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Significance

Global warming and biological 
invasions are driving a major 
reconfiguration of biogeographic 
provinces. Past warm climate 
intervals in the Earth’s history 
represent windows into how 
species responded to warming 
and can help in predicting future 
biogeographic configurations. We 
modeled the suitability of the 
Mediterranean Sea to West 
African tropical species that 
occurred in the basin in the Last 
Interglacial (135 to 116 ka), and 
the connectivity along north- west 
Africa where a large upwelling 
system is currently delaying the 
poleward range expansion of 
tropical species. We show that 
this barrier may weaken even 
under intermediate climate 
scenarios, contributing to the 
onset of a novel ecosystem in the 
entire Mediterranean, a process 
already started with the 
biological invasion through the 
Suez Canal.
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The Mediterranean Sea is a marine biodiversity hotspot already affected by climate- driven 
biodiversity collapses. Its highly endemic fauna is at further risk if global warming triggers 
an invasion of tropical Atlantic species. Here, we combine modern species occurrences 
with a unique paleorecord from the Last Interglacial (135 to 116 ka), a conservative 
analog of future climate, to model the future distribution of an exemplary subset of 
tropical West African mollusks, currently separated from the Mediterranean by cold 
upwelling off north- west Africa. We show that, already under an intermediate climate 
scenario (RCP 4.5) by 2050, climatic connectivity along north- west Africa may allow 
tropical species to colonize a by then largely environmentally suitable Mediterranean. 
The worst- case scenario RCP 8.5 leads to a fully tropicalized Mediterranean by 2100. 
The tropical Atlantic invasion will add to the ongoing Indo- Pacific invasion through the 
Suez Canal, irreversibly transforming the entire Mediterranean into a novel ecosystem 
unprecedented in human history.

biodiversity | biogeography | global warming | Last Interglacial

The Mediterranean Sea is a hot spot of marine biodiversity where almost half of the species 
are endemic (1). At the same time, this basin is among the fastest warming marine ecore
gions worldwide (2) and regional- scale climate- driven biodiversity collapses have already 
been reported (3). The expected future acceleration and intensification of climate change 
(4) will likely boost the scale of its ecological and evolutionary consequences, the predic
tions of which have thus become important contributions to global climate and biodiver
sity impact assessments (5).

To better forecast the effects of ongoing climate warming, there is considerable interest 
in the analysis of warm climate intervals in the Earth’s history, so- called “past analogs” (6).  
Despite that such past analogs are always imperfect representations of what awaits us 
in the coming decades and centuries (7), they represent the only observational source 
of information for how the climate system operates in a state much warmer than the 
present (8). Similarly, past biotic assemblages represent windows into how communities 
responded to warming (9). Despite the responses of species to climate change may be 
individualistic, making no past community a perfect analog of future scenarios, thermal 
niches of marine species proved static over the last 3 My suggesting good potential to 
use the past Earth conditions to predict future climate states (10, 11). Moreover, such 
past analogs not only account for how species tracked their fundamental niche but also 
are the result of dispersal processes and biotic interactions, thus being a more realistic 
representation of climate- change impacts on biotic assemblages than what can be pre
dicted with niche modeling alone.

