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About half of all vertebrate species today are ray-finned fishes (Actinopterygii), and nearly all of them belong to the Neopterygii (modern ray-fins). The oldest unequivocal neopterygian fossils are known from the Early Triassic. They appear during a time when global fish faunas consisted of mostly cosmopolitan taxa, and contemporary bony fishes belonged mainly to non-neopterygian (“paleopterygian”) lineages. In the Middle Triassic (Pelsonian substage and later), less than 10 myrs (million years) after the Permian-Triassic boundary mass extinction event (PTBME), neopterygians were already species-rich and trophically diverse, and bony fish faunas were more regionally differentiated compared to the Early Triassic. Still little is known about the early evolution of neopterygians leading up to this first diversity peak. A major factor limiting our understanding of this “Triassic revolution” is an interval marked by a very poor fossil record, overlapping with the Spathian (late Olenekian, Early Triassic), Aegean (Early Anisian, Middle Triassic), and Bithynian (early Middle Anisian) substages. Here, I review the fossil record of Early and Middle Triassic marine bony fishes (Actinistia and Actinopterygii) at the substage-level in order to evaluate the impact of this hiatus–named herein the Spathian–Bithynian gap (SBG)–on our understanding of their diversification after the largest mass extinction event of the past. I propose three hypotheses: 1) the SSBE hypothesis, suggesting that most of the Middle Triassic diversity appeared in the aftermath of the Smithian-Spathian boundary extinction (SSBE; ∼2 myrs after the PTBME), 2) the Pelsonian explosion hypothesis, which states that most of the Middle Triassic ichthyodiversity is the result of a radiation event in the Pelsonian, and 3) the gradual replacement hypothesis, i.e. that the faunal turnover during the SBG was steady and bony fishes were not affected by extinction events subsequent to the PTBME. Based on current knowledge, hypothesis three is favored herein, but further studies are necessary to test alternative hypotheses. In light of the SBG, claims of a protracted diversification of bony fishes after the PTBME should be treated with caution.
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INTRODUCTION
In the wake of the most severe mass extinction event at the Permian-Triassic boundary, ca. 252 Ma ago (Baresel et al., 2017), the Triassic witnessed the recovery of various metazoan groups, as is evidenced by their fossil record. During the last decades, a wealth of data has shed new light on the evolutionary changes of various clades during and after mass extinctions, including the Permian-Triassic boundary mass extinction event (PTBME). With regard to bony fishes (herein I only refer to the non-tetrapod members of Osteichthyes), low diversity during most of the Permian was followed by an impressive diversification in the aftermath of the PTBME, leading to a peak in taxic richness in the Middle Triassic, less than 10 myrs (million years) after the event (Tintori et al., 2014a; Friedman 2015; Romano et al., 2016a). While bony fishes became more diverse in the Triassic, it is worth noting that they seemingly remained unaffected by the PTBME (e.g. Romano et al., 2016a; Smithwick and Stubbs 2018). Therefore, rather than a recovery, the diversification of bony fishes after the PTBME should be considered an opportunistic radiation after the demise of other nektonic groups.
The timing and pattern of the diversification (or recovery) of different organismic groups following the PTBME has been controversially discussed in recent years. Whereas for some clades a slow or protracted increase in diversity is noted (e.g. Chen and Benton 2012), for others, species richness increased rapidly (e.g. Orchard 2007; Brayard et al., 2009). Some authors argued for a slow diversification of bony fishes after the PTBME, often citing the very diverse Middle Triassic assemblages from South China and the Southern Alps as examples of fully recovered ecosystems (e.g. Chen and Benton 2012; Benton et al., 2013; Tintori et al., 2014a). Regardless of the timing, the radiation of bony fishes at the onset of the Mesozoic led to the evolution of new clades, probably most importantly among the Neopterygii, the most species-rich clade of bony fishes today (>99.9%), and the most diverse group of all extant vertebrates (∼50% of species; Sallan 2014). Unambiguous members of Neopterygii first appear in the Early Triassic, although based on molecular clock studies (e.g. Near et al., 2012) a Paleozoic origin is suspected. A first diversity peak among neopterygians is evident in the Middle Triassic, both in terms of genus richness and trophic adaptations (Bürgin, 1996; Friedman, 2015). However, due to the inadequately known post-PTBME record of neopterygians and other bony fishes, the detailed pattern of their diversifications is not well understood. In particular, the Spathian (late Olenekian, Early Triassic; Tozer 1965), Aegean (Early Anisian, Middle Triassic; Balini et al., 2010), and Bithynian (early Middle Anisian) substages still suffer from a patchy fossil record. This hiatus, coined herein the “Spathian–Bithynian gap”, separates the better-known faunas from the Griesbachian, Dienerian, and Smithian intervals (Early Triassic; Tozer 1965) on the one hand from those of the later part of the Middle Triassic on the other hand.
Here, I review the fossil record of Early–Middle Triassic marine bony fishes, aiming to assess the implications of the Spathian–Bithynian gap on our understanding of their Triassic radiation. My analyses are based on substage-level occurrence data of both Actinistia (coelacanths) and Actinopterygii, which I compiled from the literature (see Romano et al., 2016a for references published until 2013; studies published thereafter are cited in the text). I exclude dipnoans from my analyses because their Triassic record is mostly restricted to the freshwater. Substage-level occurrence data for actinopterygian and actinistian taxa from the Middle Triassic site Monte San Giorgio are based on the literature and the collection data base of the Paleontological Institute and Museum, University of Zurich (PIMUZ). I focus primarily on marine and brackish occurrences due to the finer and usually more precise biostratigraphic age control compared to the freshwater record. Additionally, it has been inferred that freshwater environments served as refugia for taxa that disappeared in the marine realm earlier (e.g. Romano et al., 2012; Romano et al., 2016a). In agreement with this view, there is also evidence for a marine ancestry of present-day freshwater fishes and not the other way around (Betancur-R. et al., 2015). Late Early Triassic and early Middle Triassic freshwater fishes described from southern Gondwana and Laurasia are dominated by non-neopterygians and a few perleidiforms (see Romano et al., 2016a and references therein). Based on the above, the freshwater record is probably inadequate to compensate the lack of knowledge resulting from gaps in the marine record of bony fishes. Finally, I concentrate mainly on Early–Middle Triassic collecting sites that yield relatively complete bony fish fossils, as such specimens allow for more secure taxonomic and systematic interpretations.
