies were negative, except in

1998 and 1999. Contrarily, in the second decade, positive

anomalies were recorded during eight summers, occurring in

two periods of four consecutive years and only interrupted by the

2007 and 2008 negative anomalies.

The summer SST anomalies varied significantly over time (one-

way ANOVA, F10, 1215 = 14.802, p,0.001). The maximum

significant differences were found when comparing 2003 with all

but the warmest summers (i.e., 2006 and 2009). The summers with

marked negative thermal anomalies (2002 and 2007) were

significantly different from the warmest ones (Table S1).

The summer of 2003 was the warmest of the 20-year-long SST

data series, with an average positive anomaly of 1.83uC. During

this summer, SST maxima of over 29uC were registered in the Illa

Grossa Bay, and the average SST for the entire summer (June-

September) was 26.2062.06uC (Fig. 7). The following summers,

i.e., 2004 and 2005, were characterised by moderate positive

anomalies (0.42uC and 0.52uC, respectively). In the summer of

2006, high temperatures were reached again; temperature

maxima were similar to those recorded in 2003, and an average

Figure 4. C. caespitosa necrosis rates (2002–2012) and summer SST anomalies (1991–2012).
doi:10.1371/journal.pone.0070820.g004

Table 1. Mortality and temperature descriptors.

Necrosis (% 6 SD) Affected colonies (%) Total mortality (%) SST anomaly (uC) 24uC 25uC 26uC 27uC 28uC

2002 0 0 0 20.57 66 22 4 0 0

2003 24.94637.82 46.43 13.39 1.83 98 82 61 44 25

2004 19.62629.49 53.64 3.31 0.42 79 51 36 6 0

2005 12.91627.46 26.36 5.43 0.52 85 64 33 0 0

2006 19.30631.02 38.46 2.43 0.99 89 72 43 19 13

2007 0 0 0 20.52 63 27 8 0 0

2008 5.61618.50 12.34 0.43 20.12 75 47 25 7 0

2009 2.76610.26 11.69 0.43 0.94 90 75 61 22 11

2010 1.95610.78 4.78 0.43 0.27 87 66 43 2 0

2011 6.67618.11 17.47 0.87 0.19 86 52 27 8 3

2012 2.73611.93 10.55 0 0.43 81 66 37 12 2

Note that necrosis is given in reference to the remaining living colony area.
doi:10.1371/journal.pone.0070820.t001
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anomaly of 0.99uC was registered. A second cycle of positive

thermal anomalies began in 2009 and lasted until 2012. During

these years, the maximum positive anomaly was reached in 2009

(0.94uC); positive anomalies were moderate in the summers of

2010, 2011 and 2012 (0.27uC, 0.19uC and 0.43uC, respectively).

See Figs 4 and 7.

Average vertical temperature profiles attested to weak vertical

gradients (,1uC) in the upper 15 m of the water column during

the warmest period (August) and in the upper 10 m over the entire

summer (Fig. 8).

In the years with available data (2004–2012), water tempera-

tures remained over 25uC at depths of 15 m at least during

August. The only year without mortality during this time span

(2007) had 10 weeks over 24uC, 3 weeks over 25uC and 0.3 weeks

over 26uC at 15 m (Fig. 8b). In the years with mortality, water

temperatures at depths of 15 m remained over 25uC for between 5

and 10 weeks (Fig. 8c).

Correlation between mortality and water temperature
Necrosis and SST anomalies showed a significant positive

correlation over the entire studied period (2002–2012; r = 0.75,

p,0.01) (Table S2). Similarly, the other mortality descriptors also

showed a positive relationship with SST anomalies (total mortality,

r = 0.75, p,0.01; affected colonies, r = 0.70, p,0.05).

When performing the analyses with the two mortality periods

separately, the relationship between mortality descriptors and SST

anomalies was highly correlated during the first period (necrosis-

SST anomalies, r = 0.94, p,0.01) but lost significance during the

second period. If the non-mortality years (2002 and 2007) were not

considered, the correlation between these variables over the entire

studied period lost significance (Table S2).

