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Abstract A sclerochronological analysis was performed
on Cladocora caespitosa corals from Late Pleistocene ter-
races near Taranto (Apulia, Italy) to reconstruct the main
palaeoenvironmental conditions at the time of their growth.
The fossil corallites were sampled in the Santa Teresiola
uplifted bank or ‘open frame reef’ attributed to the Last
Interglacial Period. The typical, annual growth pattern of
the temperate coral with two alternate high- and low-den-
sity bands allowed the reconstruction of two multidecadal
growth curves of 61 and 95 years. Trend analysis showed
oscillations in annual growth rates similar to those observed
in recent, living colonies sampled along a north—south lati-
tudinal transect around the Italian and Croatian coasts as far
as Tunisia. The mean growth rate of the fossil reef
(4.2 £ 2 mm year™') is comparable to those measured on
colonies living in the coldest part of the Mediterranean Sea.
The comparison with data from living Croatian banks
shows how fossil C. caespitosa lived in a semi-enclosed
environment characterized by seasonal inputs of fresh, cold
water. The greatest variations in decadal growth rates of the
fossil colonies support the hypothesis of larger amplitude of
the seasonal cycles in the past. The death of the fossil bank
was probably due to a sudden alluvial input that suffocated
the reef with a great amount of mud. Another possible
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cause of the death of the bank was a prolonged increase in
summer temperatures that caused colony mortality and
enhanced algal colonization.
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Introduction

Cladocora caespitosa (L.) is a Mediterranean, zooxanthel-
late scleractinian coral belonging to the family Faviidae
(Zibrowius 1980) that colonized the Mediterranecan Sea
since at least the Late Pliocene (Aguirre and Jiménez 1998;
Dornbos and Wilson 1999). At present, the living C. caes-
pitosa is one of the more important benthic carbonate pro-
ducers in the Mediterranean Sea (Peirano etal. 2001),
which is found from the sea surface down to 40 m in depth.
Where present, it can form build-ups (banks) rising up to
1 m above the surrounding seafloor and covering several
square meters. Today, living banks of coral comparable to
tropical reefs were discovered in three localities along the
coast of Croatia (Fig. 1) characterized by low mean annual
temperatures (Kruzi¢ and Benkovi¢ 2008). The greatest
bank is located in one ‘sea—lake’ of the island of Mljet. This
bank consists of some hundreds of C. caespitosa colonies,
which are fused together and cover 650 m* on the seabed in
4-18 m water depth (KruZi¢ and PoZar-Domac 2003).

The colonies of C. caespitosa are phaceloid, i.e., the
tubular corallites develop vertically with sub-parallel
growth axes of the main branches. The rectilinear continu-
ous growth of corallites facilitates the measurement of the
annual growth rate through X-ray methodology (sclero-
chronology) avoiding problems related to three-dimen-
sional development of corallites of tropical, massive coral
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Fig. 1 Right: Major fossil deposits (asterisks) and living banks (cir-
cles) of Cladocora caespitosa in the Mediterranean (from: Peirano
et al. 1998, 2004; Kruzi¢ and Benkovi¢ 2008). Left: Sampling sites of

species (Peirano et al. 1999). X-ray imaging has shown that
C. caespitosa deposits two density bands per year; a high-
density band (HD), deposited during the rainy, cold
autumn, and winter seasons and a lower-density band
deposited during the hot, dry summer (Peirano et al. 1999,
2005). The analysis of the decadal growth of a great num-
ber of colonies sampled at depths between 4 and 30 m

30°E

living Cladocora caespitosa in the present work. For the names of the
sites see Table 1

showed a sinusoidal pattern in accordance with the air
temperature trend (Peirano et al. 2004). Such a temperature—
growth relationship in C. caespitosa was outlined from
Silenzi et al. (2005). These authors found a strict correla-
tion between Sr/Ca-derived sea-surface temperatures (SST)
of the coral skeleton and recorded SST of the ambient water
mass. These studies also proved that the deepest colonies

Fig. 2 Fossil Cladocora caespitosa reef: a distribution of C. caespito-
sa (asterisks) and Senegalese fauna associations (plus symbol) in Late
Pleistocene deposits of Mar Piccolo di Taranto with indication of the
sampling site (ST Santa Teresiola). b Aspect of the reef of Santa Ter-
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have yearly growth rates related to SST despite the fact that
the living depth is below the seasonal thermocline depth.

Large fossil banks of C. caespitosa are known in the
Mediterranean from the Late Pliocene (Aguirre and
Jiménez 1998; Dornbos and Wilson 1999), from the Early
Pleistocene (Bernasconi et al. 1997), from the Middle and
Late Pleistocene and from the Holocene (for a review see
Peirano et al. 1998, 2004) (Fig. 1).