THE EARLY TRIASSIC RECORD
Griesbachian
The Griesbachian (early Induan; Tozer 1965) is the first stage of the Early Triassic. This interval covers the immediate aftermath of the PTBME. Very little is known about marine Griesbachian Actinistia and Actinopterygii because our knowledge is based almost exclusively on fossils from sites in East Greenland. The only exception is a tooth plate of Bobasatrania from the Salt Range, Pakistan (Böttcher 2014). Fossils from East Greenland were collected mostly during the first half of the 20th century by Danish expeditions (e.g. Stensiö 1932; Nielsen 1936; Nielsen 1961; Brinkmann et al., 2010), but also during subsequent fieldtrips by other researchers (e.g. by R. Trümpy, material stored at PIMUZ).
The Early Triassic fishes of East Greenland originate from six horizons (Nielsen 1942; Nielsen 1949; Perch-Nielsen et al., 1974), the lower five of which (“fish-zones” I–V) are dated as early to late Griesbachian (Surlyk et al., 2017), whereas the sixth horizon is early Dienerian in age (see below). Biostratigraphic control comes from ammonoids. Although the ichthyofaunal compositions of these six horizons differ (Nielsen 1961), collectively they show that all of the typical Early Triassic taxa were already present in the Griesbachian: Australosomus, Birgeria, Bobasatrania, Boreosomus (Ptycholepidae), ?Errolichthys, Helmolepis (Platysiagidae), parasemionotids (Broughia, Ospia, ?Parasemionotus, ?Watsonulus) Pteronisculus, Saurichthys, ?Teffichthys (“Perleidus”; Marramà et al., 2017), Sassenia, and Whiteia (Stensiö 1932; Nielsen 1936; Nielsen 1942; Nielsen 1949; Nielsen 1952; Nielsen 1955; Nielsen 1961; Nybelin 1977; Mutter 2005; Kogan 2011; Argyriou et al., 2018). These taxa are part of Tintori et al. (2014a)'s “Triassic Early Fish Fauna” (TEFF).
In contrast to the Dienerian and Smithian (see below), the good preservation of the bony fish fossils in the Griesbachian of Greenland is not linked to widespread anoxia on marine shelves. Rather, it is hypothesized that the preservation of articulated and complete skeletons was favored by the globally low sea-level at the time (pers. comm. H. Bucher, 2020). The low sea level led to the formation of local silled basins with low O2 content, as was, for instance, the case in the Nanpanjiang basin in South China (Bagherpour et al., 2017).
Dienerian
The second stage of the Early Triassic is the Dienerian (late Induan; Tozer 1965). The Dienerian was characterized by the widespread distribution of anoxia on continental shelves (Ware et al., 2015) and elevated temperatures (Romano et al., 2013). Marine anoxia favored the preservation of skeletons of actinistian and actinopterygian fishes (cf. Tintori 1992). As a result, articulated and complete fossils of these animals can frequently be found in Dienerian aged marine deposits around the globe (Canada, China, Greenland, India, Madagascar, United States).
A long-known locality preserving marine Dienerian osteichthyans is northwest Madagascar (e.g. Lehman 1952; Nielsen 1955; Beltan 1968; Brinkmann et al., 2010; Marramà et al., 2017). The fishes occur in float concretions. A Dienerian to possibly earliest Smithian age is indicated by ammonoids that are occasionally preserved in the same nodules as the fishes (see Kogan and Romano 2016a). The fossiliferous layers have yielded taxa such as Australosomus, Birgeria, Bobasatrania, Boreosomus (Ptycholepidae), Ecrinesomus, Errolichthys, Helmolepis (Platysiagidae), Paracentrophorus, Pteronisculus, Saurichthys, Teffichthys (species were previously referred to Perleidus; Marramà et al., 2017), several parasemionotid genera, and actinistians (Piveteauia, Rhabdoderma, Whiteia). Many of these taxa are typical for the Early Triassic and belong therefore to the TEFF of Tintori et al. (2014a), though some genera, especially among parasemionotids and actinistians, were seemingly endemic. Localities in southwestern Madagascan also yield bony fishes (e.g. Lehman et al., 1959). These occurrences are herein treated as coeval to those from the northwestern part of the island due to the many shared taxa, but conclusive evidence from index fossils is still wanting for the southwestern localities (cf. Kogan and Romano 2016a).
In East Greenland, which is famous for Griesbachian aged fish fossils (see above), there is a horizon yielding Dienerian aged fishes (“stegocephalian-horizon” of Nielsen 1942; Nielsen 1949; “Zone VI” of Nielsen 1961; Surlyk et al., 2017). However, fossils appear to be few in these beds (Nielsen 1961). In addition, two western Canadian occurrences have been dated as Dienerian: a parasemionotid collected in Alberta (Davies et al., 1997) and a bobasatraniid reported from British Columbia (Wignall and Newton 2003). There are also occurrences of possibly Dienerian aged actinopterygians in Idaho, United States (Tanner 1936; Romano et al., 2012).
The Early Triassic bony fish record from China is relatively poor compared to the Middle Triassic one (see below). Isolated occurrences in the lower Yinkeng Formation (Zhejiang province) comprise Paraperleidus in addition to fragmented specimens (Dienerian according to Benton et al., 2013).
Two new localities yielding articulated Dienerian osteichthyan fishes were recently discovered in the Spiti subdistrict (Himachal Pradesh, India; Romano et al., 2016b) and in the Candelaria Hills (southwestern Nevada, United States; Romano et al., 2019). From Spiti, Saurichthys, a parasemionotid, an actinistian and additional, indeterminable actinopterygian remains have been described. The material was collected in situ together with ammonoids (Ware et al., 2018). Regarding the Candelaria Hills, a parasemionotid (Candelarialepis), a ?turseoid (Pteronisculus), a ptycholepid (Ardoreosomus), and several indeterminable actinopterygians were described. The collected material also contains several undescribed actinistian remains referable to Whiteia (pers. comm. R. Socha and P. Skrzycki, 2020). Although two genera from the Candelaria Hills appear to be endemic, they do belong to families that had a widespread distribution at the time of deposition. The families are therefore part of the TEFF (Tintori et al., 2014a).
