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Climate-driven diversity changes of Mediterranean 
echinoids over the last 6 Ma
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Echinoids represent an important component of the Cenozoic marine benthic communities. Their diversity in the 
Mediterranean area is reviewed within the Late Miocene–Recent, a period of remarkable paleogeographic and paleo-
climate changes. Of the 37 genera that lived during the Late Miocene, only Holaster, Pliolampas, and Trachyaster did 
not survive the Messinian Mediterranean salinity crisis (MSC), indicating that this event was not as drastic as for other 
marine groups. The presence of Brissopsis within the uppermost Messinian testifies to the existence of fully marine 
conditions at least towards the end of the MSC. Severe drops in the echinoid diversity, involving the loss of 40% of the 
Pliocene genera, occurred during the Piacenzian, likely because of the onset of the Northern Hemisphere glaciation. 
Most of the echinoid extinctions correlate with the crisis of the Mediterranean bivalve assemblage recorded at about 
3 Ma. The Early Pleistocene progressive cooling caused the disappearance of further thermophilous shallow-water 
genera (Clypeaster, Schizechinus, Echinolampas) and allowed the entrance of temperate taxa (Paracentrotus lividus, 
Placentinechinus davolii and Sphaerechinus granularis) from the Atlantic. Some deep-water taxa (Histocidaris sicula, 
Stirechinus scillae, Cidaris margaritifera), whose Recent relatives are currently restricted to tropical areas, are not found 
in the area after the Calabrian possibly because of the disappearance of the psychrosphere. The extant Mediterranean 
echinoid fauna mainly derives from the Late Miocene fauna, reduced after several climatic changes by about 43% at the 
genus level. The recent increase of the sea surface temperatures allowed the entrance of the Lessepsian Diadema seto­
sum and confined the deep-water species of Holanthus to the coldest areas of the basin, making this genus endangered.
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Introduction
Since the Early Triassic echinoids are a relevant component 
of marine benthic invertebrate assemblages (Kroh and Smith 
2010). Today they live in a wide latitudinal range, from po-
lar to equatorial, at various depths, from intertidal bottoms 
to the deeper abyssal waters, though their highest diversity 
occurs at shelf depths (Kroh and Smith 2010; Mironov et 
al. 2015). According to the morphology of their test, the 
echinoids are subdivided into two main groups: regular echi-
noids, with a radial symmetry, and irregular echinoids, with 
a bilateral symmetry. In the present seas little more than 50% 
of all the echinoid species is represented by regulars, while 
in the Cenozoic fossil record the regular echinoid species 
represent only the 20% of all the known echinoids, possibly 

because of their lower potential to be fossilised (Kier 1977). 
Both groups are ecologically important, can fossilize rather 
easily thanks to the calcareous nature of their test, and play 
a relevant role in sedimentary and taphonomical processes. 
Regular echinoids belong to the marine epifauna and may 
be dominant algal grazers in shallow bottoms, where they 
can be also very active bioeroders (Bak 1990; Mokady et al. 
1996; Belaústegui et al. 2017); irregular echinoids are mainly 
infaunal deposit feeders and important bioturbators that may 
intensely modify the sedimentary structures by deeply bur-
rowing into the sediments (Hammond 1981; Queirós et al. 
2013; Belaústegui et al. 2017).

Since their appearance in the early Paleozoic (Middle 
Ordovician according to Lefebvre et al. 2013), several evo-
lutionary trends have been recognised among the echinoid 
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group (Kier 1965). However, only after the Permian mass 
extinction the flourishing of the echinoid group started with 
the strong differentiation of their morphology (Saucède et 
al. 2007 with references; Kroh and Smith 2010; Kroh 2011). 
Particularly, the diversification of many major lines of echi-
noids took place in the Jurassic, when they became a major 
constituent of the shallow-water benthos and the irregular 
echinoids appeared for the first time (Barras 2007; Smith 
and Kroh 2011). From that time on, a general increase of 
their biodiversification occurred, above all triggered by 
changes in their lifestyle (Jeffery and Emlet 2003; Kroh and 
Smith 2010; Hopkins and Smith 2015). A good example of 
diversification in their mode of life is represented by the 
different kinds of reproduction they have acquired during 
their evolution, with strategies ranging from a complete 
lack of parental care (broadcasting) to internal and exter-
nal brooding of the eggs, embryos, and juveniles (Gillespie 
and McClintock 2007). Climate and paleogeographic 
changes drove the diversification of the Mediterranean echi-
noid group (e.g., Néraudeau et al. 1999, 2001, 2003; Kroh 
2007). Significant cases of the interaction between climate 
changes and the evolution of the echinoid diversity in the 
late Cenozoic of the Atlanto-Mediterranean area have been 
reported: the disappearances of genera Amphiope Agassiz, 
1840, Clypeaster Lamarck, 1801, Hypsoclypus Pomel, 1869, 
and Echinoneus Leske, 1778 (Néraudeau et al. 2001), and 
the Mediterranean appearance of Paracentrotus Mortensen, 
1903, Sphaerechinus Desor, 1856, and of Placentinechinus 
Borghi and Garilli, 2016. However, apart from the review 
by Néraudeau et al. (2001) concerning only the irregulars, 
the biogeography and biostratigraphy of the echinoids were 
generally discussed singularly, without providing a syn-
optical view of how the whole Mediterranean assemblage 
changed in the late Neogene–Quaternary. Furthermore, the 
lack of a complete biostratigraphic framework prevented 
the identification of the late Cenozoic climate changes that 
determined the diversity of the current Mediterranean echi-
noid assemblage whose composition and distribution were 
studied by Mortensen (1913), Kohler (1927), Péquignat 
(1964) and Tortonese (1965, 1977).

The Mediterranean and Paratethys Miocene echinoid 
fauna were respectively overviewed by Roman (1989a) and 
Kroh (2005, 2007). These faunas mainly derived from the 
Paleogene assemblage, mostly endemic to Tethys. About 70, 
mainly tropi cal, genera lived during that time in the shallow 
waters of the Mediterranean domain (Roman 1989a). They 
were mostly represented by irregular echinoids, above all 
clypeastro ids, cassiduloids and spatangoids. Extensive 
stu dies on deep- water associations have been provided 
only from the Serravallian (Middle Miocene) of Cyprus 
(Smith and Gale 2009) and the upper Burdigalian (Lower 
Miocene) to Serravallian (Middle Miocene) of northern 
Italy (Stefanini 1908, 1909; Borghi 2020). Although the 
number of the  genera and species recorded in the literature 
(about 70 and 600, respectively) may be regarded as overes-
timated (Roman and Soudet 1990), the echinoid diversity in 

the Miocene of the Mediterranean was clearly much greater 
than the Recent one (Roman 1989a).

In the last two decades significant developments have 
been achieved in the knowledge of the Mediterranean fossil 
and Recent echinoids, above all thanks to the new findings 
and progress in the systematics of this group (e.g., Kroh and 
Smith 2010; Smith and Kroh 2011; Mongiardino Koch et al. 
2018, 2022; Kroh and Mooi 2021; Mongiardino Koch and 
Thompson 2021). During this period, however, no relevant 
progress has been achieved on the knowledge of the late 
Cenozoic Mediterranean echinoid diversity, apart from the 
deep-water echinoids (Borghi et al. 2014). Based on the new 
data acquired by own studies and recent literature we pres-
ent a review of the diversity of the Mediterranean regular 
and irregular echinoids from the late Miocene (Messinian) 
to the present day, a period of geological events and cli-
mate fluctuations that have marked important steps for the 
paleobiogeographic evolution of the Mediterranean area. 
We will also discuss the paleoclimatic and paleogeograph-
ical significance of the echinoid assemblages reviewed, for 
which we will provide an exhaustive stratigraphic frame. 
Paleobiological responses to climate changes as detected for 
the echinoid assemblages reviewed will be compared with 
those recorded for other marine groups with special regard 
to molluscs, for which Monegatti and Raffi (2001) proposed 
an eco-biostratigraphic zonation of the Mediterranean 
Pliocene and Early Pleistocene.

Institutional abbreviations.—MCS, Museo Paleontologico 
“Il Mare Antico”, Salsomaggiore Terme, Italy; MG, Museo 
Geologico “G. Cortesi”, Castell’Arquato, Italy; MTPL, 
Museo Regionale di Scienze Naturali, Torino, Italy; MGUS, 
Museo de Geologia de la Universidad de Sevilla, Spain; 
MZUF, Museo di Storia Naturale “La Specola”, Firenze, 
Italy.

Other abbreviations.—MPMU, Mediterranean Pliocene 
molluscan unit; MSC, Messinian salinity crisis; SST(s), sea 
surface temperature(s).

Paleogeographic and paleoclimatic 
setting
Since the Middle Miocene, after the more-or-less final 
interruption of the communication with the Indo-Pacific 
area (Rögl 1999; Harzhauser et al. 2002, 2007; Popov et al. 
2004), the Mediterranean province became a sort of Atlantic 
“pocket” characterised by a tropical fauna (Por 2009). This 
condition persisted untill the Late Miocene, when, during 
the Messinian, the Mediterranean area underwent severe 
paleobiogeographic changes involving desiccation pro-
cesses and the precipitation of a large quantity of salts on 
the sea bottom, the geological event known as the Messinian 
Salinity Crisis (MSC) (Ruggieri 1967; Hsu et al. 1973; Isaji 
et al. 2019 and references therein). It is still debated which 



BORGHI AND GARILLI—CLIMATE-DRIVEN DIVERSITY CHANGES OF MEDITERRANEAN ECHINOIDS 783

main factor drove the MSC, which started at 5.971 Ma 
(Manzi et al. 2013). Most likely the combination of climate 
and paleogeographic factors, such as the dry conditions with 
a water loss by evaporation exceeding the volume of inflow, 
a tectonic uplift at the Gibraltar area (Garcia-Castellanos 
and Villaseñor 2011) or a global sea-level fall, caused the in-
terruption of the Atlanto-Mediterranean communication or 
its relevant reduction (for an essential overview see Kastens 
1992; Flecker et al. 2002; Flecker and Ellam 2006; Rouchy 
and Caruso 2006; Ryan 2009; Roveri et al. 2014; Ohneiser 
et al. 2015). In any case, it is generally assumed that the 
MSC caused deep changes in the Atlanto-Mediterranean 
faunal relationships, with a drop of the Mediterranean ma-
rine biodiversity (e.g., Landau et al. 2003; Coll et al. 2010; 
Monegatti and Raffi 2010; Agiadi et al. 2020) that also in-
volved echinoids (Néraudeau et al. 1999, 2001).

