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One of the most widespread and diverse animal groups of the Cambrian Explosion is a clade of stem lineage arthropods known as Radiodonta, which lived exclusively in the early Paleozoic. First reported in 1892 with Anomalocaris canadensis, radiodonts are now one of the best known early animal groups with excellent representation in the fossil record, and are ubiquitous components of Konservat-Lagerstätten from the Cambrian and the Early Ordovician. These large swimmers were characterised by a segmented body bearing laterally-oriented flaps, and a head with a distinct radial oral cone, a pair of large frontal appendages adapted for different feeding modes, compound eyes on stalks, and prominent head carapaces. Radiodonts inform on the paleoecology of early animal communities and the steps involved in euarthropod evolution. Four families within Radiodonta have been established. The raptorial predator families Anomalocarididae and Amplectobeluidae were dominant early in the evolutionary history of Radiodonta, but were later overtaken by the mega-diverse and widespread Hurdiidae, which has a more generalised sediment-sifting predatory mode. Suspension feeding, notably in the families Tamisiocarididae and Hurdiidae, also evolved at least twice in the history of the clade. The well-preserved anatomical features of the radiodont body and head have also provided insights into the evolution of characteristic features of Euarthropoda, such as the biramous limbs, compound eyes, and organisation of the head. With 37 species recovered from all major paleocontinents of the Cambrian and Early Ordovician, Radiodonta provides a unique opportunity for revealing evolutionary patterns during the Cambrian Explosion.
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1 INTRODUCTION
The Cambrian Explosion, followed by the Great Ordovician Biodiversification Event (GOBE) are two of the most important events in the history of life (Paterson et al., 2019; Budd, 2021; Saleh et al., 2022a). Those events saw the rapid emergence and diversification of nearly all animal phyla, and the building of functioning complex modern ecosystems. During the Cambrian Explosion the most successful animal phylum, Arthropoda, appeared and rapidly evolved into a highly diverse and abundant component of early animal communities (Daley et al., 2018; Edgecombe, 2020; Budd, 2021). Arthropods represent 85% of living animals and they were also dominant in the fossil record during the last 500 million years, including many diverse groups such as trilobites, decapods and ostracods (Edgecombe, 2020). The Cambrian Explosion, and the early evolution of Arthropoda are both well documented by exceptionally preserved fossils sites called Burgess-Shale type Lagerstätten (Conway Morris, 1985; Holmes et al., 2018). These Lagerstätten provide a relatively complete view of the earliest animal ecosystems and how they were structured.
The most emblematic fossil group from the Cambrian Explosion is Radiodonta, best represented by Anomalocaris canadensis (Figure 1C), a giant apex predator of the famous Burgess Shale (Daley and Edgecombe, 2014). Radiodonts, informally called anomalocaridids, are an extinct order of nektonic predators that lived from Cambrian Series 2 Stage 3 to the Early Ordovician, and possibly into the Lower Devonian with the enigmatic Schinderhannes (Kühl et al., 2009; Daley and Legg, 2015; Van Roy et al., 2015; Edgecombe, 2020). A total of 37 species have been placed in or associated with Radiodonta, and all are predators, even though the predation strategy differs between taxa (Daley and Budd, 2010; Daley et al., 2013a; Daley and Edgecombe, 2014; Van Roy et al., 2015; Moysiuk and Caron, 2021). Radiodonts all have a segmented body with laterally-oriented flaps and setal blades, and a head characterised by a pair of large compound eyes on stalks, a pair of large, segmented frontal appendages, cephalic carapaces, and radially arranged plates surrounding the mouth (Figure 2). This last feature, the oral cone (Figure 3), gives rise to the name of the order Radiodonta (Collins, 1996), although it is now known that some radiodonts do not possess a circular oral cone structure (Cong et al., 2017; Cong et al., 2018).
[image: Figure 1]FIGURE 1 | Radiodont specimens with whole body preservation. (A) Innovatiocaris maotianshanensis from the Chengjiang Biota, China, ELRC 20001. Stitched image of part and counterpart. (B) Hurdia triangulata from the Burgess Shale, Canada, ROM 59252. (C) Anomalocaris canadensis from the Burgess Shale, Canada, ROM 51214. (D) Peytoia nathorsti from the Burgess Shale, Canada, USNM 274141. (E) Aegirocassis benmoulai from the Fezouata Shale, Morocco, YPM 237172. (F) Lyrarapax unguispinus from the Chengjiang Biota, YKLP 13305. Image credits: (A–D) A. Daley, (E) P. Van Roy, (F) P. Cong. Scale bars are 1 cm in all but (E), where the scale bar is 10 cm.
[image: Figure 2]FIGURE 2 | Generalized anatomy of radiodonts.
[image: Figure 3]FIGURE 3 | Oral structures in Radiodonta. (A–B) Oral cone of Peytoia nathorsti from the Burgess Shale. USNM 274143. (A) Overview showing the position of the oral cone on the ventral anterior surface of the head. (B) Closeup on the tetraradial oral cone. (C) Peytoia nathorsti oral cone in isolation. USNM 193926. (D) Buccaspinea cooperi oral cone from the Marjum Formation. BPM 1108a. (E) Hurdia oral cone from the Burgess Shale, showing inner teeth within the central opening. ROM 59260. (F–H) Amplectobelua symbrachiata from the Chengjiang biota. YKLP 13889. (F) Disarticulated assemblage with appendages, GLSs, and smooth and tuberculate plates. (G) Closeup on GLSs and smooth and tuberculate plates. (H) Closeup of GLS. (I) Anomalocaris canadensis triradial oral cone from the Burgess Shale. ROM 61679. (J) Cordaticaris striatus oral cone from the Zhangxia Formation, North China. NIGPAS 173116. (K) Unusual oral cone from the Guanshan Biota. NIGPAS 162529. Image credits: (A,B) X. Zhang, Smithsonian NMNH, (C,E,I) A. Daley, (D) S. Pates, (F–H) P. Cong, (J) F. Xiao, (K) H. Zeng. Scale bars are 10 mm in (A,B,D,F and K), 5 mm in (C,E,G,I and J), 1 mm in (H).
Anomalocaris canadensis (Figure 1C) was the first radiodont described in the literature by Whiteaves (1892) but it was then interpreted as a crustacean, and isolated specimens of sclerotised body parts including the oral cone (Figure 3), frontal appendages (Figures 4, 5), and cephalic carapaces (Figures 6C–E) were also described as separate genera and species. It was not until the pivotal work of Whittington and Briggs (1985) that the first description of a complete radiodont body was realized. This complex history of description is reviewed in detail by Collins (1996), with later discoveries in Daley et al. (2009) and Daley and Bergström (2012) (see Supplementary Table S1 for historical names of body parts and their current terminology). Collins (1996) erected the order Radiodonta after describing new whole body Burgess Shale specimens. During the 1980s and 1990s, isolated appendages and oral cones were reported from a handful of localities in the USA (Briggs and Mount, 1982; Briggs and Robison, 1984) and rare full-body specimens alongside more common appendages were described from the Chengjiang Biota in China (Chen et al., 1994; Hou et al., 1995).
[image: Figure 4]FIGURE 4 | Frontal appendages of Hurdiidae, Anomalocarididae and Amplectobeluidae. (A–E) Hurdiidae. (A) Hurdia victoria frontal appendage from the Burgess Shale, Canada. ROM60020. (B) Peytoia nathorsti from the Burgess Shale, Canada. ROM60036. (C) Stanleycaris hirpex from the Burgess Shale. ROM 59944, holotype. (D–E) Aegirocassis benmoulai from the Fezouata Shale, Morocco. YPM 527125, paratype. (D) Whole hurdiid appendage. (E) Closeup showing setae and sockets. (F) Anomalocarididae. Anomalocaris canadensis from the Burgess Shale, Canada. ROM 62543. (G–H) Amplectobeluidae. (G) Amplectobelua symbrachiata from the Chengjiang biota, YKLP 13313. (H) Ramskoeldia platyacantha from the Chengjiang Biota, YKLP 13325, holotype. Image credits: (A–F) A. Daley. (G–H) P. Cong. Scale bars are 10 cm in (D), 50 mm in (E,G and H), 10 mm in (B,C and F), 5 mm in (A).
[image: Figure 5]FIGURE 5 | Frontal appendages of Tamisiocarididae. (A) Tamisiocaris borealis from the Sirius Passet, Greenland. MGUH 29154, holotype. (B) Houcaris magnabasis from the Comet Shale Member of the Pioche Formation, Nevada, USA. KUMIP 293584, holotype. (C) “Anomalocaris” briggsi from the Emu Bay Shale, Australia. SAM P40180, holotype. (D) Houcaris saron from the Chengajiang Biota, China. YKLP 13459. Image credits: (A) J. Peel. (B) S. Pates. (C) A. Daley. (D) P. Cong and S. Pates. Scale bars are all 10 mm.
[image: Figure 6]FIGURE 6 | Radiodont cephalic structures with importance for understanding the evolution of Euarthropoda. (A–B) Hurdia victoria from the Burgess Shale, showing the enlarged cephalic carapace with the eyes on stalks protruding from the ocular notches of the central and lateral carapace elements. USNM 274159. (A) Whole specimen in lateral view. (B) Closeup on the eyes and their relation to the cephalic carapace. (C) Central cephalic carapace element of Hurdia victoria from the Burgess Shale. USNM 57718, holotype. (D) Central cephalic carapace element of Hurdia triangulata from the Burgess Shale. USNM 57721, holotype. (E) Lateral cephalic carapace element of Hurdia from the Burgess Shale. USNM 274159, previous holotype of Proboscicaris (now synonymised with Hurdia). (F–H) Compound stalked eye of Anomalocaris aff. canadensis from the Emu Bay Shale, Australia. SAM P45920. (F) View showing both eyes. (G) Closeup on the lower of the two eyes. (H) Closeup showing the ommatidia. (I–K) Sessile acute zone-type eye of “Anomalocaris” briggsi from the Emu Bay Shale, Australia. (I) SAM P48377. (J) Eye of P54853. (K) Closeup of the ommatidia in P54853. Image credits: (A–E) A. Daley. (F–K) J. Paterson. Scale bars are 10 mm in (A and C–E), 5 mm in (B,F,G,I and J), 1 mm in (K) and 0.3 mm in (H).
It is during the last 20 years that new occurrences of Radiodonta started to accumulate at a rapid rate, giving a comprehensive view on the evolution and paleoecology of the group. Key studies by Kühl et al. (2009) and Daley et al. (2009) used a phylogenetic approach to situate radiodonts in the lower stem lineage of Euarthropoda, indicating that their anatomical features provide insight into the acquisition of euarthropod morphological features. The identification of large cephalic carapaces in the Burgess Shale radiodont taxa Hurdia (Daley et al., 2009; Daley et al., 2013a) and Cambroraster (Moysiuk and Caron, 2019), consisting of a central element and two lateral elements (Figures 6A–E) (Supplementary Table S1A), meant that similar isolated carapaces in numerous Cambrian lagerstätten have found a home within Radiodonta (e.g., Sun et al., 2020a; b; Pates et al., 2021b) New discoveries of frontal appendages and oral cones have shown that these two anatomical features are highly variable in morphology within the clade, giving opportunities for reconstructions of their feeding paleoecology (Daley and Peel, 2010; Daley et al., 2013b; Vinther et al., 2014; Cong et al., 2016; Cong et al., 2017; Cong et al., 2018; Lerosey-Aubril and Pates, 2018; Pates et al., 2018; Guo et al., 2019; Pates and Daley, 2019; Pates et al., 2019; Wu et al., 2021a; Wu et al., 2021b; Wu et al., 2022 and references therein). Whole body specimens of radiodonts remain relatively rare but have been instrumental in describing previously unknown features of their flaps, setal blades and tail fan (Van Roy and Briggs, 2011; Van Roy et al., 2015; Zeng et al., 2022), and internal organs such as the nervous system (Cong et al., 2014; Moysiuk and Caron, 2022) and digestive tract (Daley and Edgecombe, 2014; Vannier et al., 2014). Radiodonts are now know from 34 different lagerstätten from the paleocontinents of Gondwana, Laurentia, South China, North China, Baltica, and Avalonia (Figure 7), with their total diversity of species standing at 37 named species and several more taxonomically uncertain specimens (Supplementary Datasheet S1 and Supplementary Table S2). It is the aim of this review article to summarize the current knowledge of the Radiodonta clade, focusing on their diversity, distribution and paleogeography, their paleoecology, and their evolutionary significance for understanding arthropod evolution.