The Last Interglacial (Pleistocene epoch, sub- stage MIS5e), ca 135 to 116 ka, had a 
global mean surface temperature overlapping with the low end of the range of temperatures 
projected under the moderate climate change scenario RCP 2.6 (4), thus making it a 
conservative analog of future climate. Additionally, this sub- stage had a continental con
figuration and marine taxonomic diversity almost identical to the present, thus enabling 
highly meaningful comparisons of both oceanographic and biodiversity patterns. In the 
Mediterranean, the Last Interglacial fossil record is characterized by the occurrence of 
West African species that regressed to the tropical belt during the following glaciation (the 
so- called “warm guests”) (12). This tropical pool is now separated from the Mediterranean 
Sea by a 2,000- km- long barrier of cold water due to the large north- west African coastal 
upwelling system (Fig. 1). However, as global temperatures approach those of the Last 
Interglacial, this barrier may weaken enabling the reinvasion of tropical West African 
species into the Mediterranean. This reinvasion would imply a major reorganization of 
the shallow shelf marine ecosystem and, in contrast to biological invasions that depend 
on the availability of a suitable vector, it would not be modulated by any oceanographic 
or anthropic filter once started.D
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Here, we explore this scenario by building a species distribution 
model (SDM) with a multitemporal envelope of both Last 
Interglacial and present climate conditions and species occurrences. 
Indeed, a major shortcoming of traditional SDMs is that they are 
usually parametrized on modern occurrences. At a given time, how
ever, species may not be occupying all environmentally suitable areas 
due to limitations to dispersal, biotic interactions, and source- sink 
dynamics (13). Consequently, such occurrence datasets may not be 
representative of the full range of conditions the species can tolerate 
and SDMs may thus underestimate habitat suitability. By including 
species distribution data that span a wider temporal extent, it is 
possible to deliver a more complete representation of the species 
climatic or environmental niche (14, 15). By exploiting the very 
good fossil and modern record of marine mollusks, we predict the 
likelihood, extent, and timing of the invasion of tropical Atlantic 
biota into the Mediterranean Sea in future climate scenarios, focus
ing on the suitability of the Mediterranean for tropical West African 
species and the necessary connectivity between the source pool and 
the recipient basin. Taken together, our results suggest that unabated 
global warming will quickly lead to increased connectivity along 
the north- west African coasts and a full tropicalization of the 
Mediterranean Sea in worst- case scenarios.

Results

Niche Description. We observed low similarity between the realized 
fossil and current environmental niches for all tested species, with 
the Jaccard similarity index in the multidimensional environmental 

space (maximum sea surface temperature (SST), average SST, 
salinity, and chlorophyll) being less than 1%, highlighting the 
importance of combining modern and fossil data for niche 
description. Along individual environmental gradients, we found 
the most pronounced similarity between the fossil and current 
niche for maximum SST with an overlap of 45% for Thetystrombus 
latus, 32% for Conus ermineus, and 17% for Gemophos viverratus; in 
contrast, similarity along the salinity gradient was lowest, <1% for 
both T. latus and C. ermineus and 0% for G. viverratus (SI Appendix, 
Figs. S4–S6).

Future Range Suitability in the Mediterranean Sea. Our model 
projections suggested that already under current environmental 
conditions the south- eastern sectors of the Mediterranean Sea 
are suitable for most of the modeled species, in particular the 
shallow north African shelf above 50 m depth from the Gulf of 
Gabes in Tunisia to the Middle East (Fig. 2A and SI Appendix, 
Table  S4). Gastropods like T. latus, a large mollusk belonging 
to the tropical family Strombidae and characteristic of the Last 
Interglacial Mediterranean (reported under the name Strombus 
bubonius in the older literature), would find 30% of the basin 
already environmentally suitable.

For most target species, environmental suitability increased 
progressively in these sectors and expanded throughout the 
Mediterranean under future climate scenarios (Fig. 2 B and C). 
Despite suitability increasing across the entire bathymetric range 
modeled, the shallow shelf above 50 m depth remained the most 
suitable, consistent with the current and past environmental 

Fig. 1.   Oceanographic features and dispersal pathways for West African species in the north- east Atlantic and Mediterranean basins. Despite the warmest 
south- eastern sectors of the Mediterranean Sea are already thermally suitable for tropical West African species, their entrance is currently blocked by the cold 
upwelling system off north- west Africa. Once this barrier is overcome, tropical species may pass through the Strait of Gibraltar first and of Sicily later to reach 
the eastern Mediterranean.
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preferences of the modeled species. A remarkable example was 
again T. latus, which would find 41% of the shallow basin suitable 
by 2050 under RCP 4.5 and up to 77% under RCP 8.5. This 
increasing trend with emission scenario severity is consistent 
among most species. An exception is the bivalve Acar olivercoseli, 
for which suitability remained limited and decreased with scenario 
severity. The western Mediterranean was less suitable for the mod
eled species under current conditions, but suitability also increased 

with warming. For example, T. latus would find a suitable shallow 
range in between 40% (RCP 4.5 by 2050) and 47% (RCP 8.5 by 
2100) of the sector. The Adriatic Sea remained poorly suitable for 
most species in most scenarios, but its shallow shelf would see a 
major increase in suitability under the severe scenario RCP 8.5 by 
2100 (Fig. 3). The Black Sea would not be affected by the reinva
sion of tropical West African mollusks as it is entirely unsuitable 
in all modeled scenarios, mostly because of its low salinity.