In the Pleistocene, shorelines represented by both abra-
sion platforms and marine calcarenite deposits, frequently
included C. caespitosa (Peirano et al. 1998, 2004). During
warm climatic phases, huge banks or ‘open-frame reefs’
were abundant. In some cases, Senegalese fauna (Strombus
bubonius, Cardita calyculata senegalensis, and Hyotissa
hyotis) was found associated with the coral. Senegalese
species are indicators of the warmest climate phase that
characterized the Last Interglacial Period corresponding to
the marine isotope substage (MISs) 5.5 (ca. 132-116 ka =
Late Pleistocene) (Issel 1914; Lambeck and Chappell
2001; Shackleton et al. 2003).

This paper focuses on the growth of one huge, fossil
uplifted bank of C. caespitosa near Taranto (Apulia, Italy).
Growth time series are calculated through sclerochronology
and compared with those of recent, living colonies and
banks around the Italian, Croatian, and Tunisian coasts. The
comparison allows inferring the palaeoclimatic conditions
and the environment that favored the formation of the
C. caespitosa bank.

Materials and methods

Fossil corallites of Cladocora caespitosa were sampled
from the deposits of the Mar Piccolo of Taranto (Apulia,
South Italy) (Fig. 2). The sample site, ‘Santa Teresiola’
(ST), is a fossil bank located on a raised marine terrace
12 m above mean sea-level (Dai Pra and Stearns 1977,
Hearty and Dai Pra 1992; Belluomini et al. 2002). The
bank is formed by numerous, contiguous colonies of
coral embedded in a sandy matrix up to 1 m high cover-
ing a surface of nearly 0.6 km”. Different U/Th datings
and correlation with nearest deposits suggest that the reef
belongs to the MISs 5.5 (for a review see Mastronuzzi
et al. 2003).

Two samples (ST1, ST2), 36 and 46 cm long, respec-
tively, were carefully detached from the reef following the
corallites growth from the top to the bottom of two different
colonies that lived some meters apart.

To compare past fossil growth rates with those of recent
colonies, 11 samples of C. caespitosa were collected from a
depth of 7-22 m along a north—south transect along the Italian
and the Croatian coast as far south as Tunisia to cover a latitu-
dinal gradient in terms of temperature range and seasonal vari-

ability (Fig. 1). Corallites were cleaned of epibionts and
organic matter and the polyps were removed by immersion in
hydroperoxide (30%). To calculate yearly growth rates,
X-rayed positive corallite images were analyzed through Coral
XDS image-analyzing software version 3.0, available on the
Web site of the National Coral Reef Institute of Florida, USA
(http://www .nova.edu/ocean/coralxds/index.html).

For climate comparison, annual SST from 1985 to 2004
were calculated from monthly data downloaded from
NASA Physical Oceanography Distributed Active Archive
Centre (PODAAC) through the Ocean ESIP Tool (POET)
(http://poet.jpl.nasa.gov//). Data on monthly air tempera-
tures (AirT) were downloaded from the site of the Italian
Agency of the Ministry of Environment (APAT) that col-
lects and distributes the environmental data through the
SINAnet—SCIA (http://www.scia.sinanet.apat.it/).

Results
Fossil samples

The two ST fossil samples showed clear, alternating band-
ing patterns as seen in recent corallites in agreement with
the findings of Peirano et al. (2004). The distance between
high-density peaks allowed the estimation of the mean
annual growth rate of 4.1 4 2 mm year ™.

The Santa Teresiola X-rayed C. caespitosa allowed the

calculation of two individual lifespans with 67 (ST1) and
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Fig. 3 Growth rates of Cladocora caespitosa from Santa Teresiola Late
Pleistocene reef samples ST1 and ST2. ST1 curve is shifted of 10 years
to evidence the similarity of the two growth curves. Years are counted
from the top of the colonies (from right to left). In bold the 3-year
smoothed average trends. The dashed lines are the sinusoidal multiannu-
al trends generated by a sixth-order exponential smoothing average
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95 (ST2) years, respectively (Fig. 3). The analysis of 3-year
smoothed average trend curves showed a great similarity of
the two growth curves and a good superimposition of peaks
and valleys was found with a negative shift of the ST1
curve of nearly 10 years (R=0.44; n=65; P <0.001).
Trend analysis evidenced also oscillations in growth rates
of Santa Teresiola samples over 10 years (Fig. 3).