After the MSC, with the normalization of the water in-
terchange with the east Atlantic at the beginning of the 
Pliocene at about 5.3 Ma, the Mediterranean basin pro-
gressively assumed its present geographical setting and 
underwent an intricate climatic evolution. The Pliocene 
period (Zanclean–Piacenzian) was almost globally charac-
terised by a much warmer climate, particularly during the 
so-called Pliocene climatic optimum (e.g., Fedorov et al. 
2013). During this period, also known as “warm Pliocene”, 
a strictly tropical regime settled in Mediterranean (e.g., 
Haywood and Valdes 2004; Dowsett and Caballero-Gill 
2010; Dowsett et al. 2013; De Shepper et al. 2014; Jiménez-
Moreno et al. 2019). Approximately from the beginning 
of the Piacenzian (Late Pliocene), at the onset and the in-
tensification of Northern Hemisphere glaciation (Mudelsee 
and Raymo 2005), to the Early Pleistocene (Gelasian), the 
Mediterranean progressively experienced a climatic regime 
characterised by higher-amplitude variability, with main 
cooling events at about 3.0, 2.5, and 2.1 Ma. These events 
determined changes in the depositional settings (Lickorish 
and Butler 1996; Roveri and Taviani 2003; Massari and 
Chiocci 2006) and in the molluscan assemblages, which 
were deprived of several tropical taxa (Monegatti and Raffi 
2001). Biodiversity declines of the thermophilous mol-
luscan assemblages were reported also from the eastern 
Atlantic, particularly in Iberian deposits straddling the 
Strait of Gibraltar (Landau et al. 2007). In general, through-
out the Pleistocene (Gelasian–Calabrian–Chibanian and a 
still unnamed upper stage previously named “Tyrrhenian”), 
particularly since the Calabrian, the Mediterranean experi-
enced alternances of warmer and colder phases, respectively 
characterised by lower (Garilli 2011) and higher seasonal-
ity (Raffi 1986; Klotz et al. 2006). A frequence of 41 kyr 
controlled the climate variations in the late Piacenzian–
Calabrian, while a frequence of 100 kyr governed the more 
pronounced alternances of cold and warm phases during 
the Middle–Late Pleistocene “Ice Ages” (e.g., Raymo 1994; 
Zachos et al. 2001; Raymo and Nisancioglu 2003; Head 
and Gibbard 2005; Dowsett and Caballero-Gill 2010). It 
is remarkable that a paleooceanographical regime similar 

to the current one established during the Gelasian (early 
Lower Pleistocene) in the Mediterranean region (Serrano 
2020). Changes in the paleogeography of the Mediterranean 
shore environments occurred in the Pleistocene due to cli-
mate changes, especially during the Last Glacial Maximum, 
when the sea level globally fell 120–130 metres below the 
present one (e.g., Lambeck et al. 2002, 2014).

All this intricate late Neogene–Quaternary history 
caused important shifts in the faunal assemblages of the 
Atlanto-Mediterranean domain (e.g., Malatesta and Zar lenga 
1986; Loubere and Moss 1986; Cronin et al. 1993, 1999; Head 
1998; Monegatti and Raffi 2001; Taviani 2002; Wood 2009; 
Garilli 2011; Vertino et al. 2014), and echinoids are not an 
exception (Roman and Soudet 1990; Kroh 2007; Néraudeau 
et al. 1999, 2001; Borghi et al. 2014).

Historical background
Changes in diversity of Mediterranean regular and irregular 
echinoids were investigated over the interval Messinian to 
present day, in more detail up to the Calabrian. The post 
Calabrian fossil record is patchy and largely incomplete, 
with exceptions regarding the upper Pleistocene deposits of 
Favignana Island (Borghi et al. 2006) and Milazzo (Borghi 
et al. 2014), in Sicily (southern Italy), which provided a few 
shallow-water species.

Results presented in this paper are based on field ob-
servations by the first author (EB), on a bibliographic data 
set on the distribution of late Neogene–Quaternary echi-
noids and on recent advancements of their systematics. 
Bibliographic data were collected mainly from Lachkhem 
and Roman (1995) and Néraudeau and Masrour (2008) for 
the Messinian echinoids of north Africa; from Montenat 
and Roman (1970), Roman and Soudet (1990), Néraudeau et 
al. (1999), Lacour and Néraudeau (2000), Saint-Martin et al. 
(2000) for the Messinian to Pleistocene echinoids of Spain; 
from Néraudeau et al. (1998), Borghi et al. (2006, 2014), 
Borghi and Garilli (2017) for the Pliocene and Pleistocene 
echinoids of Italy; from Challis (1980) and Cappelletti 
(2008), for the Messinian echinoids of the Maltese islands; 
from Marcopoulou-Diacantoni (1967, 1972, 1974, 1977) and 
Heimann and Marcopoulou-Diacantoni (1977), for the Late 
Miocene to Pleistocene echinoids of Eastern Mediterranean. 
Néraudeau et al. (2001) provided an overview of irregular 
echinoids from the whole Mediterranean area. A list of the 
discussed echinoid genera and their respective species with 
localities, age and references is reported in SOM: table S1 
(Supplementary Online Material available at http://app.pan.
pl/SOM/app67-Borghi_Garilli_SOM.pdf). The forami nifer 
and nannofossil biozonations cited in this paper are from 
Lirer et al. (2019) and Backman et al. (2012), respectively.

A problem of determining complete paleobiogeographic 
and biostratigraphic frameworks for echinoids may rise 
from the uncertainty sometimes affecting the systematics of 
some fossil specimens (Roman and Soudet 1990). The taxo-
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nomy of several fossil genera is still poorly defined. This is 
the case with the genera Clypeaster, Echinolampas Gray, 
1825 and Trachypatagus Pomel, 1869. Many Late Miocene–
Recent (chrono)species attributed to Echinolampas were 
often distinguished only on the base of their different stra-
tigraphy (Roman 1965). Biometric and statistical analyses 

by Néraudeau et al. (1998) showed that it was not possible 
to distinguish the Miocene Echinolampas hemisphaerica 
(Lamarck, 1816), the Pliocene–Pleistocene Echinolampas 
hoffmanni Desor in Agassiz and Desor, 1847b, and the 
Recent Echinolampas rangii Des Moulins, 1870. They con-
cluded that a single morphological species of Echinolampas 

Fig. 1. Stratigraphy (A) and location (B) of some echinoid key sites from Italy, showing some of the most significant appearances, disappearances and 
other occurrences of Mediterranean late Cenozoic echinoids. Lithology and stratigraphy are reconstructed from Borghi and Garilli (2017) and Crippa et 
al. (2019) for Stirone east; Cau et al. (2015) for Stirone west; Ceregato et al. (2007) for Campore; Capozzi and Picotti (2003) for Castrocaro; Di Bella et 
al. (2005) for Anzio; Borghi and Garilli (2017) for Sant’Andrea. The nannofossil biozones (CNPL) and the age of Discoaster tamalis last occurrence are 
after Backman et al. (2012). The foraminifer biozonation (MPL) is according to Lirer et al. (2019). 
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survived the Messinian crisis in the Mediterranean, where 
it lived until the Pleistocene, and is still living in the east-
ern Atlantic. There are several cases of echinoid species 
that survived the Late Miocene salinity crisis and reap-
peared in the Mediterranean with the same morphology. 
In some cases, different names were attributed to these 
taxa (e.g., Roman and Soudet 1990; Néraudeau et al. 1998). 
Conversely, we prefer to regard chronotaxa that are mor-
phologically close as belonging to one morphospecies, as 
proposed by Néraudeau et al. (2001), and to base our inves-
tigation on the genus level. For this purpose, we took into 
consideration only well supported citations, both from the 
taxonomic and the stratigraphic point of view. A further 
problem of systematics concerns the Amblypygus Agassiz, 
1840. Roman and Saint-Martin (1987) ascribed the holo-
type of Amblypygus lorioli Simonelli, 1889, known from 
the Mediterranean Pliocene, to the Echinoneus. However, 
this species differs from those in Echinoneus by having 
perforate primary tubercles, transversely elongated outer 
pores and the periproct much closer to the peristome than to 
the posterior margin of the test (Smith and Kroh 2011; Ali 
2017). For these reasons this species is here maintained in 
the Amblypygus.

Doubtful records and taxa identified solely at the family 
(or higher) level were not considered.

If not otherwise noticed, we followed the systematic pro-
posed by Smith and Kroh (2011). Conolampas Agassiz, 1883, 
is considered as a junior synonym of Hypsoclypus Pomel, 
1869; Aliaster Valdinucci, 1974, is included in Opiss aster 
Po mel, 1883, and Granopatagus Lambert, 1915, is main-
tained as a valid genus, distinct from Spatangus Gray, 1825. 
Following Kroh and Mooi (2021), Gracilechinus Fell and 
Pawson, 1966, is accepted as a valid genus including the 
species Gracilechinus acutus Lamarck, 1816. Also, it is here 
accepted that the specimens of Arbaciella Mortensen, 1910, 
reported for the Mediterranean Sea are juveniles of Arbacia 
lixula (Linnaeus, 1758), as recently proved by studies based 
on DNA analyses (Kroh et al. 2011; Wangensteen 2013). 
Arbacina Pomel, 1869, is here maintained temporarily as sep-
arated from Genocidaris Agassiz, 1869 (study in progress by 
the first author).

Methods
Key sections used for echinoid biostratigraphy.—Some sec-
tions (Fig. 1) in northern Apennines and other parts of Italy 
were used to provide a stratigraphic frame as precise as 
possible for some echinoid bioevents occurred during the 
Mediterranean Pliocene to Early Pleistocene. These key sites 
are mostly from Emilia Romagna, where this time interval is 
well documented within several marine upper slope to inner 
shelf successions for which a detailed stratigraphy frame 
is known (Capozzi and Picotti 2003; Ceregato et al. 2007; 
Cau et al. 2015; Crippa et al. 2019). Some other deposits in 
Italy are also relevant for the characterization of the echinoid 

Mediterranean stratigraphy, particularly their disappear-
ance events (Fig. 1): the yellow sandy sediments generally 
known as “Sabbie di Asti” in Piedmont (north Italy), late 
Zanclean–earliest Piacenzian in age (biozone MPL4a ac-
cording to Violanti 2005); similar, inner shelf deposits in SW 
Piedmont, probably of Piacenzian age not younger than the 
base of the biozone MPL5a (Violanti 2005); the prevalently 
arenite/calcarenite deposit of the lower unit of the Pianosa 
Formation (Pianosa Island), dated to the early Piacenzian, 
upper part of the MPL4 biozone (Foresi et al. 2007); the up-
per Amphistegina-rich level and related calcarenite body in 
central Italy (Anzio, Latium), attributed to the early–middle 
Gelasian, middle–upper part of the MPL5b biozone, possibly 
within a 2.15–2.3 Ma time interval (Di Bella et al. 2005; see 
Fig. 1); the calcarenite of Sant’Andrea in Puglia (southern 
Italy), attributable to the Gelasian lower CNPL6 biozone 
(Borghi and Garilli 2017 and references therein).