[image: Figure 7]FIGURE 7 | Radiodont distribution. (A) Stratigraphic distribution during the Cambrian and Lower Orodovician. Each symbol indicates one genus belonging to one the four Radiodonta families and those of uncertain affinity, with paleogeographic terranes represented in vertical columns. For example, in Series 2 Stage 3 of South China, described radiodonts include three Anomalocarididae genera, four Amplectobeluidae genera, two Hurdiidae genera, one Tamisiocarididae genus and four genera of uncertain family affiliation. Total number of genera found in each geological time period (for all paleogeographic regions combined) indicated in the line graph on the right. (B) Paleogeographic distribution of Lagerstätten that have yielded radiodonts. Abbreviations: (Laurentia) PI, Pioche Fm.; SP, Spence Shale; WE, Weeks Fm.; WH, Wheeler Fm.; MJ, Marjum Fm.; CA, Carrara Fm.; LA, Latham Shale; EA, Eager Fm.; BG, Burgess Shale; KI, Kinzers Fm.; SiP, Sirius Passet; PQ, Parker Quarry; (North China) MT, Mantou Fm.; LI, Linyi Fm.; (South China) CH, Chengjiang Biota; BA, Balang Fm.; KA, Kaili Fm.; SA, Sandu Fm.; HO, Hongjingshao Fm.; GU, Guanshan Biota; NF, Niutitang Formation (Australia) EB, Emu Bay Shale; (Baltica) ZA, Zawiszyn Fm.; WI, Wisniowka Fm.; (Gondwana) JI, Jince Fm.; BU, Buchava Fm.; VA, Valdemiedes Fm.; FZ, Fezouata Shale; (Avalonia) DC, Dol-cyn Afon Gam; *, Ordovician. Map from (Torsvik and Cocks, 2017) gplates package.
2 MATERIALS AND METHODS
Radiodonta publications have been summarized into a table of occurrences (Supplementary Datasheet S1 and Supplementary Table S2), which was used to examine the diversity and paleogeographic distribution of the clade. Photographs of specimens taken by A. Daley were mainly photographed between 2006 and 2014, and were imaged with a Canon EOS 500D digital SLR camera fitted with an EF-S 60 mm f2.9 Macro Lens. Light was orientated at both low and high angles on the specimens, dry and submerged in water. To enhance contrast of those specimens that were highly reflective, a polarizing filter on the camera lens was oriented perpendicular to another polarizing filter at the light source, following the method of Bengtson (2000). Figures and illustration were made using Photoshop and Illustrator Photoshop CS4 (Adobe Systems Inc.) under a University of Lausanne license. The reconstruction map has been produced by using Gplates_2.0.3 software, using Torsvik and Cocks (2017) package.
A variety of terms (Supplementary Table S1) have been used to describe the structures in the body of Radiodonta (Figure 2). In the description below, we follow the terminology of Wu et al. (2022) for the frontal appendages, Liu et al. (2020) for cephalic carapace elements, Daley and Bergström (2012) and Pates et al. (2021a) for the oral cone, Daley and Edgecombe (2014) for structures in the body trunk and the tail fan, and Sheppard et al. (2018) for the vanes in the tail fin.
3 ANATOMICAL FEATURES AND EVOLUTIONARY SIGNIFICANCE
Radiodonta has a peculiar morphology within Arthropoda, but shows variabilities within the group that allow many ecological and evolutionary interpretations (Daley and Budd, 2010; Van Roy et al., 2015; Moysiuk and Caron, 2021). A notable feature is their large size range, with total body length varying from 10 mm in the smallest known radiodont Stanleycaris from the Burgess Shale (Moysiuk and Caron, 2022), to over 200 cm in length with the giant suspension-feeder Aegirocassis from the Fezouata Shale (Van Roy and Briggs, 2011; Van Roy et al., 2015). In this section, we provide an overview of the general morphology of radiodonts, followed by a detailed treatment of the significance of their anatomy for understanding paleoecology and euarthropod evolution.
3.1 General morphology
The order Radiodonta belongs to the class Dinocarida (Collins, 1996), which includes Radiodonta and Opabiniidae, a clade that is not consistently recovered as monophyletic in phylogenetic analyses (Daley et al., 2009; Pates et al., 2022). In general, Radiodonta are bilaterally symmetrical with a non-mineralized cuticle (Collins, 1996; Cong et al., 2016; Liu et al., 2018). The body (Figure 2) is divided in two parts, the anterior cephalic region and the posterior body trunk (Collins, 1996). The unsegmented head has at least one preoral appendage pair and a ventral mouth with radial plates (Collins, 1996). It bears at least one pair of compound eyes, which can be stalked or sessile (Collins, 1996; Paterson et al., 2020; Moysiuk and Caron, 2022). The body trunk is metameric, with laterally-oriented flaps presumably used for swimming and setal blades that are interpreted as the gills (Collins, 1996). The posterior body termination can be tapering to a blunt end, or can have a tail fan consisting of multiple vanes (Collins, 1996).
The preoral frontal appendages (Figures 4, 5) (Collins, 1996; Cong et al., 2016; Liu et al., 2018) consist of podomeres separated by arthrodial membranes, with ventral spine-like structures or blades called endites (Supplementary Table S1B) on at least five of the podomeres (Cong et al., 2016; Liu et al., 2018; Edgecombe, 2020). The appendage is divided into three regions: the proximal podomeres, on which there may be a simple endite (Cong et al., 2016; Lerosey-Aubril and Pates, 2018; Wu et al., 2022); the intermediate podomeres bearing a series of elongated and laminiform endites that can have auxiliary spines lining the anterior and/or posterior margins (Cong et al., 2016; Lerosey-Aubril and Pates, 2018); and the distal podomeres, which can also bear endites that are short and reduced compared to the intermediate ones (Cong et al., 2016; Lerosey-Aubril and Pates, 2018; Wu et al., 2022).
The oral cone (Figure 3) consists of a radial arrangement of plates (Supplementary Table S1C), sometimes bearing spines that face inwards into a central opening (Collins, 1996; Daley and Bergström, 2012). Oral cones often have either three (triradial oral cone, as seen in Anomalocaris, Figure 3I) or four (tetraradial, as seen in Hurdia and Peytoia, Figures 3A–C,E) large plates. The small and large plates can be adorned with scale-like nodes or marginal furrows (Daley and Bergström, 2012; Zeng et al., 2017) in the triradial oral cones, and in some unusual oral cones that show a mix of features of the tetraradial and triradial forms (Figures 4J,K) (Zeng et al., 2018; Sun et al., 2020a). Hurdia has inner rows of teeth within the central opening (Daley et al., 2009; Daley et al., 2013a). Some radiodonts do not possess an oral cone, but have gnathobase-like structures (GLSs) and a set of smooth and tuberculate plates not clearly arranged in a radial fashion (Figures 3F–H) (Cong et al., 2017; Cong et al., 2018).
The head of most radiodonts bears a cephalic carapace (Supplementary Table S1A) of variable morphology. These are enlarged in Hurdiidae and Tamisiocarididae (Figures 1B,E, 6A–E), which have a symmetrical and often anteriorly tapering central carapace associated with a pair of lateral carapace elements (Daley et al., 2009; Daley et al., 2013a; Zeng et al., 2017; Moysiuk and Caron, 2019). In Hurdia, these extend forward from the anterior margin of the head, based on the position of the eyes that have their stalks extruding through ocular notches of the posterior margins of central and lateral elements. The entire carapace complex is nearly as long as the rest of the body but does not cover it completely (Daley et al., 2009; Daley et al., 2013a). The structure of the cephalic carapaces consists of two layers of cuticle (Daley et al., 2013a; Zeng et al., 2017), and often show a reticulate polygonal ornamentation (Van Roy and Briggs, 2011; Daley et al., 2013b). Cephalic carapaces are smaller and more poorly known in Amplectobeluidae and Anomalocarididae, but central and lateral elements have been described in Anomalocaris (Daley and Edgecombe, 2014) and Amplectobelua (Cong et al., 2017).
The number of segments in the body varies between taxa, ranging from 7 to 15 or more, with each segment bearing setal blades and one or two pairs of flaps (Supplementary Table S1D). Flaps are triangular in outline and may bear transverse lines in the anterior half or across the whole flap (Daley et al., 2013a). Flaps can be large and distinctly tapering posteriorly, as seen in Anomalocaris canadensis (Figure 1C) (Whittington and Briggs, 1985; Collins, 1996; Daley and Edgecombe, 2014), or can be reduced and roughly equal in size along the body, as seen in Hurdia (Figure 1B; 6A) (Daley et al., 2013a). The body also bears bands of thin, elongated setal blades (Daley et al., 2009; Daley et al., 2013a). These setal blade bands have been interpreted as being dorsal (Whittington and Briggs, 1985; Bergström, 1986; Van Roy et al., 2015), ventral (Moysiuk and Caron, 2019; Moysiuk and Caron, 2022), or extending out onto the flaps (Daley et al., 2009; Daley et al., 2013a). The posterior termination of the body ends bluntly in some taxa (Figure 1D), but in others there is an elaborate tail fan (Figures 1A,C) (Whittington and Briggs, 1985). When present, the tail fan may consist of up to three pairs of vanes (Collins, 1996; Cong et al., 2016; Sheppard et al., 2018).
3.2 Morphological features enabling paleoecological and paleobiological interpretations
3.2.1 Feeding strategy
All radiodonts are interpreted as marine nektonic predators (Bambach et al., 2007; Dunne et al., 2008; Daley and Budd, 2010; Perrier et al., 2015; Guo et al., 2019). Several features allow us to reconstruct this feeding strategy (Daley and Budd, 2010; Van Roy et al., 2015; Guo et al., 2019; Caron and Moysiuk, 2021). The frontal appendages are interpreted as grasping organs that catch the food and bring it to the mouth (Daley and Budd, 2010). They give information about the feeding strategy, much more than the oral cones, which are less abundant and for which the function, use and movement remain enigmatic, other than their suggested ability to create suction to bring food towards the mouth (Daley and Bergström, 2012; Zeng et al., 2018). Other features of radiodont anatomy that suggest predation are their relatively large body size compared to other Cambrian animals, their streamlined body form adapted for agile swimming, their large complex eyes, and their complex digestive system with large gut diverticulae for efficient food processing (Whittington and Briggs, 1985; Collins, 1996; Usami, 2006; Daley and Budd, 2010; Vannier et al., 2014; Lerosey-Aubril and Pates, 2018; Guo et al., 2019; Paterson et al., 2020).
Various quantitative methods have been employed to analyze the paleoecology of Radiodonta, including hydrodynamic calculations (Usami, 2006), 3D modeling of appendages and their movement (De Vivo et al., 2021; Bicknell et al., 2023), finite element analysis (Bicknell et al., 2023), computational fluid dynamics (Bicknell et al., 2023), and geometric morphometrics of cephalic carapaces (Daley et al., 2013a; Caron and Moysiuk, 2021). The morphology of the frontal appendages allows three main predatory groups to be distinguished: raptorial predators, sediment sifters and suspension-feeders (Daley and Budd, 2010; Vinther et al., 2014; Van Roy et al., 2015; Guo et al., 2019).
The raptorial predation mode was used by members of Anomalocarididae and Amplectobeluidae (Daley and Budd, 2010; Daley et al., 2013b). The appendages of Anomalocaris canadensis (Figure 4F) are many-segmented and well-articulated with short endites, enabling them to be mobile, flexible and dexterous, and making them efficient for catching macro-scale prey ranging in size from 20 to 50 mm (Daley and Budd, 2010; De Vivo et al., 2021; Bicknell et al., 2023). The pincer-shape appendage of Amplectobelua (Figure 4G) had a low degree of flexibility but could still grasp prey of relatively small sizes at around 20 mm (De Vivo et al., 2021). No radiodonts, even these raptorial taxa, had the ability to regularly consume prey with mineralised exoskeletons, as suggested by Nedin (1999), who envisioned Anomalocaris could use a flexing motion to consume mineralised trilobites. Computational modelling has shown that such motions are not possible with Anomalocaris appendages (De Vivo et al., 2021), nor was their sclerotised cuticle capable of tearing a mineralised exoskeleton (Bicknell et al., 2023). Damages preserved in trilobite and nektaspid exoskeletons (Conway Morris, 1985; Nedin, 1999) and large coprolites found in Cambrian lagerstätten that contain fragments of trilobites (Nedin, 1999; Vannier and Chen, 2005) had previously been attributed to durophagous predation by radiodonts (Nedin, 1999; Klug et al., 2017; Vinn, 2018; Zong, 2021; Zhang et al., 2023). Based on the unsuitability of the frontal appendage (De Vivo et al., 2021; Bicknell et al., 2023) and oral cone (Daley and Bergström, 2012) for durophagy, Anomalocarididae are no longer considered to have been predators of mineralized shelly taxa, and instead these coprolites and damages are attributed to Redlichia and other Cambrian trilobites (Daley et al., 2013b) or gnathobase-bearing artiopodan euarthropods (Bicknell et al., 2018; 2022). The Amplectobeluidae taxon Guanshancaris has been suggested to have been capable of durophagy, based on its flexible proximal endites and the stout nature of the endites on intermediate podomeres, with suggested prey being trilobites and brachiopods, which show damage to their exoskeleton in specimens found closely associated with Guanshancaris (Zhang et al., 2023). Anomalocarididae and most Amplectobeluidae taxa likely consumed soft-bodied and lightly sclerotized prey items (Daley and Bergström, 2012; De Vivo et al., 2021; Bicknell et al., 2023), with Guanshancaris potentially being capable of durophagy (Zhang et al., 2023).