A general positive trend in ST2 growth curve is deter-
mined from the sudden positive increase of the colony
growth in the last 7-10 years.

Recent samples

The oldest living colony from Fiascherino was the only
one that allowed the long-term comparison between the

coral growth rates and the air temperatures (Table 1,
Fig. 4). The comparison showed decadal oscillations sim-
ilar to those observed in fossil samples but with a lesser
amplitude (mean growth rates: 3.3 & 0.4 mm year™'). The
3-year smoothed averages showed growth rates correlated
to air temperature (R =0.32; n=43; P<0.05) that, in
turn, was highly correlated to SST (R=0.88; n=12;
P <0.001).

Taking into account the temperature gradients, recent
colonies living in coastal waters showed annual growth
rates (Table 1) negatively correlated (R=—0.60; n=11;
P <0.05) with mean annual SST (Table 2, Fig. 5a). The
maximum growth rates of Cladocora caespitosa is attained
with mean annual SST of 17-18.5°C recorded in the north-
ern part of the Mediterranean (Table 1, Fig. 5a).

Table 1 Cladocora caespito-

sa: sampling sites, depth, Site Latitude Sample Depth (m) Corallites (1) Years (n) Mean annual
number of corallites, years Longitude growth rat_el
examined, and mean annual (mm year™)
growth rates =+ standard S.Teresiola ~ 40°30.1'N STI - 9% 67 42+£20
deviations
17°14.7'E
S. Teresiola 40°30.1'N ST2 - 133 95 4.1+£20
17°14.7'E
Savona 44°19.4'N Sa 7 46 8 37405
08°30.0'E
Fiascherino 44°03.8'N F 10 70 69 33+04
09°55.2'E
Limski Canal 45°07.9'N Lk 22 30 16 3.1+03
13°37.6’'E
Rabac 45°04.3'N R 17 26 13 4.1+£0.6
14°09.3'E
Telascica 44°03.1'N T 15 25 21 29403
15°03.4'E
Lastovo 42°47.0'N L 9 29 22 27402
16°55.1'E
Cavtat 42°34.3'N C 16 22 17 28+04
18°12.1'E
S. Cesarea 18°27.6'N S 8 29 8 2.6+0.2
40°02.0'E
Crotone 17°07.0'N K 10 44 13 32403
39°08.4'E
Scoglitti 36°52.0'N Sc 7 52 23 31+£03
14°26.5'E
Monastir 35°474'N Mo 17 19 4 23402
10°50.0'E
Prvic 44°53.0'N Pr 15 356 - 3.2+0.1
14°50.4'E
Pag 44°19.1'N Pa 18 522 - 3.1+0.1
Fossil samples are in italic 15°15.4'E
Data from banks of Croatia Miljet 42°46.0N Ml 10 533 - 37413
(Kruzi¢ and Benkovi¢ 2008) are 17°22.3'E

in bold
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Fig. 4 Cladocora caespitosa: annual trends and 3-year smoothed
average trends (in bold) of air temperature, SST and mean growth rates
of the colony of Fiascherino

Discussion

The analysis of multidecadal time series of living colonies
of Cladocora caespitosa showed that greater growth rates
were associated with coldest mean annual SST. This
growth pattern, found also in the scleractinian Balanophyl-
lia europaea by Goffredo et al. (2008), seems to be charac-
teristic of the Mediterranean species of zooxanthellate
corals. However, to form a mature coral bank special

environmental conditions are necessary, as outlined by
Kruzi¢ and Benkovi¢ (2008).

To infer past climate conditions, the linear relationship
that correlates the SST with annual growth rates of
C. caespitosa was used to back calculate the mean SST
temperatures of fossil colonies. The results showed that
the fossil bank grew in one environment characterized by
mean annual SST of 17.6 &+ 2.2°C, similar to those
recorded in the Northern Adriatic (Table 3, Fig. 5a).
Although data on mean annual SST for the C. caespitosa
living banks (Kruzi¢ and Benkovi¢ 2008, unpublished
data) are limited to the year 2004 (Table 3), the compari-
son between growth data of single colonies and those of
the banks leads to the assumption that the linear relation-
ship between SST and growth rates may change into a
curve described by a significant quadratic relationship
(R=0.92; n=35; P<0.05) (Fig. 5b). When mean annual
SST is below 15-16°C and monthly temperatures at depth
last for months below 14°C, as in the case of Pag and
Prvic coral banks at the Croatian coast (Kruzi¢ and Benk-
ovi¢ 2008), C. caespitosa shows lower mean growth rates
due to a reduction in growth or no growth (see also
Montagna et al. 2007).

