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Abstract: Massive salt accumulations or salt giants have formed in highly restricted marine 

basins throughout geological history, but their impact on biodiversity has been only patchily 20 

studied. The giant salt accumulation in the Mediterranean Sea formed as a result of the restriction 

of its gateway to the Atlantic during the Messinian Salinity Crisis (MSC; 5.97–5.33 Ma). We 

quantify the biodiversity changes associated with the MSC based on a compilation of the 

Mediterranean fossil record. We conclude that 86 endemic species of the 2006 pre-MSC marine 

species survived the crisis, and that the present eastward-decreasing richness gradient in the 25 

Mediterranean was established after the MSC.  

 

Main Text: The Messinian Salinity Crisis (MSC) represents a relatively recent severe 

environmental and landscape change (1, 2), involving the isolation and alternating hyper- and 

hypo-salinisation of the Mediterranean Sea (3) (Fig. 1) between 5.97 and 5.33 million years ago 30 

(Ma). The Mediterranean Sea is a large marginal sea at mid-latitudes, which functions as a 

biodiversity hotspot and a refuge for hundreds of marine species. It attained its present semi-

enclosed form in the Middle Miocene (~13.8 Ma) with the closure of the marine gateway 

connecting it to the Indian Ocean (4). In the Late Miocene, tectonic uplift of the former marine 

gateway areas to the Atlantic, in present-day southern Spain and northern Morocco, led to the 35 

disconnection of the basin (5–7). The restriction initiated in the latest Tortonian, ~7.6 Ma (7), 

and accentuated during the Early Messinian, from 7.17 Ma (8), causing strong salinity and 

temperature fluctuations in the Mediterranean, and the stratification of the water column (9, 10). 

Salt started depositing at 5.97 Ma, but complete disconnection was achieved later, at 5.6 Ma 

(11). The crisis ended with the opening of the Gibraltar straits and flooding of the Mediterranean 40 

basin with Atlantic water at 5.33 Ma (12). The MSC caused the accumulation of ~1 million km
3
 

of salt in the Mediterranean (1), a kilometer-scale sea-level drop as a result of net evaporation 

exceeding precipitation and runoff (13), and a 5 parts per thousand decrease in the salinity of the 

global ocean (14). Despite the magnitude of these events, their biological impact at ecosystem 

level remains poorly constrained. 45 
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Previous studies on the repercussions of the MSC and its precursor events (15) focused on 

specific groups of organisms, but were based on incomplete and still uncertain scenarios about 

the course of events of the MSC. For some groups, such as tropical, reef-building corals, the 

MSC resulted in their complete extirpation from the Mediterranean (16). Moreover, whether 

these events shaped the present-day northwest-to-southeast decreasing trend in species richness 5 

in the Mediterranean (17) is still unknown. 

 

Fig. 1. Map of the Mediterranean area with the fossil localities included in the analysis. Plankton includes 

calcareous nannoplankton, dinoflagellates and planktic foraminifera. Benthos includes benthic foraminifera, 

ostracods, corals, bivalves, gastropods, other molluscs, bryozoans and echinoids. Nekton includes bony fishes. Large 10 

marine vertebrates include sharks and marine mammals. Background information on the MSC (units distinguished 

in seismic profiles, onshore observed evaporites, and Messinian thalwegs or water courses) are obtained from (69). 

The dataset including references and locality information is available in (20). 

 

We aimed to determine whether or not the MSC could have eradicated the Mediterranean 15 

marine biota, by quantifying changes in the species richness and beta diversity (species turnover 

and nestedness) before and after the MSC. Beta diversity represents the dissimilarity between 

two biota (total dissimilarity estimated here using the Sørensen index), which results from two 

processes: (i) the replacement of species by different ones (species turnover; Simpson index), 

and (ii) species loss through extinction (nestedness) (18, 19). We used 80 percent rarefaction to 20 

account for differences in sampling effort between the regions and intervals. Based on a recently 

compiled, updated fossil record of calcareous nannoplankton, dinoflagellates, planktic and 

benthic foraminifera, ostracods, corals, bivalves, gastropods, other molluscs, bryozoans, 

echinoids, fishes, and marine mammals (20, 21), we tested the hypotheses that: (i) species 

richness dropped during the Messinian, even before the MSC, in response to the ongoing marine 25 

gateway restriction, as a result of the long-term inability of marine organisms to cope with the  

resulting paleoceanographic changes; (ii) the Tortonian (11.63–7.25 Ma), pre-evaporitic 