The frontal appendages of all Hurdiidae and several Tamisiocarididae are characterised by the presence of elongated, straight, laminiform endites in the intermediate region (Collins, 1996; Daley and Budd, 2010; Lerosey-Aubril and Pates, 2018; Guo et al., 2019; Wu et al., 2022). Radiodonts possessing these appendages are interpreted to be either sediment sifters or filter feeders (Daley and Budd, 2010; Vinther et al., 2014; Van Roy et al., 2015). The main differences between them are related to the shape, position, and distribution of the auxiliary spines (Caron and Moysiuk, 2021). In sediment-sifter radiodonts, such as Hurdia and Peytoia (Figures 4A–C), the auxiliary spines are thick, relatively widely spaced and short (Caron and Moysiuk, 2021), lending a robustness useful when sieving sediment (Caron and Moysiuk, 2021). These appendages are less dexterous than the raptorial predator appendages, and might have been used with both appendages in concert to surround and capture prey (De Vivo et al., 2021). The presence of medial spines (referred to as gnathites) in Peytoia (Daley et al., 2013a) and Stanleycaris (Moysiuk and Caron, 2021) could have aided in holding, stabbing and tearing soft-bodied prey items, with a suggestion that durophagy on mineralized shelly prey might have been possible for Peytoia (Moysiuk and Caron, 2021).
Sediment sifters are further divided in two categories (Caron and Moysiuk, 2021). Macrophagous sediment sifters such as Hurdia and Peytoia are adapted for large prey items (60–100 mm and 20–40 mm respectively; see De Vivo et al., 2021), while the microphagous ones, including Cordaticaris, Titanokorys, and questionably Cambroraster are adapted for smaller prey items (Caron and Moysiuk, 2021; De Vivo et al., 2021). The difference between them is based on the interspace and the number of the robust auxiliary spines, with microphagous sediment-sifters having less interspace and a larger number of auxiliary spines than macrophagous sediment-sifters (Caron and Moysiuk, 2021). According to De Vivo et al. (2021), the appendage of Cambroraster could be more suitable for the suspension-feeding strategy.
Suspension-feeders differ from microphagous sediment-sifters by the strongly specialized auxiliary spines, or setae, that are much longer than the height of endite to which they attach (Vinther et al., 2014; Van Roy et al., 2015). The setae are often numerous and densely-packed, and the interspace, called mesh size, is small, such that they effectively create a net to catch plankton (Vinther et al., 2014; Van Roy et al., 2015). Suspension feeding taxa include Aegirocassis (Figures 4D,E) and Tamisiocaris (Figure 5A), and questionably “Anomalocaris” briggsi (Figure 5C), Pahvantia and Cambroraster (Vinther et al., 2014; Van Roy et al., 2015; Lerosey-Aubril and Pates, 2018; Paterson et al., 2020; Caron and Moysiuk, 2021; De Vivo et al., 2021). In Aegirocassis, another order of spinosity is observed in the form of spinules that attach to the setae (Figures 4D,E) (Van Roy et al., 2015).
Oral cones or other comparative structures (e.g., gnathobase-like structures, GLSs) have a lower preservation potential than frontal appendages, and are found infrequently in the fossil record (Daley and Bergström, 2012; Zeng et al., 2018). Only 13 taxa (Amplectobelua, Anomalocaris, Buccaspinea, Cambroraster, Cordaticaris, Hurdia, Innovatiocaris, Lyrarapax, Peytoia, Ramskoeldia, Stanleycaris, Titanokorys, maybe Guanshancaris kunmingensis) have their oral cones described so far, and it is not possible to link specific characters with any particular feeding strategy (Collins, 1996; Daley and Bergström, 2012; Daley et al., 2013a; Paterson et al., 2016; Cong et al., 2017; Cong et al., 2018; Liu et al., 2018; Zeng et al., 2018; Moysiuk and Caron, 2019; Sun et al., 2020a; Caron and Moysiuk, 2021; Moysiuk and Caron, 2021; Zeng et al., 2022). Oral cones share the same main characteristic of slightly overlapping plates surrounding a central opening, with variations in organization that change the symmetry of the oral cone. The combinations of features are so unique for each described oral cone morphology that identifying the ecological function to determine a feeding strategy remains impossible. However, the Anomalocaris oral cone has been interpreted to employ a suction mechanism and not a crushing one (Daley and Bergström, 2012; Zeng et al., 2018).
The cephalic carapaces may also play a role in the feeding ecology of various radiodont taxa, most notable in the Hurdiidae where carapaces are enlarged and complex (Figure 6A). Sediment sifters may have used their protruding cephalic carapaces to disturb the sediment that is then sifted by the frontal appendages, and/or to help trap prey and funnel it towards the mouth (Daley et al., 2009; Daley et al., 2013a; Moysiuk and Caron, 2019). Liu et al. (2020) compared the large cephalic carapace of Cambroraster to that of horseshoe crabs and trilobites that feed on infaunal organisms, with the cephalic carapace providing a protective dome for movement of the appendages to search for prey in the sediment. This suggests a eudemersal mode of life for Cambroraster and perhaps all hurdiids (Liu et al., 2020), and radiodonts in general have been considered to be eudemersal in large-scale analyses of the evolution of the nekton (Klug et al., 2010; Whalen and Briggs, 2018). The smaller cephalic carapaces of Amplectobeluidae and Anomalocarididae likely served a protective function, rather than being implemented in feeding (Daley and Edgecombe, 2014; Cong et al., 2016; Cong et al., 2017; Cong et al., 2018). Using a phylomorphospace approach, Caron and Moysiuk (2021) show that there are no statistically significant correlations between cephalic carapace element shape and feeding strategy when comparing microphagous and macrophagous sediment sifters, and suspension feeders (Caron and Moysiuk, 2021). However, their analyses did reveal that microphagous sediment-sifters have on average a larger body size than any other group of radiodonts (Caron and Moysiuk, 2021). An extreme example is the giant microphagous suspension feeder Aegirocassis, which is one example of the repeated evolution of gigantism in microphagous animals seen also in whales, fish, sharks and rays (Friedman et al., 2010; Marx and Uhen, 2010; Van Roy et al., 2015; Pimiento et al., 2019; Mironenko, 2020).
3.2.2 Swimming
All radiodonts were nektonic active swimmers (Usami, 2006; Daley et al., 2013a; Van Roy et al., 2015; Sheppard et al., 2018; Zeng et al., 2022). Propulsion was provided by movement of the flaps (Usami, 2006; Daley et al., 2013a; Van Roy et al., 2015), likely in a single synchronized wave, comparable to the swimming behavior of living manta rays (Usami, 2006). Anomalocaris (Figure 1C) is interpreted to have been an agile swimmer, well adapted for hunting, based on the width of the flaps and the hydrodynamic shape of the body overall (Usami, 2006; Daley et al., 2013a). In contrast, Hurdia (Figures 1B, 6A) had reduced flaps and a more convex rounded body, making it less well adapted for agile swimming in the water column, instead suggesting it was nektobenthic (Daley et al., 2013a). Cambroraster also has reduced flaps and a similar body shape to Hurdia (Moysiuk and Caron, 2019), and based on the shape of its cephalic carapace, Liu et al. (2020) suggested it had a eudemersal ecology. The 2 m-long hurdiid Aegirocassis (Figure 1E) is peculiar because it has two pairs of relatively small flaps, the ventral and dorsal flaps (Van Roy et al., 2015). It is considered an agile swimmer, however, and only the ventral pairs of flaps were used for swimming propulsion, while the dorsal flaps played a role in stabilization and steering (Van Roy et al., 2015). This configuration is best adapted to maintaining a steady speed over long distances or time, matching its interpreted feeding ecology as a suspension feeder (Van Roy et al., 2015).
The tail fan present in some radiodonts such as Anomalocaris and Innovatiocaris (Figures 1A,C) may also have been used during swimming (Usami, 2006; Sheppard et al., 2018; Zeng et al., 2022). According to Sheppard et al. (2018), the tail fan could generate forces for various swimming maneuvers, such as changing direction, but was not used for propulsion (Sheppard et al., 2018). A unique feature of the tail in Innovatiocaris is the presence of a pair of elongated, thin furcae, which have a currently unknown function (Chen et al., 1994; Zeng et al., 2022).
3.2.3 Respiration
In radiodonts, the respiratory exchange between the environment and the animal has been linked to the setal blades (Whittington and Briggs, 1985; Daley et al., 2013a; Daley and Edgecombe, 2014; Van Roy et al., 2015). Their structure as a multitude of thin, flexible structures covering a large part of the body trunk seems to be well adapted for increasing surface area. They were used in ion and oxygen exchange, and the presence of lamellae on the two sides of each setal blade in Aegirocassis reinforced this interpretation because it would give even more surface area for exchange (Van Roy et al., 2015). The lamellae could also serve to help lock adjacent setal blades together and make the band of setal blades a cohesive unit (Van Roy et al., 2015), helping to explain their consistent preservation as complete blocks of setal blades (Daley et al., 2009; Daley et al., 2013a; Daley et al., 2013b). Their exact orientation and relation with the flaps remain debated, with some specimens seeming to have them located dorsally (Peytoia, and Aegirocassis for example; Figures 1D,E) (Van Roy et al., 2015), while in other taxa they were interpreted as being more closely associated with the flaps (Hurdia; Figures 1B, 6A) (Daley et al., 2009; Daley et al., 2013a). In Cambroraster and Stanleycaris (Figure 4C) they are suggested to be ventral (Moysiuk and Caron, 2019; Moysiuk and Caron, 2022). More information is needed to clarify the exact location, attachment, and arrangements of setal blades within radiodonts.
3.2.4 Moulting and development
Ecdysozoa and especially arthropods, with their biomineralized exoskeleton, produce moults as they grow (Daley and Drage, 2016; Drage and Daley, 2016; Drage, 2019; Drage et al., 2019; Drage, 2022). The process of moulting, also called ecdysis, is crucial for the ontogenetic development of individuals and is also used for repair and regeneration after injuries, even if the process of moulting leaves the animal temporarily immobile and vulnerable in the absence of the protective hardened or sclerotised exoskeleton (Daley and Drage, 2016; Drage, 2019; Drage, 2022). Arthropod moulting has been well studied in the fossil record (Daley and Drage, 2016), especially in trilobites (Drage et al., 2018a; Drage et al., 2018b).
Belonging to Arthropoda and more generally to Ecdysozoa, radiodonts should moult their external cuticle as they grow (Daley et al., 2013a), but few targeted studies on moulting and ontogenetic development within radiodonts have been possible (Liu et al., 2018). Nonetheless, disarticulated assemblages do provide some information possibly linked to moulting. Hurdia disarticulated assemblages are found repeatedly in the same relative orientation, which is thought to be linked to moulting behavior (Daley et al., 2013a). Anomalocaris canadensis displays two different preservational modes of the body trunk, either as cuticle with the wide swim flaps, or as a series of closely arranged bands of setal blades, which are rarely found together in the same specimen (Daley and Edgecombe, 2014). It was suggested that these two modes result from disarticulation of the body from the ventral flaps, perhaps owing to moulting, or for a taphonomic reason such as differential decay rates (Daley and Edgecombe, 2014).
In the Fezouata Shale, high concentrations of Aegirocassis remains have been found together (Van Roy et al., 2015), suggesting that Aegirocassis was living in groups and moulting close to the seafloor. This could be compared to interpretations of mass moulting behavior seen in other fossil arthropods, such as eurypterids (Braddy, 2001; Vrazo and Braddy, 2011) and trilobites (Daley and Drage, 2016). Notably, mass moulting has already been described in the Fezouata Shale for the trilobite Symphysurus ebbestadi (Drage et al., 2019).
There has been no indication in the anatomy of specimens about the process of moulting in radiodonts. The location of the ecdysial suture and the timing of moulting remain unknown. The description of a juvenile Lyrarapax specimen from the Chengjiang Biota showed that it possessed an oral cone (Liu et al., 2018), while the adult specimens do not show evidence of having any circumoral plates (Cong et al., 2014; Cong et al., 2016). This either indicates that the lack of an oral cone in adults is a taphonomic effect, as suggested by Liu et al. (2018), or it could indicate that anatomy of radiodonts can change during growth, suggesting the possibility of indirect development in this group. However, broadly speaking, the major morphology seems to be similar between specimens of different sizes for radiodonts known from large numbers of specimens (Daley et al., 2013a; Moysiuk and Caron, 2019).
3.2.5 Colonized radiodonts
In early Paleozoic communities, arthropods were some of the biggest animals of their communities (Edgecombe, 2020), and this is particularly true for Radiodonta, especially Anomalocaris and the giant Aegirocassis (Daley and Budd, 2010; Van Roy and Briggs, 2011; Van Roy et al., 2015; Lerosey-Aubril and Pates, 2018; Caron and Moysiuk, 2021). These large carcasses, and particularly the cephalic carapaces of hurdiid radiodonts, show evidence of having been colonized by other organisms for different types of symbiosis or after death of the animal (Mángano, 2011; Mángano et al., 2012; Mángano et al., 2019). In radiodonts, Daley et al. (2013a) reports traces in different carapace elements of Hurdia, comparable to traces found in other non-radiodont Cambrian arthropod carapaces including Tuzoia from the Burgess Shale and a Tegopelte-like arthropod from the Sirius Passet (Mángano, 2011; Mángano et al., 2012; Mángano et al., 2019). The cephalic carapaces of the giant Aegirocassis show evidence of attached brachiopod epibionts (Saleh et al., 2022b), as do Ampyx and other large trilobites from the same locality (Vidal, 1998). The remains of Aegirocassis have been illustrated (drawing by Madmeg, figure 8 in Lefebvre et al., 2016) as a possible habitat for a complete ecosystem, comparable to the ichthyosaur carcass-falls documented in the Toarcian (Posidonia Shale) or with whale-falls today (Dick, 2015; Smith et al., 2015).
