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Abstract Hotspots of tropical marine biodiversity are areas that harbour disproportionately large num-
bers of species compared to surrounding regions. The richness and location of these hotspots have changed
throughout the Cenozoic. Here, we review the global dynamics of Cenozoic tropical marine biodiversity
hotspots, including the four major hotspots of the Indo-Australian Archipelago (IAA), western Tethys (pres-
ent Mediterranean), Arabian Sea and Caribbean Sea. Our review supports the Hopping Hotspots model,
which proposes that the locations of peak biodiversity are related to Tethyan faunal elements and track broad-
scale shallow-marine habitats and high coastal complexity created by the collision of tectonic plates. A null
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hypothesis is the Whack-A-Mole model, which proposes that hotspots occur in habitats suitable for high
diversity regardless of taxonomic identity or faunal elements. Earlier Centre-of theories (e.g. centres of
origin with diversity decreasing with distance from supposed areas of exceptionally high rates of speciation,
for which easy connection to adjacent regions to the east and west is important) were based on the analysis of
recent biotas with no palaeontological foundation, and may better explain diversity dynamics within a hotspot
rather than those between hotspots. More recently, however, human disturbance is massively disrupting these
natural patterns.

Keywords: Global patterns, species diversity gradients, tropics, Paleogene, Neogene, fossil records,
paleobiology

Introduction

Tropical oceans support several fold more biodiversity than any other marine region (Reaka-Kudla
1997, Bouchet et al. 2002, Plaisance et al. 2011), including the ~30% of all marine species found
in coral reef ecosystems alone (Costello et al. 2015, Fisher et al. 2015). Biodiversity hotspots are
areas that contain disproportionately large numbers of species (species richness) compared to sur-
rounding regions (Jefferson & Costello 2020, Manes et al. 2021). For example, within the tropics
and subtropics, the Indo-Australian Archipelago (IAA) is characterised by the highest marine
species richness and endemicity for numerous taxonomic groups, such as corals, molluscs, crusta-
ceans and shes (Bouchet et al. 2002, Hoeksema 2007, Tittensor et al. 2010, Plaisance et al. 2011,
Bellwood et al. 2012, Asaad et al. 2018a, b). However, the richness and geographical location of
biodiversity hotspots have changed over the Cenozoic (last 66 Myrs [million years], the latest geo-
logic era that has much better fossil records than the, older, Mesozoic and Paleozoic eras) (O Dea
et al. 2007, Renema et al. 2008, Yasuhara et al. 2017a, Di Martino et al. 2018).

Palaeontological studies of biodiversity hotspots have been conducted in the western Tethys,
Arabian, Caribbean and Indo-Paci c regions. The western Tethys has a long history of palaeon-
tological research and accumulation of fossil data (McKenzie 1982, 1991a,b, Popov et al. 2001,
Harzhauser et al. 2002, Popov et al. 2002, 2004, Harzhauser et al. 2007). The Panama Palaeontology
Project and subsequent studies have described Neogene (23.0 2.6 Ma [million years ago]) biodiver-
sity dynamics of the Caribbean in detail (Coates & Collins 1999, Jackson & Johnson 2000, O Dea
et al. 2007, Johnson et al. 2008, Di Martino et al. 2018). The 1AA has been studied less, despite
being the location with the highest modern-day diversity (Renema et al. 2008, Di Martino et al.
2015, 2019, Johnson et al. 2015b, Yasuhara et al. 2017a, Harzhauser et al. 2018), although pioneering
studies and re-investigations of their fossil collections and localities exist (e.g. Martin 1919, Gerth
1923, van der Vlerk & Umbgrove 1927, Gerth 1933, Kingma 1948, Keij 1966, Beets 1986, Leloux &
Wesselingh 2009). Further palaeontological studies have been conducted recently by international
collaborations, including the Through ow Project (Reich et al. 2014, Di Martino et al. 2015, Johnson
et al. 2015a, Kusworo et al. 2015, Santodomingo et al. 2015, 2016, Yasuhara et al. 2017a, Shin et al.
2019). In addition to palaeontological studies (Wilson & Rosen 1998, Renema et al. 2008), molecu-
lar studies have improved our understanding of the evolutionary processes and mechanisms behind
the development of IAA hotspot (Williams & Duda Jr 2008, Bellwood et al. 2017). However, extinc-
tion in the ancient Caribbean Sea, western Tethys and Arabia (Johnson et al. 2008, Renema et al.
2008) has made it dif cult to study the macroevolutionary dynamics of these ancient hotspots using
molecular techniques alone. In addition, ongoing anthropogenic ecosystem degradation is making
biodiversity studies increasingly dif cult in the Anthropocene (Waters et al. 2016) by obscuring or
even erasing the natural baseline condition (Jackson 1997, Jackson et al. 2001, Pandol et al. 2003,
Lotze et al. 2006, Halpern et al. 2008, 2015, 2019).