Messinian (7.25–5.97 Ma), and Zanclean (5.33–3.6 Ma) marine biota were dissimilar in 
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taxonomic composition; and (iii) a northwest-to-southeast gradient in species richness was 

established after the MSC. The compiled record includes 22932 verified occurrences of 4897 

identified marine species in three Mediterranean regions: Western Mediterranean, Eastern 

Mediterranean, and the Po Plain-Northern Adriatic (Fig. 1) from the Tortonian, the pre-

evaporitic Messinian and the Zanclean stages. Although there are still on-going controversies 5 

regarding the exact mechanisms at play during the MSC (22, 23) and the nature of the 

Mediterranean water bodies during the final stage of the crisis (24–26), our approach assesses the 

overall impact of the Messinian isolation of the Mediterranean and the MSC on marine biota.  

 

A Zanclean restructuring of Mediterranean biodiversity 10 

The results of the meta-analysis of the revised fossil record show that diversity was decreasing 

before the onset of evaporite precipitation and then recovered partially (one-tailed Mann-

Whitney U test comparing subsampled species richness in Tortonian versus pre-evaporitic 

Messinian, and pre-evaporitic Messinian versus Zanclean; in both cases, p < 2.2 × 10
−16

) after its 

termination with the arrival of species from the Atlantic and the Paratethys (24, 27, 28): Species 15 

richness overall dropped by 14.4% from the Tortonian to the Messinian (1
st
 and 3

rd
 quartile: 15.2 

and 13.6%, respectively), but it increased again by 6.4% in the Zanclean (1
st
 and 3

rd
 quartile: 4.8 

and 6.4%). A net decrease in species richness of 8% occurred from the Tortonian to the Zanclean 

(Fig. 2B). The Zanclean recovery at the basin scale was driven by the Western Mediterranean, 

while Po Plain-Northern Adriatic and, more so, Eastern Mediterranean species richness 20 

continued to decline (Fig. S1). 

Simultaneously, the taxonomic composition of the Mediterranean marine biota changed:  

Tortonian and pre-evaporitic Messinian biota were 50.4% dissimilar (1
st
 and 3

rd
 quartile: 50 and 

50.7%), whereas Tortonian and Zanclean biota were 66.8% dissimilar (1
st
 and 3

rd
 quartile: 66.5 

and 67.3%; Fig. 2D). Species turnover accounts for most of these changes, while nestedness 25 

remains in all comparisons below 5%, indicating that most of the change resulted from the 

introduction of new species in the basin after the MSC, rather than the reestablishment or 

survival of pre-MSC species and ecosystems. 

Of the 2006 distinct marine species (both endemic and non-endemic) recorded from the pre-

evaporitic Messinian, at maximum only 86 endemic species apparently survived into the 30 

Pliocene, while 693 possible endemic Mediterranean species disappeared (29). Owing to the 

incompleteness of the fossil record it is impossible to know if an extinct species has been 

endemic. Therefore, these values are conservative estimates based on the Mediterranean fossil 

record analyzed here (20, 21) and the current state of knowledge about the species’ 

paleobiogeographic distributions (29). Several of the species considered to be endemic are 35 

suspected to be misidentifications, but their records in the literature were presented without 

photographs, and the corresponding specimens are not available in collections (20, 21), hence 

their identity cannot be verified. The rest of the species are believed to have found refuge during 

the peak of the crisis in the Atlantic adjacent to the Mediterranean, although fossil records are 

scarce (30, 31). Few marine species have been reported from the first stage of the MSC (5.97–5.6 40 

