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, which was additionally caved by putative xylophagous herbivores. Although restricted within natural limits, the Sphenophyllum organs show different developmental stages that encompass a majority of juvenile stems and a few ones with initial secondary growth. The stems are of circular to elliptical outline and consist of a central triarch actinostele made of primary vascular tissues and a variable amount of wood. Extraxylary tissues comprise a narrow innermost zone with putative phloem, internal periderm made of rectangular cells arranged in radial files, inner parenchymatous cortex, outer sclerenchymatous cortex, and small-celled layers of bounding tissue. Moreover, Sphenophyllum is exhibited to be a frequent climber on the trunk surface of Psaronius, Tietea and Grammatopteris tree ferns or trapped among their adventitious aerial roots. In addition, Sphenophyllum cauline members were also found dispersed with other plant organs in a particular type of fossil-rich silicified fluvial sandstone or chert reflecting rapid fossilisation of parautochthonous aspects. These fossil assemblages disclose an underestimated facet of seasonally influenced, densely vegetated riparian forests bordering extended distal fluvial discharges in low-latitude Gondwana. Nevertheless, due to their similar development of major anatomical characteristics, the taxonomic delimitation of late Paleozoic sphenophylls based on vegetative axes alone remains challenging and underlines unexpected long-term stability of especially primary cauline anatomy and vascular architecture in general.