A synoptic, quantitative frame of the Mediterranean 
echinoids throughout the late Cenozoic is shown in Table 1.

The paleoclimatic/biogeographic approach.—The geogra-
phical distribution of many echinoids is strongly correlated 
with SSTs. This is especially true for shallow-water species 
(Fell 1954), which are the most represented among the here 
studied genera (Fig. 2 and SOM: table S2), while deeper-wa-
ter taxa (e.g., Cidaris Leske, 1778, and Brissopsis Agassiz, 
1840) are less affected by SSTs and occur widely across 
climate zone boundaries (Pereira 2008) characterised by 
remarkably different SSTs (SOM: table S3). In fact, sea 
temperatures are generally invariable down to depths of 
little more than 100 m at the mid latitudes and down to few 
tens of meters deeper in tropical seas (Webb 2017). For this 
reason the strictly deep-water echinoid assemblage is dis-
cussed separately. For a better understanding of the climatic 
significance of the still extant echinoid genera discussed 

Table 1. Quantitative data of Mediterranean echinoid genera from Mes-
sinian to Recent. n, number of genera; D, number of disappeared genera; 
A, number of appeared genera; MSC, Miocene salinity crisis; sNHG, 
setting of Northern Hemisphere glaciation. For each geological period 
appearances and disappearances are in relation to the previous one.

Echinoid 
group

Miocene 
(Messinian) Pliocene Pleistocene

RecentPre 
MSC MSC Pre 

sNHG
Post 

sNHG
Gela-
sian

Cala-
brian

Regularia
n 13 0 15 10 11 13 11
D – 13 0 5 0 0 5
A – 0 15 0 1 2 3

Irregularia
n 24 1 22 12 12 11 10
D – 23 0 10 0 1 2
A – 0 21 0 0 0 1

n total 37 1 37 22 23 24 21
D total – 36 0 15 0 1 7
A total – 0 36 0 1 2 4
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we also used a biogeographic framework (Fig. 3). The bio-
geography of these taxa has been reconstructed using data 
from Tortonese (1965, 1977), OBIS (Ocean Biodiversity 
Information System 2021) and Kroh and Mooi (2021). We 
did not consider single records of extant echinoids outside 
the range and the climatic zone considered as typical for 
the taxon. The ocean climate regions of the biogeographic 
framework used are mainly based on the average annual 
SSTs as reported by Webb (2017). According to this data 
set, we defined the following zones: tropical-equatorial zone 
(hereafter simply called tropical) with temperatures gener-
ally over 23°C; subtropical-temperate zone with tempera-
tures usually ranging from 9 up to 23°C; subpolar zone 
with temperatures lower than 9°C. In OBIS (2021) the first 
two climatic zones respectively correspond to temperature 
ranges of 10–20°C and 20–30°C.

Many genera found in the Mediterranean upper Cenozoic 
deposits are still living outside this basin (Pereira 2008). 
Assuming that from an ecological point of view they did 
not change considerably, their current climatic distribu-
tion can be useful to define the climatic requirements of 
their fossil relatives. This actualistic approach was success-
fully applied to the Lower–Middle Miocene of the Central 
Paratethys (Kroh 2007) and Portugal (Pereira 2008) as well 
as to earlier echinoids (Carter 2003). Data concerning the 
distribution and ecological requirements of extant forms are 
from Mortensen (1928, 1935, 1940, 1943, 1948a, b, 1951), 
Tortonese (1965), Clark and Rowe (1971), Phelan (1970), 
Picton (1993), Smith and Kroh (2011). As for the still living 
echinoids average annual SSTs have been provided based on 
reports by OBIS (2021), and of personal and literature data 
(SOM: tables S3, S4 for an overview). For these taxa the SST 

and biogeographical data sets compiled have been combined 
to better define their climatic requirements and group them 
into climate classes.

As for the present time, it should be considered that 
the climate of the Mediterranean area (mostly the typical 
dry-summer and wet-winter Mediterranean climate) is 
rather variable (Köppen 1931), being subtropical in the south 
and east, and warm temperate to temperate in most of the 
westernmost and in the northernmost parts. This climatic 
framework is well applied to the marine benthos (e.g., Pérès 
1967). In this study we consider Mediterranean extant echi-
noids as belonging to a group requiring subtropical-warm 
temperate conditions and prefer to regard as strictly tem-
perate those taxa living outside the Mediterranean at simi-
lar or higher European latitudes. The climatic significance 
of Mediterranean extinct species has been determined by 
means of the paleoclimate as reconstructed for the strati-
graphic range where they lived.

The biostratigraphy of those taxa that went extinct in the 
Mediterranean domain has been also used for the determina-
tion of their respective climatic requirements. We considered 
as strictly tropical those genera that lived in that area during 
the Miocene–Pliocene and/or the warm Late Pleistocene (the 
marine isotopic stage 5); genera that survived the Pliocene–
Pleistocene climatic deteriorations were considered as taxa 
tolerating a wide thermal range. The climatic requirement 
of genera still living outside the Mediterranean was defined 
also by means of their biogeography.

Climatic groups within  
the Mediterranean echinoids  
and their stratigraphy
According to their ecological requirements, particularly their 
average annual SSTs, and (paleo)biogeography, the echinoid 
genera occurring in the Mediterranean Late Miocene to 
Recent were included in the hereafter reported five climatic 
groups. Only the still living species of genera Brissopsis 
and Echinocyamus Van Phelsum, 1774, should be consid-
ered as “outsider” taxa, whose climatic requirements do not 
match those of the identified climatic groups, as their bio-
geography is not remarkably affected by temperature (Fell 
1954; Kroh 2005; Pereira 2008). Their representatives are 
well distributed in tropical-subtropical environments as well 
as in temperate waters (generally in slope environments) 
and are recorded even in shallow waters of cold regions 
(Fig. 3). Also their Mediterranean stratigraphic history is 
broad, having being recorded almost continuously through-
out the late Cenozoic, above all with the widespread species 
Brissopsis atlantica Mortensen, 1907, from the Messinian 
(Lacour and Néraudeau 2000) and the Calabrian (Borghi 
1997), Brissopsis lyri fera (Forbes, 1841), from the Messinian 
to Recent (Checchia Rispoli 1919, 1923; Tortonese 1965; 

Fig. 2. Current distribution by depth of shelf-preferring/exclusive echinoid 
genera that still live or lived in Mediterranean during the late Cenozoic. 
Data are expressed in percentage of the centennial bathymetric records col-
lected by OBIS (https://obis.org). 
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Lachkhem and Roman 1995; Borghi 1997; Lacour and 
Néraudeau 2000; Néraudeau et al. 2001), and Echinocyamus 
pusillus (Müller, 1776). This last species is known from the 
Messinian of Melilla (Lachkhem and Roman 1995) and 
Alicante, Spain (Montenat and Roman 1970), the Zanclean–
Piacenzian of Piedmont (Airaghi 1901), the Piacenzian of 
Tuscany (Simonelli 1889) and Spain (Roman and Soudet 
1990), the Gelasian of Anzio (Checchia Rispoli 1923), the 
Calabrian of Emilia (Borghi 1993a) and Sicily (Borghi et al. 
2006), and from the Upper Pleistocene of Milazzo, Sicily 
(Borghi et al. 2014). Outside the Mediterranean the species 

has a less wide stratigraphic distribution having been reported 
from the Upper Miocene to Pliocene of the Azores (Madeira 
et al. 2011). It is still common in the Recent Mediterranean 
(Tortonese 1965) and in the northeastern Atlantic (Madeira 
et al. 2019). Brissopsis and Echinocyamus are therefore gen-
era with a wide climatic distribution.

Strictly tropical genera.—This group includes genera the 
species of which are still living in tropical (very rarely in 
subtropical) seas or that lived in warm geological periods, 
generally not younger than the warm middle Piacenzian.

Fig. 3. Biogeography of regular (A) and irregular (B) echinoid genera which occurred in the Mediterranean during the Late Miocene–Holocene.
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The Recent species of Diadema Gray, 1825, Eucidaris 
Pomel, 1883, Prionocidaris Agassiz, 1863, Tripneustes Agas-
siz, 1841, Hypsoclypus, and Echinoneus are widespread in 
tropical seas (Fig. 3), generally in shallow to moderate depth 
(see Smith and Kroh 2011), and the respective fossil repre-
sentatives should be regarded as taxa with tropical affinity. 
Recently Hypsoclypus and Echinoneus species have been 
reported from the Mediterranean warm middle Piacenzian 
in shelf paleoenvironments: Hypsoclypus pouyannei Pomel, 
1887, associated with Clypeaster sp. from Tuscany, Central 
Italy (Borghi and Ciappelli 2014); Echinoneus cyclosto­
mus Leske, 1778, from Cabo Cope, Spain (Diego Garcia 
Ramos, personal communication 2012). Today the species of 
Hypsoclypus usually inhabit environments deeper than those 
reported for its fossil Mediterranean representatives.

The extinct Amphiope, Pliolampas Pomel, 1888, and 
Schi zo brissus Pomel, 1869, should be considered as tropical 
taxa as they are closely related respectively to Echinodiscus 
Leske, 1778, Studeria Duncan, 1889, and Meoma Gray, 1851, 
the specie of which live today in strictly tropical seas (Pereira 
2008). Also the species of some other extinct shallow- 
water genera, such as Amblypygus, Opissaster, Peri brissus 
Pomel, 1869, Trachyaster Pomel, 1869, Trachy patagus, and 
Sardospatangus Stara, Charbonnier, and Bor ghi, 2018, 
share the same climatic significance because of their pa-
leogeographic distribution and stratigraphy. The species of 
these genera are limited to the warm Eocene–Pliocene of 
the Mediterranean area or to other regions characterised by 
similar climate (e.g., Simonelli 1889; Mortensen 1928, 1935, 
1940, 1943, 1948a, b, 1951; Roman and Saint-Martin 1987; 
Lachkhem and Roman 1995; Néraudeau et al. 2001; Smith 
and Kroh 2011; Borghi and Ciappelli 2014; Mancosu and 
Nebelsick 2016; Stara et al. 2018). Species of Opissaster, 
Peribrissus, Pliolampas, Schizobrissus, Sardo spa tangus, 
Tra chy aster, and Trachypatagus were present in the pre- 
evaporitic Messinian of the Mediterranean (Roman and 
Soudet 1990; Lachkhem and Roman 1995; Néraudeau et 
al. 2001; Stara et al. 2018). Only Opissaster, Peribrissus, 
Schizo brissus, Sardospatangus, and Trachypatagus have 
been cited also from the Mediterranean Pliocene, although 
their occurrence was rare during that period. Earlier citations 
of these five genera from the “Pliocene” of Algeria were 
provided by Pomel (1869, 1887) and Cotteau et al. (1891). 
Subsequently, a species of Trachypatagus was reported also 
from the Pliocene of Spain (Roman and Soudet 1990), and a 
representative of Schizobrissus from the Pliocene of North 
Africa (Lachkhem and Roman 1995; Néraudeau et al. 2001).