The fossil Santa Teresiola coral bank probably devel-
oped under similar SST regimes which are comparable to
those recorded today in the coldest regions of Eastern Adri-
atic Sea, where cold winds or inputs of freshwater may

Table 2 Mean annual sea-sur-

R T L C S K Sc Mo

face temperatures (SSTs) in Year SSTCO

degree Celsius in the sampling Sa F Lk
sites of recent colonies from

1985 to 2004; source: NASA 1985 17.9 18.1 17.3

Physical .Oceanography Distrib- 1986 18.1 183 16.9
uted Active Archive Centre

(PO.DAAC) through the Ocean 1987 18.0 18.1 16.6
ESIP Tool (POET) 1988 18.2 18.7 17.8

1989 18.6 18.5 17.0
1990 19.0 18.8 17.3
1991 18.2 18.5 17.3
1992 18.2 18.2 16.9
1993 17.8 18.3 17.2
1994 18.9 19.1 18.2
1995 18.6 18.5 17.3
1996 18.0 18.7 17.1
1997 18.4 18.7 17.4
1998 18.1 18.4 18.1
1999 18.7 18.9 17.4
2000 18.5 19.0 18.0
2001 19.0 19.1 18.3
2002 18.5 18.4 18.0
2003 19.1 19.5 18.0
2004 18.6 18.7 17.4

16.9 17.7 18.2 18.4 18.7 19.6 19.9 20.3
17.0 17.7 18.6 19.5 18.7 19.6 19.6 20.1
17.0 18.0 18.2 18.6 18.6 18.9 19.6 19.6
17.2 18.3 18.4 19.1 18.7 19.4 20.4 20.1
16.9 17.7 18.1 18.5 18.4 19.3 19.9 20.8
16.8 18.2 18.3 18.7 18.7 19.6 20.7 20.6
16.7 18.0 18.0 18.5 18.4 19.3 20.0 20.1
17.0 18.3 18.4 18.9 18.7 19.5 19.6 20.3
16.7 18.1 18.3 19.1 19.0 19.4 20.0 20.2
18.0 18.8 19.0 19.5 19.1 20.0 20.7 20.9
17.3 17.7 18.4 18.7 17.9 19.3 20.0 20.8
17.3 17.4 18.1 18.0 18.3 18.7 19.9 20.5
17.2 18.1 18.3 18.7 18.1 19.4 20.5 20.9
18.1 18.6 18.7 19.4 19.2 19.4 20.2 20.8
17.6 18.6 19.3 20.1 19.8 19.8 20.7 21.4
18.0 19.0 19.4 19.8 19.7 19.8 20.2 20.9
17.9 18.6 19.1 19.2 19.3 20.0 20.7 21.0
17.6 18.6 19.2 19.6 19.3 19.7 20.0 20.5
17.5 19.1 19.5 19.9 19.8 20.4 20.6 21.1
17.4 18.9 19.2 19.5 19.4 19.8 20.0 20.7
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lower the SST temperature on the coral banks (Benovi¢
et al. 2000; Novosel et al. 2004; Montagna et al. 2007;
Kruzi¢ and Benkovi¢ 2008).

Mastronuzzi et al. (2003) and Mastronuzzi (2006) con-
cluded that the fossil C. caespitosa bank of Santa Teresi-
ola existed in a lagoon affected by inputs of freshwater.
Such a palaeoenvironmental setting matches the situation
of the living coral bank of Mljet, Croatia. The bank grows
in a semi-enclosed coastal lagoon that maintains water
exchange with the open Adriatic Sea through a 4.5 m deep
channel. In this lagoon, SST vary between 9 and 29°C and
salinity shifts from 36.3 to 39 PSU (Vanicek et al. 2000;
Kruzi¢ and Pozar-Domac 2003). Although the Santa
Teresiola reef refers to a warm climatic phase of the
Pleistocene, the differences between the temperature of
the lagoon and the warmer open-sea temperatures of
MISs 5.5 could be explained by freshwater coming from

@ Springer
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underwater, karstic springs that are common today both in
Croatia and in the Taranto area (Pagliarulo and Bruno
1990; Kruzi¢ and Benkovi¢ 2008). These assumptions
also agree with palaeontological records of other fossil
reefs found in alluvial deposits dating back as far as to the
Late Pliocene (Aguirre and Jiménez 1998; Fornos et al.
1996) where ‘beds’ of the bivalve Ostrea spp., a suspension
feeder characteristic of environments with cold seawater,
lower salinity and high turbidity, forms the basement or is
intercalated in coral banks (Bernasconi et al. 1997; Aguirre
and Jiménez 1998; Dornbos and Wilson 1999).