The correlation between necrosis and persistence of tempera-

ture thresholds over the whole studied period was significant only

for the warmest limits (necrosis-27uC, r = 0.61, p,0.05; necrosis-

28uC, r = 0.63, p,0.05), while during the first mortality period the

correlation was significant for the colder thresholds (necrosis-24uC,

r = 0.93, p ,0.01; necrosis-25uC, r = 0.92, p,0.01; necrosis-26uC,

r = 0.97, p,0.01). No correlation between necrosis and persistence

of temperature thresholds was found when analyzing the second

period separately (Table S2).

Discussion

Historically, mass coral bleaching has been linked to episodes of

thermal stress in tropical corals; this is an increasing concern

around the world (see [30] for a review). Nonetheless, monitoring

the mortalities in the temperate scleractinian reef-builder C.

caespitosa in the Columbretes Islands (NWMediterranean Sea) over

an 11-year period allowed describing, for the first time, the

relationship between recurrent mortality events and local SST

regimes in the Mediterranean Sea.

Patterns of mortality
The observed necrosis process in the Columbretes Islands was

very similar to previous descriptions of C. caespitosa necrosis in the

Ligurian Sea [20]. In accordance with previous studies based on

field and laboratory data, C. caespitosa polyps died due to

progressive tissue necrosis with no signs of zooxanthellae loss

[20,25,31]. The absence of bleaching is most likely related to the

resistance to increases in temperature shown by the Symbiodinium

(clade temperate-A, [32]) in symbiosis with C. caespitosa [24].

Tissue regeneration after mortality episodes was not detected in

the Ligurian Sea [20] or in the present study. This could be due to

the phaceloid morphology of C. caespitosa colonies, built up by

independent polyps, which makes the regeneration of adjacent

damaged tissue by unaffected polyps difficult [20]. Conversely, the

autonomy of the C. caespitosa polyps could also be responsible for

the lack of delayed necrosis following mortality events as well as

the lack of correlation between colony size and necrosis, as has

been detected in temperate gorgonians [27–29]. Unexpectedly,

although tissue recovery was not observed, another indirect but

non-trivial mechanism of colony recovery was detected during the

last years of the study. C. caespitosa recruits settled on the newly

available space on the dead colony parts.

Decreases in necrosis rates with depth have been described for

species living at greater depths than C. caespitosa, e.g., the gorgonian

P. clavata [29]. Although the depth range of the studied C. caespitosa

colonies places themabove the thermocline depth duringmost of the

summer, the relationship between necrosis and depth was consistent

with the fact that the summer conditions begin sooner for shallower

colonies because the thermocline typically reaches a depth of 15 m

at the beginning of August. Therefore, C. caespitosa colonies living at

shallower depths were more exposed to thermal stress and showed

Figure 5. A. Percentage of necrosis (mean6 SD) detected in each mortality period. B. Percentage of necrosis (mean6 SD) detected in the
second mortality period in colonies that were either affected or unaffected in the first mortality period.
doi:10.1371/journal.pone.0070820.g005
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greater mortality rates. As a result, changes in the depth distribution

of this population are expected in the future due to the

disappearance of the shallower colonies.

Relationship between mortality and temperature
Mortalities were recorded in the context of regional warming

and occurred concomitantly with a shift in the regime of positive

thermal anomalies in the Columbretes Islands. In particular, the

first mortality was triggered by exceptionally warm conditions

accompanied by the persistence for several days of extreme

(.28uC) temperatures.

However, it is worth mentioning that our results are not in

concordance with those found in the laboratory. During different

aquaria thermo-tolerance experiments with C. caespitosa polyps

(collected in the Ligurian Sea), the first signs of necrosis were

Figure 6. A. SST mean annual cycle in the Columbretes Islands (1991–2012). B. Mean summer SST (June-September, 1991–2012).
doi:10.1371/journal.pone.0070820.g006
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detected after 5–7 weeks at 24uC, and all polyps that were exposed

at 26uC and 28uC died after the treatments [20,25]. Based on

these experiments, the authors proposed that C. caespitosa is living

close to its thermal limit during the summer period in the Ligurian

Sea and a long-term increase at 24uC or above could be lethal for

it. In the Columbretes Islands, water temperatures at 15 m

remained over 24uC for 10 weeks during the summer of 2007,

which recorded negative thermal anomaly. This time span was 3

to 5 weeks longer than that reported in the mentioned experi-

ments and no necrosis was detected. Similarly, in the summer of

2009, the average extent of necrosis was approximately 3%, and C.

