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Additional background and results by taxonomic group

Dinocysts
The protoperidinioid/ gonyaulacoid cysts ratio in the record (Table S1) suggests higher

productivity and hydrological surface circulation in the Western Mediterranean during the
Tortonian, than in the pre-evaporitic Messinian, but lower during the Zanclean, probably
reflecting the restriction of the Tortonian wide connections with the Atlantic. The ratio of
protoperidinioid over gonyaulacoid cysts is an indicator of the abundance of cysts produced by
heterotrophic versus autotrophic dinoflagellates (97), and it is considered a measure of primary
productivity. However, information on preservation can also be contained in this index (98), as
well as bias due to the sample processing method (99). Moreover, the cysts of protoperidinoid
dinoflagellates are known to be sensitive to oxidation (100).

Planktic foraminifera

Shifts in planktic foraminifera abundances have often been associated with lithological
alternations, which in turn have been correlated with precession (101). Cold/eutrophic planktic
species dominate the Late Miocene homogeneous marls deposited during insolation minima,
whereas the assemblages are dominated by warm/oligotrophic species at times of insolation
maxima accompanied by the deposition of laminated marls (20, 102, 103). Selli (104) interpreted
some “dystopic faunal elements” as signs of the beginning of the salinity crisis. The most
important bioevent at the Tortonian/Messinian boundary (7.25 Ma) is the replacement of right-
coiled Globorotalia menardii form 5 by left-coiled representatives of the Globorotalia miotumida
group (Globorotalia miotumida and Globorotalia conomiozea along with their intermediates
Globorotalia miocenica mediterranea, Globorotalia saphoae, and Globorotalia dalii) (105). The
Messinian stratigraphic distributions of the species Globoturborotalita nepenthes,
Globigerinoides trilobus and neogloboquadriniids show distinct intermittent presence patterns
across the basin (20, 103). Unkeeled deep-dwelling globorotaliids were sparsely present after 6.72
Ma, with their disappearance being attributed to the increase of salinity at or beyond their
tolerance limits (20). According to Kontakiotis et al.(15), high-salinity conditions (SSS > 40%o)
were developed since 6.9 Ma in the Eastern Mediterranean, resulting in thermal and salinity
stressful conditions, which were reflected in a less diversified planktic fauna (often containing
only 3—4 species) and increased abundances of taxa considered tolerant to increased salinity. This
decrease in planktic foraminifera diversity started at 6.9 Ma and peaked after 6.7 Ma (103).

The intermittent occurrence of almost monospecific Turborotalita quinqueloba/
Turborotalita multiloba assemblages (102, 106), and/or Orbulina universa blooms (103, 107),
and the overturn in the most abundant shallow-dwelling species (decrease of Globigerinoides
obliquus group and increase of Globigerina bulloides group have been interpreted as indicative of
the progressive restriction of the Mediterranean that produced a more eutrophic environment
related to the salinity increase. It is worth noting that all these species can tolerate hypersaline
surface waters (108), and particularly the small-sized opportunistic species T. quinqueloba and T.
multiloba can dominate over others in such highly stressed environments (103). The similarly
discontinuous distribution pattern of neogloboquadriniids was probably controlled by changes in
the deep chlorophyll maximum, which was absent in dry periods, but expanded (though not
productive) during wet periods (20).

Benthic foraminifera

Despite the overall increasing species richness from the Tortonian to the pre-evaporitic
Messinian in the entire Mediterranean basin, benthic foraminifera assemblages became
oligospecific in the Western Mediterranean after 7.17 Ma, presumably due to changes in bottom-
water oxygenation: high-oxygen benthic foraminifera species (e.g., Siphonina reticulata,