The comparison of the growth characteristics of fossil
Santa Teresiola samples and long-living colonies evidenced
larger oscillations in growth rates that are in agreement
with Mediterranean climate reconstruction of Felis et al.
(2004) and with palaeoclimate reconstruction of Martrat
et al. (2007) from the Iberian margin. The alternation of dry
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Table 3 Mean annual (+ standard deviation) SSTs in the sampling
sites of Cladocora caespitosa recent colonies (from Table 2)

Site Sample Mean annual
SST (°C)
Taranto—S. Teresiola ST1 17.8£2.2
Taranto—S. Teresiola ST2 174+ 2.3
Savona Sa 184+ 04
Fiascherino F 18.6 £0.4
Limski canal Lk 17.5+ 0.5
Rabac R 173+ 04
Telascica T 183 £0.5
Lastovo L 18.6 £ 0.5
Cavtat C 19.1 £ 0.6
S. Cesarea S 189+ 0.6
Crotone K 195+04
Scoglitti Sc 202+ 0.4
Monastir Mo 20.6 = 0.4
Prvic Pr 16.0 + 3.8
Pag Pa 152+ 3.5
Mljet Ml 19.6 5.2

Data back-calculated from S. Teresiola fossil samples are in italic

Data recorded on Croatian banks in 2004 (from Kruzi¢ and Benkovic¢
2008, unpublished data) are in bold

and wet phases were probably more accentuated than today
(Felis et al. 2004) and could have influenced karstic spring
inputs, thus causing the growth rate oscillations observed in
the Santa Teresiola bank.

The Santa Teresiola coral bank sedimentary sequence is
covered with a discontinuous layer of reddish silty sand
rich in Arca sp., Ostrea sp., Glycymeris sp., Cerastoderma
sp. and riverine mollusks (Caldara and Laviano 1980). The
general characters of the Santa Teresiola section and the
palaeoecological studies performed on the reddish level
suggest that the C. caespitosa bank lived in correspondence
of maximum transgression or sea-level highstand. A mas-
sive upload of sediment due to alluvial inputs is the most
probable cause of the decline of the Santa Teresiola bank,
as indicated by the presence of the reefs as a unique entity
in ‘vital’ position. Maximum transgression sea-level sce-
narios are also assumed for Pleistocene C. caespitosa banks
on the Tyrrhenian side of Calabria, Italy (Bernasconi et al.
1997), whilst C. caespitosa colonies described from
Late Pleistocene (MISs Se-d) coastal facies on Rhodes,
Greece, developed at the beginning of a regressive sequence
(see Titschack et al. 2008).

Another possible cause of death of the fossil coral bank
could be a prolonged increase in temperature. In recent col-
onies, the rise in summer temperature recorded throughout the
Mediterranean enhanced corallite growth (Peirano et al. 2005)
and a positive trend in coral growth rates was evidenced in
the Mljet bank (Peirano and Kruzic 2004). However, if the

temperature level climbs up to 26-28°C, and this lasts for
more than one month, then the death of coral tissue is likely
to happen (Rodolfo-Metalpa et al. 2006), as was observed
both in Fiascherino (Rodolfo-Metalpa et al. 2000, 2005)
and in the Mljet reef (KruZi¢ and PoZar-Domac 2002). The
rise in temperature also favors the spreading of the invasive
tropical green alga Caulerpa racemosa var. cylindracea in
the Mediterranean, that presently is overgrowing the bank
of Mljet (Kruzic et al. 2008).

Conclusions

The analysis on fossil samples from Santa Teresiola near
Taranto confirmed the great importance of the coral Cladoc-
ora caespitosa as a proxy for the study of past climate. The
Taranto bank gives the opportunity to reconstruct growth
rates of a coastal, long-living species at a yearly resolution, a
rare, if not unique, opportunity for the Mediterranean. Other
fossil/subfossil reefs of C. caespitosa are known in the Medi-
terranean (Peirano et al. 1998, 2004), however, these remain
poorly studied due to the fact that many of them are under-
water and therefore difficult to sample, or the aragonite coral-
lites suffer from intense diagenetic alteration.

Sclerochronological analysis of the Santa Teresiola reef
allows studying a particular coastal environment elucidat-
ing some details on the littoral ecosystems of the Quater-
nary. This approach may help palaeontologists to
differentiate fossil deposits that are otherwise difficult to
date (Goy et al. 2003), or could be useful in geochemical
analysis to improve the reconstruction of past temperature
and carbonate deposition of C. caespitosa (Silenzi et al.
2005; Montagna et al. 2007) at seasonal scale.
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