Fig. 2.   Environmental suitability of the Mediterranean 
Sea under current and future scenarios. For each cell, 
we show the percentage of species (n = 9) predicted 
to be present under (A) the current environmental 
conditions, (B) RCP4.5 for the year 2050, and (C) RCP8.5 
for the year 2100. The southern and easternmost coasts 
of the Mediterranean Sea are already suitable for the 
return of some Last Interglacial warm guests. Suitability 
increases with scenario severity. The north- west African 
coast also becomes suitable starting in 2050 under RCP 
4.5, implying increasing connectivity. (“Ocean Basemap”. 
Sources: Esri, GEBCO, NOAA, National Geographic, 
DeLorme, HERE, Geonames.org, and other contributors. 
October 04.2018).
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Suitability and Connectivity in North- West Africa. The Atlantic 
coast of Africa between Cape Blanc (native name Ras Nouadhibou, 
the southern edge of the north- west African upwelling system) and 
the Strait of Gibraltar is currently not suitable for the modeled 
species (the median of the percentage of suitable cells above 50 m 
depth across species was just 1.2%), consistent with the hypothesis 
that this large coastal area is a remarkable barrier to the northward 
spread of tropical West African species. In this very same area, 
however, suitability increased already under RCP 4.5 by 2050, 
when the median of the percentage of suitable cells among the 
modeled species was 6.8%, and became fully suitable under RCP 
8.5 by 2100, when four species showed more than 95% of cells 
above 50 m depth suitable (Fig. 2). There was, however, some 
variation across species as for two of them, including T. latus, 
only 5% of the cells were suitable in this scenario. However, 
the shallow shelf of archipelagos off the coastline (i.e. Canaries, 
Madeira) proved already suitable in current conditions (a median 

of 80% cells), in agreement with the actual occurrence of seven out 
of nine species there today. The suitability of these archipelagos 
was projected to increase to a median of 100% under RCP 8.5 
already by 2050 (Fig. 3).

Connectivity between tropical West Africa and the Strait of 
Gibraltar will improve considerably in future climate scenarios. 
Even under intermediate warming (RCP 4.5), suitable range 
patches will be two orders of magnitude larger than at present 
already in 2050, suggesting a series of stepping stones of increasing 
size toward the Mediterranean (Fig. 4A). The average distance 
among patches initially increases because in the current scenario 
patches of suitable cells are clustered uniquely in the Canaries and 
Madeira (thus at relatively short distance from each other) while 
in future scenarios new patches emerge along the African coast 
also far away from these archipelagos. Under the most severe sce
nario RCP 8.5 by 2100, the number of patches is so large and 
continuously distributed that eventually, the distance between 
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Fig. 3.   Environmental suitability of the shallow shelf (above 50 m depth) in north- west Africa and the Mediterranean Sea under future climate scenarios. The 
extent of suitable area increases with increasing scenario severity. Ample areas of the eastern Mediterranean are already and will increasingly become suitable 
for tropical West African species, but the western Mediterranean and the Adriatic Sea will also become increasingly suitable. Importantly, an increasing number 
of suitable areas will emerge also on the shallow shelf of north- west Africa; such areas and the archipelagos of the Canaries and Madeira will be stepping stones 
for the spread of species into the Mediterranean Sea.D
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patches decreases in relation to the current situation (Fig. 4C). 
Further dispersal throughout the Mediterranean will be possible 
due to the increase in patch size and decrease in distance amongst 
patches in the western Mediterranean under all future climate 
scenarios (Fig. 4 B and D) with the consequent arrival of species 
in the eastern Mediterranean.