Introduction

Sphenophyllales are an extinct group of herbaceous, climbing or ground-covering equisetophytes, whose stratigraphic occurrences span from the Late Devonian up to the Early Triassic with abundance in the peat-forming Pennsylvanian tropics [START_REF] Taylor | Paleobotany: The Biology and Evolution of Fossil Plants[END_REF]). These plants were widely distributed in different palaeogeographic regions, such as the palaeoequatorial areas of Euramerica andCathaysia (STORCH 1966, 1980;[START_REF] Batenburg | The Sphenophyllum species in the Carboniferous flora of Holz (Westphalian D, Saar Basin, Germany)[END_REF][START_REF] Batenburg | Compression species" and "petrifaction species" of Sphenophyllum compared[END_REF][START_REF] Havlena | Sphenophyllum tenerrimum and other species of Sphenophyllum in the Namurian of the Ostrava-Karviná coalfield (Upper Silesian basin). -Palaeontographica Abt[END_REF], DE-MING WANG et al. 2005) but also extending into higher latitude floral realms of Gondwana [START_REF] Walton | The fossil flora of Karroo System in the Wankie District, southern Rhodesia[END_REF][START_REF] Archangelsky | Lycopsida y Sphenopsida del Paleozoico superior de Chubut y Santa Cruz, Patagonia[END_REF][START_REF] Anderson | Palaeoflora of Southern Africa[END_REF][START_REF] Srivastava | Sphenophyllum, Trizygia and Gondwanophyton from Barakar Formation of Raniganj Coalfield, with a revision of lower Gondwana Sphenophyllales[END_REF][START_REF] Mcloughlin | Permian Sphenophytes from the Collie and Perth Basins, Western Australia[END_REF][START_REF] Cuneo | Lower Permian Sphenophylls from Chubut, Argentina[END_REF]) and Angara [START_REF] Naugolnykh | Morphology and taxonomy of Sphenophyllum biarmicum ZALESSKY, 1937 from the Lower Permian of the Cis-Urals[END_REF]. [START_REF] Rösler | Novas espécies de Sphenophyta na Formação Rio Bonito (Permiano) no Estado do Paraná[END_REF] reported the first Sphenophyllum remains from the Permian of Brazil, discovered in the Parana Basin. Later, [START_REF] Rösler | Sphenophyllum paranaensis n. sp. da Formação Rio do Rasto (Permiano superior) de Dorizon, Estado do Paraná[END_REF] figured several leafy shoots likewise preserved as compressions. Besides first indications of S. thonii MAHR in Brazil, a large-leaved characteristic form previously documented from Euramerica (MAHR 1868[START_REF] Abbott | The American species of Asterophyllites, Annularia and Sphenophyllum[END_REF][START_REF] Barthel | Die Rotliegendflora des Thüringer Waldes. Teil 1: Einführung und Keilblattpflanzen (Sphenophyllales)[END_REF], Angara [START_REF] Meyen | Die Permfloren[END_REF][START_REF] Naugolnykh | Morphology and taxonomy of Sphenophyllum biarmicum ZALESSKY, 1937 from the Lower Permian of the Cis-Urals[END_REF][START_REF] Naugolnykh | Sphenophylls from the Permian deposits of the Pechora Cis-Urals (Russia)[END_REF], Cathaysia [START_REF] Halle | Palaeozoic plants from Central Shansi. -Palaeontol[END_REF][START_REF] Asama | Evolution and classification of Sphenophyllales in Cathaysia Land[END_REF], and African Karroo [START_REF] Lacey | Karroo Floras of Rhodesia and Malawi. Part 2. The Glossopteris in the Wankie District of Southern Rhodesia[END_REF], they introduced S. paranaensis, and underlined a nearly cosmopolitan distribution of sphenophyllaleans. Sphenophyllum, the first genus of the group, was erected by BRONGNIART (1828) and remained the most common and widespread member. Besides, it is a genus that comprises both compressions/impressions and anatomically preserved petrifactions/permineralisations [START_REF] Batenburg | Compression species" and "petrifaction species" of Sphenophyllum compared[END_REF], whereas convincing correlation at species level remains challenging. Sphenophyllalean species are quite frequent and morphologically diverse in compression/impression preservation [START_REF] Kerp | Aspects of Permian palaeobotany and palynology, III. A new reconstruction of Lilpopia raciborskii (LILPOP) CONERT et SCHAARSCHMIDT (Sphenopsida)[END_REF][START_REF] Galtier | Structure and Development of Sphenophyllum oblongifolium from the Upper Carboniferous of France[END_REF] up to their epidermal characteristics [START_REF] Abbott | The American species of Asterophyllites, Annularia and Sphenophyllum[END_REF][START_REF] Pant | On the epidermal structure of Sphenophyllum speciosum (ROYLE) ZEILLER[END_REF][START_REF] Meyen | Epidermisuntersuchungen an permischen Landpflanzen des Angaragebietes. -Paläont[END_REF][START_REF] Barthel | Epidermal structures of sphenophylls[END_REF], and roots [START_REF] Leggewie | Beiträge zur Kenntnis der oberen Magerkohle, Eßkohle und unteren Fettkohle des Gebietes von Essen, mit besonderer Berücksichtigung der Flora[END_REF][START_REF] Storch | Adventivwurzeln bei Sphenophyllum-Arten[END_REF][START_REF] Batenburg | Compression species" and "petrifaction species" of Sphenophyllum compared[END_REF]. The mode of circumferential enlargement of the vascular cambium seems to be unique to sphenophyllaleans as the considerable length of their conducting elements is, both sharply contrasting to other wood-forming plants, fossil and extant [START_REF] Cichan | Vascular Cambium development in Sphenophyllum: a Carboniferous arthrophyte[END_REF]. Reproductive organs are reported both from compressions [START_REF] Remy | Untersuchungen von kohlig erhaltenen fertilen und sterilen Sphenophyllen und Formen unsicherer systematischer Stellung. -Abh[END_REF][START_REF] Kerp | Aspects of Permian palaeobotany and palynology, III. A new reconstruction of Lilpopia raciborskii (LILPOP) CONERT et SCHAARSCHMIDT (Sphenopsida)[END_REF][START_REF] Wang | First discovery of Eviostachya hoegii STOCKMANS from Wutung Formation in China[END_REF]DE-MING WANG 2005;[START_REF] Bek | The first compression Pteroretis-producing sphenophyllalean cones, Pennsylvanian of the Czech Republic[END_REF]) and preservational states that offer 3D aspects, such as coal balls or tuffs [START_REF] Binney | Observations on the structure of fossil plants found in Carboniferous strata[END_REF][START_REF] Boureau | Traité de Paléobotanique[END_REF][START_REF] Barthel | Die Rotliegendflora Sachsens. -Abh[END_REF][START_REF] Barthel | Die Rotliegendflora der Döhlen-Formation[END_REF][START_REF] Riggs | Sentistrobus goodii n. gen. and sp., a permineralized sphenophyllalean cone from the Upper Pennsylvanian of the Appalachian Basin[END_REF][START_REF] Zodrow | Leeites oblongifolius nov. gen. et sp., (Sphenophyllalean, Carboniferous)[END_REF][START_REF] Libertín | Two new Carboniferous fertile sphenophylls and their spores from the Czech Republic[END_REF]. In contrast, petrified/permineralised species that provide detailed anatomical information on vegetative sphenophyllalean organs remain rare and obviously less differentiated [START_REF] Renault | Recherches sur l'organisation des Sphenophyllum et des Annularia[END_REF][START_REF] Renault | Nouvelles recherches sur la structure des Sphenophyllum et sur leurs affinités botaniques[END_REF][START_REF] Williamson | On the organization of the fossil plants of the coal-measures[END_REF][START_REF] Felix | Untersuchungen über den inneren Bau westfälischer Carbon-Pflanzen. -Abh[END_REF][START_REF] Baxter | A study of the vegetative anatomy of the genus Sphenophyllum from American coall balls[END_REF][START_REF] Reed | Notes on the anatomy of two Carboniferous plants Sphenophyllum and Psaronius[END_REF], SNIGIREVSKAYA 1959[START_REF] Coquel | Etude anatomique d'un Sphenophyllum trouvé dans un coal-ball du niveau marin de Katharina[END_REF][START_REF] Batenburg | Vegetative anatomy and ecology of Sphenophyllum zwickaviense, S. emarginatum, and other "compression species" of Sphenophyllum[END_REF][START_REF] Cichan | Vascular Cambium development in Sphenophyllum: a Carboniferous arthrophyte[END_REF][START_REF] Cichan | Vascular cambium and wood development in Carboniferous plants. II. Sphenophyllum plurifoliatum WILLIAMSON and SCOTT (Sphenophyllales)[END_REF][START_REF] Schabilion | Intercalary growth in the fossil arthrophyte[END_REF][START_REF] Wang | Fossil plants from coal balls in China[END_REF][START_REF] De | Anatomy, affinities, and evolutionary implications of new silicified stems of Sphenophyllum from the Early Carboniferous of France and Germany[END_REF]).

