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Sea lilies in spring: Crinoid diversification during the Early Ordovician

The many Early Ordovician crinoid discoveries over the past 30 years signal a largely undocumented crinoid radiation totalling a more than five-fold increase in diversity, an important event in crinoid history. Camerate, cladid, and disparid clades had emerged by the Late Tremadocian Series, early during this time. These finds provide data for character analysis in phylogenetic reconstructions, particularly those aimed at identifying early branching within the crinoid tree. Early Ordovician crinoids comprised among the earliest-known benthic invertebrates to exploit food resources high above the substrate. Significantly, they were also among the largest known faunal elements during this time. A tentative listing of Early Ordovician crinoids and their distributions is provided; this compendium is subdivided into time slices with Laurentian and global stratigraphic units.

Prolific, diverse, and abundant Late Ordovician crinoid faunas have long implied an extensive but largely unknown prior record. Just a handful of Early Ordovician taxa were described by the end of the 20 th century [START_REF] Ubaghs | Aethocrinus moorei Ubaghs, n. gen., n. sp., le plus ancien crinoïde dicyclique connu[END_REF][START_REF] Ubaghs | Calymenina, Echinodermata et Hyolitha de l'Ordovicien inférieur de la Montagne Noire (France méridionale)[END_REF][START_REF] Strimple | A new camerate crinoid from the Al Rose Formation, Lower Ordovician of California[END_REF][START_REF] Donovan | A new camerate crinoid from the Arenig of south Wales[END_REF]. Dozens of new Early Ordovician taxa have been discovered over the past 30 years (Table 1). Formal study of these, and their significance in understanding crinoid origins and affinities, are works in progress. Long fieldwork, coupled with difficult preparation, has slowed the process. The Tremadocian discoveries are largely described [START_REF] Guensburg | The oldest known crinoids and a new crinoid plate homology system[END_REF]2009;[START_REF] Guensburg | Phylogenetic implications of the oldest crinoids[END_REF][START_REF] Guensburg | Athenacrinus n. gen. and other early echinoderm taxa inform crinoid origin and arm evolution[END_REF]. A majority of the Floian taxa are not formally described but have been assigned to subclass and, where possible, lower rank taxa. Enough is now known to provide a preliminary accounting of this largely unrecognized radiation of Early Ordovician crinoids.

An important consideration for this study concerns dating of Early Ordovician rocks through improved global biostratigraphic control. A more finely resolved framework for early crinoid occurrences based upon trilobite biostratigraphy in the Great Basin, western United States, is available [START_REF] Adrain | Trilobite biostratigraphy and revised bases of the Tulean and Blackhillsian Stages of the Ibexian Series, Lower Ordovician, western United States[END_REF][START_REF] Adrain | Trilobite biostratigraphy of the Stairsian Stage (upper Tremadocian) of the Ibexian Series, Lower Ordovician, western United States[END_REF]. Most critically, stage boundaries for the crinoidbearing Early Ordovician Ibexian Series in Laurentia have been shifted upward relative to the global standard [START_REF] Walker | compilers[END_REF]. In ascending order, these stages are the Stairsian, Tulean, and Blackhillsian. The new data indicate the entire Stairsian stage and lower 80% of Tulean stage are equivalent to the upper Tremadocian stage of the global standard [START_REF] Walker | compilers[END_REF]. The Floian in Laurentia includes the uppermost Tulean and all of the Blackhillsian stages. The distribution of Early Ordovician crinoids with adjusted stratigraphic data are provided in Table 1.

Materials and repositories.-Figured specimens are housed in the Field Museum (PE), Chicago, Illinois, Idaho Museum of Natural History (IMNH IP-), Pocatello, Idaho, Non-vertebrate Paleontology Laboratory (NPL ____TX__), University of Texas, Austin, Texas, Palaeontological Collections (UCBL-FSL), Lyon 1 University, Villeurbanne, France, and Paleontology Repository (SUI), University of Iowa, Iowa City, Iowa.

Early crinoid morphology and establishment of major crinoid clades

Stratigraphic and preliminary phylogenetic evaluation make it possible to hypothesize a sequence of events during which characters first appear within different crinoid lineages. These provide evidence for evaluating the likelihood as to whether similarity among these lineages reflects homology or homoplasy. Here, we apply a broad-brush approach simply to highlight timing of intermediate morphologies that are precursors to those that characterize major crinoid clades, rather than discuss individual characters in detail. We are aware of the shortcomings of this approach, and the need for formal phylogenetic analysis, but this process awaits more formal descriptive data.