Eucidaris was frequent in the Late Miocene (Néraudeau 
et al. 1999) and Pliocene, where the species Eucidaris des­
moulinsi (Sismonda, 1842) has been recognised in the Zan-
clean of Tuscany and Sicily, and in many Piacenzian sites 
of Emilia, Piedmont (Borghi 1999) and Tuscany (Simonelli 
1889, cited as Cidaris tessurata).

The only Pliocene species of Amphiope from the Medi-
terranean, Amphiope tipasensis (Aymé and Roman, 1954), 
was de scri bed from the “middle Astian” of Tipaza (Algiers), 

Piacenzian in the modern stratigraphy (see MNHN at http://
coldb.mnhn.fr/catalognumber/mnhn/f/r06930 also for pic-
tures).

The last Mediterranean occurrence of Amblypygus is 
that of the holotype of Amblypygus lorioli, from the lower 
Piacenzian (Colantoni and Borsetti 1973; Foresi et al. 2007) 
of Pianosa Island in north-central Italy.

Tripneustes was widespread during the Lower and 
Middle Miocene in the Mediterranean and Paratethys seas 
(Philippe 1998; Kroh 2005). It is known from the Tortonian 
and Mes sinian of North Africa (Lachkhem and Roman 1995) 
and Spain (Roman and Soudet 1990; Bajo and Borghi 2009; 
Fig. 4F). Two species, Tripneustes gahardensis (Seunes, 
1896) and Tripneustes planus (Agassiz in Agassiz and Desor, 
1847a), have been recorded also from the Spanish Zanclean 
(Roman and Soudet 1990; Lachkhem and Roman 1995).

According to Stara et al. (2018), the earliest records of 
the extinct Sardospatangus are from the Aquitanian (Lower 
Miocene) of Sardinia, with Sardospatangus thie ryi (Lambert, 
1909) and Sardospatangus arburensis Stara, Char bon nier, 
and Borghi, 2018. Later occur ren ces regard Sardo spatangus 
pustulosus (Wright, 1855), in the Aqui tanian–Burdigalian 
(Lower Miocene) of Malta, Sardo spatan gus subconicus 
(Mazzetti, 1882), Sardo spa tan gus destefanii (Stefanini, 
1908), and Sardo spatangus fabianii (Lambert in Lambert 
and Thiéry, 1924), in the upper Burdigalian–early Langhian 
(upper Lower–lower Upper Miocene) of Emilia (North Italy), 
and Sardospatangus saheliensis (Pomel, 1887), in the Upper 
Miocene of North Africa. Only Sardospatangus saheliensis 
and Sardospatan gus rovasendai (Airaghi, 1901) (Fig. 4C), 
have been found in the Piacenzian of the Mediterranean area 
(Stara et al. 2018), respectively from the inner shelf deposits 
of Almeria (Roman and Soudet 1990) and Piedmont.

Tropical­subtropical genera.—This group concerns genera 
that generally lived or live in tropical to subtropical settings, 
including the Mediterranean Sea, but may be rarely found in 
temperate conditions.

After Roman (1989a) and Pereira (2008) the following 
genera, although generally found in tropical (paleo)environ-
ments, have also some subtropical representatives (Fig. 3) 
or lived in paleoclimate setting that could be regarded as 
subtropical: Stylocidaris Mortensen, 1909, Centrostephanus 
Peters, 1855, Arbacia Gray, 1835, Genocidaris, Clypeaster, 
Echinolampas, Granopatagus, Ova Gray, 1825, Brissus Gray, 
1825, Plagiobrissus Pomel, 1883. Prionocidaris is typical of 
tropical areas and its unique record from the shallow cold 
waters of Antarctica (OBIS 2021) should be regarded as ac-
cidental. Also Neolampas Agassiz, 1869, should be included 
into this group as it only rarely occurs in temperate localities 
(Mortensen 1927) and most records are from tropical and 
subtropical areas (see Fig. 3). We prefer to regard Schizaster 
Agassiz, 1836, species of which live outside the Mediterranean 
mainly in warm climatic conditions, as belonging to the group 
of the deep-sea echinoids hereafter described. In fact, in the 



BORGHI AND GARILLI—CLIMATE-DRIVEN DIVERSITY CHANGES OF MEDITERRANEAN ECHINOIDS 789

Fig. 4. Rare echinoids from the Mediterranean late Cenozoic to Recent. A. Stirechinus scillae Desor, 1856, MG 1034.10, Early Pleistocene, Contrada 
Coilare (Messina, Sicily), in lateral view. B. Spatangus purpureus (Müller, 1776), MG 1038.01, Calabrian, Castell’Arquato, Italy, in aboral view. 
C. Sardo spatangus rovasendai (Airaghi, 1901), MTPL.1246, Piacenzian of Pecetto Piemontese, Italy, in aboral (C1) and oral (C2) views. D. Schizechinus 
serialis Pomel, 1887, MCS Ss.17, Calabrian, Stirone River, Parma, Italy, in lateral view. E. Schizechinus serialis Pomel, 1887, MG Sz.15, Calabrian, 
Castell’Arquato, Italy, in aboral view. F. Tripneustes gahardensis (Seunes, 1896), MGUS 2040, late Tortonian–early Messinian, Espera, Spain, in ab-
oral view. G. Gracilechinus acutus (Lamarck, 1816), MCS Ga.12 (ex Bussolati collection), Calabrian, Stirone River, Parma, Italy, in lateral view. 
H. Granopatagus subinermis (Pomel, 1887), MZUF.1359, Recent, off Livorno, Italy, in oral (H1) and aboral (H2) views.
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Mediterranean area species of this genus were limited to deep 
environments throughout the late Cenozoic.

The extinct Schizechinus Pomel, 1869, is also placed into 
this group because of its wide biostratigraphy, including the 
late Upper Miocene (Roman and Soudet 1990), the Pliocene 
(Checchia Rispoli 1917; Lachkhem and Roman 1995) and 
the earliest Pleistocene (Checchia-Rispoli 1916; Roman and 
Soudet 1990; Borghi et al. 2018). The last Mediterranean oc-
currence of this genus, concerning the species Schizechinus 
serialis Pomel, 1887 (Fig. 4D, E), is that recorded in the 
lower Calabrian of northern Italy (Borghi et al. 2018), in 
a layer preceding the entrance of the boreal guest Arctica 
islandica (Linnaeus, 1767). The disappearance of this ge-
nus roughly correlates to the first Mediterranean occur-
rence of the temperate Sphaerechinus, with Sphaerechinus 
granularis (Lamarck, 1816), which likely occupied the 
same ecological niche of Schizechinus. As a matter of fact, 
Sphaerechinus found favourable conditions in the late 
Calabrian of Southern Italy, at Favignana Island, where it is 
very common (Borghi et al. 2006).

Also, Arbacina, another extinct genus, has wide stratig-
raphy: the Messinian of Spain (Roman and Soudet 1990; 
Bajo et al. 2008), the Pliocene of Altavilla Milicia, Sicily 
(Checchia Rispoli 1916), the Gelasian of Anzio (Checchia 
Rispoli 1923), the last known occurrence from the Calabrian 
of Sicily (Checchia Rispoli 1907; Borghi and Garilli 2017).

Genocidaris shows a distribution similar to that of Arba­
cina: Messinian of North Africa (Néraudeau et al. 1999), 
Zan clean to Cala brian of Emilia (Borghi, 1995b), Upper 
Pleisto cene of Capo Milazzo, Sicily (Borghi et al. 2014). The 
species Genocidaris maculata Agassiz, 1869 is still present 
in the Mediterranean (Tortonese, 1965).

Plagiobrissus inhabited the Messinian Mediterranean 
with two species: Plagiobrissus imbricatus (Wright, 1855), 
from the Maltese Islands, and Plagiobrissus costae (Gasco, 
1876), from Melilla, in North Africa (Lachkhem and Roman 
1995), and Spain (Bajo et al. 2008). Plagiobrissus costae, 
recorded also from the Zanclean to Piacenzian of Almeria, 
Spain (Roman and Soudet 1990), and the Calabrian of 
Emilia (Borghi, 1993c), is still living in the Mediterranean 
(Tortonese, 1965). Plagiobrissus has always been rather rare 
in the Mediterranean, from the Late Miocene to Recent.

The genus Ova was represented by Ova saheliensis 
(Pomel, 1887), cited from the Messinian of North Africa 
(Lachkhem and Roman 1985), and the Pliocene of Spain 
(Néraudeau et al. 2001), and by Ova canalifera (Lamarck, 
1816), known from the Pliocene–Pleistocene of Italy (Borghi 
2021b). Ova is still present in the Mediterranean with the en-
demic species Ova canalifera.

Centrostephanus, with its species Centrostephanus longi­
spinus (Philippi, 1845), has been commonly cited from the 
Medi terra nean upper Cenozoic: in the late Upper Miocene 
(Roman and Soudet 1990), in the Pliocene (Seguenza 1880; 
Checchia Rispoli 1917; Tortonese 1965) and in the Recent 
(Tortonese 1965). Also, the report from the Pliocene of 
North Italy (Airaghi 1901) of Diadema, indeed a very recent 

Mediterranean acquisition (Por 2009; Bronstein et al. 2017), 
should be attributed to Centrostephanus. In fact, the identi-
fication of these two genera based on disarticulated remains 
is still problematic (see Kroh 2005) despite Donovan (2018) 
attempted to distinguish them based on the transverse sec-
tion of spines. Also the loose spines collected by the first 
author from the Messinian of Vigoleno and the Piacenzian 
of Campore (North Italy) belong to Centrostephanus.

Arbacia is represented in the Pliocene (presumably up-
per Piacenzian) of Cabo de Gata (Spain) by rare specimens 
of a still undetermined species, which are morphologically 
close to some congeneric ones known from the Pliocene 
of the Caribbean area (Philippe Nicolleau and Leonardo 
Hernandez, personal communication 2020). Arbacia lix­
ula was reported by Tortonese (1965) for the “Panchina 
di Livorno” (Tuscany), which formed in the Late (warm) 
Pleistocene (Bartoletti et al. 1986; Mazzanti 2016). Consis-
tently, Wangensteen (2013) regarded this species as a ther-
mophilous taxon that likely colonised the Mediterranean 
during the last interglacial. It still lives in the Mediterranean.