Renema et al. (2008) proposed the Hopping Hotspots model to explain the Cenozoic history of
multiple biodiversity hotspots, arguing that the tropical biodiversity hotspot has migrated from the
western Tethys via the Arabian Peninsula to the IAA during the Cenozoic (Renema et al. 2008).
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The Caribbean region was not included in this model, although strong biogeographic ties between
the Caribbean and Mediterranean existed until the end of the Oligocene (Cheetham 1968, Budd
et al. 2011). Cenozoic biogeographic relationships (i.e. similarities and differences of faunal com-
positions) between these four (western Tethys, Arabian, IAA and Caribbean) hotspots have never
been synthesized fully or updated since work in the 1960 1990s, which often had a stratigraphic
rather than a biogeographic perspective (Adams 1967, McKenzie 1967, 1982, Adams et al. 1983,
Adams 1987, McKenzie 1991a,b). These earlier studies also focused almost entirely on foraminifera
and ostracods to the exclusion of other informative taxa. The extent to which human activities have
degraded natural biodiversity patterns is also poorly established, complicating comparison of recent
and fossil biogeographic patterns.

In short, a global synthesis of the Cenozoic history of tropical marine biodiversity and bio-
geography is still lacking, preventing a holistic understanding of the dynamics and mechanisms
behind the regional waxing and waning of tropical biodiversity. Here we review the Cenozoic his-
tory of tropical biodiversity hotspots from a palaeontological perspective. Our main aims are to:
(1) describe present-day total marine biodiversity patterns, including all coastal taxa, and assess
their consistency with marine biodiversity patterns of groups with high fossilisation potential and
good fossil records (such as bivalves and corals); (2) provide an in-depth and up-to-date review of
the Cenozoic history of marine biodiversity and biogeography in the western Tethys, Arabian Sea,
Indo-Australian Archipelago and Caribbean Sea; (3) synthesize the ecological and evolutionary
dynamics of Cenozoic hotspots globally and their likely mechanisms and drivers; (4) summarise
available evidence of human-induced degradation in the IAA and Caribbean regions; and (5) iden-
tify research opportunities and future directions for uncovering the underlying mechanisms driving
the locations of hotpots through time. We mainly focus on Cenozoic marine patterns in the micro-
fossil and macrofossil records such as ostracods, foraminifera, molluscs, corals and bryozoans.
Here we rmly establish that palaeontological data are essential for understanding the current as
well as ancient geographic distribution of biodiversity.