Tremadocian diversification of major clades.-The earliest-known crinoids appear during the upper portion of the Tremadocian Series (Stairsian Stage of Laurentia) [START_REF] Adrain | Trilobite biostratigraphy of the Stairsian Stage (upper Tremadocian) of the Ibexian Series, Lower Ordovician, western United States[END_REF], an estimated 481 Myr, and four million years after the Cambro-Ordovician boundary [START_REF] Walker | compilers[END_REF]. The transitional nature of these fossils stands out.

In many ways, taxa of this assemblage exhibit more commonality than later faunas. Stalks are pentameric and calyces have fixed interbrachial plate fields. In particular, arm construction is similar, and includes internal calcified floor plates with podial pores, brachials with secondary aboral grooves, and two-tiered cover plates [START_REF] Guensburg | Phylogenetic implications of the oldest crinoids[END_REF][START_REF] Guensburg | Athenacrinus n. gen. and other early echinoderm taxa inform crinoid origin and arm evolution[END_REF]. Tremadocian crinoid axial arm constructs (floor, cover plates) resemble certain non-blastozoan pentaradiate echinoderms of the Cambrian rather than later crinoids. All earliest-known taxa (Apektocrinus, Glenocrinus, Titanocrinus) possess lateral plate fields in their arms. None of the Tremadocian crinoids expresses pinnules.

The cup construction of earliest camerate-like taxa, called protocrinoids (Glenocrinus, Titanocrinus), differs from other Tremadocian taxa. The mid-cup consists of many non-differentiated plates that separate ray plating from the cup base circlet. In addition, the posterior interray is wide and extends to the stalk, where a gap plate (or plates) interrupts the cup base circlet. This information has been used to propose the Dual Reference Homology System [START_REF] Guensburg | The oldest known crinoids and a new crinoid plate homology system[END_REF], a modification of the long-used Carpenter ( 1879) system.

Diversification into clades familiar to paleontologists today had begun but data indicating how these are interrelated is scanty and perplexing. Protocrinoids and other taxa express expanded tegmens without articulating cover plates, a camerate character. Assignment of cladid-like forms is based upon differentiated sub-C-ray "anal" plating. Earliest disparid-like and later early camerate-like taxa express a posterior plate series projecting from the C-ray and extending up an anal sac or tegmen (see [START_REF] Guensburg | Phylogenetic implications of the oldest crinoids[END_REF][START_REF] Gahn | Homological and phylogenetic implications of a disparid-like posterior interray among lower Ordovician camerate crinoids[END_REF]. Data from as yet undescribed taxa are needed.

Floian and first typical Paleozoic crinoids.-Early Floian taxa express more organized cup plating but some retain Tremadocian-like arm morphology (Fig. 2). Camerate, cladid, and disparid morphology typical of Middle and Late Ordovician crinoids was present by the end of the Floian (Blackhillsian Stage of Laurentia), approximately 470 Myr [START_REF] Adrain | Trilobite biostratigraphy and revised bases of the Tulean and Blackhillsian Stages of the Ibexian Series, Lower Ordovician, western United States[END_REF] [START_REF] Walker | compilers[END_REF]. Stalks show the earliest evidence of holomerism, which evolved independently in each clade. Cup plating becomes more regular and standardized [START_REF] Donovan | A new camerate crinoid from the Arenig of south Wales[END_REF]. Arms assume crownward morphology, that is, without floor or lateral plating, which also evolved independently in each clade. Latest camerates in this sequence (Celtocrinus, Proexenocrinus) exhibit pinnulate arms and ray branching at fixed primibrachial three and holomeric columnals, but surprisingly, one taxon expresses floor plates in pinnules (Proxenocrinus). Disparids possess fewer fixed brachial, interbrachial and posterior interray plates (Inyocrinus, Ramseyocrinus). Arms become free above the radials ("compound radial" terminology is not accepted here), and an elongate anal sac characterizes most taxa. Cladids include a number of taxa in which cup plating is more regular and interbrachial plate fields are small or absent (Compagicrinus, Elpasocrinus). The late Floian (Blackhillsian Stage) cladid record is diverse and includes dendrocrinid-like forms, hybocrinids, two other monocyclic forms, one with branched arms, a porocrinidlike taxon, and another dicyclic form with atomous arms.

A curious aspect of many early crinoids is their large size relative to other faunal elements such as brachiopods and nearly all trilobites (Figs. 1,2). Crowns can be several centimeters in height, and stalks 10s of centimeters in length, with a maximum known stalk length of over 60 cm. Along with a few poriferans, nautiloid cephalopods, crinoids and a few blastozoans represent the largestknown and most common faunal elements in these Laurentian Tremadocian occurrences. By comparison, associated brachiopod taxa are no more than 1 cm across.