One of the most representative species of Echinolampas, 
Echinolampas hoffmanni, has been reported from the 
Piacenzian to the Calabrian of Italy (Simonelli 1889; Chec-
chia Rispoli 1907, 1917; Borghi 1994b; Borghi and Garilli 
2017). Interestingly, the genus Echinolampas disappears in 
the basal layers of the Calabrian succession in northern Italy 
(Borghi 1994b), while it is still abundant in the Calabrian of 
southern Italy deposited in warmer waters (Checchia Rispoli 
1907; Borghi and Garilli 2017), where it never occurs to-
gether with boreal guest. Echinolampas persists in Western 
Africa till today (Kroh and Mooi 2021), with the species 
Echinolampas rangii.

The Mediterranean records of Brissus concern only the 
extant species Brissus unicolor (Leske, 1778), known from 
the Piacenzian of Pianosa (Simonelli 1889; for the stratigra-
phy see Colantoni and Borsetti 1973 and Foresi et al. 2007), 
the Calabrian of Sicily (Borghi et al. 2006) and the Late 
Pleistocene-aged (last interglacial) “Panchina di Livorno” 
(Checchia Rispoli 1907). This species also lives in the tropi-
cal-subtropical Atlantic, at the Antilles, Azores, Canary, 
and Capo Verde Islands (Koehler 1927).

Prionocidaris has been recorded from the Messinian 
of Sardinia (Cotteau 1895; Lambert 1907). It was recently 
recognised also in the Pliocene of Campore (northern Italy), 
where loose spines attributable to Prionocidaris avenionen­
sis (Des Moulins, 1837) have been collected by one of the 
authors (EB). These spines were found in lenticular bioclas-
tic horizons (see Fig. 1) bearing a shallow-water reworked 
assemblage, embedded within the poorly stratified clayey 
siltstone at 31–37 m of the section described by Ceregato et 
al. (2007). This finding represents the last Mediterranean 
occurrence of this genus, at the approximate age of 3 Ma, in 
the mid- Piacenzian.

Clypeaster was well diversified in the Late Miocene 
(Néraudeau et al. 1998). Its species were frequent also in 
the Pliocene of Tuscany (Desor in Agassiz and Desor 1847a; 
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Simonelli 1889), Spain (Rose and Wood 1999) and North 
Africa (Michelin 1863). From these localities only two spe-
cies, Clypeaster altus (Leske, 1778) and Clypeaster aegyp­
tiacus Michelin, 1863, are currently recognised as valid 
(Esu and Kotsakis 1981; Néraudeau et al. 1998). The last 
Mediterranean occurrence of this genus is recorded in the 
Gelasian calcarenite of Anzio (Checchia Rispoli 1923; for 
stratigraphy see Carboni and Di Bella 1997) and should be 
placed in the MPL5b biozone (Fig. 1), in the around of the 
2.1 Ma climate deterioration, marking the boundary be-
tween the ecobiozones MPMU3 and MPMU4 of Monegatti 
and Raffi (2001).

Granopatagus is still living in the Mediterranean Sea, 
where Granopatagus subinermis (Pomel, 1887) inhabits 
shelf waters (Tortonese 1965; Néraudeau et al. 1998), shal-
lower than in the Pacific Ocean (Noordenburg 2008). Also, 
its Mediterranean fossil species preferred shallow waters 
(Néraudeau et al. 1998).

Subtropical­temperate genera.—This group consists of gen-
era that today live predominantly in temperate regions but 
that include also subtropical species and very rarely trop-
ical or subpolar species (Fig. 3): Echinus Linnaeus, 1758, 
Gracilechinus, Echinocardium Gray, 1825, Psammechinus 
Agassiz and Desor, 1846, and Spatangus. Cidaris should 
be included in this group though some of its species inhabit 
cold, or even tropical waters, also in slope environments 
(OBIS 2021). This genus is the most eurythermal of this 
group and will be also discussed hereafter, in the section 
dedicated to the group of the Mediterranean deep-water 
echinoids. However, following OBIS (2021) most of the 
records of this genus concerns SSTs of 15–20°C. Two 
Mediterranean fossil species, Cidaris remiger Ponzi, 1858, 
and Cidaris margaritifera (Meneghini, 1862) typically lived 
in deep waters, respectively during the Zanclean and the 
Zanclean–Calabrian (Meneghini 1862; Borghi 1999; Borghi 
et al. 2014). The eurybathic Cidaris cidaris (Linnaeus, 1758) 
is known from the Pliocene of Spain (Montenat and Roman 
1970) and the Pliocene–Pleistocene of Italy (Simonelli 1889, 
cited as Dorocidaris papillata; Borghi et al. 2006, 2014).

Echinocardium and Spatangus are rarely reported also 
from sites with tropical climate, but most species are con-
fined to higher latitudes, where they are widespread and 
abundant in shallow waters (Mortensen 1951), although the 
latter is more frequent in bathyal waters. This is the case with 
Echinocardium cordatum (Pennant, 1777) and Spatangus 
purpureus (Müller, 1776) (Fig. 4B), extant species that were 
already present in the Mediterranean Pliocene. Spatangus 
purpureus often coexisted sympatrically in the Pliocene–
Pleistocene of the Mediterranean with the morphologically 
close Granopatagus subinermis (Fig. 4H), a thermophilous 
species (see above). Probably due to different climate condi-
tions, the quantitative ratio between specimens of Spatangus 
purpureus and Granopatagus subinermis drastically changed 
during the Calabrian, being of 1:3 in the lower Calabrian of 
Emilia-Romagna, and more than 100:1 in the upper, colder, 

Calabrian of south Italy, (Borghi et al. 2006). In the pres-
ent-day Mediterranean Granopatagus subinermis is still 
very rare (Koehler 1927). Several species of Echinocardium 
have been recorded from the Messinian (Néraudeau et al. 
2001) and the Pliocene (Pomel 1887; Cotteau et al. 1891) of 
North Africa, while in the Gelasian the genus was quantita-
tively well represented only by Echinocardium cordatum, 
in sandy facies, and Echinocardium melii Checchia Rispoli, 
1923, likely the ancestor of the extant Echinocardium mor­
tenseni Thiéry, 1909, in silty-clay sediments (Borghi 1997). 
Echinocardium cordatum became common in the Calabrian 
(Checchia Rispoli 1907; Borghi 1997). Also, Echinocardium 
mediterraneum (Forbes, 1841) is present in the upper Cala-
brian of Sicily (Checchia Rispoli 1907).

Significant changes occurred from the Late Miocene to 
the Quaternary within a few genera of this group. Echinus 
entered in the Mediterranean with the species Echinus algi­
rus Pomel, 1887, in the Late Miocene (Roman and Soudet 
1990), while Gracilechinus acutus (Lamarck, 1816) col-
onised the Mediterranean during the Zanclean (Roman 
and Soudet 1990). There are only a few records of these 
genera in the Pliocene (Cotteau et al. 1891; Borghi 1993b). 
Gracilechinus became much more frequent in northern 
(Borghi 1993b; Fig. 4G) and southern Italy (Borghi et al. 
2006) during the Calabrian, with the species Gracilechinus 
acutus, which today is still living in the Mediterranean and 
in North and East Atlantic from the Barents Sea to Sierra 
Leone. Rarely, species of Gracilechinus also inhabits the 
cold waters of southern Greenland and northeastern Canada 
(Fig. 3). Echinus algirus was replaced during the Pliocene 
by the Atlantic species Echinus melo Lamarck, 1816 today 
living in temperate and subtropical areas. A similar case was 
observed for the genus Psammechinus. Psammechinus as­
tensis (Sismonda, 1842), a species close to the Late Miocene 
Psammechinus dubius (Agassiz, 1840), was common in the 
Mediterranean during the Pliocene (Airaghi 1901), Gelasian 
(Checchia Rispoli 1923) and Calabrian (Checchia Rispoli 
1907; Borghi 2021a). It is commonly assumed that it was 
replaced by Psammechinus microtuberculatus Blainville, 
1825, during the Calabrian in Sicily and southern Italy 
(Checchia Rispoli 1907). However, Psammechinus dubius, 
Psammechinus astensis, and Psammechinus microtubercu­
latus are so similar (Kroh 2005) that they could belong to 
the same chronospecies.

The post Messinian north­eastern Atlantic immigrants.—
Some echinoids from the north-eastern Atlantic entered the 
Mediterranean during the Pleistocene: Placentinechinus, 
Sphaerechinus, and Paracentrotus.

The monospecific Placentinechinus likely originated from 
the group of marsupiate echinoids of Western Europe de-
scribed by Roman (1983), Néraudeau et al. (2003), Dudicourt 
et al. (2005), and its species entered the Mediterranean at 
the beginning of the Gelasian. It was still present during the 
early Calabrian of northern and southern peninsular Italy, and 
during the late Calabrian of Sicily (Borghi and Garilli 2017).
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Another monospecific genus, Sphaerechinus, lives to-
day in the Mediterranean and in the East Atlantic (Fig. 3), 
from the English Channel to the Gulf of Guinea and Azores 
(Tortonese 1965). It has been recorded from the Calabrian of 
Monte Mario, in central Italy (Tortonese 1965) and in large 
numbers in the upper Calabrian of Sicily (Checchia Rispoli 
1907; Borghi et al. 2006).

Paracentrotus is currently represented in the Medi-
terranean by Paracentrotus lividus (Lamarck, 1816), to-
day living also in north eastern Atlantic, from Ireland to 
the Canary and Azores Islands (Tortonese 1965). This 
species is common along the western coast of Ireland and 
South-western England, often in shallow waters (Picton 
1993). Although Roman and Soudet (1990) reported this 
taxon from the “Pliocene” of the Mediterranean, the first 
well-supported record from this basin is that of the lower 
Calabrian of northern Italy (Borghi 1995a). Also along the 
Atlantic coasts of Morocco it was found only in Pleistocene 
sediments (Néraudeau and Masrour 2008), as well as in the 
upper Calabrian of Sicily (Checchia Rispoli 1907; Borghi 
et al. 2006) and Calabria (Seguenza 1880). From a climatic 
point of view this group includes temperate to warm tem-
perate taxa.

The deep­water assemblage.—There are two main sub-
groups in this category: one includes the strictly bathyal, the 
other consists of taxa that live in the deep waters but usually 
prefer shallower settings (eurybatic taxa).