Present-day global biodiversity patterns

Global patterns and hotspot regions

Broadly speaking, marine species richness increases from high to low latitudes, referred to as the
latitudinal biodiversity gradient (Tittensor et al. 2010, Chaudhary et al. 2016, 2017, Reygondeau 2019,
Gagnd et al. 2020, Rogers et al. 2020, Yasuhara et al. 2020b) (Figure 1). However, species richness is
longitudinally heterogeneous within the relatively diverse tropics. The highest marine species rich-
ness is found in the IAA, with more diversity than in other tropical regions such as the Caribbean
Sea and western Indian Ocean (Tittensor et al. 2010, Plaisance et al. 2011, Reygondeau 2019, Gagnd
et al. 2020, Rogers et al. 2020) (Figure 1). Species richness in the Caribbean is higher than in
other areas in the Atlantic, but much lower than in the IAA hotspot (Tittensor et al. 2010, Rogers
et al. 2020) (Figure 1). The Mediterranean Sea, which in the past represented the western Tethys
hotspot, is no longer in the tropics (Leprieur et al. 2016). The Mediterranean does not currently have
signi cant warm-water coral reef systems, but has more species than the adjacent Atlantic ocean
(Costello et al. 2010) (Figure 1). The present-day Arabian region, including the Red Sea, Gulf of
Aden and Persian Gulf, has lower biodiversity than the IAA (Figure 1) but higher biodiversity than
the Caribbean for some taxa (e.g. Scleractinia; Veron et al. 2009) and comparable or somewhat
lower biodiversity for other groups (e.g. shes; Miloslavich et al. 2010, Sonnewald & EI-Sherbiny
2017) (Figure 1). These trends, however, may be related to comparatively low sampling effort and
high levels of endemism in the Arabian region (Sonnewald & EI-Sherbiny 2017).
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Figure 1 Present-day global biodiversity patterns. Species richness heat maps of (A) all coastal taxa
(Reygondeau 2019, Reygondeau & Dunn 2019, Gagnd et al. 2020, Reygondeau et al. 2020, Rogers et al. 2020)
and (B) bivalves (Jablonski et al. 2013). (C) Coral reef distribution (orange) is shown to visualise habitat avail-
ability for tropical shallow-marine biodiversity (Zhao et al. 2020).

Fossilisation potential of global patterns

Among taxonomic groups with well-preserved fossil records, the most comprehensive syn-
thesis of present-day biodiversity data is available from bivalves (Belanger et al. 2012,
Jablonski et al. 2013), followed by reef corals (Hughes et al. 2002, Keith et al. 2013, Veron
et al. 2015, Kusumoto et al. 2020). Bivalve and coral diversity show a distinct IAA hotspot and
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Figure 2 Comparison of IAA and Caribbean generic diversity for corals (Kusumoto et al. 2020) (A), ostra-
cods (Yasuhara et al. 2017a and references therein, Chiu et al. 2020) (B), and bryozoans (data compiled in
April 2020 from the website Recent and Fossil Bryozoa of Philip Bock, available at www.bryozoa.net) (C),
illustrating richness of extant genera distributed in the Caribbean Sea (orange) and the IAA (red) as well as
that of shared genera between the Caribbean Sea and IAA (grey). These data for taxonomic groups with high
fossilisation potential consistently show higher extant diversity in the IAA than in the Caribbean Sea.

less diverse Caribbean Sea and western Indian Ocean (Veron et al. 2009, Jablonski et al. 2013)
(Figure 1), patterns consistent with those of total marine and coastal biodiversity (Tittensor
et al. 2010). Indeed, many additional taxonomic groups with a good fossil record (larger ben-
thic foraminifera [LBF], ostracods and bryozoans) show higher diversity in the IAA than in the
Caribbean (Figure 2), mirroring the pattern of total marine biodiversity. Taxonomic groups with a
good fossil record are also known to show consistent biodiversity responses with other taxonomic
groups (e.g. Jackson & Johnson 2000, Renema et al. 2008, Di Martino et al. 2018, Chiu et al. 2020).
Thus, their fossil records may be reliable proxies for total tropical marine biodiversity trends prior
to the timescale of modern observations.

History of major biodiversity hotspots

How has present-day tropical diversity emerged? To address this question, we review the regional
Cenozoic history of one present-day (IAA), one waning (Caribbean) and two vanished (western
Tethys and Arabian) biodiversity hotspots. Figure 3 shows the Cenozoic timescale and the names
and ages of geological periods, epochs and stages, as well as names of palaeogeographical and pal-
aeobiogeographical regions mentioned in this paper. A global summary of the Cenozoic events and
biodiversity patterns are shown in Figures 4 7 and Table 1.