3.3 Key insights into euarthropod evolution from Radiodonta
Most phylogenetic analyses situate Radiodonta as a clade in the lower stem lineage to Euarthropoda (Figure 8), as discussed in section 5 below. Radiodont anatomy has therefore been used to help understand arthropod evolution, with the clade showing several first appearances of modern arthropod features and characteristics (Edgecombe, 2020).
[image: Figure 8]FIGURE 8 | Phylogenetic placement of Radiodonta and comparison of the interelationships within the clade. (A) A generalised cladogram of euarthropod relationships, showing Radiodonta in the lower stem to Euarthropoda. Megacheira and Artiopoda have uncertain phylogenetic placements, as shown by the dashed lines. Modified from (Daley et al., 2018). (B) Radiodonta relationships as retrieved by (Moysiuk and Caron, 2019) using Bayesian majority rule consensus. (C) Strict consensus of maximum parsimony tree run under equal weighting by (Lerosey-Aubril and Pates, 2018). (D) Maximum parsimony analysis shown with strict consensus from (Zeng et al., 2022).
3.3.1 Biramous limb evolution
A key feature of euarthropods is that their post-antennal limbs were biramous, referring to a limb that consists of an inner walking branch (endopod) and an outer filamentous branch (exopod), attached via a limb base or protopod (Boxshall, 2013). The morphology of the radiodont body trunk, with its lack of walking limbs and the presence of setal blades and associated flaps, has been interpreted as an early stage in the evolution of the euarthropod biramous limb, because the setal blades of taxa such as Hurdia and Aegirocassis bear a remarkable similarity to the respiratory branch, or exite, of trilobite biramous limbs (Daley et al., 2009). Sitting just below Radiodonta in the euarthropod stem lineage, the gilled lobopodians Kerygmachela and Pambdelurion from Sirius Passet possess both lobopodous walking limbs and flaps (Budd, 1998a; Budd, 1998b). In Radiodonta, key insight came from the discovery of Aegirocassis from the Fezouata Biota, which has two pairs of flaps per body segment (Van Roy et al., 2015). The more dorsal pair of flaps is homologous to the flaps seen in gilled lobopodians, and its close association with setal blades indicates that these two structures together are homologous to the exopod branch of the Cambrian biramous limb (Van Roy et al., 2015). The ventral pair of flaps is homologous to the walking limbs of gilled lobopodians and the endopod of the Cambrian biramous limb (Van Roy et al., 2015). The modification from walking limb to flap morphology presumably represents a morphological adaptation to a swimming mode of life within Radiodonta as a whole. Other taxa such as Peytoia and Hurdia show possible evidence of having two pairs of flaps, although this is not universally the case and some radiodonts, such as Anomalocaris, may have lost the dorsal pair of flaps and have only setal blades remaining (Van Roy et al., 2015). The evolutionary transition proceeds further up in the euarthropod stem lineage, with the fusion of these two structures into a biramous limb, as seen in the non-radiodont arthropod Erratus sperare from the Chengjiang biota of China (Fu et al., 2022), which possesses lateral radiodont-like flaps and closely associated ventral subconical endopods. This is an intermediate stage between the two pairs of flaps seen in radiodonts, with a flap and endopod in Erratus, before we see exopod and endopod in the Cambrian biramous limb in rest of the upper stem lineage to Euarthropoda.
3.3.2 Eyes and vision in radiodonts
The word “eye” refers to organs that have photoreceptors that transform light into a signal that passes through a series of neurons to give visual characteristics of the environment to the taxon (Strausfeld et al., 2016). Within arthropods, eyes have various morphologies today, and the fossil record provides key information for understanding their evolution (Strausfeld et al., 2016). In radiodonts, eyes are prominent in several species, for example, in Anomalocaris, Hurdia (Figures 6A,B), Innovatiocaris, Lyrarapax and Peytoia (Whittington and Briggs, 1985; Collins, 1996; Daley et al., 2009; Paterson et al., 2011; Cong et al., 2014; Daley and Edgecombe, 2014; Strausfeld et al., 2016; Paterson et al., 2020; Zeng et al., 2022). Most radiodonts possess stalked compound eyes that are relatively large and mobile, protruding from the dorsolateral side of the head (Paterson et al., 2011; Strausfeld et al., 2016). In Anomalocaris from the Emu Bay Shale (Figures 6F–H), the eyes found measure 2–3 cm and are composed of a multitude of hexagonally shaped lenses, with at least 16,000 lenses on the retina surface that is 21.8 cm long and 12.2 cm wide (Paterson et al., 2011; Strausfeld et al., 2016). Such compound eyes have modern analogues with mantis shrimp, dragonflies and rotter flies (Strausfeld et al., 2016). Its large visual surface and stalked morphology make Anomalocaris’s eyes larger than the eyes of any living arthropod, and only a few eurypterids and thylacocephalans have larger eyes in the fossil record (Strausfeld et al., 2016; Paterson et al., 2020). The eyes of Lyrarapax unguispinus have also been suggested to have an ommatidia morphology, which means that the retina units are arranged in long columns (Cong et al., 2014; Strausfeld et al., 2016). According to Paterson et al. (2011) and Strausfeld et al. (2016), radiodonts have the oldest known compound eye in the fossil record. This eye morphology is particularly well suited for an active predatory lifestyle (Paterson et al., 2020). In contrast to most radiodonts, “Anomalocaris” briggsi from the Emu Bay Shale has sessile compound eyes that are not on stalks (Figures 6I–K), as revealed by the study of the acute-zone of the specimens (Paterson et al., 2020). Previously, the radiodont eye morphology was said to have been the ancestral eye pattern for the phylum (symplesiomorphic character), which some of the previously cited living predators still display today (Strausfeld et al., 2016; Paterson et al., 2020). This sessile morphology, which would be suitable to a filter-feeding lifestyle, could be an apomorphy in radiodonts, (Paterson et al., 2020).
A new hypothesis emerged in the radiodont body plan with the discovery that a median structure in the head of Stanleycaris from the Burgess Shale may represent a third eye (Moysiuk and Caron, 2022). Stanleycaris is described as possessing the typical pair of radiodont stalked eyes, and a sessile median eye situated in a head lobe (Moysiuk and Caron, 2022). Similar structures in other radiodonts, such as in Peytoia and Lyrarapax, were suggested to also represent third eyes (Moysiuk and Caron, 2022). Restudy of purported median structures in these and other radiodont taxa is required to confirm the presence of a third eye across Radiodonta. A median eye is already known in Opabinidae, a closely related clade of stem lineage euarthropods, which possess five stalked eyes (Whittington, 1975; Moysiuk and Caron, 2022; Pates et al., 2022). It is also known from Kylinxia from the Chengjiang biota, so having it in other Cambrian taxa could show a continuity in median eye evolution (Zeng et al., 2020; Moysiuk and Caron, 2022).
3.3.3 Architecture of the euarthropod head
The cephalic architecture of radiodonts have provided information relevant to discussions of the crown group euarthropod head (Ortega-Hernández, 2015; Zeng et al., 2018; Budd, 2021). Debate exists about the exact nature of ventral plates in the head of modern euarthropods, mostly centered around the labrum and hypostome, and the identification of homologous structures in Cambrian fossil arthropods, and the broader implications for understanding the structure and evolution of the nervous system within the phylum (as discussed below).
In Radiodonta, much of the focus has been on the cephalic carapaces, the most prominent of which are the enlarged central and lateral elements of hurdiids (Daley et al., 2009; Daley et al., 2013a; Moysiuk and Caron, 2019; Budd, 2021). Central cephalic elements have also been identified in Amplectobelua symbrachiata (Cong et al., 2017), L. unguispinus, Lyrarapax trilobus (Cong et al., 2014; Liu et al., 2018), Innovatiocaris maotianshanensis (Zeng et al., 2022) and Anomalocaris canadensis (Daley and Edgecombe, 2014), and lateral elements are known for at least A. symbrachiata and L. unguispinus (Cong et al., 2017; Liu et al., 2018). The structures described as eyes in certain disarticulated specimens of Anomalocaris canadensis (Daley and Edgecombe, 2014) were alternatively interpreted as lateral carapace elements by Moysiuk and Caron (2019).
Debates about the cephalic carapaces in Radiodonta center around whether they are dorsal or ventral in position, which changes their interpretation and suggested homologies with plates seen in the heads of upper stem lineage and crown group euarthropods. For example, the rounded central cephalic structure in Anomalocaris canadensis (Figure 1C) was interpreted as dorsal by Daley and Edgecombe (2014), and a carapace of similar size, shape and position observed in I. maotianshanensis (Figure 1A) from the Chengjiang Biota (Chen et al., 1994; Wu et al., 2021a; Zeng et al., 2022) is also suggested to be dorsal. However, Budd (2021) suggested that these rounded central carapaces are actually ventral, and further suggested the presence of a ventral sclerite in Peytoia (Figure 1D) (Whittington and Briggs, 1985; Collins, 1996), although confirmation awaits a complete redescription of this taxon. Budd (2021) also reinterpreted the structures originally described as lateral carapace elements in Amplectobelua (Cong et al., 2017) as ventral structures, and suggested that all these supposedly ventral structures could be considered as homologous to the hypostome of euarthropods. Other interpretations suggest the carapaces of the radiodont head could be homologous to the anterior sclerite seen in upper stem lineage euarthropods as a distinct segment closely associated with the eyes (Ortega-Hernández, 2015; Aria et al., 2020), based on comparisons to the presence of a structure in the anterior region of Lyrarapax (Figure 1F) (Liu et al., 2018) and linked to arguments about the organisation of the nervous system of radiodonts (Ortega-Hernández, 2015), however little confirmed evidence for this exists in the fossils (Budd, 2021).
Determining the dorsal or ventral aspect of radiodont cephalic carapaces is plagued by difficulties associated with the flattened nature of these fossils. The break between part and counterpart can pass unevenly through the different body layers, making it difficult to determine the relative positions of structures in the body, further compounded by variable compaction rates and differential decay that may have played a role in disarticulation of the body elements (see discussion in Budd and Daley, 2011). That being said, on balance there seems to be more evidence suggesting that the central carapace elements of radiodonts are dorsal in nature, and that lateral cephalic carapace elements were widespread within the clade. Their exact homologies to sclerites and structures in the euarthropod head remain an open question in the field.
3.3.4 Internal anatomy
Although full body specimens are relatively rare, these have provided a wealth of information about the internal organ organization within radiodonts. Organs are found in the main core of the body, which is round to cylindrical, segmented, and bearing the flaps on the lateral or ventral surface (Figure 2). Internal organs for which there is information include the digestive system, nervous system, and musculature.
3.3.4.1 Digestive system
Anomalocaris canadensis preserves the most complete known digestive system within Radiodonta, and along with partial information from numerous taxa, allows for a general description of the alimentary tract. The radiodont digestive system consists of a simple and straight tube that passes from the oral cone in the head to the anus, which is situated on the most posterior segments of the body, with anteroposterior differentiation into foregut, midgut and hindgut regions (Daley and Edgecombe, 2014). The midgut is typically associated with a series of up to six paired glands or diverticula, which show microstructures and preservation typical of the midgut glands seen in other Cambrian arthropods such as Leanchoilia, trilobites, and other taxa in the upper stem lineage of Euarthropoda, as well as the lobopodians and gilled lobopodians lower down in the stem lineage (Vannier et al., 2014).
In Anomalocaris canadensis from the Burgess Shale, the foregut and hindgut are relatively wider than the midgut, and both are segmented, with a maximum of six segments in the foregut and four in the hindgut (Daley and Edgecombe, 2014). In contrast, the midgut is thinner than the foregut and hindgut, and is a simple unsegmented tube with a series of paired midgut diverticula located on either side of it. As is typical for Burgess Shale-type preservation (Butterfield, 2002), midgut glands can be variably preserved as round, flat, featureless structures, or higher relief irregular structures preserved in a dark black material, sometimes bearing extremely fine laminations (Daley and Edgecombe, 2014). In the Emu Bay Shale, midgut glands are high relief spherical structures flanking the gut (Daley et al., 2013b). A maximum of six pairs of midgut glands can be identified in the most complete Anomalocaris canadensis Burgess Shale specimen (Daley and Edgecombe, 2014).
Other taxa belonging to Amplectobeluidae and Anomalocarididae show similar features for the digestive system. In the Chengjiang Biota taxon L. trilobus, segmentation can be seen in the foregut and the midgut is flanked by six pairs of small round glands preserved as darker material (Cong et al., 2016; Liu et al., 2018). However Amplectobelua and Innovatiocaris from the same locality have undifferentiated simple guts with no associated diverticula (Chen et al., 1994; Zeng et al., 2022). Longitudinal wrinkles and weak segmentation may be visible in the gut of Innovatiocaris (Zeng et al., 2022), and the authors suggest that the lack of midguts in this juvenile specimen (Figure 1A) is likely a taphonomic artifact, as compared to the similar situation in the gilled lobopodian Pambdelurion whittingtoni (Young and Vinther, 2017), where smaller specimens do not preserve gut diverticula.