Smithian
The third stage of the Early Triassic, the Smithian (early Olenekian; Tozer 1965), ended with an extinction event, the Smithian-Spathian boundary event (SSBE; Galfetti et al., 2007). This extinction event severely decimated ammonoids and conodonts, both being nekto-pelagic taxa (e.g. Orchard 2007; Brayard et al., 2009; Leu et al., 2019). To what extend bony fishes were affected by the SSBE is not well known, predominantly due to the patchy Spathian record (see below). The Smithian was marked by profound global change, as indicated by large perturbations in the carbon isotope and oxygen isotope records (e.g. Payne et al., 2004; Romano et al., 2013; Goudemand et al., 2019). These data suggest a cooler episode during the early Smithian, followed by a rapid warming leading to peak temperatures during the middle Smithian. The late Smithian, coinciding with the extinction event, was associated with a drop in global temperatures (Goudemand et al., 2019; Widmann et al., 2020).
A prolific collecting area for Smithian aged osteichthyans is the Arctic island of Spitsbergen, Svalbard archipelago, Norway (see e.g. Brinkmann et al., 2010). Although the occurrence of Early Triassic fishes in Spitsbergen was already discovered in the 19th century, taxonomic studies were performed mostly during the 1920’s, with very few taxonomic works since that time (e.g. Stensiö 1921; Kogan and Romano 2016b). Fossils are preserved in float concretions derived from the “fish horizon” (e.g. Stensiö 1921). Ammonoids and conodonts are frequently preserved with the fishes, but they are rarely mentioned in the literature. These index fossils point at an early late Smithian age (Wasatchites tardus ammonoid zone; cf. Kogan and Romano 2016b). Osteichthyan fossils were also collected from strata below or above the “fish horizon”, but for the most part these consist of isolated skeletal elements (cf. Kogan and Romano 2016b). Typical taxa from Spitsbergen include Birgeria, Bobasatrania, Helmolepis, Pteronisculus, Saurichthys, ?Teffichthys (“Perleidus”; Marramà et al., 2017), Ptycholepidae (Acrorhabdus, Boreosomus), and several actinistian genera (Axelia, Mylacanthus, Sassenia, Scleracanthus, Wimania).
Fossiliferous sites in western Canada (Alberta, British Columbia) have yielded numerous articulated bony fishes (e.g. Schaeffer and Mangus 1976; Neuman and Mutter 2005; Wendruff and Wilson 2012; Wendruff and Wilson 2013; Neuman 2015), most of which are probably of Smithian age (Orchard and Zonneveld 2009), though some have also been found in Dienerian strata (see above). Additional occurrences are known from the Canadian Arctic (Ellesmere Island, Nunavut; Schaeffer and Mangus 1976). Collectively, these Canadian sites have produced the following taxa: Albertonia, Australosomus, Birgeria, Bobasatrania, Boreosomus, Helmolepis, Saurichthys, as well as actinistians (Belemnocerca, Rebellatrix, Whiteia).
During the last decade, repeated fieldwork in the western United States has led to the discovery of articulated, Smithian aged bony fish fossils in Idaho and northeast Nevada (Romano et al., 2012; Romano et al., 2017). Described taxa encompass Birgeria, Saurichthys, as well as indeterminate, mostly disarticulated actinopterygian and actinistian remains.
Several, frequently complete osteichthyans have been recovered from the Lower Qinglong Formation and the Helongshan Formation in eastern China (Tong et al., 2006; Li 2009). The material from these two formations is Smithian in age (cf. Tong and Yin 2002; Ji et al., 2015; Liu et al., 2020). Collected specimens include Plesioperleidus, several genera of Parasemionotidae, an actinistian (Chaohuichthys), as well as other, indeterminate bony fish remains.
The good preservation of bony fish fossils in the abovementioned sites is related to widespread anoxic conditions in the oceans during the late Smithian (Hermann et al., 2011), which are known to enable preservation of fish fossils with fine details (Tintori 1992). Consequently, articulated and largely complete fossils are frequently to be found in late Smithian strata around the world. As for the Griesbachian and Dienerian localities, the Smithian localities produce taxa that had a widespread distribution in the aftermath of the PTBME, and which are typical for the TEFF (Tintori et al., 2014a), with relatively few endemic genera.
Spathian
With a duration of ca. 3 myrs, the Spathian (late Olenekian; Tozer 1965) represents the last and by far the longest substage of the Early Triassic epoch (Ovtcharova et al., 2006; Ovtcharova et al., 2015). Conversely, only very few occurrences of identifiable bony fish fossils are known. The reason for the scarcity of Spathian fishes is likely due to the absence of global episodes of black shale deposition on continental shelves, in contrast to the Dienerian and late Smithian (see above). Near the Spathian-Anisian boundary (Early Triassic–Middle Triassic boundary), a drop in global ammonoid diversity is evident (Bucher 1989), but the mechanisms and extent of this extinction event are not well studied.
Well-dated Spathian bony fish are known from China, Romania, and the western United States. From the upper member of the Nanlinghu Formation in eastern China (Anhui Province), a perleidid (Chaohuperleidus) and a saurichthyid have been described (Sun et al., 2013; Tintori et al., 2014b). From Romania, cranial remains of the actinistian Dobrogeria have been described (Cavin and Grădinaru 2014), and material of additional taxa is currently under study (work in progress). From northeast Nevada, an indeterminate actinopterygian postcranium (a ptycholepid) and a large, yet undescribed skull are known (Romano et al., 2017). Furthermore, complete specimens of Bobasatrania from Spathian deposits of Idaho (cf. Brayard et al., 2017) are currently under study by the author. Another probable Spathian occurrence is known from Spitsbergen (a specimen of Saurichthys; cf. Kogan and Romano 2016b).
The Gogolin beds (Upper Buntsandstein) of Upper Silesia, Poland, yield fossils of Saurichthys, Nephrotus, and actinistians (cf. Romano et al., 2017 for references). Here, I include the fishes from Gogolin in the Spathian substage (see Kowal-Linka and Bodzioch 2017).
Most actinopterygian taxa documented by fossil occurrences in Spathian strata are also known from pre-Spathian and Middle Triassic deposits. Their presence in the Spathian is therefore unsurprizing. These taxa are Saurichthys, Bobasatrania, and Pygopterus. In addition, the family Ptycholepidae comprises pre-Spathian (Acrorhabdus, Ardoreosomus, Boreosomus) and post-Spathian genera (Ptycholepis); it is known from a single fossil, indeterminable at the genus level, from the Spathian of Nevada. An exception are the perleidids. The Spathian Chaohuperleidus represents the earliest occurrence of this group in the fossil record (note that Griesbachian–Smithian perleidids were reallocated to Teffichthys; Marramà et al., 2017). Tintori et al. (2014a) include perleidids in the TMFF (“Triassic Middle Fish Fauna”).