Discussion

The warmest south- eastern sectors of the Mediterranean Sea are 
already environmentally suitable for the establishment of tropical 
West African species that occurred in the basin in the Last Interglacial 
135 to 116 ka and regressed to the tropical belt during the following 
glaciation. The suitability of this region for tropical species is also 

demonstrated by the thriving populations of hundreds of Indo- 
Pacific species that entered the basin after the opening of the Suez 
Canal and of Caribbean non- indigenous species likely introduced 
by shipping (16), confirming its long- thought potential to host a 
tropical fauna given the establishment of natural or anthropogenic 
connectivity (17, 18). Suitability will increase even under the inter
mediate RCP 4.5 scenario, both in terms of areal extent per species 
and of number of species per cell. The north- west African coastline, 
now completely unsuitable for these species, will also become much 
more suitable to most species with warming. Under the intermediate 
climate scenario, the Canaries and Madeira archipelagos will likely 
play a key role as stepping stones in facilitating spread to northern 
latitudes and then into the Mediterranean consistent with what may 
have happened in the Last Interglacial (19), also considering that 
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Fig. 4.   Connectivity across the north- west African coast and in the western Mediterranean in future climate scenarios. Connectivity is expressed as (A and B) 
changes in the size of suitable area (patch size) and as (C and D) the distance among suitable areas relative to current conditions. Patch size increases in both 
north- west Africa and the western Mediterranean with scenario severity. Distance among suitable areas initially declines in north- west Africa because new 
suitable patches emerge far from the few already present which are clustered mainly in the Canary Islands but under RCP 8.5 in 2100, the number of suitable 
patches become packed enough to reduce their distance compared to the current scenario.D
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most of the western Sahara coastline is sandy and thus poorly suit
able for some hard- substrate species. Under RCP 8.5—that is, if 
the human action to abate warming will be largely insufficient—the 
entire African coastline will become a major route to a fully tropi
calized Mediterranean Sea.

The current average global warming estimate is 1.09 °C com
pared to the preindustrial period, that is, already within the esti
mated 0.5 to 1.5 °C global mean surface temperature increase of 
the warmest millennia of the Last Interglacial (around 129 to 125 
ka) (4). Due also to its geomorphological and biological similarity 
to the present, this sub- stage is an apt analog of the short- term 
climate scenarios ahead of us (4). During the Last Interglacial, the 
CO2 concentration in the atmosphere was similar to the prein
dustrial period and warming was mostly due to orbital forcing 
(20). Consequently, global temperature anomalies were charac
terized by temporal and spatial heterogeneity: Warming during 
the boreal summer but also cooling in winter occurred, and the 
northern hemisphere warmed more than the southern hemisphere 
(20). Current anthropogenic climate warming is globally more 
uniform in space and time. Irrespective of these differences, the 
fossil record shows that tropical West African species occurred in 
the Mediterranean in several of the warmest interglacials of the 
Quaternary (21), highlighting the plausibility of our predictions. 
Additionally, the intermediate scenario RCP 4.5—where progress 
toward sustainability is slow—implies an increase in global temper
atures corresponding to the mid- Pliocene Warm Period about 3 
Ma, when not only continental configuration and marine species 
diversity but also the CO2 concentration was similar to the present 
(22). In this period, West Africa and the Mediterranean were part 
of the same tropical biogeographic province and had a broader array 
of species in common compared to the Last Interglacial (23), sug
gesting that our results may eventually prove to be conservative.