Within hurdiids, Stanleycaris hirpex (Moysiuk and Caron, 2022) preserves a gut differentiated into a simple foregut and hindgut, and a midgut preserving a series of swellings and constrictions, with some of the swellings bearing parallel laminations that resemble the texture of midgut glands in other Cambrian euarthropods such as Leanchoilia (Butterfield, 2002; Moysiuk and Caron, 2022). We note that the specimens figured in Moysiuk and Caron (2022) appear to have paired elongated oval structures arranged in a V-shape preserved as slightly darker or reflective material, potentially representing midgut glands that are closely packed next to the gut (figures 1A, 1D, 1F, 3A, 5L and 5O in Moysiuk and Caron, 2022). Other hurdiid digestive systems include a single partial body specimen of the radiodont Peytoia from the Marjum Formation of Utah, USA (Briggs and Robison, 1984; Pates et al., 2018) that preserves a thin, simple unsegmented gut passing along the entire length of the body. A partial fragment of the anteriormost foregut may be preserved in the hurdiid Cambroraster from the Burgess Shale (Moysiuk and Caron, 2019), which shows a short tube of soft tissue extending from the oral cone and bearing five rows of small denticles, suggesting that at least some radiodonts had an anterior foregut potentially bearing a circlet of teeth, which has been compared to the minute pharyngeal spinules found in other ecdysozoans (Elzinga, 1998; Smith and Caron, 2015; Moysiuk and Caron, 2019).
Although variably affected by taphonomic processes, there is nothing to discount that the general anatomy of the radiodont digestive system had a stable and consistent anatomy within the clade. When tracked through the euarthropod stem lineage (Figure 8A), the presence of complex gut diverticula flanking the digestive tract evolved first with the larger and more complex lobopodians, such as Megadictyon and Jianshanopodia, and is then seen in the gilled lobopodians Kerygmachela and Pambdelurion, the enigmatic Opabinia, the radiodont clade, and various Deuteropoda taxa including Isoxys, Leanchoilia, Sidneyia, Naraoia and the trilobites (see Vannier et al., 2014). Digestive glands have been described as a major innovation in arthropod evolution because they allow for more efficient absorption of nutrients by increasing the epithelial surface area, allowing the animals to digest larger and more complex food items and facilitating macrophagy. The presence of a complex gut with digestive glands in Radiodonta provides another morphological line of evidence supporting that these large stem lineage arthropods were predators, but unfortunately there has never been a radiodont specimen published that preserves the contents of the guts. We lack direct evidence of their prey items, and must infer this from their frontal appendage anatomy (see Section 3.2.1).
3.3.4.2 Nervous system
Structures interpreted as the nervous system have been described in two radiodonts, and alongside paleoneuroanatomy from other stem lineage euarthropods, these provide conflicting evidence into the nature and evolution of the arthropod head. A contentious debate surrounds whether radiodont frontal appendages are innervated by the protocerebrum, making them homologous to the paired antenniform frontal appendages of living onychophorans and to the euarthropod labrum, or deutocerebral, making them homologous to the antennae, chelicerae and chelifores of crown-group euarthropods and ‘great appendages’ of other stem lineage deuteropods (summary in Ortega-Hernández et al., 2017). A protocerebral nature of the radiodont frontal appendage (Budd, 2002) has been supported by the highly anterior (preocular) position of these appendages in many radiodont taxa (Ortega-Hernández et al., 2017), developmental data suggesting a paired appendicular nature for the euarthropod labrum (summary in Ortega-Hernández et al., 2017; Budd, 2021), and the neuroanatomy of the radiodont Lyrarapax (Figure 1F) (Cong et al., 2014). In contrast, a deutocerebral nature of the radiodont frontal appendage has been suggested largely based on a supposed continuity in frontal appendage morphology between radiodonts and euarthropods (Chen et al., 2004; Haug et al., 2012; Aria and Caron, 2015; Aria et al., 2020; Zeng et al., 2020) and the neuroanatomy of the radiodont Stanleycaris (Moysiuk and Caron, 2022). The protocerebral hypothesis has been contested based largely on redescriptions and reanalyses of the Lyrarapax brain anatomy (Aria et al., 2020; Moysiuk and Caron, 2022) and disagreements about the onychophoran anatomy to which Lyrarapax is compared (Mayer et al., 2014), whereas the anatomical similarity between radiodont and euarthropod appendages in the deutocerebral hypothesis has alternatively been attributed to convergent evolution based on the similar raptorial predatory feeding mode in these taxa (Ortega-Hernández et al., 2017). No resolution to this debate has yet been provided by the radiodont fossil record.
Nervous system features of the head were first described for L. unguispinus (Figure 1F) from the Chengjiang Biota in China (Cong et al., 2014). A single specimen shows carbon-rich regions of darker coloured material that are interpreted to be a protocerebrum with ganglia innervating the frontal appendages situated anterior to the optic tracts linking the eyes to the protocerebral lobes. The protocerebrum is divided into a medial protocerebral neuropil, and a pair of lateral protocerebral lobes. The frontal appendage ganglia are preserved as a pair of almond-shaped pre-ocular domains situated above the base of the frontal appendages, anterior to the medial protocerebral neuropil. The optic nerves show evidence of having two optic neuropils, one distal within the eyecup and one more proximal towards the protocerebrum. The authors describe the frontal appendages as having a pre-protocerebral segmental origin, belonging to an apical segmental unit that was ancestrally separate from the protocerebrum (Strausfeld, 2012), although the presence of such a pre-protocerebral segments within Panarthropoda is unclear (Mayer et al., 2014). If not pre-protocerebral, then the frontal appendages are at least protocerebral in nature (Ortega-Hernández et al., 2017). This brain organisation was described as comparable to that of Onychophora, but not of Eurarthropoda. Any morphological similarity between the frontal appendages of Radiodonta and the ‘great appendages’ of Deuteropoda, or the chelicera and antennae of crown group Euarthropoda, were therefore concluded to be the result of convergent evolution (Cong et al., 2014).
The neuroanatomy of Lyrarapax as presented by Cong et al. (2014) has been contested by Moysiuk and Caron (2022), based on new anatomical data described for the Burgess Shale radiodont S. hirpex (Moysiuk and Caron, 2022). In this taxon, multiple specimens preserved traces in the head that are rich in carbon, aluminum and potassium, interpreted as neuroanatomy. In Stanleycaris, the most anterior structures connected to the brain with visible nervous tissues are the lateral eyes, with well-preserved optic nerves consisting of a relatively large first optic neuropil that occupied much of the interior of the eye, followed by a more proximal globular neuropil that was smaller in size and located in the eye stalk (Moysiuk and Caron, 2022). Thick optic nerves connect this proximal neuropil to a supraoral neural mass, which consists of a black band crossing the midline between the lateral eyes with circumesophageal connectives that straddle the foregut and are connected posteroventrally to it by a commissure. As described above, a median eye has also been suggested to be present in Stanleycaris, with innervation to the supraoral neural mass (Moysiuk and Caron, 2022). Nerves are also seen extending from the brain into the frontal appendages, which are situated ventral relative to the eyes. Altogether, this neural mass is the brain, which the authors describe as being a highly integrated combination of the protocerebrum, to which the median and lateral eye neuropils connect, and the thick circumesophageal connectives being the deutocerebrum, which innervated the frontal appendage (Moysiuk and Caron, 2022). The bipartite brain in Stanleycaris shows no evidence of a tritocerebrum.
Based on their description of the neuroanatomy in Stanleycaris, Moysiuk and Caron (2022) reinterpret the structures in Lyrarapax identified as the frontal appendage ganglia to instead be the median eye neuropil. Their description of the innervation of the head of both Stanleycaris and Lyrarapax is that the eyes have the most anterior innervation to the brain, with the frontal appendage nerves innervating to the brain proximal and ventral to the optic nerves, with those frontal appendage nerves sometimes projecting anterior to the optic nerves when viewed dorsally. They conclude that the frontal appendage must be innervating the deutocerebrum based on the position of elements in the head, but this innervation is not directly observed in the fossils. The evolutionary scenario they present is that of homology between the radiodont and euarthropod frontal appendages, rejecting the hypothesis supported by the original interpretation of Lyrarapax having a protocerebral frontal appendage (Moysiuk and Caron, 2022). The debate about the nature of the brain innervation of the frontal appendages of Radiodonta remains open.
The nervous system of the body trunk in Radiodonta is relatively poorly known, with only rare specimens of Stanleycaris preserving it (Moysiuk and Caron, 2022). A pair of thin dark linear features running down the body trunk axis may represent a pair of ventral nerve cords, and no evidence of segmentally arranged ganglia were observed. The authors take this as evidence that an integrated protocerebrum and deutocerebrum evolved first, before the ganglianation of the nerve cord in the body.
4 DIVERSITY AND SYSTEMATICS OF RADIODONTA
At the time of publication, there are 37 species and 25 genera (without any separation of “Anomalocaris” and not including Parapeytoia) of radiodonts described, or at least radiodont relatives (Supplementary Datasheet S1 and Supplementary Table S2). They are divided into 4 families, the Amplectobeluidae, the Anomalocarididae, the Hurdiidae and the Tamisiocarididae (Lerosey-Aubril and Pates, 2018). Some species are placed into an Incertae sedis section because of the difficulty in placing them into a family.
4.1 Amplectobeluidae
Taxa included: Amplectobelua stephenensis (Daley and Budd, 2010), A. symbrachiata (Hou et al., 1995), Guanshancaris kunmingensis (Wang et al., 2013), Lyrarapax trilobus (Cong et al., 2016), L. unguispinus (Cong et al., 2014), Ramskoeldia consimilis (Cong et al., 2018), R. platyacantha (Cong et al., 2018). The formal diagnosis of Amplectobeluidae appears in Pates et al. (2021a), following two previous invalid attempts by Vinther et al. (2014) and Cong et al. (2018).
This family includes 7 species that has been discovered in 9 localities (Chengjiang Biota, Guanshan Biota, Niutitang Formation, Fandian Biota, Parker Quarry, Kinzers Shale, Latham Shale, Burgess Shale and the Wheeler Formation), corresponding to the paleocontinents of Laurentia and South China, and confined to equatorial and tropical low paleolatitudes (Hou et al., 1995; Steiner et al., 2005; Daley and Budd, 2010; Wang et al., 2013; Cong et al., 2014; Cong et al., 2016; Cong et al., 2017; Cong et al., 2018; Liu et al., 2018; Zeng et al., 2018; Pates and Daley, 2019; Du et al., 2020; Lerosey-Aubril et al., 2020; Pates et al., 2021a; Jiao et al., 2021; Pari et al., 2021; Pari et al., 2022). The first amplectobeluids appeared during Cambrian Stage 3 in South China, and the last representative dates from the Drumian in Laurentia (Hou et al., 1995; Daley and Budd, 2010; Wang et al., 2013; Cong et al., 2014; Cong et al., 2016; Cong et al., 2017; Cong et al., 2018; Liu et al., 2018; Lerosey-Aubril et al., 2020).
In the Chengjiang Biota (Cambrian Stage 3—South China) the oldest known Amplectobeluidae are also the most diverse with A. symbrachiata (Figure 4G), R. platyacantha (Figure 4H), R. consimilis, L. trilobus and L. unguispinus (Figure 1F) (Hou et al., 1995; Cong et al., 2014; Cong et al., 2016; Cong et al., 2017; Cong et al., 2018; Liu et al., 2018). A possible Amplectobeluidae also occurs in the Fandian Biota (Cambrian Stage 3—South China) (Du et al., 2020). Amplectobelua symbrachiata has been described from the Niutitang Formation (Cambrian Stage 3—South China) (Steiner et al., 2005). The Guanshan Biota (Cambrian Stage 4—South China) is the only locality in which we find Guanshancaris kunmingensis (previously called “Anomalocaris” kunmingensis) (Wang et al., 2013; Zeng et al., 2018; Jiao et al., 2021; Zhang et al., 2023). The Latham Shale, also Stage 4 (Laurentia), has yielded Ramskoeldia cf. consimilis (Briggs and Mount, 1982; Pates et al., 2021a), and the Kinzers Formation (Cambrian Stage 4—Laurentia) yields a specimen identified as Amplectobelua aff. symbrachiata (Pates and Daley, 2019). A possible Amplectobeluidae has been described from the Parker Quarry (Cambrian Stage 4—Laurentia) (Pari et al., 2021; Pari et al., 2022). In the emblematic Burgess Shale (Wuliuan - Laurentia), there is A. stephenensis (Daley and Budd, 2010). The youngest amplectobeluids are from the Wheeler Formation (Drumian—Laurentia) with Amplectobelua cf. A. stephenensis (Lerosey-Aubril et al., 2020).
Morphologically speaking, the family is characterized by the presence of gnathobase-like structures (GLSs) and associated smooth and tuberculate plates that were not arranged in a radial oral cone (Figures 3G,H), as well as by aspects of the frontal appendage. The GLSs were roughly rectangular at the base, and bear at least two rows of curved, stout distal spines in sockets at the distal side. The posterior region of the head is characterised by reduced transitional segments. The frontal appendage consists of three podomeres in the proximal region, and in the intermediate region there is an enlarged endite on the fourth podomere, which could in some genera be hypertrophied. The rest of the intermediate and distal podomeres of the frontal appendage bear paired endites that are generally shorter than the height of the podomere to which they attach. These endites decrease in size distally, except for that on podomere 8, which is larger than the endite of podomere 6. The pair of endites on these podomeres can be asymmetrical, consisting of one large endite in typical ventral orientation and a second smaller spinous endite oriented laterally and perpendicular to the larger endite, as seen in Ramskoeldia (Figure 1H) and Amplectobelua (Figures 3F, 4G) (Cong et al., 2017; Cong et al., 2018). This asymmetry has the potential to cause taxonomic confusion in specimen identification, because the apparent size and/or length of endites can vary depending on the angle of preservation of the appendage relative to the sediment surface (Cong et al., 2018). This is particularly important for distinguishing Amplectobeluidae appendages from those of Anomalocarididae, which can be quite similar in general aspect, but are distinguished by the enlarged endite of the fourth podomere and the endites of podomere eight being larger than those of podomere 6 in Amplectobeluidae. Both of these features are diagnostically absent in Anomalocarididae appendages, but could easily be subjet to taphonomic alteration in some specimens. Taphonomy must be considered when making interpretations about about endite anatomy, especially in isolated specimens, as smaller structures such as asymmetrical endites and auxiliary spines can often be missing or distorted.