Cibicidoides italicus, C. kullenbergi) were replaced by the species Oridorsalis umbonatus,
Sphaeroidina bulloides, Uvigerina peregrina, Gyroidinoides spp., Melonis spp. (17, 18, 109),
which are associated with reduced oxygen conditions and/or increased organic matter content
(110). The benthic foraminifera records from the Po Plain—Northern Adriatic sections Monte del
Casino and Trave show analogous changes in the assemblages after 7.17 Ma (111). In the Eastern
Mediterranean, such changes were more intense and, in addition to the disappearance of the high-
oxygen taxa, the new assemblages were dominated by buliminids (e.g., B. elongata, B. subulata,
B. aculeata), bolivinids (B. scalprata miocenica, B. dilatata, B. plicatella, B. spathulata), and
uvigerinids (e.g., U. peregrina, U. cylindrica, U. striatissima), reflecting high organic-carbon flux
to the sea floor, increased salinity and/or anoxic/dysoxic conditions (55, 112, 113). Benthic
foraminifera communities were additionally impacted by the further deterioration of bottom-water
conditions at 6.7-6.8 Ma, when deep-water ventilation was further reduced and organic carbon
flux to the sea floor increased in both the Western (32, 103, 114) and the Eastern Mediterranean
(115). Additionally, in some localities, the concomitant appearance of shallow-water species such
as Elphidium spp., Cibicides lobatolus, Discorbis spp., Asterigerina planorbis, Rosalina spp., and
Valvulineria bradyana is observed (55, 110, 112).

With the Zanclean reflooding, normal and well-oxygenated conditions were gradually re-
established in the Mediterranean basin (116) allowing the return of the high-oxygen species that
disappeared since 7.17 Ma (e.g., Siphonina reticulata, Cibicidoides italicus, C. kullenbergi). In
particular, the recolonization by S. reticulata in the Mediterranean appears to be a nearly
synchronous event (117, 118), recorded at the beginning of the MPI 2 biozone (30, 118). The
species turnover at the base of the Pliocene was stronger than the one recorded after the
Tortonian/Messinian boundary (Fig. 3D).

Ostracods

Ostracods have been very important in reconstructing the paleoenvironmental conditions
in the Mediterranean particularly in the pre-evaporitic Messinian and the Lago Mare stages,
particularly when salinity variations are investigated. The only known species present in the
Neogene and Quaternary of the Mediterranean that are considered capable of tolerating great
variations in seawater salinity, from hypo- to hypersaline conditions, belong to the genus
Cyprideis. The ecology of the extinct Cyprideis species has been inferred based on the present
knowledge of the ecology of the extant species Cyprideis torosa, which still inhabits the
Mediterranean. Cyprideis torosa is an euryhaline generalist species, which is typical of brackish
environments (119 and references therein), but it has been reported both from hypohaline
athalassic conditions (120), and from salt pans (121, 122). Its ability to survive and even thrive in
such extreme conditions has been attributed to extreme osmotic regulation (e.g., 123, 124), and it
represents an excellent paleosalinometer since the morphology of its carapace differs depending
on the salinity conditions (121, 125-127). Cyprideis torosa is dominant in hyposaline
environments, where it is accompanied by both halophilic species from continental input (e.g.,
Heterocypris salina, Darwinula stevensoni, Candona angulata, Ilyocypris spp.) and marine
ostracods tolerating lower salinities (e.g., Loxoconcha elliptica, Leptocythere spp., Basslerites
berchoni, Cytherois fisheri). When conditions become hypersaline, C. torosa is the only ostracod
that is present, in monospecific assemblages. Up to around 50 %o, it is commonly accompanied by
the benthic foraminifer Ammonia tepida. None of the Cyprideis species found in the Tortonian
and pre-evaporitic Messinian of the Mediterranean have been associated with strictly hypersaline,
but rather with brackish environments (121). Only during the last stage of the MSC, Cyprideis
agrigentina assemblages accompanied by Ammonia tepida make up the early Lago Mare
biofacies (128) or “Cyprideis zone” (129) in both marginal and deep-sea sites across the
Mediterranean (130, 131, 121).