THE MIDDLE TRIASSIC RECORD
The Middle Triassic epoch contains two stages: Anisian and Ladinian (e.g. Balini et al., 2010). Each stage can be subdivided into substages. The Anisian is divided into the Aegean (Early Anisian), Bithynian (early Middle Anisian), Pelsonian (late Middle Anisian), and Illyrian (Late Anisian). The Ladinian comprises two substages, the Fassanian (Early Ladinian) and the Longobardian (Late Ladinian). The Longobardian occurrences have been omitted herein, because they do not add more information to the scope of the present study. Originally, the substages were used for the European Middle Triassic, but they are presently also applied to other Tethyan sections.
Aegean
To date, Early Anisian osteichtyan fishes are barely known. Fossils were collected from the Upper Buntsandstein in Alsace, France (Grès à Voltzia), and near Durlach, Baden-Württemberg, Germany, from where the following taxa have been described: Dipteronotus (=Praesemionotus), Dorsolepis, Pericentrophorus, Pygopterus, Saurichthys, and actinistians (Wilser 1923; Jörg 1969; Gall et al., 1974; Schultze and Kriwet 1999; Gall and Grauvogel-Stamm 2005). Except for Pygopterus and Saurichthys, these genera are not yet known from deposits older than Middle Triassic. Dorsolepis and Pericentrophorus are probably endemic. These taxa are grouped in the “Triassic Middle Fish Fauna” (TMFF; Tintori et al., 2014a). Although an Early Anisian age was assumed based on index fossils (Gall and Grauvogel-Stamm 2005), Werneburg et al. (2014) questioned this age assignment and suggested that they were younger (Bithynian or Pelsonian).
Bithynian
The Bithynian record of bony fishes is poor and restricted to a few occurrences in the United States, the Netherlands, Germany, and possibly Slovenia. The Fossil Hill Member of the Favret Formation in Nevada has yielded cranial material of Saurichthys together with other isolated bony fish remains (Sander et al., 1994; Rieppel et al., 1996). Specimens of Eosemionotus, Gyrolepis, Saurichthys and other actinopterygians have been collected from the lower beds of the Vossenveld Formation in the Netherlands, which are Bithynian in age (Oosterink and Poppe 1979; Oosterink 1986; Maxwell et al., 2016). From Germany, Werneburg et al. (2014) described small species of Saurichthys. These authors also mention the occurrence of Dipteronotus, cf. Peltoperleidus, and Eosemionotus. The Velika Planina Horizon (Slovenia), whose precise age is not known but is thought to be pre-Pelsonian, has produced specimens of Eosemionotus, Placopleurus, and Saurichthys (Hitij et al., 2010; Tintori et al., 2014a; Tintori et al., 2016). The Velika Planina Horizon is herein treated as Bithynian in age, although an Aegean age cannot currently be confidently excluded. Apart from Saurichthys, all other genera listed above have their first appearance datum in this interval. They are part of the TMFF of Tintori et al. (2014a).
Pelsonian
Localities in Europe (Italy, Slovenia) and China produce Pelsonian bony fishes, many of which have been studied intensively during recent years. The Strelovec Formation of Slovenia has yielded fossils of Eosemionotus, Habroichthys, Peltopleurus, Placopleurus, Marcopoloichthys, Perleidus, possibly Colobodus, and other actinopterygians (Hitij et al., 2010; Tintori et al., 2014a; Tintori et al., 2016). The Strelovec Formation has been treated as Pelsonian by several paleoichthyologists, and I provisionally follow this interpretation here; however, note that Miklavc et al. (2016) consider this formation as Illyrian aged because index fossils supporting a Pelsonian age are lacking.
In Italy, a new locality in the Dolomites (Prà della Vacca/Kühwiesenkopf) has produced specimens of Bobasatrania, Dipteronotus, Habroichthys, Placopleurus. Peltoperleidus, Ptycholepis, and Saurichthys (Tintori et al., 2016).
A rich ichthyofauna is known from two horizons in South China, which became famous as the Luoping Biota and Panxian Biota, respectively, both being almost the same age (Upper Member of the Guanling Formation; Benton et al., 2013). Sun et al. (2012) suggested a Pelsonian age for the Luoping fish beds and I herein follow these authors’ interpretation, although Tintori et al. (2016) argued for a younger (Illyrian?) age. Sun et al. (2016a) presented evidence for a Pelsonian age of the Panxian biota. The Panxian-Luoping fauna comprises the following actinopterygians: Altisolepis, Birgeria, Colobodus, Diandongperleidus, Eosemionotus, Ferroxichthys, Frodoichthys, Fuyuanichthys, Fuyuanperleidus, Gimlichthys, Gymnoichthys, Habroichthys, Kyphosichthys, Louwoichthys, Luopingichthys, Luopingperleidus, Luoxiongichthys, Marcopoloichthys, Panxianichthys, Perleidus, Placopleurus, Platysiagum, Pteronisculus, Robustichthys, Sangiorgioichthys, Saurichthys (including Sinosaurichthys), Subortichthys, Venusichthys, and Yelangichthys, as well as the actinistians Luopingcoelacanthus and Yunnancoelacanthus (e.g. Wu et al., 2011, Geng et al., 2012; Sun et al., 2012, Wen et al., 2012, Benton et al., 2013; Wen et al., 2013, Wu et al., 2013; Xu et al., 2014a, Xu et al., 2014b; Ma and Xu 2015, Xu and Shen 2015; Sun et al., 2016b; Xu and Zhao, 2016; Wu et al. 2018; Xu et al., 2018; Wen et al., 2019; Xu 2020a, Xu 2020c). These are mostly endemic taxa, suggesting incipient regionally contrasted ichthyofaunas in the eastern Tethys in the Pelsonian (as opposed to the cosmopolitan faunas of the Griesbachian–Smithian interval). The genera Eosemionotus, Marcopoloichthys, and Saurichthys are known from coeval European localities. Only Birgeria, Eosemionotus, Pteronisculus, and Saurichthys have pre-Pelsonian occurrences, whereas all other genera have their first occurrence in the Pelsonian. It is no wonder that Tintori et al. (2014a) uses the term “explosion” for the Pelsonian, although the authenticity of this rapid diversification requires critical testing (see below). Some of the abovementioned genera (e.g. Habroichthys) are also known from the Late Ladinian (Longobardian) Xingyi Biota (Sun et al., 2016a).