Ma) (32). Even fewer marine species have been recorded from the last stage (5.5–5.33 Ma),  

where they are accompanied by fresh- and brackish-water species immigrating from the 

Paratethys (24, 26, 32). Overall, the analysis of the fossil record before and after the MSC points 

to extirpation of the Mediterranean biota during the crisis.  
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Fig. 2. Tortonian–Zanclean biodiversity changes in the Mediterranean Sea. The restriction of the 

Mediterranean–Atlantic gateways caused high-amplitude temperature and salinity variations (A), which resulted in 

the decrease of species richness (B) in the pre-evaporitic Messinian (one-tailed Mann-Whitney U test comparing 

subsampled species richness in Tortonian versus pre-evaporitic Messinian; p < 2.2 × 10
−16

). Only partial recovery 5 

was achieved after the Messinian salinity crisis. Species richness was lower in the Western than in the Eastern 

Mediterranean before (negative ΔRichness for both Tortonian and pre-evaporitic Messinian; one-sample, one-tail 

Wilcoxon test: p < 2.2 × 10
−16

), but higher after the MSC (positive ΔRichness for Zanclean; p < 2.2 × 10
−16

) (C). 

Dissimilarity was high between the Tortonian and Messinian, as well as between the Messinian and Zanclean biota, 

and it was almost exclusively attributed to species replacement (turnover), rather than species loss (nestedness) (D). 10 

N indicates the number of occurrences after subsampling to 80% of the smallest sample, ten thousand times. In the 

boxplots, the bold line indicates the median value, the box corresponds to the quartiles (values included fall within 

25
th

 and 75
th

 percentiles of the data), and the whiskers are quartiles plus/minus 1.5 times the interquartile range. The 

data for sea surface temperature were based on the U
K

37 (Adriatic Sea, 70; Sicily, 71; Zakynthos, Ionian Sea 42; 

North Apennines, 51) and TEX86 indices (Crete, Eastern Mediterranean, 10). Sea surface salinity was obtained by 15 

coupling δ
18

Ο of planktic foraminifera with U
K

37 (Zakynthos, 42; North Apennines, 51) or TEX86-based sea surface 

temperature (Crete, Eastern Mediterranean, 10). For visualization, different scales for the time axis were used before 

and after 8 Ma. 
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The MSC impact on Mediterranean biodiversity is not comparable to past global mass extinction 

events, nor even to present-day anthropogenic impacts. Mediterranean biodiversity today is 

disproportionally high, relative to the size of the basin, because of its numerous endemic species 

(17). Our results suggest this was true also in the Late Miocene, but the vast majority of those 5 

endemics disappeared in the Messinian. In this respect, the MSC reduced global biodiversity, 

although an equivalent worldwide fossil record for that period is not available to quantify the 

magnitude of this impact. We can compare the impact of the MSC to other similar regional 

transformations of marine biota, such as the Central Paratethys (approximately the Black Sea 

basin) evaporitic basin in the latest Middle Miocene (~12.65 Ma) that resulted from the influx of 10 

brackish water from the Eastern Paratethys, the subsequent connection with the Mediterranean 

and the establishment of marine conditions (33). The magnitude of change during these events 

appears to be similar to the MSC-related changes. For example, the potamidid gastropods faunas 

in both cases are more than 60% dissimilar between the time intervals before and after the 

gateway reconfigurations (34, 35).  15 

 

Spatial redistribution of Mediterranean marine species 

Today, the Mediterranean Sea biota exhibit a southeastward decreasing gradient in species 

richness that has been variously associated with changing temperature, salinity, productivity, or 

the distance from the Atlantic connection at Gibraltar (17). Yet, the origins of this modern 20 

gradient remain obscure. The post-MSC biodiversity patterns obtained here indicate that such a 

gradient was first established after the Zanclean flood (12), about 5.33 million years ago (Fig. 2). 