Corals

Before the MSC, the most abundant genera were Tarbellastrea, Solenestrea and Siderastrea,
while Porites was the main frame-builder species of pre-evaporitic Messinian reefs (93, 94).
Except Solenastrea, these genera also had the widest geographic and stratigraphic distribution
suggesting that they were able to adapt to diverse paleoenvironmental conditions.

Bivalves

Looking only at Ostreida and Pectinida (large-sized, calcitic shells, with generally better
preservation and greater stratigraphic and geographic distributions), their species richness drops
from the Tortonian to the pre-evaporitic Messinian.

Gastropods
There is a turnover in families of medium-sized gastropods (Neogastropoda) from

communities rich in species of the family Clavatulidae. In contrast, other apparent faunal changes
among carnivore gastropods such as the sharp increase in number of species of the families
Mangeliidae and Raphitomidae (Neogastropoda), Eulimidae (Caenogastrpopoda) and the parasitic
family Pyramidellidae (Heterobranchia) in the Zanclean may be attributed to the biases of the
record (see Limitations section in the main text) — few occurrences of these taxa in the Late
Miocene, probably due to preservation and sampling bias. Moreover, the biodiversity results are
driven by changes in the Po Plain—Northern Adriatic region, because the fossil record (34) does
not contain sufficient occurrences from all stages in all three regions to conduct the analysis.

Bryozoans
The Mediterranean fossil record for the Zanclean is limited to a few localities (34). The

most abundant and diverse order of bryozoans, the Cheilostomes, is the best studied and
represented in the Neogene Mediterranean deposits, corresponding to about 80% of the analyzed
faunas. A relatively high proportion of cheilostome species (68%) are common between the
Messinian and the Pliocene (132). Compared to the present-day, about 26% of present-day
Mediterranean species appeared before or during the Messinian, whereas 17% are endemics
(132). Apart from this marked continuity of the taxa, a progressive disappearance of thermophilic
Tethyan relics has been observed (e.g., Biflustra savarti, Emballotheca, Metrarabdotos, Nellia,
Steginoporella) and attributed to the Late Miocene global cooling, whereas some modern taxa of
Atlantic origin only appeared in the pre-evaporitic Messinian (e.g., Cryptosula pallasiana,
Schizotheca fissa, Scrupocellaria scrupea), mostly in the Western (133) and less so in the Eastern
Mediterranean (134).

Echinoids

In the Tortonian, the Mediterranean echinoid assemblage was rich and dominated by
shallow-water tropical-subtropical species, such as the genera Clypeaster and Echinolampas
(135). The stressful environmental conditions in the pre-evaporitic Messinian would be expected
to have an impact on echinoids, which are exclusively marine invertebrates, intolerant of great
salinity fluctuations that are never found in freshwater (136) and rarely can tolerate even
moderate salinity changes (137).

Bony fishes
Otolith and skeletal findings were combined to obtain the Tortonian—Zanclean fossil

record of bony fishes (34), which collectively represent both the shallow and deep environments
before and after the MSC within the Mediterranean and the three regions. The Tortonian and pre-
evaporitic Messinian bony fish record of the Mediterranean (34) comprised species of
Mediterranean—Atlantic distribution (138) and several with Paratethyan-affinity (139, 140). In the



pre-evaporitic Messinian, the fossil record shows the extirpation of several pelagic species that
were common in the Mediterranean in the Tortonian, including mesopelagic fishes of the family
Myctophidae such as Benthosema fitchi, B. glaciale, Lobianchia gemellarii, Myctophum
punctatum, Notoscopelus bolini and N. resplendens and deep-water fishes such as Coelorinchus
spp., Trachyrincus spp. and Verilus spp. (139, 141, 142). Notably, after 6.8 Ma, otolith isotopic
data have indicated that benthic fish growth was severely hampered by a combination of high
salinity stratified bottom waters with high temperature fluctuations, leading to their final
disappearance from the sea bottoms at least in the Eastern Mediterranean, even before the MSC
onset (114). All of these species re-established in the Mediterranean after the MSC. Additionally,
several endemic Mediterranean species appeared during the pre-evaporitic Messinian, e.g.
myctophids such as Ceratoscopelus dorsalis and C. miocenicus (143, 144) and benthic gobies
such as Buenia affinis and Caspiosoma lini (140, 143); most, but not all, of these endemics
disappeared in the Zanclean. Apart from the reintroduction to the Mediterranean of common
Tortonian species in the Zanclean, we also observe the first appearance in the basin of common
extant benthic species Chromogobius zebratus, Gobius guerini, Gobius geniporus, Gobius niger,
Lesueurigobius sanzi, Zebrus zebrus and Zosterisessor ophiocephalus (140, 145, 146).