caespitosa colonies at 15 m were exposed to temperatures greater

than 24uC for 68 days and to temperatures greater than 26uC for

34 days; this exposure was approximately three times longer than

Figure 7. Annual thermal regime (2003–2012) and average SST for the data series 1991–2012. Dotted vertical lines delimit the summer
period.
doi:10.1371/journal.pone.0070820.g007
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the exposure that caused necrosis in 100% of the polyps in the

aquaria experiment [25]. The differences found between the

mortalities in aquaria (Ligurian Sea) and in situ (Columbretes

Islands) could be related to two major points: differences in the

thermal acclimatisation of C. caespitosa between both sites, taking

into account that the colonies are naturally subjected to different

thermal regimes, and the fact that aquaria experiments can only

partially simulate the natural environmental conditions.

Another striking result is that the response of C. caespitosa to

summers with positive thermal anomalies changed between the

two mortality periods and particularly in relation to temperature

thresholds. The correlation between necrosis and the persistence of

water temperature thresholds for the entire data series was only

significantly positive when assessed using the 27uC and 28uC

threshold. However, a significant positive correlation between

necrosis and temperature thresholds of 24uC, 25uC and 26uC was

found when considering only the first mortality period, while no

correlation was found for the second period.

During this 11-year study, mortality events occurred in two

separated periods, i.e., 2003–2006 and 2008–2012. The average

necrosis diverged significantly in these two periods (19% vs. 4%,

respectively), and important differences in the average thermal

anomaly were also found (1.00uC and 0.39uC, respectively).

However, with the same positive thermal anomaly (approximately

1uC), different years such as 2006 and 2009 registered contrasting

necrosis (19% vs. 3%, respectively).

As our results prove, it is unequivocal that sea water

temperature is one of the main factors that triggered C. caespitosa

mortality events. Nevertheless, the differences found in necrosis

between years with similar thermal anomalies show that other

factors are also acting in this process.

Synergies with other factors
Water quality and ecosystem conservation has been ensured in

the Columbretes Islands Marine Reserve since its creation in 1990.

Furthermore, the location of the islands far from mainland

(60 Km) guarantees low interaction with nearshore waters.

Therefore, factors such as water quality or dysfunctions in trophic

interactions derived from overfishing, that might be relevant in

unprotected areas [33], were excluded in the present study.

Although irradiance, especially photosynthetically active radia-

tion (PAR), has been shown to be directly related to tropical coral

bleaching [34–36], we disregarded it as a possible factor acting in

the C. caespitosa mortalities. Depending on the depth and water

type, irradiance can be significantly attenuated [34,37]. Bearing in

mind the depth range of our studied C. caespitosa population we can

assume an important reduction in irradiance. Furthermore, the

zooxanthellae in symbiosis with C. caespitosa (Symbiodinium Clade A)

are considered light-adapted [38,39]. Finally, a pattern in the

necrosis scars related to the effects of irradiance, as reported in

tropical corals [34], was not observed in C. caespitosa.

Disease outbreaks have affected an increasing range of marine

organisms in different geographic regions worldwide [40]. In the

Mediterranean Sea, thermally dependent pathogens have been

considered co-responsible for mass-mortalities and coral bleaching

[15,41,42]. Although, as far as we know, no studies have dealt with

this issue in C. caespitosa, the type of necrosis (lysis) suffered by this

species could be related to a disease, such as that caused by V.

coralliilityticus, which synthesises a potent extracellular protease that

lyses coral tissue [43]. Although no analyses were conducted to

detect opportunistic pathogens in the C. caespitosa mortalities, the

possible role of pathogens or even polymicrobial consortiums as

recently suggested in other tropical coral species [44], should not

be disregarded. Previous studies have demonstrated that the

Figure 8. Thermal environment at a depth of 5 to 20 m. A. The
2007–2012 annual average B. Data from June to November in a summer
with negative SST anomaly, 2007. C. Data from June to November in a
summer with highly positive SST anomaly, 2009.
doi:10.1371/journal.pone.0070820.g008
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occurrence of Vibrio bacteria in the NW Mediterranean Sea is

climate linked, greatly increasing under the inuence of positive

temperature anomalies as the observed ones in Columbretes

Islands [45].