A key uncertainty, however, is the response of the north- west 
African upwelling system to global warming, because the complex 
dynamics of such systems makes them difficult to predict (24). 
This area belongs to the large Canary Current upwelling system 
stretching from 12° N (Senegal) to 43° N (Galicia, Spain). The 
general prediction in a warmer planet is that winds that drive 
upwelling will intensify in poleward regions and weaken or remain 
stable in equatorward regions due to the poleward migration of 
atmospheric high- pressure systems (25). Under RCP 8.5, 
upwelling is predicted to weaken off north- west Africa and to 
increase off the Iberian Peninsula, consistent with the general pre
diction (26–28). However, there is empirical evidence of a weaker 
upwelling already now and, accordingly, surficial water has warmed 
over the entire Canary Current system in the last decades (29). 
Importantly, paleoclimatological evidence from a sediment core 
collected off north- west Africa showed a curtailment of coastal 
upwelling for over 6,000 y from 126 to 120 ka corresponding to 
an increase in average annual sea surface temperature of 3 °C after 
the warmest millennia from 129 to 125 ka (30). These results 
suggest that a magnitude of global warming comparable to the 
one of the Last Interglacial was indeed enough to weaken signifi
cantly this oceanographic feature. The main uncertainty may lie 
in the inertia of the system and thus the time required to realize 
this scenario. However, the collapse of the Atlantic meridional 
overturning circulation may happen by mid- century under the 
current scenario (31), suggesting that major changes in oceano
graphic features can happen on short time scales.

Due to the evidence already accumulated about the warming off 
the north- west African coast, is tropical Atlantic biodiversity already 
responding by establishing populations in the Mediterranean Sea 
via natural connectivity? In the last decades, two conspicuous trop
ical Atlantic mollusks have been recorded in the Mediterranean [the 

sea hares Aplysia dactylomela Rang, 1828 since 2001, and Bursatella 
leachii Blainville, 1817 since the 1950s (32, 33)]. Both species were 
initially observed in its easternmost sectors followed by a more 
recent westward spread, consistent with the current greater suita
bility of the eastern Mediterranean to tropical species here projected. 
Similarly, the tropical Atlantic large and colorful crab Percnon gibbesi 
(H. Milne Edwards, 1853) was first recorded in the Mediterranean 
in 1999, spreading quickly afterward (34). The population genetic 
structure, the pattern of records, and the larval stages with long 
planktonic life suggest that all three species may have entered the 
Mediterranean unaided by anthropic vectors. Multiple less conspic
uous invertebrates of tropical Atlantic origin have been recorded in 
the Mediterranean Sea recently and more studies become urgent to 
ascertain their biogeographic status and mode of entry in the basin 
to build a better picture of the ongoing biotic reorganization. 
Among fishes, 25 new Atlantic species have been recorded in the 
Mediterranean in recent decades, most with range cores in tropical 
West Africa and the Caribbean (35). Although their status still 
requires deeper investigation, all are supposed to have entered the 
basin without active or passive human help.

Warming periods in Earth’s history are powerful engines of 
biotic interchange (36). Notwithstanding past analogs can help 
in predicting future states of biodiversity (37), the dramatic scale 
of human modification of the Mediterranean Sea implies that the 
future will not simply be a re- edition of the Last Interglacial or 
earlier warm episodes (38). The opening of the Suez Canal has 
broken a long- standing biogeographic barrier with the Indo- Pacific 
realm and the flow of species is unlikely to be halted anytime soon. 
This invasion, coupled with the climate- driven collapse of native 
species, is about to reorganize the functioning of the entire eco
system (39, 40). Additionally, Indo- Pacific species are extending 
their ranges westward because biogeographic barriers within the 
Mediterranean weaken as a consequence of global warming (41). 
As the westward spread of Indo- Pacific species continues and the 
establishment of tropical Atlantic species starts, biota of two con
trasting biogeographic origins will meet realizing predictions that 
just a decade ago looked futuristic (42). This new Mediterranean—
vaguely reminiscent of the Tethyan Seaway that connected the 
Atlantic and the Pacific until 13.8 Ma—in fact is already about 
to become realized in its easternmost sector (3) and will further 
become a novel ecosystem with abiotic and biotic conditions much 
different from its historical Holocene state. This irreversible shift 
will require a profound rethinking of the aims and methods of 
mitigation, adaptation, and restoration.