Here we document petrified Sphenophyllum organs from western low-latitude Gondwana. In recent times, anatomically preserved Sphenophyllum has been mentioned repeatedly from the Permian of the Parnaíba Basin. The stems that are easily recognisable by their characteristic triangular stele not only appeared in densely silicified sandstones or cherts, in which they washed together with fern pinnules or gymnosperm woods and roots [START_REF] Dernbach | News from Araguaina, Brazil[END_REF], RÖßLER & NOLL 2002[START_REF] Rößler | Two remarkable Permian petrified forests: correlation, comparison and significance[END_REF]. Sphenophyllum was also found preserved in growth position among adventitious aerial roots of different tree ferns, like Grammatopteris freitasii (RÖßLER & NOLL 2002) or Tietea singularis [START_REF] Trümper | Siliceous petrifactions in the Permian of the Parnaíba Basin, central-north Brazil: Sedimentary environment and petrification pathways[END_REF]. However, briefly discussed and illustrated by [START_REF] Rößler | The interrelatedness of biota revealed in fossil trees from the Permian fossil forest of northern Tocantins, central-north Brazil[END_REF] because of its palaeoecological meaning, Sphenophyllum from central-north Brazil remained to be documented in more detail. In this contribution, we describe Permian material showing Sphenophyllum plants that once entered the interior of an upright standing calamitalean tree [START_REF] Neregato | New petrified calamitaleans from the Permian of the Parnaíba Basin, central-north Brazil, part II, and phytogeographic implications for Late Paleozoic floras[END_REF].