The cephalic carapaces of amplectobeluids consist of a relatively small central element, and two oval lateral carapace elements of roughly similar size to the central carapaces. The body of amplectobeluids is characterised by having a relatively small head and well-developed wide flaps, and well as furca in the tail region, based on the whole-body specimens known only for A. symbrachiata (Chen et al., 1994) and L. unguispinus (Cong et al., 2014; Cong et al., 2016).
4.2 Anomalocarididae
Taxa included: Anomalocaris canadensis (Whiteaves, 1892), Lenisicaris pennsylvanica (Resser, 1929), Lenisicaris lupata (Wu et al., 2021b).
With only 3 formally described species in 2 genera, Anomalocarididae was the first radiodont family discovered but it is the least diverse (Raymond, 1935; Wu et al., 2021b). Its membership is generally not well resolved (see Section 5 below). Representatives of this family are found in 9 localities (Yu’anshan Fm., Hongjingshao Fm., Eager Fm., Emu Bay Shale, Balang Fm., Kinzers Fm. Kaili Fm., Burgess Shale and Weeks Fm.), from the Cambrian Stage 3 to the Guzhangian and belonging to three paleogeographical domains (Laurentia, South China and Australia) between the latitudes of 0°–30°, so limited to only the equatorial and tropical regions (Wu et al., 2021b).
Only three species have been formally described, but Anomalocarididae could include at least 12 more morphologies, with six of them identified as unnamed Anomalocaris sp. (Wu et al., 2021b). The Chengjiang Biota yields the first anomalocaridids, including L. lupata, Anomalocaris cf. canadensis, and at least two unnamed Anomalocaris sp. (Hou et al., 1995; Wu et al., 2021b). In the Cambrian Stage 3 of the Fandian Biota, an Anomalocarididae has been found but left in open nomenclature (Du et al., 2020). Another Stage 3 site yielding Anomalocarididae is the Hongjingshao Formation, also from South China, with an Anomalocaris sp. only (Zhang et al., 2001; Luo et al., 2008; Wu et al., 2021b). The Eager Formation (Cranbrook Shale) (Stage 4, Laurentia) has yielded the oldest known Anomalocaris canadensis appendages (Figure 4F) (Briggs, 1979; Whittington and Briggs, 1985; Wu et al., 2021b). The Emu Bay Shale, (Stage 4), the only Australian (Gondwana) locality has also yielded an Anomalocaris cf. canadensis (Paterson et al., 2011; Daley et al., 2013b; Wu et al., 2021b). Another South China locality, the Balang Formation (Stage 4) has also yielded another Anomalocaris sp. (Liu, 2013; Wu et al., 2021b). The last Stage 4 locality is the Kinzers Formation, (Laurentia), from which L. pennsylvanica is known (Briggs, 1979; Pates and Daley, 2019; Wu et al., 2021b). The Kaili Formation (Wuliuan) is the first formation from the Miaolingian and the youngest locality from the South China domain that has Anomalocarididae, with another species of Anomalocaris sp. (Zhao et al., 2005; Zhao et al., 2011; Wu et al., 2021b). Another major Wuliuan locality with Anomalocarididae is the famous Burgess Shale (Laurentia), which has yielded the emblematic apex predator Anomalocaris canadensis, the first ever described radiodont (Whiteaves, 1892; Briggs, 1979; Whittington and Briggs, 1985; Daley and Edgecombe, 2014; Wu et al., 2021b). It is in the Weeks Formation (Cambrian - Miaolingian - Guzhanshian, Laurentia) that the youngest representatives of Anomalocarididae have been found, consisting of Anomalocaris aff. canadensis and an Anomalocaris sp. (Lerosey-Aubril et al., 2014; Wu et al., 2021b).
Anomalocarididae are similar to Amplectobeluidae in having relatively small heads with diminutive cephalic carapaces, but large well-developed flaps and tail furca. Anomalocarididae can be distinguished from Amplectobeluidae by their frontal appendages, which bear symmetrical paired endites and lack the enlarged endite on podomere 4, and which do not show larger endites on podomere 8 as compared to podomere 6. The oral cone of Anomalocarididae also has a distinct morphology. This structure is known only from Anomalocaris canadensis (Figures 1C, 3I, 4F), and it has a unique symmetry among radiodont oral cones because it is triradial (Figure 3I), which means that there are only three large plates that overlap the others. Most other radiodont oral cones have tetraradial symmetry with four large plates (Daley and Bergström, 2012). However, it is not known if this triradial oral cone is a common character for the entire Anomalocarididae family, because Lenisicaris is known only from frontal appendages so far (Resser, 1929; Pates and Daley, 2019; Wu et al., 2021b).
4.3 Hurdiidae
Taxa included: Aegirocassis benmoulai (Figures 1E, 4D,E) (Van Roy et al., 2015), Buccaspinea cooperi (Figure 3D) (Pates et al., 2021b), Cambroraster falcatus (Moysiuk and Caron, 2019), Cordaticaris striatus (Figure 3J) (Sun et al., 2020a), Hurdia victoria (Figures 4A; 6A–C,E) (Walcott, 1912), Hurdia triangulata (Figures 1B, 6D) (Walcott, 1912), Pahvantia hastata (Robison and Richards, 1981), Peytoia infercambriensis (Lendzion, 1975), Peytoia nathorsti (Figures 1D, 3A–C, 4B) (Walcott, 1911), Stanleycaris hirpex (Figure 4C) (Caron et al., 2010), Titanokorys gainesi (Caron and Moysiuk, 2021), Ursulinacaris grallae (Pates et al., 2019). The diagnosis written for the Hurdiidae family by Lerosey-Aubril and Pates (2018) was revised by Wu et al. (2022) and Moysiuk and Caron (2022).
Questionably: Pseudoangustidontus duplospineus (Van Roy and Tetlie, 2006), Schinderhannes bartelsi (Kühl et al., 2009).
Informally called hurdiids, this family is the most diverse and best resolved (Figure 8) among the radiodonts, with 12 species described in 10 genera. Moreover, two other species (two genera) could questionably belong to Hurdiidae. It is also the family that has the longest history, with fossils found from the Cambrian Stage 3 to the Lower Ordovician, and possibly the Devonian (Van Roy and Tetlie, 2006; Kühl et al., 2009; Van Roy et al., 2015; Wu et al., 2022). They have been found in 19 localities (20 if the Wheeler Formation is divided in two as suggested in Wu et al., 2022), with 16 of those being from the Cambrian, corresponding to five palaeogeographical domains and two localities from one domain during the Ordovician (Wu et al., 2022). The stratigraphically oldest fossil of any known radiodont is the hurdiid Peytoia from the Zawiszyn Formation (Baltica) of Cambrian Stage 3 (Daley and Legg, 2015; Wu et al., 2022). In the slightly younger Chengjiang Biota, Cambroraster and a Hurdiidae indet have been described. In the Balang Formation (Cambrian Stage 4 - South China), another Peytoia has been described (Liu, 2013; Wu et al., 2022). The last Series 2 hurdiid is Hurdia found in the Pioche Formation in the Ruin Wash lagerstätte (Stage 4 - Laurentia) (Pates et al., 2021a; Wu et al., 2022). In the Carrara Formation and in the Mount Cap Formation (Wuliuan - Laurentia), the only hurdiid found is Ursulinacaris (Pates et al., 2019; Wu et al., 2022). Then, in the Spence Shale (Wuliuan - Laurentia), two hudiid taxa are reported, Buccaspinea and Hurdia (Daley et al., 2013a; Pates et al., 2021a; Wu et al., 2022). The Burgess Shale (Wuliuan - Laurentia) contains an abundant hurdiid assemblage, including Cambroraster, Hurdia (Figures 1B, 3E, 4A, 6A–E), Peytoia (Figures 1D, 3A–C, 4B), Stanleycaris (Figure 4C) and Titanokorys (Whittington and Briggs, 1985; Collins, 1996; Caron et al., 2010; Daley et al., 2013a; Moysiuk and Caron, 2019; Caron and Moysiuk, 2021; Moysiuk and Caron, 2021; Moysiuk and Caron, 2022; Wu et al., 2022). The last Wuliuan locality with hurdiid specimens is the Mantou Formation (North China) with Cambroraster and another hurdiid indet (Sun et al., 2020b; Wu et al., 2022). The Wheeler Formation (Drumian - Laurentia) has yielded five taxa, Buccaspinea, Hurdia, Pahvantia, Peytoia and Stanleycaris (Robison and Richards, 1981; Pates et al., 2017; Pates et al., 2018; Pates et al., 2021b; Wu et al., 2022). The Wheeler Formation and the Burgess Shale are the localities with the highest generic diversity of hurdiids (Wu et al., 2022). The second and last North China locality is the Zhangxia Formation (Drumian), in which the only hurdiid found is Cordaticaris (Sun et al., 2020a; Sun et al., 2022; Wu et al., 2022). The last Laurentia site with hurdiids, also from the Drumian, is the Marjum Formation, in which have been found three hurdiid taxa, Buccaspinea (Figure 3D), Pahvantia and Peytoia (Pates et al., 2021a; Pates et al., 2021b; Wu et al., 2022). The last Drumian localities are the Jince Formation and the Buchava Formation (Czech, Gondwana) with Hurdia (Chlupáč and Kordule, 2002; Mikuláš et al., 2012; Daley et al., 2013a; Wu et al., 2022). The only two hurdiids found in the Furongian, and the last of the Cambrian hurdiids, are from the Sandu Formation (Jiangshanian—South China) with an undetermined hurdiid and the Wiśniówka Formation (Jiangshanian—Baltica) with a Peytoia (Zhu et al., 2021; Wu et al., 2022). In the Ordovician, there is the Afon Gam (Tremadocian—Avalonia) that has a hurdiid specimen (Pates et al., 2020; Wu et al., 2022). The stratigraphically youngest formally described hurdiid is A. benmoulai (Figures 3E, 4D,E), from the Fezouata Shale (Tremadocian—Morocco, Gondwana) (Van Roy and Briggs, 2011; Van Roy et al., 2015; Wu et al., 2022). The Tremadocian Fezouata Shale also has yielded an undertermined hurdiid (Van Roy and Briggs, 2011; Wu et al., 2022). However, in the Floian Fezouata Shale, the enigmatic Pseudoangustidontus or a large carapace of possibly radiodont affinity could be even younger hurdiids (Van Roy and Tetlie, 2006). The highly debated Schinderhannes from the Esmian Kaub Formation (Devonian—Germany, Laurussia) has been suggested by some authors to be a hurdiid (Van Roy and Tetlie, 2006; Kühl et al., 2009; Van Roy et al., 2015; Saleh et al., 2022b; Wu et al., 2022), although restudy of the material is needed to confirm this.
Hurdiid morphology is characterized by the form of the frontal appendage, oral cone and cephalic carapaces (Figures 1B,D,E, 3A–E, 4A–E, 6A–E). Unique to this family are frontal appendages with elongated ventral endites that are usually blade-like and bearing auxiliary spines along one margin only (Lerosey-Aubril and Pates, 2018; Moysiuk and Caron, 2022; Wu et al., 2022). Within hurdiids, the podomeres are divided in 3 categories (Lerosey-Aubril and Pates, 2018; Wu et al., 2022). The proximal region has one or more podomeres, to which a short endite may be attached (Lerosey-Aubril and Pates, 2018; Wu et al., 2022). The intermediate podomeres bear one laminiform endite each in most (or all) taxa, which are at least two times longer than the height of the podomere to which they attach, but can be more than eight times longer in Aegirocassis (Van Roy et al., 2015; Lerosey-Aubril and Pates, 2018). Paired endites have been described only for the hurdiid U. grallae, with the five intermediate podomeres bearing two elongated and slender endites each (Pates et al., 2019), although a reinterpretation of this material by Moysiuk and Caron (2021) suggests instead that these are not paired endites, but rather represent the preservation of overlap of the tapered margins of adjacent single laminiform endites, which give the appearance of being two distinct endites. Usually, the intermediate endites number five, but there can be up to eight endites in Cordaticaris (Lerosey-Aubril and Pates, 2018; Sun et al., 2020a). In all taxa, they bear auxiliary spines on one side of the endite only. The distal podomeres are reduced in size (length, height or both) compared to the intermediate region, and they can bear short endites in some taxa (Lerosey-Aubril and Pates, 2018), as well as terminal spines (Pates et al., 2019). The intermediate and distal podomeres are together referred to as the distal articulated region in some studies (Supplementary Table S1B), and these podomeres can bear dorsal spines (Pates et al., 2017; Lerosey-Aubril and Pates, 2018; Zeng et al., 2018). Medial spines, referred to a gnathites (Moysiuk and Caron, 2021), are also seen in some Hurdiidae taxa, including Stanleycaris (Moysiuk and Caron, 2021), Peytoia (Daley et al., 2013a), cf. Peytoia (Daley and Budd, 2010) and possibly Schinderhannes (Kühl et al., 2009; Moysiuk and Caron, 2021). These relatively large and robust spines are considered to be homologous with one of the paired endites seen in non-hurdiid radiodonts, which has migrated medially and adopted a different function as a masticatory jaw structure (Moysiuk and Caron, 2021). In this respect, the smaller medially-oriented endite of the asymmetrical endite pair seen on each podomere of the Amplectobeluidae frontal appendage could be a transitional character state between the pared symmetrical endites seen on each podomere of Anomalocarididae frontal appendages and the podomeres of Hurdiidae frontal appendages, which bear a single elongated ventral endite and a robust medial endite.