Materials and Methods

Fossil and Modern Species Data. We modeled nine species of shallow- shelf 
marine mollusks reported from the Last Interglacial in the Mediterranean and now 
occurring exclusively in the tropical Atlantic). These species are an ideal model 
because mollusks are well represented in the fossil record and shallow water 
assemblages are those particularly affected by climate warming.

We selected the species by first reviewing the Last Interglacial molluscan fauna 
integrating literature data with Global Biodiversity Information Facility (GBIF) fossil 
occurrences. Then, we filtered for those species now occurring in the tropical Atlantic 
but not in the Mediterranean anymore, ending up with 19 species. We downloaded 
GBIF modern occurrence data for them and cleaned occurrences manually in QGIS 
by removing unlikely records, including those on land or clearly outside a species 
known range. Occurrence records that did not match a cell of the environmental 
raster layer (see below) were moved to the closest cell using the “points2near-
estcell” function of the “Pakillo/rSDM” package in the R statistical environment 
version 4.2.2 (43). Ultimately, for the fossil and modern occurrences separately, we 
aggregated multiple occurrence points to one record per cell. We retained for mod-
eling the nine species that had at least two fossil and 30 modern cell occurrences 
(Thetystrombus latus, Monoplex trigonus, Polinices lacteus, Gemophos viverratus, D
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Conus ermineus, Acteocina knockeri, Acar olivercoseli, Brachidontes puniceus, 
Cardita rufescens; SI Appendix, Table S1 and Fig. S1 and Dataset S1).

Environmental Data. Present- day climate (averaged for the period 2000 to 
2014) and future climate data (simulations for 2050 and 2100 averaged over 
10 y) were retrieved from Bio- Oracle (https://www.bio- oracle.org/) at a spatial 
resolution of 5 arcmin (ca 9.2 km at the equator) (44). Future climate was con-
sidered under two different Intergovernmental Panel on Climate Change (IPCC) 
scenarios: Representative Concentration Pathway (RCP) 4.5 (intermediate sce-
nario) and RCP 8.5 (severe scenario) (4). We derived climate data for the Last 
Interglacial from simulations of the Community Earth System Model version 2 
(CESM2) (45) via the CMIP6- Paleoclimate Modelling Intercomparison Project 
(PMIP4) (20). The CESM2 is one of the latest large- scale climate models (46) 
and its Last Interglacial simulations have been shown to be close to the mean of 
a multimodel ensemble of 17 climate models (20). CESM2 simulation outputs 
were available in 14 × 50- y- long slices, totaling 700 y of monthly data at a 1° 
× 1° resolution (ca 110 × 110 km at the equator). Given the minimal variation 
observed across the 14 time slices (SI Appendix, Fig. S2), we used environmental 
data from the initial 50- y slice out of the 700- y model simulations. We chose 
three environmental variables that are known to be ecologically limiting for mod-
ern marine mollusks and were available for all time periods considered: sea 
surface temperature (SST), sea surface salinity (SSS), and seawater chlorophyll 
(SWC). Using bilinear interpolation, we resampled the environmental layers to 
a resolution of 5 arcmin, corresponding to the spatial resolution of our current 
and future climate datasets. Eventually, we converted monthly Last Interglacial 
climate data to maximum, minimum, and average yearly composites. We resized 
the environmental layers to fit the fossil and current distribution for each species 
and masked areas deeper than 200 m to account for the species bathymetric 
preferences. Finally, we tested the environmental parameters for correlation with 
the Pearson’s correlation coefficient using a cut- off value of 0.7. We ultimately 
retained four environmental parameters: yearly average SST, yearly maximum 
SST, yearly minimum SSS, and monthly average SWC.

Species Distribution Model. We associated modern and fossil distribution data with 
the current and Last Interglacial climate data layers, respectively, to describe the species 
present, past, and combined environmental (“Hutchinsonian”) niche (i.e., the hyper-
volume of environmental conditions within which a species can survive and reproduce) 
using functions of the “biomod2” package (47). To quantify the improvement in niche 
description using both modern and fossil data, we compared the environmental niche 
space occupied by the species during the LIG and the present time period for species 
with at least 10 fossil- occupied cells (T. latus, G. viverratus, and C. ermineus). We there-
fore measured Jaccard similarity in multidimensional niche space and along individual 
environmental gradients (i.e., maximum SST, average SST, salinity, and chlorophyll) 
using functions of the “hypervolume” package.