Sharks

The scarcity of Messinian records of elasmobranchs complicates the reconstruction of the
Late Miocene Mediterranean fauna (34). That said, the Messinian assemblage from Algeria (147)
strongly resembles other central Mediterranean Tortonian assemblages (e.g., 148, 149) in terms of
taxonomic composition. Most of the Zanclean assemblage is represented by relic Miocene taxa. In
the lowermost Pliocene, published occurrences of taxa such as Carcharocles megalodon and
Hemipristis serra hint at the persistence of the Miocene structure of the Mediterranean fauna
during the early Zanclean (150). Other relic Miocene species (e.g., Megascyliorhinus
miocaenicus, Pachyscyllium dachiardii, Pachyscyllium distans, Cosmopolitodus plicatilis and
Parotodus benedeni) even persisted in the Mediterranean until the mid-Pliocene at least (151,
152). In the Late Miocene and Early Pliocene, Carcharhinus was likely the most speciose shark
genus in the Mediterranean. The diverse appearance of the Pliocene Carcharhinus assemblage is
seemingly due to the in-depth revision of the Pliocene carcharhines provided by Marsili (153). On
the other hand, most Miocene carcharhines were attributed to the ‘wastebasket’ fossil species
Carcharhinus priscus and Carcharhinus egertoni (154). While the former has been recently
redefined on the basis of Agassiz’ types by Reinecke et al. (155), a comprehensive revision of the
Miocene Mediterranean teeth of Carcharhinus is still needed.

No strong breaks other than those observed globally can be recognized for the Mediterranean
elasmobranch faunas around the Miocene/Pliocene transition. The lowermost Pliocene nearshore
assemblages (150, 156) are, at various degrees, reminiscent of the Miocene faunas.

Marine mammals

The Late Miocene—Early Pliocene fossil record of marine mammals of the Mediterranean
includes representatives of cetaceans (whales and dolphins), pinnipeds (seals) and sirenians
(dugongs). The cetacean Tortonian Mediterranean record is quite diverse both among the
echolocating toothed whales (Odontoceti) and the baleen whales (Mysticeti). Odontocetes are
represented by Delphinida (dolphins), Physeteroidea (sperm whales) and Ziphiidae (beaked
whales); while at least four mysticete families are present: Balaenidae (right whales),
Balaenopteridae (rorquals), Eschrichtiidae (gray whales) and Cethotheriidae. The fossil record of
cetaceans from the pre-evaporitic Messinian of the Mediterranean is limited to three specimens
belonging to odontocetes, including a Phocoenidae (porpoise) and a Physeteroidea. The Zanclean
and Tortonian cetacean fauna exhibit the same high-rank taxonomic composition. Nevertheless,
the Early Pliocene features a greater diversity at the genus and species levels, which however may




reflect better preservation of the Zanclean specimens compared to the Tortonian ones.
Interestingly, although several Miocene findings of Delphinidae (oceanic dolphins) have been
reported from the Mediterranean, and the unambiguous fossil record of this odontocete family is
not older than the Zanclean.