In tropical corals, greater energy reserves or greater access to

resources could compensate for decreased photosynthesis during

bleaching events [46,47]. In the Mediterranean Sea, temperature-

related mortalities have been associated with physiological stress

due to energetic constraints [5]. According to these data, Crisci

et al. [17] considered physiological status to be a primary factor

explaining differential mortality rates.

C. caespitosa has the ability to upregulate heterotrophy and

maintain symbiosis, even under suboptimal conditions [48]. These

authors detected maximum feeding effort when colonies were kept

under high light with an irregular food source (typical Mediter-

ranean summer conditions). Consequently, variation in the

availability of food previous to and during warm summers could

have an important effect in the energy budget of C. caespitosa.

Furthermore, the impact of extreme summers (like 2003) on the

energy budget of the polyps could be responsible for delayed

effects in their physiological status.

Processes such as spawning that cause a reduction in tissue lipid

content could also have an important effect on the severity of

mortality [46]. Histological analyses showed that maximum

gonadal development in C. caespitosa is reached in August [49] in

coincidence with SST maxima, and spawning occurs at the end of

the summer. Consequently, the interaction between sexual

reproduction and necrosis could be reciprocal: necrosis could be

enhanced due to increased energy investment in gonad develop-

ment, and spawning could be affected by the mortality of the

polyps.

With this in mind, we hypothesise that delayed physiological

thermal stress could be the primary factor, acting together with

temperature, that would explain the differences in necrosis during

summers with similar thermal anomalies but with different

interannual contexts. This sensitisation hypothesis has also been

mentioned in regards to the mass-mortality of 1999 [11].

Searching for acclimatisation and adaption processes
The processes of acclimatisation (phenotypic response) and

adaption (genotypic response) have been extensively studied and

discussed in relation to thermal anomalies causing bleaching

events in tropical corals [30,50–54]. While some authors extend

hope for rapid evolution and adjustment [50,51], others question

the capacity of corals to adapt to rapid climate change [53].

Through comparisons of bleaching events in tropical corals,

several authors have found that corals were more resistant to

temperature stress as the bleaching events repeated [55–57] and

that the bleaching resistance shown by corals at sites dominated by

high-frequency SST variability could be a consequence of rapid

directional selection following an extreme event [57].

Although the SST series in the Columbretes Islands showed a

dramatic increase in the frequency of positive thermal anomalies,

as well as a positive warming trend, the differences in mortality

detected between summers with similar thermal anomalies did not

seem related directly to directional selection. C. caespitosa colonies

that survived the first mortality period were affected in the second

period, although the thermal anomalies had lower positive values

on average; therefore, survival was most likely not solely a result of

differential survival of more tolerant genotypes.

In this sense, we found that necrosis in the second mortality

period (2008–2012) showed no differences between colonies that

were unaffected or affected during the first mortality period.

Differences between these groups would have been expected if

selection was acting on thermal tolerance.

Nevertheless, it is remarkable that approximately 20% of the

surveyed colonies remained unaffected over the entire study period

and that a very low percentage experienced total mortality due to

accumulated recurrent necrosis. These results may indicate the

occurrence of more tolerant colonies or even parts of colonies;

however, as discussed above, selection for thermal tolerant

genotypes alone cannot explain the detected changes in necrosis.

In conclusion, these mortalities do not relate to previous necrosis

impacts on the same colonies; the occurrence of necrosis at the

colony level seems more closely related, in general terms, to

random processes involving the occurrence of pathogens or the

energetic status of the polyps, as previously discussed.