Illyrian
Illyrian bony fishes are known from Europe (Germany, the Netherlands, Italy, Switzerland). From the Middle Muschelkalk of Germany, several taxa were described, including articulated remains of Eosemionotus, as well as isolated bones of Saurichthys, and scales of Colobodus and Gyrolepis (e.g. Schultze and Möller 1986; Romano et al., 2012). Plesker (1995) examined articulated fossils of Colobodus, Dollopterus, and Gyrolepis (also see Stolley 1920; Schultze and Kriwet 1999). From early Illyrian beds in the Netherlands, Maxwell et al. (2016) described a small species of Saurichthys.
The famous collecting area of Monte San Giorgio and Besano, which extends across the border between Switzerland and Italy, has yielded a plethora of well-preserved, articulated vertebrate remains, including bony fishes. The fossils are mostly derived from the Illyrian–Fassanian Besano Formation; hence, the fossiliferous layers straddle the Anisian–Ladinian boundary (Stockar et al., 2012). From the Illyrian part of the Besano Formation, the following genera have been described: Aetheodontus, Altisolepis, Besania, Birgeria, Bobasatrania, Cephaloxenus, Colobodus, Crenilepis, Ctenognathichthys, Eoeugnathus, Eosemionotus, Gracilignathichthys, Gyrolepis, Habroichthys, ?Holophagus, Luganoia, Meridensia, Nannolepis, ?Ophiopsis, Peltoperleidus, Peltopleurus, Peripeltopleurus, Pholidopleurus, Placopleurus, Platysiagum, Ptycholepis, Saurichthys, Ticinocolobodus, and Ticinolepis (e.g. Brough 1939; Bürgin 1992, Bürgin 2004; López-Arbarello et al., 2016; Maxwell et al., 2015; Mutter 2002; Mutter and Herzog 2004; Romano and Brinkmann 2009; PIMUZ collection database). The ichthyofauna is diverse and contains endemic genera but also genera that are known from other Anisian localities (e.g. Birgeria, Eosemionotus, Gyrolepis, Placopleurus, Platysiagum, Ptycholepis, Saurichthys). The deep-bodied Bobasatrania first appeared in the latest Permian, and the yougest complete body fossils are from the Illyrian (PIMUZ collection database). Tooth plates referrable to Bobasatrania from the Longobardian of Germany and France mark the last appearance of this genus in the fossil record (Böttcher 2014). Meanwhile, Luganoia has also been described from the Late Ladinian Xingyi Biota (Sun et al., 2016a; Xu 2020b), suggesting a longer temporal range than previously thought (Illyrian–Longobardian) for this taxon.
Fassanian
Identifiable remains of bony fishes from the Fassanian, the first substage of the Ladinian, are known from Europe (Switzerland, Italy, and Germany).
Early Ladinian bony fishes are known from the Prosanto Formation in southeast Switzerland (Graubünden). This formation has produced fossils of the actinopterygians Archaeosemionotus, Besania, Colobodus, Ctenognathichthys, Ducanichthys, Eoeugnathus, Eosemionotus, Habroichthys, ?Legnonotus, Ophiopsis, Peltoperleidus, Peltopleurus, Placopleurus, Prohalecites, Saurichthys, and Stoppania (Bürgin et al., 1991; Bürgin and Herzog 2002; Herzog 2003; Herzog and Bürgin 2005; Lombardo et al., 2008), as well as of the actinistians Foreyia and Ticinepomis (Cavin et al., 2013; Cavin et al., 2017).
In the classic collecting site Monte San Giorgio and Besano (Swiss-Italian borderland), several layers produce osteichthyan fossils of Fassanian age. These are restricted to the upper portion of the Besano Formation as well the lower part of the Meride Limestone (Cava inferiore, Cava superiore; Stockar 2010). The following taxa were recovered from the Fassanian aged beds of the Besano Formation: Altisolepis, Archaeosemionotus, Besania, Birgeria, Bobasatrania, Cephaloxenus, Colobodus, Crenilepis, Ctenognathichthys, Eoeugnathus, Eosemionotus, Gracilignathichthys, Gyrolepis, Habroichthys, Luganoia, Meridensia, Nannolepis, Peltoperleidus, Peltopleurus, Peripeltopleurus, Pholidopleurus, Placopleurus, Platysiagum, Ptycholepis (though nearly all specimens are from Illyrian beds), Saurichthys, Stoppania (“Dipteronotus”; see Lombardo et al., 2008), Ticinocolobodus, and Ticinolepis (e.g. Dames 1888; Mutter 2002; Mutter and Herzog 2004; Romano and Brinkmann 2009; Maxwell et al., 2015; López-Arbarello et al., 2016, López-Arbarello et al., 2019; PIMUZ collection database). From Cava inferiore and Cava superiore, the following taxa are known: Ctenognathichthys, Eosemionotus, Habroichthys, Placopleurus, Saurichthys, and Ticinolepis (e.g. Stockar et al., 2012; Tintori 2013; López-Arbarello et al., 2016, López-Arbarello et al., 2019; PIMUZ collection database).
Additional occurrences of Fassanian bony fishes are known from the Southern Alps of northern Italy. From the Perledo area, the following taxa have been documented Archaeosemionotus, Ctenognathichthys, Habroichthys, Heptanema, Placopleurus, Saurichthys, and Stoppania. (see e.g. Tintori 2013; López-Arbarello et al., 2014; Renesto and Stockar 2018).
From the uppermost Muschelkalk of Germany, specimens of the actinistians Garnbergia (Martin and Wenz 1984) and Hainbergia (Schweizer 1966), as well as the actinopterygian Gyrolepis (Stolley 1920; Plesker 1995) have been collected.
The taxonomic composition of Fassanian localities in Germany, Switzerland and Italy is relatively similar at the genus level due to either the close paleogeographic proximity of the sites or due to seaway connections at the time of deposition (Schultze and Kriwet 1999). Several of the genera listed above can also be found in Pelsonian (Upper Member of the Guanling Formation) and Longobardian (Zhuganpo Formation; Sun et al., 2016a) deposits in South China, suggesting that these taxa had a widespread distribution in the Tethys since at least the late Middle Anisian.
THE SPATHIAN–BITHYNIAN: A HIATUS OR THE BASE BETWEEN TWO WAVES?