Early crinoid diversification in the context of the Ordovician Radiation

There is a diversity of opinions as to how to characterize the marine invertebrate radiation during the Ordovician (most recently [START_REF] Servais | The Great Ordovician Biodiversification Event[END_REF][START_REF] Stigall | Coordinated biotic and abiotic change during the Great Ordovician Biodiversification Event: Darriwilian assembly of early Paleozoic building blocks[END_REF][START_REF] Edwards | Links between early Paleozoic oxygenation and the Great Ordovician Biodiversification Event (GOBE): a review[END_REF]. Crinoids first appear during the Tremadocian Series, coincident with radiations of other characteristic Paleozoic faunal elements such as graptolites, chitinozoans, gastropods, and cephalopods [START_REF] Stigall | Coordinated biotic and abiotic change during the Great Ordovician Biodiversification Event: Darriwilian assembly of early Paleozoic building blocks[END_REF] during the initial phase of the Ordovician Radiation. This radiation took place prior to the appearance of characteristic Paleozoic faunal elements such as bryozoans, rugose and tabulate anthozoans, and many brachiopods.

It is important to recognize the scale of the previously unrecognized early crinoid component of the Ordovician Radiation. The present list (Table 1) shows a more than five-fold increase in previously known Early Ordovician crinoid diversity, with most of the increase during the Floian. This represents one of the most significant diversification events in crinoid history.

The expanded crinoid record invites inquiry into when and how the crinoid clade might have originated. Probabilistic modelling indicates a Cambrian origin (Wright, 2018). Tremadocian crinoids express characters found among early nonblastozoan pentaradiate echinoderms of the Cambrian (above), suggesting proximity to the crinoid node [START_REF] Guensburg | Phylogenetic implications of the oldest crinoids[END_REF]. In our view, a diagnostic crinoid level of organization requires at least two apomorphies: "true arms" bearing left and right somatocoel extensions (sensu [START_REF] David | Comprendre les échinodermes: la contribution du modèle extraxial-axial[END_REF][START_REF] Guensburg | Athenacrinus n. gen. and other early echinoderm taxa inform crinoid origin and arm evolution[END_REF], and a pentameric stalk.

It is a narrow morphological gap from this "minimalist" diagnosis of a crinoid to Tremadocian crinoids, and a differentiated ray plate series and calyx base circlet could have co-evolved during this process. With underlying soft-tissue anatomy already in place, it can be postulated that functional requirements produced rapid evolution of these traits. The four million years at the base of the Ordovician for which we have no crinoids yet may have been sufficient for these changes to have evolved from pre-crinoid ancestry, but it is also likely that even earlier taxa expressing some nascent features of the crinoid clade existed in the Cambrian, such as in Camptostroma with its short "proto-arms" [START_REF] Durham | Camptostroma, and Early Cambrian supposed scyphozoan referable to Echinodermata[END_REF], and possibly the enigmatic Echmatocrinus (see Sprinkle and Collins, 2011).

Paleobiogeography of Early Ordovician crinoid diversification

Early Ordovician crinoids ranged across a variety of paleoenvironmental settings, from siliciclastic-dominated mobile substrates in high latitude Gondwana and Avalonia to largely carbonate-dominated mobile and hard substrate settings of equatorial Laurentia [START_REF] Blakey | Deep Time Maps--maps of ancient Earth[END_REF]. However, intensive fieldwork in several regions of the globe produced different results in terms of diversity and timing of origination [START_REF] Guensburg | Rise of echinoderms in the Paleozoic Evolutionary Fauna[END_REF][START_REF] Lefebvre | Palaeogeographical and palaeoecological aspects of the Cambro-Ordovician radiation of echinoderms in Gondwanan Africa and peri-Gondwanan Europe[END_REF]Lefebrvre et al., 2013;inter alia). Laurentian localities yield a high diversity fauna, including the earliest-known crinoids. The Great Basin of the western United States has been particularly productive for Laurentian crinoids (Guensburg andSprinkle, 2003, 2009;[START_REF] Guensburg | Phylogenetic implications of the oldest crinoids[END_REF][START_REF] Guensburg | Athenacrinus n. gen. and other early echinoderm taxa inform crinoid origin and arm evolution[END_REF]. Avalonian/Gondwanan localities produce many echinoderms, including many stalked blastozoans, but few crinoids [START_REF] Lefebvre | Palaeobiogeography of Ordovician echinoderms[END_REF].