The importance of context-dependent effects
The summer of 2003 was likely the warmest summer in Europe

since 1500 [58] and affected 25 rocky benthic macroinvertebrate

species over several thousand kilometres of Mediterranean

coastline [13]. The mean SST anomaly registered in the summer

of 2003 in the Columbretes Islands (1.83uC) was 80% warmer

than the second positive SST anomaly recorded in the series (in

2006). During this summer, 25% of the area covered by C.

caespitosa in the Columbretes Islands was necrosed.

As discussed above, the extreme conditions of 2003 could have

been responsible for a delayed physiological stress in the colonies,

influencing the mortalities registered in the following summers

(2004 and 2005), which were quite important (approximately 20%

and 13% of necrosis, respectively); however, the positive SST

anomalies during these summers were relative low (0.42 and

0.52uC, respectively).

The second mortality period (2008–2012) began after a year

with negative SST anomalies and no necrosis (2007). This could

have given C. caespitosa enough rest to withstand the mortality

events of the next summers with much lower necrosis, in addition

to the fact that no extreme conditions (such as those observed in

2003) were present during the second period. In this period,

summers with similar or even higher SST anomalies than in the

first period exhibited mortality events with less than 7% necrosis.

Although the first mortality event of the second period (2008) was

registered after a summer with an average negative SST anomaly

(20.12uC), several weeks of strong positive anomalies were

recorded during the middle of this summer.

However, what could have happened prior to 2002? The

mortality of 2003 could be considered the first mass-mortality of C.

caespitosa in the Columbretes Islands in the last two decades.

Although necrosed colonies or sections of colonies were eventually

covered by epibionts, they were perfectly noticeable over many

years. Thus, a mass-mortality event prior to 2003 should have left

a high percentage of detectable bare skeletons in the colonies, but

the old necrosis detected was near 3%. This is consistent with the

thermal anomalies recorded in the available SST series during the

first decade of record (1991–2002), which were much lower and

less frequent than during the second decade. The summer of 1999

could have been the one in which some mortality would have been

expected because the SST anomaly reached 0.50uC; furthermore,

this summer triggered a multispecies mass-mortality event in the

NW Mediterranean [10,12,28]. That the summer of 1999 most

likely did not cause high necrosis rates reinforces our hypothesis

that some type of sensitisation or delayed stress occurred after the

summer of 2003 because the summers of 2004 and 2005 had

similar SST anomalies to those recorded for 1999 but triggered

high necrosis.
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Three important findings can be highlighted from the results

obtained in this study. First, a significant positive correlation

between mortality descriptors and SST anomalies was found over

the entire studied period. Second, significant differences between

the two mortality periods were found when correlation analyses

were performed separately. Third, when removing the years

without mortality (2002 and 2007) significance disappeared for the

whole studied period. Two main conclusions can be drawn from

these results. First, the significant, strong association between

mortality descriptors and SST anomalies, when looking at the

whole series, is more closely related to the concurrence of necrosis

events and SST anomalies than to the specific intensity of these

variables; as significance is lost when removing the years with no

mortality and necrosis was generally detected in years with a

positive SST anomaly, but summers with similar SST anomalies

showed different responses in C. caespitosa necrosis. Second, the

effects of the intensity of the SST anomalies on the necrosis rates

seem to have been enhanced during the first period, which would

be consistent with the delayed thermal stress hypothesis.

The complexity of the factors influencing these mortalities

highlights the need for precise and continuous long-term

monitoring of biotic and abiotic factors to move forward in our

understanding of these events and their effects on the future

viability of the benthic communities threatened by the increase in

frequency and persistence of extreme events projected for the 21st

century in the Mediterranean [2,3]. Recurrent extraordinary

mortality episodes, such as the ones registered between 2003 and

2006, could likely be repeated and will threaten this species, which,

due to its slow dynamics, will most likely not be able to cope with

elevated mortality rates. Nevertheless, considering the less virulent

mortalities registered in the second mortality period, the high coral

cover in areas such as the Columbretes Islands [22], and the

potential for colony-on-colony recruitment as an indirect mech-

anism of recovery, there can still be some hope for C. caespitosa

banks in the Mediterranean Sea and particularly in the

Columbretes Islands.
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