The current review of the post-extinction fossil record of bony fishes (Griesbachian–Fassanian) highlights that the stratigraphic coverage of known localities is incomplete. Collectively, the fossiliferous layers belong to preservation windows mainly during the early aftermath after the PTBME (Griesbachian–Smithian), as well as during a Middle Triassic interval beginning in the late Middle Anisian (Pelsonian). Based on this study, it becomes evident that the so-called “Spathian Gap” (Romano et al., 2016a, Romano et al., 2017) extends into the early Middle Anisian, straddling the Spathian, Aegean, and Bithynian. This hiatus is therefore subsequently referred to as the “Spathian–Bithynian Gap” (SBG). The SBG, characterized by a patchy osteichthyan fossil record, had a duration of over 3 myrs (Ovtcharova et al., 2006, 2015).
Only a few localities preserve fossils from the SBG (Figure 1A). They mostly represent isolated occurrences, and the fossils often consist of disarticulated bones only, which are only rarely diagnostic and therefore often not collected in the field. Only a couple of occurrences of articulated fishes are known from this interval (e.g. Gall et al., 1974; Rieppel et al., 1996; Sun et al., 2013; Tintori et al., 2014a; Cavin and Grădinaru 2014; Romano et al., 2017).
[image: Figure 1]FIGURE 1 | (A) Stratigraphic ranges of beds preserving bony fish fossils across the Spathian-Bithynian Gap (SBG), with localities grouped paleogeographically (East and West Tethys, East Panthalassa). 1. Arctic: Canada (Ellesmere Island, Nunavut), Greenland, Spitsbergen; 2. Western North America: Canada (Alberta, British Columbia), United States (Idaho, Nevada); 3. Eastern China (Anhui, Jiangsu, and Zhejiang provinces); 4. South China (Guizhou and Guangxi provinces); 5. India (Himachal Pradesh) and Madagascar; 6. Romania; 7. Buntsandstein and Muschelkalk (includes brackish taxa): France, Germany, Poland, The Netherlands; 8. Southern Alps: Italy, Slovenia, Switzerland. Absolute ages:a, Baresel et al., 2017; b, Ovtcharova et al., 2015. Abbreviated stratigraphic intervals: A, Aegean; D, Dienerian; G, Griesbachian; Ind, Induan; Long, Longobardian; Smi, Smithian. (B) Stacked diversity of present taxa and Lazarus taxa per time interval (number of bony fish genera).
The SBG likely represents a taphonomic megabias (Behrensmeyer et al., 2000). It is probably the result of extrinsic physical changes, such as the improved oxygenation on the shelves, cooler global temperatures and a change in oceanic chemistry after the Smithian substage (e.g. Zhang et al., 2015; Goudemand et al., 2019; Widmann et al., 2020). The lack of episodes of black shale deposition on shelves during the SBG contrasts with the iterative occurrences of such phases in the Griesbachian–Smithian (Hermann et al., 2011; Ware et al., 2015) and the Pelsonian–Longobardian (e.g. Tintori 1992; Benton et al., 2013). Consequently, fossil remains of Spathian, Aegean and Bithynian osteichthyans have only rarely been collected or were for the most part not studied taxonomically. Additionally, there are some uncertainties regarding the precise age of these assemblages (e.g. Werneburg et al., 2014; Miklavc et al., 2016).
The rarity of complete and articulated bony fishes in SBG deposits is reflected in the very low diversity during this interval (Figure 1B). Some of the collected fossils belong to long ranging taxa (Bobasatrania, Dipteronotus, Gyrolepis, Saurichthys), but there are also endemic genera (e.g. Dobrogeria, Dosolepis, Nephrotus, Pericentrophorus). Some of these taxa (e.g. Saurichthys) exhibit peculiar skeletal morphologies and can thus be easily identified even on the basis of isolated skeletal remains (Romano et al., 2012). The identified genera from the SBG comprise taxa of both the TEFF (Bobasatrania, Saurichthys) and the TMFF (e.g. Eosemionotus, Placopleurus, perleidiforms; Tintori et al., 2014a).
The scarcity of well-preserved bony fish fossils from the SBG is also mirrored in the elevated occurrences of Lazarus taxa (Figure 1B). These include mostly genera typical for both the TEFF and the TMFF, such as Birgeria, Bobasatrania, and Pteronisculus. Lazarus occurrences are also relatively high during the Illyrian due to the absence of fossiliferous strata in the East Tethys. Many of these taxa are found in Pelsonian and Ladinian deposits on either side of the Tethys (Europe, China).
In addition to the SBG, there is also a paleogeographic hiatus in the Early–Middle Triassic bony fish record (Figure 1A). While the Tethyan record comprises both Early Triassic and Middle Triassic occurrences, the East Panthalassan record vanishes after the Bithynian. Both the Tethyan and the Panthalassan record are affected by the SBG. Furthermore, Romano et al. (2016a) showed that the Early Triassic record is mostly covered by mid-paleolatitudinal localities, whereas the Middle Triassic record is heavily based on low-paleolatitudinal sites. No records of marine Triassic bony fishes exist from Antarctica, Australia, and South America (e.g. Romano et al., 2016a). The aforementioned gaps may potentially obscure geographically restricted early diversification events.
The SBG blurs an important phase during the post-PTBME diversification of bony fishes. The Griesbachian–Smithian faunas were homogenous, containing many cosmopolitan genera (high α-diversity, low β- and γ-diversity). Genera like Australosomus, Bobasatrania, Boreosomus, Helmolepis, or Pteronisculus dwelled on the shelf on opposite sides of the Pangean supercontinent within less than 2 myrs after the PTBME. By contrast, Middle Triassic faunas comprise more endemic taxa, resulting in higher γ-diversity (Romano et al., 2016a). How this transition took place, whether it was abrupt or gradual, remains currently unknown (see below). Similarly, how the Griesbachian–Smithian faunas arose is unclear due to the poor Changhsingian (latest Permian) record. Cosmopolitanism has also been documented in ammonoids during different intervals of the Early Triassic, which can be explained either due to the survival and dispersal of endemic genera, or an increase in the number of new cosmopolitan genera, or the selective extinction of endemic genera (Dai and Song 2020).
A TALE OF BOOMERS AND SURVIVORS
Based on their stratigraphic ranges, I divide the studied genera into three main groups: 1) long survivors, i.e. taxa that have their first appearance datum (FAD) in the Lopingian (late Permian) or Early Triassic and their last appearance datum (LAD) in the Middle Triassic or later, 2) early boomers, i.e. genera with FADs in the Paleozoic (with a long hiatus until the Early Triassic) or Early Triassic, and LADs in the Early Triassic, and 3) late boomers, i.e. genera that appear during the Middle Triassic. These groups are summarized in Figure 2.