Regional, but temporally persistent environmental conditions, accompanied the Early Ordovician crinoid radiation in Laurentia. First, geochemical proxies indicate higher oxygen levels in widespread shelfal seas during this time [START_REF] Edwards | Links between early Paleozoic oxygenation and the Great Ordovician Biodiversification Event (GOBE): a review[END_REF]. Oxygen levels were enhanced by cyanobacterial respiration emanating from microbial buildups, also common in this setting. Next, lithified substrates or hardgrounds developing on the microbial buildups and associated intraclastic limestones (flat pebble conglomerates) provided expansive living space [START_REF] Church | Lower Ordovician patch reefs in western Utah[END_REF][START_REF] Wilson | The development of an Early Ordovician hardground community in response to rapid sea-floor calcite precipitation[END_REF][START_REF] Guensburg | Rise of echinoderms in the Paleozoic Evolutionary Fauna[END_REF]Datillo, 1993;[START_REF] Sprinkle | Origin of echinoderms in the Paleozoic evolutionary fauna; the role of substrates[END_REF]. Direct evidence shows that early crinoids exploited these surfaces using polyplated encrusting-type holdfasts. 
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  Figure 2. Selected Floian crinoids, posterior views: (1,2) Early Floian (Early Blackhillsian) camerates, (1) finely ornamented camerate, large domed tegmen, no visible cover plates, posterior plating arising from the C ray, IMNH IP-277/856, (2) stellate-plated disparid, IMNH
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 1 Early Ordovician crinoid compendium. Laurentian Stage boundaries have shifted upward, with change in taxon range indicated here. This list represents a conservative minimum estimate of available taxa. Numerous specimens remain too obscured by matrix to consider for this list.

	2. Selected Floian crinoids, posterior views: (1,2) Early
	Floian (Early Blackhillsian) camerates, (1) finely ornamented
	camerate, large domed tegmen, no visible cover plates, posterior plating
	arising from the C ray, IMNH IP-277/856, (2) stellate-plated disparid, IMNH

Late Tremadocian Stage ~481-479 Ma (Stairsian Stage)

  

	Aethocrinus moorei Ubaghs, 1969 Disparids	G
	Fillmore hybocrinid Arbuckle Group short calyx	L L
	Fillmore/Garden City heavy armed	L
	Disparids Fillmore/Garden City inflated sac	L
	Pogonipocrinus antiquus (Kelly and Ausich, 1979) Fillmore/Garden City smooth plated	L L
	Fillmore iocrinid ornamented Fillmore thick plated iocrinid	L L
	Fillmore iocrinid smooth Fillmore small iocrinid	L L
	Fillmore iocrinid smooth, tiny Fillmore short armed ?iocrinid	L L
	Undescribed lower Fezouata disparid Garden City flat based, 10-armed	L L
	Garden City heavy plated iocrinid	L
	Early to Late Floian ~475-470 Ma (Blackhillsian Stage) Garden City ornamented	L
	Garden City long-armed, single branching	L
	Camerates Garden City tumid, long-armed	L
	Adelphicrinus fortuitus Guensburg and Sprinkle, 2003 Garden City Alphacrinus-like disparid	L L
	Celtocrinus ubaghsi Donovan and Cope, 1989 Ninemile ornamented iocrinid	A L
	Reduced-interray camerate Peculiar Ninemile and Fillmore ?disparid	L L
	Dugway flat cup-base camerate Ramseyocrinus argentinus Guensburg and Waisfeld, 2015	L G
	Green Canyon camerate Ramseyocrinus cambriensis (Hicks, 1873)	L A
	Camerate-like Habrotecrinus ibexensis Guensburg and Sprinkle, 2003 Ramseyocrinus vizcainoi Ubaghs, 1983	L G
	Titanocrinus sumralli Guensburg and Sprinkle, 2003 Finely ornamented camerate Upper Fezouata Ramseyocrinus	L L G
	Eknomocrinus wahwahensis Guensburg and Sprinkle, 2003 Proexenocrinus inyoensis Strimple and McGinnis, 1972 Inyocrinus strimplei Ausich, 1986	L L L
	Glenocrinus globularis Guensburg and Sprinkle, 2003 Quechuacrinus ticsa Guensburg and Waisfeld, 2015 Upper Fezouata iocrinid	L G G
	Stellate domed-tegmen camerate	L
	Cladid-like	
	Apektocrinus ubaghsi Guensburg and Sprinkle, 2009 Cladids	L
	Arbuckle Group dendrocrinid	L
	Disparid-like Compagicrinus fenestratus Jobson and Paul, 1979	L
	Alphacrinus mansfieldi Guensburg, 2012 Elpasocrinus radiatus Sprinkle and Wahlman, 1994	L L
	Athenacrinus broweri Guensburg et al., 2019 Fillmore/Ninemile thin-armed atomous	L L
	Fillmore atomous thick-armed	L
	Latest Tremadocian to Earliest Floian ~479-475 Ma Fillmore atomous thin-armed	L
	(Tulean Stage) Fillmore moncyclic, branched arms	L
	Garden City stellate dendrocrinid	L
	Camerates Garden City smooth dendrocrinid	L
	Cnemecrinus fillmorensis Guensburg and Sprinkle, 2003 Fillmore/Ninemile hybocrinid	L L
	Ninemile porocrinid	L
	Cladids	
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