In the Tortonian, the larger Eastern Mediterranean contained 6% more species than the Western 

Mediterranean, a percentage that increased in the Messinian. In contrast, after the MSC, in the 

Zanclean, the Eastern Mediterranean contained 14% fewer species than the Western. In addition, 25 

the Po Plain-Northern Adriatic region showed greater species richness than both the Eastern and 

Western Mediterranean in the Tortonian (when it was still connected to the latter (36)) and the 

Messinian (Fig. S1), even though it is the smallest of the three regions (37). Species richness in 

the Po Plain-Northern Adriatic remains almost constant across the transition to the Pliocene. 

These results support the establishment of a NW–SE decreasing gradient in species richness 30 

across the Mediterranean Sea during the Zanclean, which is in contrast to the hypotheses that the 

gradient today results solely because of distance from Gibraltar or sea surface temperature 

gradient. The connection to the Indian Ocean was severed about 13.8 Ma, leaving the Atlantic as 

the only source of new diversity for several millions of years before the MSC (4). The Eastern 

Mediterranean was located south of the Western sub-basin throughout the Miocene (38), and 35 

therefore the sea surface temperature would be expected to be higher in the Eastern than Western 

Mediterranean. Yet, by the Tortonian, the biodiversity gradient did not exist (Fig. 2). It is 

possible that seawater salinity, productivity, and the oceanic circulation with the Atlantic and 

within the basin, or a combination of these factors contributed to the biodiversity gradient, but 

pre-Tortonian data are not currently available to test such hypotheses. Until the Tortonian, the 40 

Western Mediterranean was much smaller than the Eastern, whereas the difference became less 

pronounced in the Messinian and Zanclean. Additionally, the intermittent connection of the 

Eastern Mediterranean with the Paratethys basins throughout the Miocene (38) drove the 

origination of a rich endemic fauna in the former (e.g., 39), thereby increasing species richness 

before the MSC. The currently available fossil record does not offer evidence for the gradient 45 

remaining continuously from the Early Pliocene until today, but our results indicated that this 
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pattern was sustained at least for ~1.7 million years after the MSC until the end of the Zanclean 

(40).  

 

The impact of salt giant formation on marine biota 

The changing configuration of gateways between marine basins determines not only the 5 

occurrence of abrupt salinity changes and the regional sea levels, but also the migration 

pathways of marine organisms and the flow of larvae and genes, thus controlling the structure 

and functioning of ecosystems, and ultimately driving their evolution. In essence, gateway 

restriction and reopening, and evaporite formation itself, presumably caused large-scale 

disruption of functional processes, including population connectivity, plankton and larval 10 

dispersal, vertical migration, seasonal migrations (latitudinal and longitudinal), land-to-sea 

connectivity, and coastal-to-deep connectivity (41). Based on our analysis of the revised fossil 

record, we have devised a conceptual model of the impact of the MSC on Mediterranean marine 

biodiversity (Fig. 3).  

Our results are limited by the quality and size of the fossil record available. Gaps in the record 15 

vary by group and can be attributed to the spatiotemporal distribution of the sedimentary facies, 

and the socioeconomic and political conditions in the peri-Mediterranean areas (21). In general, 

the distribution of the localities is skewed toward the north and west (Fig. 1). The Mediterranean 

Neogene marine deposits are among the best studied in terms of taxonomic paleontological and 

stratigraphic work, and the revision of the Tortonian–Zanclean record (20) resulted in a very 20 

high-quality record. Nevertheless, the resolution of the record does not allow estimation of 

certain timescales in the model (Fig. 3), specifically the amounts of time between: (i) physical 

disconnection between Atlantic and Mediterranean populations, and the extinction of species or 

the evolution of new endemic species; (ii) anoxia at depth and the extinction of deep demersal 

species; (iii) drawdown in the Mediterranean and the immigration and establishment of brackish-25 

water species in the former marine areas; and (iv) the reactivation of thermohaline circulation in 

the basin and the establishment of new dispersal patterns of benthic and planktic organisms after 

the Miocene/Pliocene boundary transition. 