Vanished hotspots of the Tethys

Introduction

The Tethys Ocean included two Cenozoic biodiversity hotspots, the western Tethys and Arabia.
Diversity in these regions is not high today, but they were the global centre of marine diversity dur-
ing the early Cenozoic. These two hotspots have a dynamic Cenozoic history. Note that while the
IAA and Caribbean regions were a part of the Tethys Ocean during the Paleogene (66 23 Ma), we
treat these hotspots in the next sections separately, because these regions were hotspots primarily in
the Neogene after the disappearance of the Tethys Ocean.

The Tethys was originally de ned as an equatorial ocean that was present prior to the uplift of
the Alpine-Himalayan mountain ranges (Suess 1893, Sengor 1985). The Tethys originated at the
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Figure 3 Geological timescale and (palaeo)geographical regions. (A) Cenozoic timescale (Walker et al. 2018,
Gradstein et al. 2020). Overview of palaeogeographical and palaeobiogeographical regions on middle Miocene
(B) and middle Eocene maps (C). Palaesogeographical maps (light blue denotes shallow-marine areas) based
on Kocsis & Scotese (2021). Note that the east Neo-Tethyan seaway is not represented in the middle Eocene
palaeogeographical map of Kocsis & Scotese (2021), but should have existed, because the Indian subcontinent
had not yet collided with the Eurasian continent at that time (Harzhauser et al. 2002, Wang et al. 2020).

eastern edge of the Pangea supercontinent in the Permian with the drifting of the Cimmerian Plates
away from Gondwana (Golonka 2002). Pangea broke apart during the Triassic and Jurassic, separat-
ing into Laurasia (North America and Eurasia) to the north and Gondwana (Antarctica, India, South
America, Australia, Africa) to the south. This process opened a circumtropical marine connection
between the Paci ¢ and Atlantic Ocean basins across the Tethys.

The northward movement of the African, Indian and Australian plates resulted in a continuous
narrowing of the vast Tethys Ocean since the Late Cretaceous (~80 Ma). This narrowing allowed
water mass exchange at low latitudes between the Atlantic, Indian and Paci c oceans until the begin-
ning of the Neogene (Harzhauser et al. 2007, Bialik et al. 2019). The western Tethys remained bio-
geographically connected to the Caribbean (west-central Atlantic Ocean) to the west and the east
Tethys region (Indo and western Paci c) to the east until the end of the Paleogene (Cheetham 1968,
Budd et al. 2011). Together, these regions constituted a broad Tethyan biogeographic realm that con-
tinued south as far as Southeast Asia and Madagascar during the Paleogene (Cowman & Bellwood
2013a, Hou & Li 2018, Yasuhara et al. 2019a) (Figure 3).

The Caribbean (western Atlantic or tropical American) region has been considered as its own
distinct biogeographic unit (e.g. Harzhauser et al. 2002, Renema 2002, 2007). However, some
Caribbean species had broad distributions from the east Tethys through the western Tethys to the
Caribbean during the Eocene (e.g. Cheetham 1968, Givens 1989, Ivany et al. 1990, Matsumaru
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Figure 4 Cenozoic global changes and major events associated with biodiversity hotspots. Global deep-sea
oxygen isotope records are from Westerhold et al. (2020). The gure is modi ed after Yasuhara et al. (2020a).
Major tectonic-related events (green) include the Panama-South America (SA) collision (~24 Ma) (Farris et al.
2011), Australia-Paci c-Eurasia (Aus-Pac-Eur) collision (~23 Ma) (Renema et al. 2008), Arabia-Anatolia (Ara-
Ana) collision (~20 Ma) (Renema et al. 2008), Tethys Seaway closure (~19 Ma) (Harzhauser et al. 2007, Yasuhara
et al. 2019b), Himalayan uplift latest phase (15 10 Ma) (Tada et al. 2016), Messinian Salinity Crisis (5.96 5.33
Ma) (Krijgsman et al. 1999) and completion of the Formation of the Panama Isthmus (~3 Ma) (O Dea et al. 2016,
Jaramillo 2018). Major climatic events (blue) include Paleocene Eocene thermal maximum (PETM, 55.5 Ma)
(Cronin 2009), early Eocene climatic optimum (EECO, 52 50 Ma) (Cronin 2009), Eocene Oligocene transition
(EOT, ~34 Ma) (Cronin 2009) and late Miocene East Asian Monsoon intensi cation (15 10 Ma) (Tada et al. 2016).
Biodiversity hotspot durations (red) include those of the western Tethys, Arabian, Caribbean and IAA hotspots
(Figure 7, Table 1).