[image: Figure 2]FIGURE 2 | Stratigraphic ranges of various groups of bony fishes (Actinopterygii: black; Actinistia: grey; gradient: taxa based on incomplete specimens) during the Early and Middle Triassic (Griesbachian–Fassanian). 1. Saurichthyidae (Saurichthys); 2. Perleididae (Chaohuperleidus, Fuyuanperleidus, Perleidus); 3. Ptycholepidae (Acrorhabdus, Ardoreosomus, Boreosomus, Ptycholepis); 4. Platysiagidae (Helmolepis, Platysiagum); 5. Birgeriidae (Birgeria); 6. Halecomorphi (e.g. Ospia, Robustichthys); 7. Pholidopleuriformes (Australosomus, Pholidopleurus); 8. Bobasatraniidae (Bobasatrania); 9. Pteronisculus; 10. Pygopterus; 11. Laugiidae (Belemnocerca, Coccoderma, Laugia, Piveteauia); 12. Whiteia; 13. Rebellatrix (+ Hadronector); 14, Sasseniidae (Sassenia, Spermatodus); 15 Axelia + Wimania; 16. Dobrogeria; 17. Semionotiformes (e.g. Eosemionotus, Sangiorgioichthys); 18. Gyrolepis; 19. Peltopleuriformes (e.g. Peltopleurus); 20. Latimeriidae (e.g. Foreyia). For abbreviations for the absolute ages and stratigraphic ages: see caption of Figure 1. See text for details.
Long Survivors
The long survivors group includes, for instance, the Halecomorphi (Parasemionotidae, Ionoscopiformes; ?Early Triassic–Recent; e.g. López-Arbarello and Sferco 2018), Pholidopleuriformes (Australosomus, Pholidopleurus; Triassic; e.g. Bürgin 1992); Laugiidae (Belemnocerca, Coccoderma, Laugia, Piveteauia; Griesbachian–Jurassic; Cavin et al., 2017), Perleididae sensu stricto (Chaohuperleidus, Fuyuanperleidus, Perleidus; e.g. Sun et al., 2013), Platysiagidae (Helmolepis, Platysiagum; Griesbachian–Jurassic; e.g. Neuman and Mutter 2005), Ptycholepidae (Acrorhabdus, Ardoreosomus, Boreosomus, Ptycholepis; Griesbachian–Jurassic; e.g. Romano et al., 2019), Birgeria (Triassic; e.g. Romano et al., 2017), Bobasatrania (Griesbachian–Illyrian; e.g. Bürgin 1992), Pteronisculus (Griesbachian–Pelsonian; e.g. Xu et al., 2014b), Pygopterus (Lopingian–Aegean; e.g. Schultze and Kriwet 1999), and Saurichthys (Lopingian–Triassic; e.g. Romano et al., 2012). Most of these taxa are typical faunal components of Triassic aquatic ecosystems and had a cosmopolitan distribution during the Griesbachian–Smithian (e.g. Tintori et al., 2014a; Romano et al., 2016a). Many long survivors exhibit Lazarus occurrences during the SBG. Several fossils recovered from Spathian deposits belong to long survivor taxa. Therefore, these finds contribute little information about the diversification of bony fishes during the late Early Triassic and earliest Middle Triassic because we can already infer their presence during the hiatus.
Early Boomers
The early boomers comprise genera that are exclusively known from the Early Triassic (e.g. Whiteia), as well as genera that belong to Paleozoic clades that – after a long hiatus - made a reappearance in the fossil record during the Early Triassic, such as Sassenia (closely related with the Permian Spermatodus; Sasseniidae; Cavin et al., 2017) or Rebellatrix (probably closely related with the Carboniferous Hadronector), and Rhabdoderma (Carboniferous to Early Triassic; omitted in Figure 2; cf. Forey 1998; Cavin et al., 2017). The early boomers encompass several genera whose “family”-level interrelationships to other genera are not known, such as Errolichthys, Whiteia, and Dobrogeria (Lehman 1952; Nielsen 1955; Cavin et al., 2017). Noteworthy is the high representation of actinistians in the early boomer group. Actinistians have a patchy post-Devonian fossil record (e.g. Schultze 2004) and diversified during the Early Triassic (Cavin et al., 2013). The fate of several of these early booming actinistians is not known. They could have fallen victim to the SSBE, or potentially survived in environments with a poor fossil record, analogous to the Latimeriidae after the Cretaceous-Paleogene extinction event.
Late Boomers
The late boomers mostly correspond to Tintori et al. (2014a)'s TMFF. The taxa of this group have their FAD in the Anisian–Fassanian. With Ticinepomis and Foreyia, the late boomers also include the first members of the Latimeriidae, the family that includes the extant coelacanths Latimeria chalumnae and L. menadoensis (Cavin et al., 2017). A successful Triassic clade placed among the late boomers are the Peltopleuriformes (e.g. Habroichthys, Peltopleurus; Bürgin 1992). Also, Eosemionotus, which belongs to Semionotiformes (Tintori et al., 2014a; López-Arbarello et al., 2019), first appears in the Bithynian and thus represents the earliest semionotiform. Earlier genera that have been referred to Semionotiformes, such as the Lopingian Acentrophorus or the Dienerian Paracentrophorus, are pending restudy. Semionotiformes and therefore ginglymodians belong to the late boomer, unlike halecomorphs, the other main holostean clade, which belong to the long survivor group (see above). The Semionotiformes were a highly successful Mesozoic clade. Today, the Ginglymodi are represented only by gars (Sallan 2014). The teleosts, the group to which nearly all extant bony fish clades belong, have their origins in the Fassanian with Prohalecites (Arratia 2013; Tintori et al., 2014a; Romano et al., 2016a). Their relationship to the SBG is presently not known.
IMPLICATIONS FOR THE DIVERSIFICATION OF BONY FISHES AFTER THE PTBME
Current data indicates elevated diversity of marine actinistians and actinopterygians in the aftermath of the end-Permian mass extinction, and relatively higher diversity during the Middle Triassic (Romano et al., 2016a). However, the Early Triassic and Middle Triassic peaks in genus richness are separated by an interval of very low diversity during the Spathian, Aegean, and Bithynian, resulting from sparse occurrences and limited quality of preservation of fossils. The quality of the fossil record is uneven due to taphonomic biases (Behrensmeyer et al., 2000). Whenever the radiation of a major lineage falls between two preservation windows our understanding of the origins and early diversity of said clade becomes elusive. Several gaps during important evolutionary events have been noted, such as “Talimaa’s Gap” (Turner et al., 2004), “Romer’s Gap” (Coates and Clack 1995) and “Olson’s Gap” (Lucas 2004).