All determinable fossil remains of sirenians in the Late Miocene—Early Pliocene
Mediterranean belong to dugongid genus Metaxytherium, which is represented by three putative
chronospecies: the medium-sized M. medium (Tortonian), the small-sized M. serresii (latest
Tortonian—earliest Zanclean), and the large-sized M. subapenninum (Zanclean). Although the
fossil record of pinnipeds from Miocene Mediterranean deposits is extremely fragmentary (157),
it suggests the continued presence of the seals Monachinae from the Early Miocene to the present
day. Based on the Messinian record, which only consists of Messiphoca mauritanica from Algeria
(158), it can be speculated that the Mediterranean pinnipeds were confined to even more restricted
areas than they are today before the MSC onset. Most of the occurrences are indeed close to
Gibraltar, which is reminiscent of the present-day Mediterranean distribution of Monachus
monachus (159).
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Fig. S1. Mediterranean map with the localities included in this record (34, 89). A.
Calcareous nannoplankton, B. Dinocysts, C. Planktic foraminifera, D. Benthic
foraminifera, E. Ostracods, F. Corals, G. Bivalves, H. Gastropods. The maps were
produced using ggmap (160). n indicates the number of occurrences in the dataset,

and | indicated the number of localities.
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Fig. S3.

Changes in richness at the genus level of the Mediterranean Sea biota from the Late
Miocene to the Early Pliocene by group of organisms. X-axes shows intervals: Tortonian (T),
pre-evaporitic Messinian (M), and Zanclean (Z). The richness of corals in the Zanclean is only
due to azooxanthellate corals, since zooxanthellate (reef-building) corals are not present in the
Mediterranean after the MSC. Symbols for organisms obtained from the Integration and
Application Network (ian.umces.edu/media-library). N indicates the number of occurrences after
subsampling to 80% of the smallest sample, ten thousand times. The bold line indicates the
median value, the box corresponds to the quartiles (values included fall within 25" and 75"
percentiles of the data), whiskers are quartiles plus/minus 1.5 times the interquartile range.
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Calcareous nannoplankton species and genus richness through time in the Western and
Eastern Mediterranean across the Tortonian (T), pre-evaporitic Messinian (M) and

Zanclean (Z).
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Fig. S5.

Dinocyst species richness in the Western and Eastern Mediterranean across the
Tortonian (T), pre-evaporitic Messinian (M) and Zanclean (Z).
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Temporal and spatial changes in species richness of the planktic foraminifera in the
Mediterranean regions in the Tortonian (T), the pre-evaporitic Messinian (M), and the
Zanclean (Z).
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Ostracod species and genus richness in the Mediterranean regions in the Tortonian (T),
the pre-evaporitic Messinian (M), and the Zanclean (Z).
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Changes in bivalve species richness of the Mediterranean Sea from the Tortonian (T),
the pre-evaporitic Messinian (M) to the Zanclean (Z).
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Changes in genus richness of azooxanthellate corals in the entire Mediterranean Sea
from the Tortonian (T), the pre-evaporitic Messinian (M) to the Zanclean (Z).
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Species richness of the bryozoan fauna in the Western and Eastern Mediterranean

in the Tortonian (T), the pre-evaporitic Messinian (M) and the Zanclean (Z).
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Species richness of bony fishes within the Eastern and the Po Plain-Northern Adriatic
region in the Tortonian (T), the pre-evaporitic Messinian (M), and the Zanclean (Z).



Western Mediterranean Po Plain-Adriatic Eastern Mediterranean

T M V4 T M V/ T M V4
Sequences 3 5 3 2 2 | 10 13 13
Species 53 77 52 41 42 21 90 92 73
Genera 24 25 20 24 23 11 38 37 26
Gonyaulacoid species 39 50 27 29 29 14 57 56 53
Protoperidinioid species 4 1 6 10 8 1 10 17 8
Goniodomacean species 8 8 2 3 3 2 4 4 3

Protoperidin/Gonyaulacoid ratio ~ 10% 2% 18%  26% 22% 7% 15% 23% 13%

Table S1.

Summary of results obtained from bibliographic data for organic-walled dinoflagellate
cysts for the Mediterranean and the three time intervals considered. T: Tortonian, M: pre-
evaporitic Messinian, Z: Zanclean.
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