Gateway restriction  

A direct result of the restriction of the connection to the Atlantic was the loss of functional 30 

connectivity with the Mediterranean basin at depth. This was confirmed by the replacement of 

common cosmopolitan meso- and bathypelagic fish species by Mediterranean endemics, which 

contributed to the dissimilarity (70.6%) seen among the Tortonian and pre-evaporitic Messinian 

fish faunas, the highest among the groups we have examined (34). Salinity excursions (periods of 

hyper- or hypo-salinity; 10
5
–10

6
 y (3, 10, 42)) resulted in the regional extinction of intolerant, 35 

stenohaline species, evidenced by very high dissimilarity (72.8%) of the gastropod faunas (34). 

Halophilic species may have expanded during this time. Restriction of inflow and outflow of 

water at the gateway led to a slowdown of thermohaline circulation inside the basin (10
3
–10

4
 y), 

stratification of the water column (10
3
–10

4
 y), deoxygenation (10

4
 y) (10, 43, 44), and a drop in 

species richness of phytoplankton (calcareous nannoplankton by 11.6% and dinocysts by 5.3%), 40 

zooplankton (planktic foraminifera by 23.4%), and nekton (bony fishes by 21.8%) (34). The time 

lags cannot be constrained (45) between the environmental changes and the biotic responses with 

a finer time-resolution than the span of the pre-evaporitic Messinian or the Zanclean. 

Evaporation resulted in the loss of demersal habitats, and the associated communities died out 
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(10
3
–10

4
 y), as evidenced by the extirpation of demersal fish species (46), the drop in richness of 

bivalves (35.3%) (34), and the disappearance of shallow-water tropical coral reefs (16).  

 
Fig. 3. Conceptual model of biodiversity impact of salt giant formation in the Mediterranean during the 

Messinian Salinity Crisis. Gateway dynamics controlled the connectivity of the basin with the global ocean and 5 

impacts marine biota. The range assigned to each arrow refers to the timescale at which each process took place, in 

years, wherever estimates are available. The examples for different groups of organisms are derived from (34). 

Dissimilarity here refers to total dissimilarity resulting from both species replacement and species loss resulting 

from each physical change. Blue arrows and impacts contribute to increase in biodiversity, whereas red to decline. 

 10 

Gateway closure or maximum restriction 

Salt precipitation started in the form of gypsum during the first stage of the MSC, and became a 

massive accumulation of halite mainly upon the full closure or at least peak restriction of the last 

remaining gateway connecting the Mediterranean Sea to the world ocean (11). During the 

maximum restriction (or closure) stage (Fig. 3), the hydrological deficit (evaporation higher than 15 

precipitation plus riverine influx) led to base-level drawdown (at timescales of 10
3
 y) (13, 47) 

and to the disconnection of sub-basins as a result of exposure of sills or thresholds. These events 

resulted in the loss of coastal habitats, which prevented population connectivity and the dispersal 

of larvae and plankton between coastal areas, which is evidenced by the drop in species richness 

of ostracods (45.9%) from the Messinian to the Pliocene (34). As evaporites precipitated, the 20 

substrate became inhospitable for demersal organisms. At the final MSC stage (Lago Mare), 

fresh/brackish-water influx resulted in the immigration and diversification of brackish species 

(1–10
2
 y) (24). 
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Gateway opening  

Reconnection to the global ocean allowed influx of larvae and individuals of previously 

indigenous and non-indigenous species into the Mediterranean basin, possibly in a time-span as 

short as months to years (48). However, this influx alone could not lead to (re)establishment of 

species’ populations in the Mediterranean. Favorable conditions are required as well. Nutrients 5 

may have become available at surface waters much later (10
4
 y), as suggested by the base-

Pliocene dinocysts, which became more abundant and diversified as late as 5.08 Ma (49). A 

possible explanation for this is that the flood eroded and mobilized salt deposits, and this led to 

stratification of the Mediterranean water column, thus delaying the establishment of 

phytoplankton populations (50). The timescale of the return to normal marine conditions after 10 

sea-level rise, as estimated from open ocean salinities (Fig. 2) (51), was even longer (10
5
 y) (49–