Holaster Agassiz, 1836, a genus of the early strictly 
deep echinoids in the Mediterranean upper Cenozoic, was 
recently found in the upper Miocene bathyal deposits of 
north Italy, from the Marne di S. Agata Fossili Formation 
(Gianni Repetto, personal communication 2014, and study 
in progress by the authors of this paper, EB and VG) and 
the Marne del Termina Formation, near Parma (Dimitri 
Bertolaso, personal communication 2019). However, the 
paleontological evidence of Mediterranean autochthonous 
deep-water assemblages comes from the upper Pliocene–
Pleistocene of southern Italy and the Pliocene of northern 
and central Italy (Borghi et al. 2014 and EB personal ob-
servations). In South Italy the deep assemblage from Capo 
Milazzo (Sicily), indicating muddy settings with psychro-
spheric conditions (Borghi et al. 2014), is characterised by a 
low diversity, being dominated by the Cidaris, Histocidaris 
Mortensen, 1903, Holanthus Lambert and Thiéry, 1925, 
Schizaster Agassiz, 1836, and Stirechinus Desor, 1856, 
each represented by only one species: Cidaris margariti­
fera, Histocidaris sicula Borghi, 1999, Holanthus ovatus, 
Schizaster braidensis Botto Micca, 1896, and Stirechinus 
scillae Desor, 1856 (Fig. 4A). The stratigraphic range of this 
assemblage is upper Piacenzian to Calabrian (Borghi et al. 
2014 and references therein). The deep-water assemblage 
from the Argille Azzurre Formation, in North Italy, is partly 
comparable, including Cidaris margaritifera, Histocidaris 
rosaria, Holanthus ovatus, and Schizaster braidensis 
(Airaghi 1901; Borghi et al. 2014). Recently, also Mazettia 

Lambert and Thiéry in Lambert, 1915, a genus so far con-
sidered as extinguished during the Middle Miocene (Smith 
and Kroh 2011), has been found in the Zanclean of Emilia 
(Borghi et al. 2022). All these echinoids can be regarded 
as strictly bathyal and some of them show affinities with 
Recent taxa confined to the western Atlantic deep waters 
(Borghi et al. 2014), particularly in the tropics. Specifically, 
Cidaris margaritifera is close to Cidaris rugosa (Clark, 
1907), living on soft bottoms of the western Atlantic (in-
cluding the Caribbean area); Histocidaris rosaria (Bronn, 
1831) is similar to Histo cidaris nuttingi Mortensen, 1928, 
found from Cuba to Antigua on muddy bottoms at depth 
of 225–740 m (Donovan et al. 2005); Histocidaris sicula 
Borghi, 1999, resembles to Histocidaris sharreri Agassiz, 
1880, living in the Caribbean at 200–740 m on muddy bot-
toms (Serafy 1979); Stirechinus scillae Desor, 1856, is close 
to Stirechinus tyloides (Clark, 1912), living in the Caribbean 
deep waters. Interestingly, Stirechinus was reported from the 
Upper Miocene of the upper Coralline Limestone Formation 
in Malta (Wright 1864), and of Capo San Marco in Sardinia 
(Mariani and Parona 1887). It is interesting that Holanthus 
ovatus is closely related to the extant Holanthus expergitus 
(Lovén, 1874), which is confined to the coldest area of the 
Mediterranean at 600–750 m (Tortonese 1977). Holanthus 
expergitus is a deep-sea species living in the Atlantic Ocean 
from Iceland to Azores and Cape Verde Islands, at depth of 
400–3120 m (Mortensen 1927).

The echinoid group of Mediterranean eurybatic taxa in-
cludes: Cidaris cidaris, Stylocidaris affinis (Philippi, 1845), 
Brissopsis lyrifera, and Brissopsis atlantica. The morpho-
logically close Cidaris cidaris and Stylocidaris affinis re-
spectively live in Mediterranean and East Atlantic (from 
Norway to Cape Verde), at depth of 50–2000 m, and in 
Mediterranean, at depth of 30–1000 m depth (Tortonese 
1965). The main diagnostic character for distinguishing 
these two species, consisting of the valves of the globifer-
ous pedicellariae, allowed the detection of both species in 
the Calabrian of northern Italy (Borghi 1994a). Fossils of 
these two species were commonly misinterpreted and de-
termined as Dorocidaris papi llata (Leske, 1778) by early 
authors (e.g., Meneghini 1862; Simonelli 1889; Checchia 
Rispoli 1907, 1916). Brissopsis lyrifera and Brissopsis lyri­
fera atlantica were regarded as already well-differentiated 
species in the Messinian of the Sorbas Basin, Spain (Lacour 
and Néraudeau 2000). Both are common in the present-day 
north-eastern Atlantic and in Mediterranean, with higher 
numbers in muddy or sandy bathyal bottoms deeper than 
200 m (Tortonese 1965; Picton 1993).

Five additional eurybatic taxa, still living in the deep 
Mediterranean, have been recorded also from the Pliocene–
Pleistocene: Genocidaris maculata, Gracilechinus acutus, 
Echinus melo, Echinocyamus pusillus, and Spatangus pur­
pureus. All of them are more frequent in shallow settings. 
Records from deep-water deposits are rather rare: Gra­
cilechinus acutus and Spatangus purpureus from the Zan-
clean–Piacenzian Argille Azzurre Formation of Italy and in 
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upper Piacenzian–Calabrian of Capo Milazzo (Borghi et al. 
2014) and the surroundings of Messina (Checchia Rispoli 
1916); Genocidaris maculata and Echinocyamus pusillus 
from the Calabrian of Lazzaro, in southern Italy (Dimitri 
Bertolaso, personal communication 2014).

Discussion
The identification of the climatic requirements of the echi-
noid genera that lived in the Mediterranean area during the 
late Cenozoic (summarised in Fig. 5), and the recognition of 
their appearance and disappearances within a detailed bio-
stratigraphic scheme (Fig. 6) allowed the definition of the 
climatic changes that drove the most severe modifications 
of their diversity. From a quantitative point of view, in the 
Mediterranean domain the shallow-water echinoid diversity 
underwent three important changes (in the Late Miocene, 
during the Pliocene and the Early Pleistocene), which deter-
mined the current assemblage. Different causes likely trig-
gered the diversity changes of the deep-water assemblages.

Diversity of the Late Miocene assemblages.—The Miocene 
was a period of great flourishing for the Mediterranean 
echinoids, although the number of genera and species cited 
in literature (respectively 70 and 400) is likely overesti-
mated, mainly because of the still unresolved problems with 
synonymies (Roman 1989a), which especially trouble the 
number of species. The Miocene echinoid fauna was of clear 
tropical affinity, showing remarkable similarities with that 
today living in the Indo-West Pacific (Roman 1989a), and 
many differences from the Mediterranean Recent assem-
blage, with which shares only 15 genera (Fig. 5).

During the pre-evaporitic Messinian (7.25–5.97 Ma), 
the gradual restriction of the Mediterranean, coupled with 
water stratification and intense temperature and salinity 
fluctuations, led to a drop in species richness affecting the 
whole marine fauna (Agiadi et al. 2020). A reduction was 
observed also in the echinoid fauna (Roman and Soudet 
1990), with special regard to the decrease of the species 
within some previously well-developed genera, such as 
Amphiope, Clypeaster, and Echinolampas.

It was commonly assumed that the MSC drastically 
changed the marine fauna (see Néraudeau et al. 1999 for 
the irregular echinoid assemblage) that repopulated the 
Mediterranean Sea at the beginning of the Pliocene. 
However, results of our review showed a different scenario 
(Fig. 5). Only the species of Pliolampas, Trachyaster, and 
the deep-water Holaster, already decimated in the Late 
Miocene, globally extinguished during the Messinian. Some 
species certainly survived, at least during some phases of 
the evaporitic Messinian, possibly even in some refuge parts 
of the basin, as similarly reported by Landau et al. (2003) 
for some early Pliocene gastropods of southern Spain. This 
is the case with few taxa found in beds intercaled in the 
evaporites: Brissopsis lyrifera, in circalittoral marl of the 

Sorbas Basin, Spain (Lacour and Néraudeau 2000), and in 
marly lenses at the gypsum quarry of Vezzano, in North 
Italy (Dimitri Bertolaso, personal communication 2015; and 
EB personal observations). This paleobiogeographic setting 
is consistent with that described by Por (2009), who reported 
cases of marine life survived to the MSC, like those found in 
the Messinian of southern Spain in association with Porites 
reefs, among which some irregular tropical sea urchins, such 
as Amphiope, Hypsoclypus, Pliolampas, and Schizobrissus 
(Esteban 1979–1980; Néraudeau et al. 2001). However, 
most echinoid taxa likely re-entered the Mediterranean in 
Zanclean time, after the MSC. This paleobiogeographic dy-
namic could be especially applied to most of the echinoids, 
which are stenohaline (Russell 2013) and would not have 
tolerated the remarkable salinity variation that diffusely af-
fected the Mediterranean during the MSC (e.g., Clauzon et 
al. 1996; Flecker et al. 2002; Roveri et al. 2014). All these 
biogeographic considerations indicate that the MSC had no 
drastic effects in the long terms on the composition of the 
Mediterranean echinoid fauna. Even from a quantitatively 
point of view, no relevant change affected the whole echinoid 
assemblage at the Miocene/Pliocene transition (Table 1).

Different patterns of Mediterranean diversity change 
have been recognised in the Late Miocene and in the 
Miocene/Pliocene transition. The fish fauna of the pre-evap-
oritic Messinian, for example, was taxonomically quite dif-
ferent from that of the Zanclean, as most of the Miocene 
species were replaced in the Pliocene, without a quantitative 
diversity drop. The calcareous nannoplankton met a similar 
fate, recording a moderate (about 8%) drop in diversity from 
the Tortonian to the Messinian (Late Miocene), and only a 
little more in the Early Pliocene. Overall, because of the rel-
evant species replacement, the Tortonian and pre-evaporitic 
Messinian calcareous nannoplankton faunas were moder-
ately different from the Zanclean ones (Agiadi et al. 2020). 
A further example concerns the Mediterranean coral assem-
blages, which were drastically modified by the disappear-
ance of many taxa (especially zooxanthellatae) and of the 
shallow-water coral-reef province at the end of the Miocene 
but increased in the generic diversity within azooxanthellate 
and deep-water taxa at the end of the Pliocene and of the 
Pleistocene (Vertino et al. 2014).