“Talimaa’s Gap” during the Rhuddanian (earliest Silurian) had a duration of 3 myrs and coincides with the early evolution of vertebrates, potentially blurring the diversifications of thelodonts, pteraspidomorphs and acanthodians after the Hirnantian (latest Ordovician) glaciation (Turner et al., 2004; Žigaitė and Blieck 2013). “Romer’s Gap” originally referred to a ∼20 myrs long hiatus in the non-marine vertebrate record during the Tournaisian (earliest Carboniferous). However, through intensified research, this gap could be shortened (Otoo et al., 2017). The paucity of fossils from this interval has obscured potential cladogenetic events after the end-Devonian Hangenberg event (Sallan and Coates 2010). “Olson’s Gap” refers to an interval during the latest Kungurian (late Cisuralian/early Permian) and Roadian (early Guadalupian/middle Permian) that is marked by a scarcity of terrestrial tetrapod remains (e.g. Blieck 2011).
Similarly, the SBG obscures the early evolution of important Mesozoic and modern bony fish clades, and that of the Neopterygii (Holostei and Teleostei) in particular. The Early Triassic (pre-Spathian) and Middle Triassic (post-Bithynian) fish faunas differ in taxic composition and dominance, as well as in their body size (both distribution and median; Romano et al., 2016a). Deecke (1927) – given his limited knowledge at the time – already noticed the gradual change in composition of fish faunas during the Triassic, in which Paleozoic groups (“paleopterygians” or “paleoniscoids”), still frequently present in the beginning of the Triassic, were replaced by more modern taxa during this period. Tintori et al. (2014a) classified Triassic actinopterygians into three groups, the Triassic Early Fish Fauna (TEFF), the Triassic Middle Fish Fauna (TMFF), and the Triassic Late Fish Fauna (TLFF). Taking the fossil record at face value, they postulated that the Smithian-Spathian boundary probably marks the limit between the TEFF and the TMFF (implying that TEFF taxa fell victim to the SSBE) and that a diversification followed in the Pelsonian.
Based on the limited data currently available, I suggest the following three hypotheses for the Early–Middle Triassic turnover of bony fish faunas (summarized in Figure 3):
(1) SSBE hypothesis: extinction of the TEFF at the end of the Smithian and diversification of the TMFF during the post-extinction recovery, coinciding with the SBG. This hypothesis postulates two radiations within less than 2 myrs after the PTBME.
(2) Pelsonian explosion hypothesis: rapid diversification of the TMFF in the Pelsonian. The TEFF either disappeared during a prior extinction event or slowly faded away during the SBG. This hypothesis suggests two radiations after the PTBME, but further apart temporally than in hypothesis 1.
(3) Gradual replacement hypothesis: the TEFF was replaced by the TMFF over time during the SBG. Hence, this hypothesis suggests that osteichthyans were not affected by Early Triassic extinction events much like they were also not harmed by the PTBME.
[image: Figure 3]FIGURE 3 | Hypotheses for the replacement of the TEFF (Triassic Early Fish Fauna; Tintori et al., 2014a) by the TMFF (Triassic Middle Fish Fauna) during the diversification of Osteichthyes in the Early–Middle Triassic: (1) the SSBE hypothesis, (2) the Pelsonian explosion hypothesis, and (3) the gradual replacement hypothesis. For abbreviations for the absolute ages and stratigraphic ages: see caption of Figure 1. See text for details.
None of the three hypotheses can be rejected based on the current knowledge derived from the fossil record. Hypothesis three is best supported by the current data, given that several lineages bridge the SBG. More studies on bony fishes from the SBG and further analyses are necessary to test for potential impacts of Early–Middle Triassic extinction events on bony fish diversity and the alleged Pelsonian radiation. Finally, the beginning of the TEFF is also not well constrained. Although most TEFF taxa appear in the Early Triassic, a few are known to have originated in the latest Permian (Bobasatrania, Saurichthys).
CONCLUSION
The Spathian–Bithynian Gap (SBG) is the only post-Paleozoic hiatus thus far recorded in the vertebrate fossil record. It overlaps with the Triassic diversification of bony fishes, which entailed the first neopterygian radiation. The Neopterygii comprise the vast majority of bony fish diversity today, and ca. 50% of the total vertebrate diversity (Sallan 2014). The SBG can be classified as a taphonomic megabias (Behrensmeyer et al., 2000). It is marked by 1) a small number of fossil sites, 2) relatively low taxic diversity, and 3) elevated Lazarus occurrences for actinopterygians and actinistians. Because of the SBG, the pattern of diversification of bony fishes following the PTBME is not well understood. This also concerns the impact of subsequent extinction events on bony fishes, such as the SSBE (Galfetti et al., 2007; Romano et al., 2016a), which severely affected conodonts (Orchard 2007; Leu et al., 2019) and ammonoids (Brayard et al., 2009).
Mass extinction events and their aftermaths reset the rules abruptly and thereby redirect the course of evolution. Whenever such fateful events fall into an interval of unfavorable fossilization conditions, a gap of knowledge is left behind, obscuring the evolution of the clades that thrived after the extinction. The SBG separates the diverse, cosmopolitan Griesbachian–Smithian faunas (TEFF; Tintori et al., 2014a) from the more diverse and regionally more contrasted post-Bithynian faunas (TMFF). Claims of a protracted recovery of bony fishes after the PTBME partly rest on the poor fossil record during the Spathian–Bithynian, an interval that comprises more than 3 myrs. This begs the question whether there was an “explosion” (Tintori et al., 2014a) in bony fish diversity in the Pelsonian or whether we are just observing the beginning of a new taphonomic window. Such claims should be treated with caution. Based on the current data, I propose three hypotheses for the diversification of bony fishes after the PTBME: 1) the SSBE hypothesis, 2) the Pelsonian explosion hypothesis, and 3) the gradual replacement hypothesis. Although hypothesis three appears to be the most probable one given the current data, further studies are necessary to test alternative hypotheses in order to improve our current understanding of the post-PTBME radiation of modern bony fishes.
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