50, 52), resulting in further delay in the establishment of foraminifera species (11). Restoration 

of marine conditions contributed to the formation of pelagic and demersal habitats, which 

allowed the establishment of connected populations of coastal species (1–10
2
 y) and seasonal 

migrations. Although re-establishment of species that were present before the MSC in the 15 

Mediterranean (86 species) or the Atlantic (832 species) was important, a large proportion of the 

species were new to the basin, including plankton (e.g. 40.7% of planktic foraminifera species 

and 45.5% of dinocysts), benthos (e.g. 61.6% of benthic foraminifera, 68.7% of ostracods, and 

100% of corals), and nekton (83.7% of bony fishes) (34). Iconic species such as the great white 

shark and dolphins first appeared in the Mediterranean after the MSC (53). 20 

 

DISCUSSION 

Salt giants, even though regional phenomena, are associated with major global biotic events. 

When a salinity crisis occurs and a salt giant is formed, the physical properties of the basin and 

its water column change drastically and rapidly, at timescales of hundreds of thousand years 25 

(basin restriction) to thousands of years (evaporative level drawdown), ultimately outpacing the 

capacity of the marine biota to adapt and perturbing ecosystems in predictable ways. Because 

speciation requires isolation, marginal marine basins, such as the Mediterranean can become 

biodiversity hotspots (17), although their restriction risks conversion to evaporitic basins and 

leads to greater extinction than origination rates, thereby reducing species richness within the 30 

region (Fig. 2). Therefore, in addition to extinction of regionally endemic species, salt giant 

formation would hinder origination of new species within the basin that might compensate for 

increased extinction rates at global scale from independent causes (54). In the case of the MSC, 

this has resulted for example in global declines in the species richness of molluscs (55) and 

marine mammals (56), caused by the Late Miocene cooling. Similarly, the extensive, cratonic 35 

evaporite deposition that occurred during the Permian may have enhanced the impact of the Mid-

Capitanian extinction (262–259 Ma) in marginal settings (57).  

The extraction of salt from the global ocean during the formation of salt giants may have affected 

the evolution of marine life via the effects of global ocean salinity on climate, ocean pH and 

oxygenation (58–60). Hay et al. (61) postulated a correlation between the formation of the 40 

Mesozoic salt giants and the expansion of planktic foraminifera and calcareous nannoplankton 

into the open ocean, as well as a link between the Permian extraction of salt from the oceans and 

the end-Permian mass extinction (251.9 Ma). In the Late Miocene–Early Pliocene, although the 

evolution of planktic foraminifera lineages has been broadly associated with salinity reduction in 

the global ocean (62), this conclusion is contested as diversification can also be attributed to 45 

cooling climate (63). In contrast, there is a clear link between salt giant formation and the end-
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Triassic mass extinction (201.4 Ma): evaporite deposition removed sulfate from the ocean, just 

before periods of increased volcanic activity, which facilitated large-scale oceanic anoxic events 

during hyperthermal events that led to the mass extinction (59).  

Salinity crises have occurred repeatedly throughout geologic history in restricted evaporitic 

basins controlled by dynamic marine gateways that result from the formation and demise of 5 

oceans by tectonic motions and sea-level changes (64, 65). Globally, at least 138 evaporitic 

basins have occurred from the Proterozoic until the Miocene (66). The Mediterranean salt giant 

is one of the most recent among the salt giants of the Neoproterozoic (Australia), Paleozoic 

(Siberia, United States, Northwestern Europe), Mesozoic (Gulf of Mexico, South Atlantic — off 

Brazil and Angola–Gabon), and the Early (Iran), Middle (Red Sea), and Late Miocene (Eastern 10 

Europe) (64). In terms of size, the amount of salt (halite) deposited in the Mediterranean during 

the MSC was smaller than those salt giants reported from the Early Cretaceous and the Middle–

Late Jurassic (61). However, the way in which the MSC reshaped Mediterranean ecosystems 

provides a precise quantification of biotic recovery from ecological crises. Transferring our 

model (Fig. 3) to other salt giants will lead to adjustments to regional geographic, geologic, 15 

oceanographic and climatic framework. 
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