Material and Methods

The material studied herein was found in the southern part of the Parnaíba Basin (Text-fig. 1a), between Filadélfia and Araguaína cities, State of Tocantins. The fossil-bearing strata in the north of Tocantins belong to the Motuca Formation of the Balsas Group (Text-fig. 1b) [START_REF] Dias-Brito | Floresta Petrificada do Tocantins Setentrional -O mais exuberante e importante registro florístico tropical subtropical permiano no Hemisfério Sul[END_REF]). The latter is divided from the basis up to the top into the Piauí, Pedra de Fogo, Motuca and Sambaíba formations [START_REF] Góes | Bacia do Parnaíba[END_REF]. The exact stratigraphy of the host strata remains debated until now and need to be resolved in the future. Summarising all biostratigraphic indications, we consider a Permian age (Cisuralian to Guadalupian) most likely [START_REF] Iannuzzi | Re-evaluation of the Permian macrofossils from the Parnaíba Basin: biostratigraphic, palaeoenvironmental and palaeogeographical implications[END_REF]. Regarding detailed information on palaeogeographical and geological settings and taphonomic aspects, we refer to CAPRETZ & ROHN (2013), [START_REF] Neregato | New petrified calamitaleans from the Permian of the Parnaíba Basin, central-north Brazil. Part I[END_REF][START_REF] Neregato | New petrified calamitaleans from the Permian of the Parnaíba Basin, central-north Brazil, part II, and phytogeographic implications for Late Paleozoic floras[END_REF][START_REF] Iannuzzi | Re-evaluation of the Permian macrofossils from the Parnaíba Basin: biostratigraphic, palaeoenvironmental and palaeogeographical implications[END_REF].

The fossil has been found embedded in well-rounded, well-sorted, and medium-grained fluvial quartz sandstone of which a rim adheres to the stem due to largely silicified pore space [START_REF] Trümper | Siliceous petrifactions in the Permian of the Parnaíba Basin, central-north Brazil: Sedimentary environment and petrification pathways[END_REF]. The specimen was cut with a trimming saw to reveal both transverse and longitudinal sections. Resulting surfaces were ground and polished with standard procedures and subsequently examined and photographed under reflected light using a Nikon DS-5M 

General features

A calamite stem assigned to as Arthropitys barthelii NEREGATO et al. ( 2017) is represented by one slice, 11 mm thick and 116 mm in maximum diameter. This species usually shows small piths surrounded by soft parenchyma-rich homogeneous wood [START_REF] Neregato | New petrified calamitaleans from the Permian of the Parnaíba Basin, central-north Brazil, part II, and phytogeographic implications for Late Paleozoic floras[END_REF]). In the present specimen, however, an asymmetric hole, running from the pith, is extended laterally into the wood. At least 31 Sphenophyllum axes, attaining 4-9 mm in diameter, and many tiny roots had been preserved in that calamite's interior (Pl. 1, Fig. 1, 2). Various Sphenophyllum organs took possession of the wood cavity and started simultaneous growth (Pl. 1, Fig. 2). The unusual hole shows an irregular outline in transverse section. Some of the innermost segments of the calamite wood were affected and cut in favour of a progressively widened cavity. At the interface between the wood and the cavity, abundant small spherical coprolites of 40-60 µm diameter reveal the putative cause of damage, most likely xylophagous animal boring (Pl. 1,Figs 4,5). The special microhabitat inside the calamite obviously supported and sheltered the early development of likely one generation of juvenile Sphenophyllum axes and associated leaves and roots as well. Preservation of the stems is quite detailed, including primary and secondary vascular tissues, different extraxylary tissues, attached branches, leaves, and roots as well (Pl. 2-5). Probably due to a varying growth rate, the single Sphenophyllum stems show a slight variation in their ontogenetic stages, whereupon juvenile ones prevail due to the limits provided by the microhabitat. Due to the limited thickness of the available calamite specimen, we cannot decide whether the aerial stems had grown separate or, at least in part, diverged from each other. In contrast to the longitudinally ridged appearance of many published Sphenophyllum stems, our axes show an exclusively circular to elliptical outline in transverse section, both in nodal or intermodal regions. Although both the developmental stage and preservation quality vary in the presented Sphenophyllum organs, the following description will summarise the most significant characteristics documented.