The shape of the oral cone consists of the “classic” tetraradial symmetry with four larger plates arranged in 90° on top of 28 smaller ones (Figures 3A–E) (Daley and Bergström, 2012; Daley et al., 2013a; Lerosey-Aubril and Pates, 2018). However, this oral cone organisation is not unique to Hurdiidae, as it is also seen in Lyrarapax and G. kunmingensis (Amplectobeluidae) (Lerosey-Aubril and Pates, 2018; Liu et al., 2018; Zeng et al., 2018; Zhang et al., 2023). Another notable feature of the hurdiids is the enlarged cephalic carapace complex, which typically consists of a central element and two lateral elements, and which together can sometimes represent up to half of the total body length, as seen in Hurdia (Daley et al., 2009; Daley et al., 2013a). Cephalic carapaces are also observed in other families, however they tend to be smaller than those seen in hurdiids.
4.4 Tamisiocarididae
Taxa included: “Anomalocaris” briggsi (Figure 5C) (Nedin, 1995), Houcaris saron (Figure 5D) (Hou et al., 1995), Houcaris magnabasis (Figure 5B) (Pates et al., 2021a), Tamisiocaris borealis (Figure 5A) (Daley and Peel, 2010). The diagnosis of Hurdiidae established in Pates and Daley (2019) was recently revised in Wu et al. (2021a).
With four species, Tamisiocarididae, originally called Cetiocaridae in Vinther et al. (2014), has been found in only seven localities (Emu Bay Shale, Pioche Fm., Chengjiang, Carrara Fm., Kinzers Fm., Guanshan Biota, and Sirius Passet), belonging to three main paleogeography domains (Laurentia, South China and Australia/Gondwana) (Daley et al., 2013b; Paterson et al., 2020; Pates et al., 2021a; Wu et al., 2021a; Jiao et al., 2021). They are from tropical areas only, from the low latitudes between 0° and 30° (Wu et al., 2021a).
Tamisiocaridids are exclusively from Series 2 of the Cambrian (Wu et al., 2021a). The oldest representative is H. saron (Figure 5D) from the Chengjiang biota (Stage 3 South China) (Hou et al., 1995; Wu et al., 2021a). Tamisiocaris borealis (Figure 5A), also from Stage 3, has been found in the Sirius Passet (Laurentia) (Daley and Peel, 2010; Vinther et al., 2014; Wu et al., 2021a). A Tamisiocarididae indet. has been found in slightly younger strata of the South China domain, in the Guanshan Biota (Stage 4—South China) (Wu et al., 2021a; Jiao et al., 2021). Tamisiocaris aff. borealis has also been found in the Kinzers Formation (Stage 4—Laurentia) (Pates and Daley, 2019; Wu et al., 2021a). In the Emu Bay Shale, Australia domain (Stage 4—Gondwana), we see “Anomalocaris” briggsi (Figure 5C) (Daley et al., 2013b; Wu et al., 2022). Finally, the last one is H. magnabasis from the Carrara and Pioche (Figure 5B) Formations, both in Laurentia domain and from Stage 4 (Pates et al., 2021a; Wu et al., 2022).
The morphological distinction of Tamisiocarididae is made based on the frontal appendages. The endites are in pairs, and they are very thin and much longer than the height of the podomeres to which they attach (Wu et al., 2021a). The endites from the proximal and intermediate regions all have auxiliary structures (spines or setae) (Wu et al., 2021a).
4.5 Incertae sedis
Taxa included: Caryosyntrips camurus (Pates and Daley, 2017), Caryosyntrips durus (Pates and Daley, 2017), Caryosysntrips serratus (Daley and Budd, 2010), Cucumericrus decoratus (Hou et al., 1995), Innovatiocaris maotianshanensis (Figure 1A) (Zeng et al., 2022), “Innovatiocaris”multispiniformis (Zeng et al., 2022), Laminacaris chimera (Guo et al., 2019), Paranomalocaris multisegmentalis (Wang et al., 2013), Paranomalocaris simplex (Jiao et al., 2021), Parapeytoia yunnanensis (Hou et al., 1995).
Incertae sedis radiodont taxa are not resolved consistently into one family in phylogenetic analyses, because of conflicting characters that make them difficult to interpret. As elaborated below, it seems quite likely that Innovatiocaris, Laminacaris, Paranomalocaris and possibly Cucumericrus belong within Radiodonta, but the enigmatic taxa Caryosyntrips and Parapeytoia may fall outside the clade.
Most of these uncertain taxa have been found in the South China domain, and especially in the Chengjiang Biota, with C. decoratus, I. maotianshanensis, “Innovatiocaris” multispiniformis, L. chimera and P. yunnanensis (Hou et al., 1995; Guo et al., 2019; Zeng et al., 2022). Paranomalocaris multisegmentalis and P. simplex are also from the South China domain, deriving from the Guanshan Biota (Stage 4) (Wang et al., 2013; Jiao et al., 2021). Outside of the South China domain, we only find Caryosyntrips (Daley and Budd, 2010; Pates and Daley, 2017). From Stage 4, a Caryosyntrips cf. camurus has been found in the Valdemiedes Formation (Gondwana) (Pates and Daley, 2017). In Laurentia during the Wuliuan, we find C. camurus in the Spence Shale (Pates and Daley, 2017) and the Burgess Shale, with this last site also yielding Caryosyntrips serratus (Daley and Budd, 2010; Pates and Daley, 2017). Finally, in the Drumian of Laurentia, there are C. camurus and C. durus from the Wheeler Formation (Pates and Daley, 2017).
All the taxa placed here are debated. Caryosyntrips, originally described as a radiodont based on isolated frontal appendages (Daley and Budd, 2010), resolved within Radiodonta in the phylogenetic analyses of Lerosey-Aubril and Pates (2018), but just outside the clade in Moysiuk and Caron (2021). In Zeng et al. (2022), Caryosyntrips is nested within the upper stem lineage to Euarthropoda. Caryosyntrips is known only from isolated appendages, which are wedged-shaped with a constant taper along their entire length, bearing simple paired spines and dense dorsal spines in some species (Pates and Daley, 2017).
The enigmatic Cucumericrus is known from two specimens, only one of which can be seen in a published photograph, with the other known only from a drawing. The specimens both show a flap-like structure bearing striations, associated with a weakly segmented appendage that is described as having gnathobases (Hou et al., 1995). This could represent a radiodont ancestral morphology, perhaps describing either the loss of lobopods or the transformation into flaps (Hou et al., 1995; Edgecombe, 2015; Van Roy et al., 2015).
Innovatiocaris is known from a complete whole-body specimen (Figure 1A) that was originally described under the name Anomalocaris saron (Chen et al., 1994; Hou et al., 1995; Wu et al., 2021a). The specimen shows similarities to both Anomalocarididae and Amplectobeluidae, with a body bearing well-developed flaps and a frontal appendage bearing paired endites on all podomeres. Its phylogeny position in Zeng et al. (2022) depends on the analysis. In parsimony analyses, it resolves in a sister clade to that consisting of Amplectobeluidae, Anomalocarididae and Tamisiocarididae, together with L. chimera and G. kunmingensis (previously called “Anomalocaris” kunmingensis). With Bayesian inference is resolves as a sister taxon to the hurdiids (Zeng et al., 2022).
Both Laminacaris and Paranomalocaris are known from isolated frontal appendages. Laminacaris has originally not been placed in any family (Guo et al., 2019), because it has an overall morphology of an amplectobeluid or an anomalocaridid, but with the presence of a distinctly hurdiid-like laminiform endite. However, the phylogenetic analyses of both Moysiuk and Caron (2021) and Zeng et al. (2022) placed it as closely related to Amplectobeluidae and Anomalocarididae. Paranomalocaris is distinct within radiodont as having a high number of podomeres totaling 22, with its short endites bearing at least five pairs of auxiliary spines (Wang et al., 2013). It was considered in Jiao et al. (2021) to be an Anomalocarididae. In phylogenetic analysis, it is indeed strongly affiliated to this family, but not formally included in it (Lerosey-Aubril and Pates, 2018; Moysiuk and Caron, 2021).
Finally, Parapeytoia, associated originally to Anomalocarididae (before the name Radiodonta was erected and its families differentiated), has no documented position within the phylogeny (Hou et al., 1995). It is morphology mixes radiodont features, such as a probable oral cone, with megacheiran features such as gnathobases and a short great appendage (Hou et al., 1995; Chen et al., 2004; Aria et al., 2020; Zeng et al., 2020). Some authors have rejected the inclusion of Parapeytoia within Radiodonta (Stein, 2010; Legg, 2013; Cong et al., 2014; Van Roy et al., 2015), although a redescription of the material by Budd (2021) led him to conclude that it likely lies close to the radiodonts in a phylogenetic sense, either as sister-taxon to Radiodonta, to Euarthropoda, or to both.
5 PHYLOGENETIC ANALYSES OF RADIODONT RELATIONSHIPS
Phylogenetic inference has been an important tool for resolving the affinity of Radiodonta as stem lineage euarthropods, and also for examining their internal relationships. Radiodonts had been variously interpreted as stem lineage arthropods (Dewel and Dewel, 1998; Budd, 2002), crown-group arthropods (Chen et al., 2004; Maas et al., 2004), as a sister group to arthropods in the broad sense (Wills et al., 1998; Hou et al., 2006), or as cycloneuralian worms (Hou et al., 1995) before the phylogenetic analyses of Kühl et al. (2009) and Daley et al. (2009) independently retrieved a position for radiodonts as basal stem lineage euarthropods, sitting between the gilled lobopodians Kerygmachela and Pambdelurion from Sirius Passet downtree, and a variety of biramous-limb bearing Cambrian euarthropods in the upper stem (Figure 8A). Since these works in 2009, a flurry of research has revealed many new radiodonts, and the ever-expanding morphological diversity of the clade has naturally led to numerous phylogenetic analyses attempting to resolve their interrelationships (Vinther et al., 2014; Lerosey-Aubril and Pates, 2018; Moysiuk and Caron, 2019; Caron and Moysiuk, 2021; Moysiuk and Caron, 2021; Moysiuk and Caron, 2022; Pates et al., 2022; Zeng et al., 2022). The results showed many similarities and differences, depending on the analytical method and the characters used.
The first phylogenetic analysis that established the four radiodont families was by Vinther et al. (2014). Even if Hurdiidae and Tamisiocarididae are monophyletic in their results, Anomalocarididae appears to be paraphyletic (Vinther et al., 2014). It presents Radiodonta as a monophyletic group, excluding Caryosyntrips serratus (Vinther et al., 2014). Cong et al. (2014) and Van Roy et al. (2015) corrected errors in the Vinther et al. (2014) character matrix and used it to code in new radiodont taxa, Lyrarapax and Aegirocassis respectively, retrieving the same general tree arrangement, with a monophyletic Hurdiidae and Tamisiocarididae as sister clades, with both together being sister to an unresolved group of Anomalocarididae and a monophyletic Amplectobeluidae.
In the analysis of Lerosey-Aubril and Pates (2018), which was based on a matrix that had been considerably recoded from the Van Roy et al. (2015) matrix, their phylogeny recovered a trichotomy between Caryosyntrips, an otherwise monophyletic Radiodonta, and the rest of the euarthropod upper stem lineage (Figure 8C). Two main polyphyletic groups are defined, one including the Anomalocarididae, Amplectobeluidae and Paranomalocaris, and the other consisting of Hurdiidae and Tamisiocaridiae (Lerosey-Aubril and Pates, 2018).
In the phylogeny of Moysiuk and Caron (2019), Caryosyntrips is not considered as a radiodont, and then the order is otherwise monophyletic (Figure 8B). Inside the group, only Hurdiidae and Tamisiocaridiae are monophyletic (Moysiuk and Caron, 2019). It does not retrieve Ramskoeldia as belonging to Amplectobeluidae (Moysiuk and Caron, 2019). Amplectobeluidae resolve as the most closely related family to the derived Hurdiidae, with Tamisiocarididae and several unresolved Anomalocarididae taxa being in a basal position within Radiodonta. The phylogenic analyses by these authors continued to evolve with the addition of new radiodonts from the Burgess Shale. Moysiuk and Caron (2021) propose a new phylogeny that was more detailed than their previous attempt. The main difference is that Anomalocarididae and Amplectobeluidae are retrieved as a monophyletic group, in which there is the “Amplectobeluidae sensu stricto” with Amplectobelua and Lyrarapax only (Moysiuk and Caron, 2019). Hurdiidae and Tamisiocarididae still resolve as monophyletic clades, but are unresolved with respect to each other and to the Anomalocarididae + Amplectobeluidae clade, such that it is unclear which is basal and which is derived. Their next version of the tree (Caron and Moysiuk, 2021) retrieves a basal monophyletic Tamisiocarididae, followed by an unresolved node of the “Amplectobeluidae sensu stricto” (name from Moysiuk and Caron, 2021), a monophyletic Hurdiidae, and the paraphyletic mix of Anomalocaris and Laminacaris species (Caron and Moysiuk, 2021).