1996, Harzhauser et al. 2002, Shahin 2005, Renema 2007, Yamaguchi & Kamiya 2009, Budd
et al. 2011, Yasuhara et al. 2019a). This broad circumtropical Tethys faunal element in the Eocene
was characterised by a warm-water, tropical to subtropical fauna and ora that included taxa with
broad geographic distributions (e.g. Harzhauser et al. 2002, 2007, Renema et al. 2008, Cowman &
Bellwood 2013a, Hou & Li 2018, Yasuhara et al. 2019a). The faunal similarity between the western
Tethys and the Caribbean in the Eocene varies among taxonomic groups. For example, similarity is
substantial in gastropods (Harzhauser et al. 2002) but more limited in LBF (Renema 2002, 2007).

Western Tethys hotspot: Paleogene biogeography and biodiversity

Global tropical marine biodiversity peaked in the western Tethys (present Mediterranean) during
the Eocene, at least when considering LBF (Renema 2007) (Figures 4 7). High diversity is also
recorded for molluscan and ostracod faunas during the Eocene (Oppenheim 1894, 1896, 1901, 1909,
1912, Keij 1957, Ducasse et al. 1985, Guernet et al. 2012), but up-to-date and quantitative syntheses
are lacking. Close to the Eocene/Oligocene boundary (~34 Ma), LBF suffered a large extinction
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Figure 5 LBF diversity, coral diversity, shelf area, coastline length and sea surface temperature (SST) time
slices. LBF data are based on Renema et al. (2008) with our own additional compilation: present (Culver
and Buzas 1982 and references therein, also Buzas et al. 1977, De Aragjo & De Jesus Machado 2008, Baker
et al. 2009); Miocene and Eocene (Robinson 1974, de Mello e Sousa et al. 2003, Robinson 2003, Bowen
Powell 2010, Baumgartner-Mora & Baumgartner 2016, Serra-Kiel et al. 2016, Cotton et al. 2018, 2019, Torres-
Silva et al. 2019, Cotton Unpublished). Coral data were downloaded from Palaeobiology Database on 28
January 2021 (requested taxa: Scleractinia; identi cation resolution: species; lters: certain genus and species
identi cation only, regular taxa only). See Section Role of shallow-marine habitat size and complexity for the
details of shelf area and coastline length reconstructions. Sea surface temperature reconstructions are from
Hutchinson et al. (2018), Feng (2019) and Danabasoglu et al. (2020).

(Adams et al. 1986, Cotton & Pearson 2011) that marks the initial decrease in western Tethys diver-
sity (Renema 2007) (Figures 6 and 7). LBF diversity continued to decrease through the Oligocene to
early Miocene at ~19 Ma, leading to the nal disappearance of the western Tethys hotspot (Figures
4,6 and 7, see Section End of the Tethys ).