The shallow-water Pliocene assemblages.—After the 
MSC, fully marine conditions re-established in the Medi-
ter ranean at the beginning of the Pliocene. Untill the mid-
dle Pia  cenzian this epoch was characterized by a tropi-
cal climate in the Mediterranean and, in general, climate 
conditions warmer than today characterised even the 
North Atlantic (e.g., Lauriat-Rage et al. 1992; Dowsett and 
Caballero-Gill 2010; Da Silva et al. 2010; Dowsett et al. 
2013). Most of the pre-Messinian echinoids likely re-en-
tered the Mediterranean from the Atlantic at the beginning 
of the Pliocene, leading to a quick recovery of the echi-
noid diversity, reaching the same number of genera as in 
the pre-Messinian crisis (Table 1). Surviving taxa include 
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both shallow-water and deep-sea species. However, a clear 
reduction in the intra-generic diversity is observed, since 
most genera of tropical affinity, which were well developed 
and diversified in the Late Miocene, were represented by a 
sole species in the Early Pliocene. This was the case with 

Eucidaris, Amphiope, Hypsoclypus, and Trachypatagus, 
represented in the Pliocene only by Eucidaris desmou­
linsi, Amphiope tipasensis from Algeria, Hypsoclypus 
pouyannei from Tuscany (Borghi and Ciappelli 2014), and 
Trachypatagus gouini Pomel, 1887, from Algeria. More 

Fig. 5. Stratigraphic distribution and climatic preferences of regular and irregular echinoids recorded in the Miocene to Recent Mediterranean area. 
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than ten species of Clypeaster have been distinguished 
in the late Tortonian–early Messinian Mediterranean, 
while only two, Clypeaster altus and Clypeaster aegyp­
tiacus, are currently recognised as valid in the Pliocene 
(Esu and Kotsakis 1981; Néraudeau et al. 1998). The same 
occurred with the genus Sardospatangus, recorded with 
only two species, Sardospatangus saheliensis from Almeria 
(Roman and Soudet 1990) and Sardospatangus rovasendai 
from Piedmont (Airaghi 1901). The Piedmont deposit near 
Pecetto, of probable Piacenzian age, records the last occur-
rence of this genus. Other, monospecific, thermophilous 
genera (Amblypygus, Echinoneus, Opissaster, Peribrissus, 
and Schizobrissus) were represented in the Mediterranean 
basal Pliocene only by very rare specimens. These gen-
era became extinct (or, at least, vanished from the basin) 
during the Zanclean/Piacenzian transition (Fig. 6), when 
the Mediterranean climate underwent the early effects of the 
Northern Hemisphere glaciation. The scarcity of these taxa, 
as recorded at Zanclean time, probably was not caused by 
climatic deteriorations as the Pliocene, at least till about 3.6 
Ma, generally benefited from well-established very warm 
conditions in the Mediterranean, especially during the so-
called Pliocene climatic optimum. For the low and mid-lat-
itudes of the warmest Pliocene, Haywood et al. (2000) cal-
culated SSTs up to 5°C warmer and 400–1000 mm more 
precipitations than today at middle and high latitudes in 
Europe. Other factors possibly drove this decrease of diver-
sity, for example reducing salinity. Interestingly, lower sa-
linity than today was supposed for the (warm) interstadials 
of the Mediterranean Pleistocene (Garilli 2011). As a matter 
of fact, no evidence of Clypeaster, still common during the 
Piacenzian of the Tyrrhenian and Ionian areas, has been 
found in the shallow-water, highly fossiliferous deposits of 
the paleo-Adriatic basin. Possibly the hyperpicnal flows 
that dominated the Early Pleistocene depositional regime, 
producing turbidites in the northern paleo-Adriatic Sea 
(Pervesler et al. 2011), also occurred during the Piacenzian 
causing unfavorable conditions for this echinoid genus.

A severe drop in the number of genera, however, oc-
curred during the Piacenzian, mostly at about 3 Ma, with 
the extinction of fourteen tropical taxa, among which are 
nine genera of irregulars and the unique Pliocene repre-
sentative of Arbacia, a still undetermined species (Fig. 6). 
A similar destiny concerned the Mediterranean Pliocene 
mollusc assemblage, characterised by several typically trop-
ical taxa, which flourished till the mid-Piacenzian. From 
that time on a climatic deterioration, after the onset of the 
Northern Hemisphere glaciation, caused the extinction of 
many tropical molluscs and a consistent impoverishment of 
a few warm-water groups, such as Terebridae, Conidae, and 
Strombidae among gastropods, marking the transition be-
tween the molluscan ecobiozones MPMU1 and MPMU2 at 
about 3.0 Ma (Monegatti and Raffi 2001; Monegatti 2008). 
The onset of the Northern Hemisphere glaciation, particu-
larly the climatic deterioration at about 3.0 Ma, was there-
fore decisive also for the Mediterranean echinoid diversity. 

During this Piacenzian crisis, the disappearance events of 
Mediterranean echinoids involved 39% of the whole Early 
Pliocene assemblage, 33% for regular echinoid genera, 43% 
for irregulars. It is relevant that three of the genera that 
disappeared from the Mediterranean during this Pliocene 
crisis (Echinoneus, Eucidaris, and Prionocidaris) are still 
living today in climatic settings with SSTs never lower than 
20°C (OBIS 2021), while one genus, Tripneustes, is only 
very rarely reported from waters with SSTs of 15–20°C and 
is much more abundant in conditions with SSTs of 20–30°C 
(see SOM: table S3). The echinoid taxa that tolerate or re-
quire tropical conditions with SST range of 20–30°C show a 
significant drop in the Mediterranean area after the climate 
deterioration at 3.0 Ma (SOM: table S5 with associated plot).

Outside the Mediterranean, in the Late Pliocene of the 
Mondego Basin (Portugal), the Atlantic echinoid fauna was 
different from the coeval one that lived in Mediterranean. 
In fact, it consisted only of Echinocyamus and of unde-
termined Camarodonta (Pereira 2008). This low echinoid 
diversity is consistent with the temperature drop occurred 
after the Pliocene climatic optimum and with the onset 
of a climatic setting colder than that established in the 
Mediterranean during the same time. The Mondego Basin 
echinoid assemblage is comparable with that known from 
the Late Miocene (Messinian) to Pliocene of the Nantes-
Rennes region (Bretagne, Atlantic coast of France), which 
is dominated by regular echinoids (particularly marsupi-
ate forms), followed by irregulars such as Echinocyamus 
and spatangoids. This assemblage was regarded as char-
acteristic of cooling water conditions by Roman (1989b) 
and Néraudeau et al. (2003). Nevertheless, the Mondego 
Basin is located at approximately one-fourth the distance 
between Algarve (southernmost Portugal) and Bretagne 
and, therefore, the prevailing climatic conditions should be 
closer to the subtropical conditions of the latest Neogene 
of the Mediterranean (Néraudeau et al. 2003) than to the 
colder conditions of Bretagne. Moreover, Da Silva (2002) 
highlighted some climatic similarities between the late 
Zanclean–early Piacenzian of the Mondego Basin and the 
present-day subtropical region of Canary Islands/Cape 
Blanc (western African coast), with a minimum winter SST 
of approximately 18–19ºC, and a maximum summer SST of 
about 22.5–23.5ºC.

The shallow-water Pleistocene assemblages.—With the 
beginning of the Pleistocene a new climatic regime set-
tled down in the Mediterranean, influencing its biodiver-
sity. Consequently, with the exception of the few thermo-
philous species that survived in some warmest part of the 
Mediterranean, in accordance with a refuge model (Garilli 
2011; Dominici et al. 2020), many tropical molluscs disap-
peared or were severely depleted (Monegatti and Raffi 2001; 
Monegatti et al. 2002). Among these taxa several bivalve 
species became extinct in the very early Gelasian, earliest 
Pleistocene (top of MPMU2 of Monegatti and Raffi 2001), 
and tropical gastropod families, such as Terebridae and 
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Fig. 6. Mediterranean biostratigraphy of some regular (green) and irregular (blue) echinoid genera showing appearances and disappearances during the 
Pliocene–Holocene interval. Shaded parts of the δ18O curve indicate the beginning and the gradual intensification of the Northern Hemisphere glaciation 
(A) according to Mudelsee and Raymo (2005), and the remarkable climate deterioration within the Gelasian at around 2.1 Ma (B). Chronostratigraphy is 
from Cohen et al. (2013). 



BORGHI AND GARILLI—CLIMATE-DRIVEN DIVERSITY CHANGES OF MEDITERRANEAN ECHINOIDS 797

Conidae, underwent a drastic impoverishment. Also some 
thermophilous fish genera, Spratelloides, Stephanolepis, 
Sargocentron, Hemiramphus, and Etrumeus, known from 
the Piacenzian site of Marecchia (Italy) died out during the 
Gelasian (Sorbini 1988; Sorbini and Tyler 2004; Landini and 
Sorbini 2005). These taxa resettled the Medi terranean in the 
1920’s and 1930’s ahead of most of the subsequent migrants 
from the Suez Canal (Por 2009).

The Mediterranean Gelasian echinoid fauna was chara-
cterised by genera that today prefer the temperate regions 
(Psammechinus, Brissopsis, Echinocardium, and Spatangus) 
and by tropical genera that include some subtropical-temper-
ate representatives (Genocidaris, Echinocyamus, Echino lam­
pas, Granopatagus, Ova, Plagiobrissus, and Schize chi nus).

The moderately low diversity, the new arrival from the 
Atlantic of Placentinechinus and the persistence of the 
warm genus Clypeaster up to the late Gelasian, though 
with a drastic reduction, support the interpretation of the 
settlement of subtropical to warm temperate conditions in 
Mediterranean at least for a considerable part of the earliest 
Pleistocene. Significantly, the last Mediterranean citation 
of Clypeaster, recorded in Central Italy from the middle 
Gelasian upper part of the MPL5b biozone, in the around 
of 2.1 Ma (Carboni and Di Bella 1997), possibly correlates 
with the climate deterioration that led to the extinction of 
a few molluscs at the top of the MPMU3 zone (Monegatti 
and Raffi 2001; Monegatti 2008; see Fig. 6). Overall, the 
Gelasian echinoid assemblage of the Mediterranean re-
sembles that known from the Late Miocene (Messinian)–
Pliocene of the north-eastern Atlantic (Bretagne).

Changes occurred during the late Early Pleistocene 
(Calabrian) are well recorded in the quantitatively rich as-
semblages of northern and southern Italy (Borghi et al. 
2006, 2014; Borghi and Garilli 2017). Schizechinus seri­
alis and Psammechinus astensis extinguished during the 
Calabrian and were replaced respectively by the Atlantic 
species Sphaerechinus granularis and Psammechinus mi­
crotuberculatus, which occupied the same ecologic niches of 
the two extinct taxa. Another new arrival from the Atlantic 
was represented by Paracentrotus lividus (Lamarck, 1816). 
These new incomers were still rare in the northern Italy, in 
the lower Calabrian of Emilia-Romagna (Borghi 1995a), 
but very common in sediments from southern Italy, in the 
upper Calabrian of Sicily, which were deposited in colder 
waters (Borghi et al. 2006). In Emilia the last occurrence 
of Echinolampas has been recorded in the lower Calabrian 
(Borghi 1994b) a few meters below the first appearance of 
the boreal immigrant Arctica islandica, while at Favignana 
Island and in other Sicilian localities this genus was re-
corded also in the late Calabrian. Gracilechinus acutus 
shows a similar distribution pattern. This Atlantic species 
was, in fact, uncommon throughout the Early Pleistocene 
of Emilia-Romagna (Borghi 1993b), but frequent in the late 
Calabrian of Favignana. These discrepancies suggest that 
the Calabrian was throughout the Mediterranean a period of 

intense climatic oscillation, similarly to the present-day, its 
southern parts were sensibly warmer than the northern one.