The phylogenetic analysis of Pates et al. (2022) had a larger focus on resolving the position of Opabiniidae, which was previously aligned together with Radiodonta in the Class Dinocarida (Collins, 1996). Most phylogenies do not resolve a sister group relationship between Opabiniidae and Radiodonta, with Opabinia typically sitting either downtree or uptree from Radiodonta (Figure 8A). In this analysis, Opabiniidae is immediately downtree from a paraphyletic grade of radiodont taxa (Pates et al., 2022). The study generally retrieves a monophyletic clade consisting of Amplectobeluidae, Anomalocarididae and Deuteropoda, separate from a poorly resolved Hurdiidae clade (Pates et al., 2022). In this analysis, relatively few radiodont taxa were included and the authors indicate that the character matrix and model of morphological change are not optimized for resolving the internal relationships of radiodonts, because the focus was on broader relationships within the euarthropod stem lineage.
Zeng et al. (2022) performed a parsimony analysis (Figure 8D) and Bayesian inference, both of which present Radiodonta as a monophyletic group (Zeng et al., 2022). Caryosyntrips is retrieved in the upper stem lineage of Euarthropoda (Zeng et al., 2022). The maximum parsimony tree (Fig.15a in Zeng et al., 2022) shows a monophyletic Hurdiidae in sister group relationship to a clade consisting of the rest of the radiodont taxa (Figure 8D). Laminacaris, Guanshancaris (“Anomalcoaris” kunmingensis) and Innovatiocaris are found basal to all non-hurdiid radiodonts. A monophyletic Tamisiocariidae is derived within a grade of paraphyletic “Anomalocarididae”, all of which is in a sister group relationship to Amplectobeluidae. The second tree, a 50% majority-rule consensus from Bayesian inference, is different because the group with Laminacaris, Guanshancaris and Innovatiocaris now paraphyletic (Zeng et al., 2022). Innovatiocaris moves to a basal position in the Hurdiidae clade, while the monophyletic clades of Tamisiocarididae and Amplectobeluidae are in an unresolved node with a variety of “Anomalocarididae” taxa.
Some common conclusions can be reached when examining these trees. Radiodonta is usually found to be monophyletic if Caryosyntrips is excluded, and the Hurdiidae family is also always monophyletic and generally well resolved. Amplectobeluidae and Anomalocarididae are often found closely associated, but the position of Tamisiocarididae is highly unstable. Anomalocarididae is usually poorly resolved, and much work is needed to revise the membership and phylogenetic relationships of this family. It is unclear which family occupies a basal position within Radiodonta, making it impossible to understand character polarization.
6 BIOGEOGRAPHIC AND TEMPORAL DISTRIBUTION OF RADIODONTA
Radiodonts colonized almost all the major paleogeographic domains during the Cambrian (Figure 7B), from all latitudes, however the majority occupied the South Hemisphere and were found in equatorial and tropical areas (Wu et al., 2021a; Wu et al., 2021b; Wu et al., 2022). From Siberia, only one enigmatic specimen (Ponomarenko, 2010) of a possible body has been described as a dinocaridid, but we do not find any convincing argument to include it within Radiodonta. During the Ordovician, the biogeographical repartition is restricted to the south high latitude of Avalonia and North Africa (Gondwana) domain (Van Roy et al., 2015; Pates et al., 2020; Wu et al., 2022).
The paleogeographic and temporal repartition is different between the families, even if they have many similarities (Wu et al., 2021a; Wu et al., 2021b; Wu et al., 2022). Generally speaking, Anomalocarididae and Amplectobeluidae in South China are more diverse and abundant early in radiodont history (Series 2 Stage 3), followed by a slight peak in a geographically widespread Tamisiocarididae during Series 2 Stage 4. Series 3 is dominated instead by a diverse and abundant Hurdiidae, especially in Laurentia but with occurrences in all paleogreographic domains, that persists as the only radiodont family found after the Miaolingian (Figure 7A).
Focusing on paleogeography, we see that at first, during the Cambrian, the majority of taxa in all families are found in South China and Laurentia paleocontinents, especially with Chengjiang, Burgess Shale and the Great Basin lagerstätten (Wu et al., 2021a; Wu et al., 2021b; Wu et al., 2022). Most of the species are found in the equatorial and tropical latitude, between 0° and 30°. All families (Amplectobeluidae, Anomalocarididae, Hurdiidae and Tamisiocarididae) occupied Laurentia and South China, and in Australia (Gondwana) there were only Tamisiocarididae and Anomalocarididae (Supplementary Table S2). Amplectobeluidae, Anomalocarididae and Tamisiocarididae lived at exclusively equatorial and tropical latitudes (Figure 7; Supplementary Table S2). Hurdiidae are the most geographically widespread, being the only family found in the North China domain so far (Sun et al., 2020a; Wu et al., 2022). It is also the only family that lived in higher latitudes, in Baltica at a bit more than 30°, and in Czech at around 60°, during the Cambrian (Chlupáč and Kordule, 2002; Mikuláš et al., 2012; Zhu et al., 2021; Wu et al., 2022). During the Lower Ordovician, there were only hurdiids found, with fossils collected from high paleolatitudes of the southern hemisphere under the 60°S latitude in the north margin of Gondwana and the south of Avalonia, both surrounding the Rheic ocean that was opening at that time (Van Roy et al., 2015; Pates et al., 2020; Zhu et al., 2021; Wu et al., 2022). The problem of the Lower Ordovician is that lagerstätten are rare, and only two have yielded described radiodonts (Van Roy et al., 2015; Pates et al., 2020; Zhu et al., 2021; Wu et al., 2022).
The temporal distribution is not uniform either, although a lot of variation appears to be dependent on the irregular distribution of lagerstätten in time (Wu et al., 2021a; Wu et al., 2021b; Wu et al., 2022). The oldest known radiodont is the Peytoia infercambriensis (Hurdiidae) from the Zawiszyn Formation in Poland, that is dated from the Cambrian Series 2 Stage 3 (Daley and Legg, 2015; Wu et al., 2022). Radiodonts were most abundant and diverse during Cambrian Series 2 and the Miaolingian, but it is only during Series 2 that we find all four families, because Tamisiocarididae are exclusively known from this time period (Supplementary Table S2). Series 2 is also the peak of diversity for Amplectobeluidae and Anomalocarididae, well documented by the Chengjiang Biota (Supplementary Table S2). During the Miaolingian, Amplectobeluidae and Anomalocarididae have a decrease in diversity, while the Hurdiidae have an increase in the Wuliuan and the Drumian, with the Burgess Shale and the Wheeler Formation, for example, (Figure 7). Then, in the Guzhangian, there were only Anomalocarididae specimens from the Weeks Formation (Lerosey-Aubril et al., 2014; Wu et al., 2021b). During the Furongian, a gap in lagerstätten is seen, and only two hurdiid radiodonts occur in the Jiangshanian Sandu and Wiśniówka Formations (Harper et al., 2019; Zhu et al., 2021). In the Lower Ordovician, there is another hurdiid in the Dol-cyn Afon-Gam of Wales (Pates et al., 2020). The youngest radiodont is debated. It could be A. benmoulai, from the Tremadocian Fezouata Shale (Morocco), that is formally described as an hurdiid radiodont (Van Roy et al., 2015; Wu et al., 2022). Otherwise, there are two other possible candidates but their membership within Radiodonta is under debate. Pseudoangustidontus duplospineus from the Floian Fezouata Shale (Morocco), or Schinderhannes bartelsi from the Emsian (Lower Devonian) Hunsrück Slate of the Kaub Formation (Germany) (Van Roy and Tetlie, 2006; Kühl et al., 2009; Wu et al., 2022), both of which are problematic, for reasons discussed earlier. If S. bartelsi is a radiodont, a huge gap would exist between the Lower Ordovician and the Lower Devonian (Kühl et al., 2009; Van Roy et al., 2015; Wu et al., 2022).
7 CONCLUSION: SIGNIFICANCE OF RADIODONTA FOR UNDERSTANDING PALEOECOLOGY AND EVOLUTION DURING THE EARLY PALEOZOIC
As summarized above, Radiodonta represent a diverse and abundant group that was globally distributed during the Cambrian and Lower Ordovician. Despite having been first discovered over 130 years ago, their overall body architecture was not accurately reconstructed until nearly 100 years later, and over 90% of their known diversity has been described in the last 15 years. This explosion in recent discoveries has revealed that radiodonts populated all major paleocontinents at a variety of paleolatitudes, showcasing their adaptability and highly mobile lifestyle. As shown in this review, radiodont anatomy has provided important insight into the evolution of several defining features of Euarthropoda, and various functional morphology and quantitative approaches can be used to reconstruct their paleoecology.
Radiodonta undoubtedly had a major impact on the earliest animal ecosystems. Apex consumers in general have long been suggested to have the ability to shape ecosystems, in a trophic cascade the propagates impacts from consumers on the size, abundance, diversity and behaviour of prey taxa that make up food webs (Hairston et al., 1960; Paine, 1980; Fretwell, 1987; Terborgh and Estes, 2010; Estes et al., 2011). This is known as ‘top-down control’, and in the Cambrian the introduction of metazoan consumers into a plankton ecosystem previously devoid of such organisms accounts for subsequent diversifications and developments of complexity in ecosystems during the Cambrian in general (Butterfield, 2000), with arthropod predators such as the diverse, abundant and globally-distributed radiodonts playing an important role (Budd, 2000; Vannier, 2007). As described above, radiodont morphology indicates their predatory lifestyle, and some localities indicate that multiple taxa lived in close proximity (Caron and Jackson, 2008; Dunne et al., 2008), sometimes found on the same rock sample centimeters apart from each other (Daley and Budd, 2010). Competition between conspecific radiodont predators likely accelerated evolution within the group, and their increased specialization towards different feeding behaviours would have driven evolution of defensive mechanisms in their prey, contributing to an overall arms race that helped shape the complexity of Cambrian and Early Ordovician ecosystems (Marshall, 2006; Bush and Bambach, 2011).
Radiodonts represent some of the earliest animals that colonized the water column, as indicated by their high abundance in numerous globally-distributed Cambrian and early Ordovician lagerstätten, which capture especially those animals that were swimming close to the seafloor (Saleh et al., 2021). In large-scale quantitative analyses of the patterns of nektonization during the Palaeozoic (e.g., Klug et al., 2010; Whalen and Briggs, 2018), radiodonts are classified as belonging to the demersal megaguild, and specifically having a eudemersal ecomorphological life mode (obligate swimmers restricted to near-benthic settings). Such analyses revealed that demersal taxa made up an important proportion of the organisms occupying the water column and accounted for the greatest proportion of diversity from the Terreneuvian through the Miaolingian, with radiodonts being important arthropod contributors to this category (Klug et al., 2010; Whalen and Briggs, 2018). These quantitative studies only considered a portion of radiodont generic diversity, with databases typically including only 6 or 7 genera. Given that this value is now known to be at least 25 radiodont genera (Supplementary Datasheet S1), it stands to reason that they would have made up an even more important proportion of Cambrian eudemersal taxa, and would have contributed to the impact of this life mode on the early evolutionary dynamics of colonization of the water column. Hints about the eventual extinction of radiodonts can also be found when examining the subsequent dominant eudemersal taxa, with nautiloid cephalopods largely replacing radiodonts in the Furongian and through the Ordovician, eventually joined by jawed armoured fishes (arthrodire “placoderms”) and ammonoids in the Devonian (Whalen and Briggs, 2018). Radiodonts were presumably less efficient eudemersal predators, and their diversification of suspension feeding coupled with a relatively large body size in the Ordovician may represent both an attempt to avoid direct competition with new predators while also exploiting the rapidly diversifying plankton food source at the start of the Ordovician plankton revolution (Servais et al., 2016).
Despite the wealth of new data and recent fossil discoveries, there remains several open questions about Radiodonta. Their ontogeny and development are relatively poorly known, and awaits the discovery of a wide size range of abundant species to decipher how they grew and developed. Their reproductive behavior likewise remains a mystery. Certain aspects of their morphology await clarification, for example, the precise arrangement of carapaces and sclerites in the head and their homologies with other euarthropod cephalic structures. Additionally, no consensus has yet been reached on the exact architecture of flaps and setal blades in the body trunk. Even with numerous attempts at phylogenetic inference, the internal relationships of Radiodonta also remain largely unstable, hampering our ability to study the evolutionary dynamics of innovations such as suspension feeding, which likely evolved at least two times during the evolutionary history of these otherwise active predators. Hopefully, many of these shortcomings could be resolved in the near future with continued discoveries of new material and innovative methodological approaches. Owing to the high preservation potential of their sclerotised body parts, their highly recognisable anatomy, and their generally large size, there is a high chance of continuing to reveal exciting new Radiodonta material, which can ultimately be used to help us understand their role in early animal communities of the Cambrian Explosion.
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