Changing patterns in the generic composition of the western Tethys reef coral fauna suggest
a gradual decrease in faunal exchange with the western Atlantic-Caribbean near the end of the
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Figure 6 Diversity trends during the Cenozoic. Plots show (from top to bottom): shelf area (see Figure
10 and Section Role of shallow-marine habitat size and complexity for details) and a global climate curve
(Westerhold et al. 2020); coastline length (see Figure 10 and Section Role of shallow-marine habitat size and
complexity for details); and diversities of LBF (western Tethys and IAA, Renema 2007), ostracods (IAA,
Yasuhara et al. 2017), benthic foraminifera (Fisher s alpha used for the species richness proxy; Caribbean
with temperate north-western Atlantic as a reference; Buzas et al. 2002), and corals (Caribbean; Johnson et al.
2008, Chao et al. 2014). We followed Chao et al. s (2014) method to calculate Hill numbers (q=0, minimum
coverage) for the coral biodiversity estimates, using abundance data from Johnson et al. (2008).
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Figure 7 Hypothetical and schematic summary of global hotspots dynamics. (Left) Schematic diagrams
summarising hotspots dynamics. WWW indicates major continent-continent collision. Solid and dotted
arrows: solid and limited connectivity/dispersal, respectively. Vertical solid and dotted bars: solid and limited
separation, respectively. Questions mark indicate uncertainty. Solid circles: hotspot presence (dotted circle
indicates limited diversity or uncertainty). Grey circle: hotspot absence. CA, Caribbean hotspot; WT, west-
ern Tethys hotspot; ARA, Arabian hotspot; IAA, Indo-Australian Archipelago hotspot; C/EP, central and/or
eastern Paci c. (Middle) Palaesogeographical maps (Scotese 2016). (Right) Hypothetical summary of diversity
trajectories of four biodiversity hotspot regions (mainly based on the taxonomic groups with good quantitative
fossil records, i.e. LBF and ostracods, but also referred to other major taxonomic groups such as molluscs,
corals and bryozoans). Biodiversity is shown in a relative sense (H, high; L, low). Red indicates a hotspot
period. Question marks indicate uncertainty. Pli-Ple, Pliocene Pleistocene; H-A, Holocene Anthropocene.
The Caribbean region is characterised by relatively low diversity in the Eocene, Eocene Oligocene extinction,
(uncertain) Oligocene diversi cation, Oligocene Miocene coral loss (extinction event?), Miocene Pliocene
diversi cation (likely by increased habitat heterogeneity by diminished interoceanic seaways), major extinc-
tion event at ~4 2 Ma that basically eliminated this hotspot (likely via productivity collapse related to the
establishment of the Panama Isthmus), rapid diversi cation since the extinction event (by oligotrophication and
coral reef development; magnitude uncertain) and stable diversity for the last one Myrs. The Western Tethys
region is characterised by high Eocene diversity, Eocene Oligocene extinction, gradual diversity decline
in the Oligocene (via suitable habitat decline; the hotspot shifts to Arabia in the late Eocene Oligocene),
Oligocene Miocene extinction, nal disappearance of the hotspot at ~19 Ma (by the nal closure of the Tethys
Seaway), further diversity decline in the middle and late Miocene (by global and regional cooling), Miocene
Pliocene (Messinian) extinction and diversity increase by Lessepsian migration from the Indian Ocean. The
Arabian region is characterised by Eocene diversi cation, high diversity in the late Eocene, high but declining
Oligocene diversity, and Miocene diversity decline with nal hotspot disappearance in the middle Miocene
(by habitat loss due to the nal closure of the Tethys Seaway). The IAA is characterised by low (but increasing)
Eocene diversity, Eocene Oligocene extinction, Oligocene diversi cation, hotspot establishment at the early
Miocene (~23 Ma; by increased suitable habitats by the collision), strong Miocene diversi cation punctuated
by the middle Miocene extinction (MM ext; at least in LBF), Pliocene Pleistocene diversity jump (the PP
jump, related to cyclic glacial-interglacial sea-level changes; exact timing uncertain), and (uncertain) recent
diversity decrease (by Anthropocene human-induced degradation or large late Pleistocene glacial-interglacial
sea-level changes, at least in ostracods). See main text and Table 1 for further details.

Oligocene (Perrin 2002, Perrin & Bosellini 2012). This decrease is considered to re ect a major
oceanographical change in the Central Atlantic, which led to the breakup of pan-tropical ocean
circulation (Perrin 2002, Perrin & Bosellini 2012). Consistent with the corals, the fossil record of
LBF shows the last Caribbean-western Tethys faunal exchange during the Oligocene at ~32 Ma
(BouDagher-Fadel & Price 2010). The same is true of bryozoans (Cheetham 1968). Molecular phy-
logenies of scleractinian corals previously classi ed in the families Faviidae and Mussidae, however,
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