Overall, up to 30% of the echinoid genera occurred in 
Mediterranean at the beginning of the Pleistocene extin-
guished during the Calabrian, recording a significant drop 
of biodiversity but less dramatic than that recorded in the 
Piacenzian.

The Mediterranean fossil record of the echinoids from the 
Middle Pleistocene is unknown, likely because of the scarcity 
of the fossiliferous marine deposits of this period, whereas 
reports from and Late Pleistocene and Holocene are rare 
and presumably incomplete. Only shallow- water echinoids 
have been collected from the Late (warm- water) Pleistocene-
aged deposits of Sicily (Borghi et al. 2014): Genocidaris 
macu lata, Echinocyanus pusillus, and Paracentrotus lividus. 
Arbacia lixula has been recorded from the coeval “Panchina 
di Livorno” (Tortonese 1965), Spatangus purpureus from 
the “Holocene” of Ostia (Stara et al. 2018). The low diver-
sity of these assemblages was likely due to the depositional 
conditions, which prevented the preservation of other echi-
noids present in the Mediterranean during the interglacials. 
Wangensteen (2013) supposed that Arbacia lixula is a re-
cent thermophilous colonizer, which spread throughout the 
Mediterranean during a warm period of the Pleistocene, 
probably during the last interglacial. However, the poor fossil 
record prevents to know exactly when the new taxa (Arbacia, 
Centrostephanus, Neolampas, and Plagiobrissus) entered (or 
re-entered) the Mediterranean.

The fossil deep-water assemblage.—The deep-water Medi-
terranean echinoid assemblage had a separate history from 
the shallow-water counterpart. The Pliocene–Pleisto cene 
assemblage, consisting of six species belonging to five gen-
era, shows a patchy record. Based on the deep marine de-
posits in north-eastern Sicily (Borghi et al. 2014), we know 
that these strictly bathyal echinoids (Cidaris margaritifera, 
Histocidaris rosaria, Histocidaris sicula, Stirechinus scillae, 
Holanthus ovatus, Schizaster braidensis) certainly lived in 
the Mediterranean until the Calabrian and showed strongest 
affinities with some deep-water western Atlantic species, 
particularly those of the Caribbean area (Borghi et al. 2014). 
They have been never reported from the 100-kyr-controlled 
Middle to Upper Pleistocene, which was characterised by 
severe glacial periods. It is, however, presumable that these 
bathyal echinoids re-entered the Mediterranean during those 
cold stages, similarly to some north-eastern Atlantic mol-
luscs known as boreal guests (e.g., Malatesta and Zarlenga 
1986; Raffi 1986; Taviani et al. 1991; Por 2009), The cold- 
water echinoids possibly vanished from the Mediterranean 
during the warm phase of the Late Pleistocene, likely be-
cause of the loss of psychrospheric conditions (Borghi et 
al. 2014). It seems that they are absent in the present-day 
deep Mediterranean, even in the white coral banks (Marco 
Taviani, personal communication 2011).

The present-day Mediterranean echinoids.—The present- 
day Mediterranean echinoid fauna is the result of a progres-
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sive impoverishment of the Miocene assemblage, mainly 
triggered by a complex climatic history. It consists of 26 
species belonging to 21 genera (Fig. 5 and Table 1), mostly 
living in shelf environments, and shares 15 out of the 37 gen-
era of the pre-Messinian Miocene assemblage. The Recent 
Mediterranean assemblage shows, therefore, a clear reduc-
tion in diversity in comparison with the pre-Messinian as-
semblage. This reduction is mainly due to the decrease of 
the irregular echinoids, which reduced from 24 to 10 genera.

As for the strictly bathyal Mediterranean echinoids, 
the Mediterranean Pliocene–Early Pleistocene assemblage 
lost five species, belonging to four genera, possibly be-
cause of the disappearance of the psychrospheric condi-
tions. Actually, the Mediterranean displays homothermy, 
as the water temperature remains constant and relatively 
high at depths below 200–300 m (13–13.5°C in the west 
and 14–15°C in the east). The deep waters are very saline 
with values up to 38.5–39 psu. These conditions create a 
strongly stratified water body, which further enhances the 
oligotrophy of the Mediterranean (Emig and Geistdoerfer 
2004), and remarkably restrict the diversity of its deep-sea 
echinoid assemblage. Up to now only twelve species of echi-
noids, belonging to eleven genera, are known to inhabit the 
deep waters of the Mediterranean below 250–300 m (Borghi 
et al. 2014: table 2). Differently from the cold stenothermal 
deep-water echinoids that lived in the Mediterranean during 
the Zanclean–Calabrian time, these present-day species, 
apart from Holanthus expergitus, are eurybathic, as they 
also live in shallower shelf settings. Most of them are also 
markedly eurythermal as they live in the colder deep waters 
of the Atlantic. All these eurybathic species are present 
in the eastern Atlantic, whereas only five species are also 
found in the western Atlantic. Nine of the eleven still living 
eurybathic genera lived also in the Mediterranean Pliocene–
Pleistocene, from where they are much more frequently 
reported from shallow-water settings.

Conclusions
Our study on the biodiversity of the Mediterranean Messi nian 
to present day echinoids indicates a general progressive de-
crease of their diversity, particularly regarding the Irregularia.

Though very few genera survived the Mediterranean 
transformation caused by the Messinian Salinity Crisis, 92% 
of the pre-evaporitic genera repopulated the basin at the be-
ginning of the Pliocene, with the re-establishment of the 
normal marine conditions. Only three genera disappeared 
definitely from the Mediterranean in the late Messinian. 
Therefore, similarly to what has been shown by Néraudeau 
et al. (2001) for the Irregularia, the whole echinoid diversity 
drop after the evaporitic event was not as drastic as for other 
marine groups, at least at the genus level. Differently, at 
the species level the Mediterranean assemblage radically 
changed at the beginning of the Pliocene. Changes were 
due to the species impoverishment that affected many of 

the well diversified genera in the Late Miocene, and, from 
a taxonomical point of view, to the significant species re-
placement that involved several genera.

Two new taxa entered from the Atlantic in the Pliocene: 
Arbacia, a genus of tropical affinity, and Gracilechinus, 
repre sented by Gracilechinus acutus, today a subtropical- 
temperate species.

The Pliocene–Pleistocene climate change determined the 
main modifications of the Mediterranean echinoid assem-
blages. Fourteen taxa (13 genera and one species) of tropical 
affinity, about 40% of the warm Pliocene genus-level assem-
blage, disappeared during the Piacenzian (Late Pliocene), 
likely for the onset of the Northern Hemisphere glaciation 
and especially for the significant cooling event occurred at 
about 3 Ma ago. This mid-Piacenzian echinoid crisis cor-
relates with the dramatic drop of the Mediterranean bivalve 
diversity due to the disappearance of warm-water species 
recorded at the end of the MPMU1 zone of Monegatti and 
Raffi (2001). This suggests that the late Pliocene climatic 
deterioration was critical for the Mediterranean tropical shal-
low-water fauna in general, likely much more than the lower 
Early Pleistocene settlement of a high-seasonality climate 
regime. Among the tropical echinoid taxa only Arbacia tem-
porarily disappeared during the Piacenzian crisis and reap-
peared in the Mediterranean in the warm Late Pleistocene.

The Early Pleistocene progressive climate cooling allo-
wed the entrance of the Atlantic temperate taxa Placen­
tine chinus, Paracentrotus, and Sphaerechinus, and the 
spread of Gracilechinus, another temperate Atlantic host 
that had entered the Mediterranean during the Zanclean 
(Early Pliocene). Three thermophilous shallow-water echi-
noids, which had survived the Piacenzian climate deteriora-
tion, disappeared during the Early Pleistocene: Clypeaster, 
during the Gelasian (early Lower Pleistocene); Schizechinus 
and Echinolampas in the Calabrian (late Lower Pleistocene).

A small group of Mediterranean cold and deep-water 
echinoids, including Histocidaris, Stirechinus, and Cidaris 
margaritifera, whose modern relatives are restricted to 
tropical areas, are not found in deposits younger than the 
Calabrian. The presence of this group in the Pliocene–
Early Pleistocene Mediterranean was due to the oceano-
graphic conditions, which allowed the persistence of the 
psychrosphere, rather than to the climate settings.

Records of Middle–Late Pleistocene echinoids are lack-
ing or so scarce that it is impossible to delineate the biodi-
versity trend at that time interval. We know, however, that 
the warm climate of the last interglacial, particularly of 
the marine isotope stage 5e, promoted the (re)appearance 
of the thermophilous taxon Arbacia, which likely disap-
peared at the beginning of the following glacial period. 
Neolampas likely entered the Mediterranean only after the 
last glaciation. The Lessepsian Diadema represents the lat-
est Mediterranean acquisition of a tropical genus.

The extant Mediterranean echinoid fauna, consisting of 
21 genera, partly derives from the Late Miocene fauna, with 
which it shares 15 genera (5 regulars and 10 irregulars). 
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Compared to the Late Miocene–Early Pliocene faunas, the 
Recent echinoids, similarly to what we observed for the Late 
Pliocene–Pleistocene examples, shows a consistent drop in 
biodiversity (about 43%) at the genus level.

During the latest Cenozoic of the Mediterranean domain 
most of the strictly thermophilic echinoids, currently liv-
ing in tropical to equatorial waters, occurred most impor-
tantly within the warmest Early Pliocene, at the climatic 
optimum, and secondarily during the Late Pliocene, in the 
mid- Piacenzian. At these times a tropical climate produced 
the highest Mediterranean echinoid diversity ever recorded 
in the very late Cenozoic, with a taxonomic setting remark-
ably different from that today known from the same area. 
According to the latest projection, a tropical condition sim-
ilar to that occurred in the warm Pliocene is expected to 
recur in the Mediterranean by the end of the 21st century 
(Dowsett et al. 2013). Therefore our review can be of help to 
better understand what we could expect in term of changes 
in the echinoid diversity on a regional or global scale be-
cause of global warming.
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