For each time period, we generated pseudo- absences equaling the num-
ber of observed presences outside a minimum distance of 20 km to the next 
presence point. This pseudo- absence sampling procedure was repeated 10 
times. We then combined modern and fossil datasets to provide a closer approx-
imation of the species’ environmental niche. Applying an ensemble model 
approach (47, 48), we used this multi- temporal envelope of climate and spe-
cies occurrences to project species distributions in current and future climates, 
assuming the stability of species environmental niches as shown for mollusks 
and foraminifera for the last few million years (10, 11). Our ensemble mod-
els consisted of five algorithms: generalized linear model (GLM), generalized 
additive model (GAM), generalized boosted model (GBM), random forest (RF), 
and artificial neural network (ANN). We calibrated the models using a repeated 
data- splitting procedure: 80% of the original data was used to train the models 
and the remaining 20% to evaluate them by measuring the true skills statistics 
(TSS) and the area under the receiver- operating characteristic (ROC) curve (AUC) 
scores. The splitting procedure was repeated five times. Using the default set-
tings in biomod, all replicates of all single models with a TSS ≥ 0.6 were used to 

build ensemble models defined as weighted means of occurrence probabilities 
projected by the single models (49). We translated the projected probabilities of 
occurrence into binary (presence/absence) predictions using the threshold that 
maximizes the TSS score (50). The importance of each environmental variable 
was computed as a mean value across all models, with the importance in each 
model weighted by the model’s TSS score.

We successfully fitted ensemble models for all nine marine mollusk target spe-
cies. The cross- validation evaluation scores of the single SDMs were good to very 
good and similar across all species (SI Appendix, Table S1). The best performance 
was achieved by RF (TSS > 0.87) followed by GBM (TSS > 0.84), ANN (TSS > 0.77), 
GAM (TSS > 0.75), and last GLM (TSS > 0.72). The importance of the integrated envi-
ronmental variables varied across the modeled species. However, overall monthly 
maximum SST and minimum SSS were the most important variables to explain the 
species distributions. In contrast, annual mean SST and mean SWC exerted little 
influence on the species distributions (SI Appendix, Tables S2 and S3).

Model Output Analysis. Predicted range changes for all species were visualized 
as maps indicating the probability of occurrence (i.e., 0 to 100%) of the individual 
species at each cell (Dataset S2). Additionally, we used the binary projections to 
draw aggregate maps for each climate scenario by calculating the percentage of 
species predicted to be present in any cell.

Based on binary projections, we separately quantified the range size in the 
Mediterranean Sea, its sub- basins (the western and the eastern Mediterranean, 
the Adriatic Sea and the Black Sea), the African coast between Cape Blanc and the 
Strait of Gibraltar, and the islands off north- west Africa (Canary Islands and the 
Madeira archipelago). Since our target species occur predominantly in shallow 
water, we did these range size quantifications for the entire continental shelf (i.e., 
down to 200 m depth) but also for shallower waters (cells down to 50 m depth).

To better quantify connectivity between species ranges in tropical West Africa 
and the Mediterranean Sea, we considered the two consecutive dispersal path-
ways: the first along the West African coast and through the Canaries and Madeira 
archipelagos from Cape Blanc north to the Strait of Gibraltar, the doorstep of the 
Mediterranean Sea, and the second through the western Mediterranean to the 
Strait of Sicily, enabling dispersal into the eastern Mediterranean (Fig. 1). Along 
these two dispersal pathways, we quantified connectivity by calculating the size 
and the mean minimum distance between the suitable patches, a patch being a 
cluster of continuously suitable cells identified with the “clump” function in the 
“raster” package (51) (SI Appendix, Fig. S3). The larger the size of the patches and the 
smaller the minimum distance between suitable ones, the greater the connectivity.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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