Anatomy of primary vascular tissues

The primary xylem is actinostelic and triangular, whereas the arms include an angle of approximately 120°. Protoxylem elements are circular in transverse section, 19 (12-25) µm in diameter. In some cases, they seem to entirely surround a lacuna of ca. 53-85 µm diameter (Pl. 3, Fig. 6). In other cases, however, the protoxylem seems restricted to a crescent-shaped area on the inner side of the lacuna (Pl. 2, Fig. 2; Pl. 4, Fig. 3). The outer side of the lacuna is surrounded by larger cells that are interpreted as secondary xylem based on their continuity with layers of secondary xylem in the interfascicular regions (Pl. 2, Fig. 2). Primary xylem maturation is exarch. In transverse section, the metaxylem is made of circular to polygonal elements mainly elongated perpendicularly to the arms in the transverse section (Pl. 2, Fig. 3). They average 48 (24-125) µm in diameter with the largest ones in the middle of the triangle. Metaxylem elements show lignified walls and spiral thickenings (Pl. 2, Figs 1, 2).

In places, between tracheids of the metaxylem triangle and along the concave metaxylem arms, in the interspace between metaxylem and secondary xylem, thin-walled, smallcelled parenchyma can be recognised (Pl. 4, Fig. 3, white arrows).

Anatomy of secondary vascular tissues

Initial secondary xylem is recognised in all stems of K6040. Fascicular segments with generally smaller tracheid diameters averaging 58 (32-91) µm and more tracheids per file (9-12) can be distinguished from interfascicular parts that show larger tracheid diameters averaging 110 (69-148) µm and fewer tracheids (5-8) per file (Pl. 2, Fig. 3). The formation of secondary xylem tracheids appears to have started in the interfascicular regions (Pl. 2, Fig. 2; Pl. 4, Fig. 3; Pl. 6, Fig. 5). Nevertheless, secondary growth in both the fascicular and interfascicular regions shows a regular concentric arrangement relating to the overall stem (Pl. 2, Fig. 3). The majority of stems show radial files of secondary xylem of only 1-4 tracheids, only in one stem up to 8-12 tracheids per file are recognisable. Secondary xylem tracheids are mainly of a square to circular outline in transverse section and rarely flatten radially against adjoining tracheids. They have circular to elliptical pits (Pl. 2, Fig. 5), are elongated considerably in an axial direction to reach several millimetres in length and show tapering end walls. Due to the limited size of the specimen, we were not able to measure the exact length of the tracheids.

Especially in the fascicular segments, tracheid files are separated by uni-to biseriate rays up to 80 µm wide (Pl. 2, Fig. 3). The secondary xylem also contains parenchymatous cells averaging 28 (20-36) µm in diameter that occur isolated or in clusters between the tracheids, forming a network of parenchyma within the wood (Pl. 2, Figs 1-3; Pl. 3, Fig. 6; Pl. 4, Fig. 3, black arrows).

Extraxylary tissues

All Sphenophyllum stems recognisable in K6040, irrespective their developmental stage, are bounded by an epidermis (EL at Pl. 6;Pl. 3,Figs 7,8). In contrast to adjoining tissues, they are dark-brown coloured. In transverse section, they are circular to polygonal with a diameter of 13-32 µm. In longitudinal sections, they show oblique end walls and reach ca. 1 mm in length (Pl. 2, Fig. 6).

The next layer that adjoins centripetally is made of thin-walled (? parenchymatous) cells, 230-540 µm long, with rectangular to oblique end walls ("Cp" on Pl. 2, Figs [1][2][3]6;Pl. 3,Figs 7,8). In transverse section, these cells show circular to polygonal outlines and average 52 (25-72) µm in diameter. Further centripetally, these cells are often heavily compressed in a radial direction (Pl. 2, Fig. 4).

Centripetally to the latter there is a layer of periderm ca. 140-300 µm in radial width and recognisable in all stems ("PD" on Pl. 2, Figs 1-4; Pl. 3, Fig. 8). It consists of rectangular cells, averaging 64-70 µm tangentially and 25-30 µm radially. These cells are arranged in radial files extending to a maximum of 8 cells per file (Pl. 2, Figs 1234). In longitudinal section, they average 104 (77-125) µm in length (Pl. 2, Fig. 6).

Between the last layer and the periphery of the secondary xylem, there are a few thinwalled cells of circular to elliptical outline in transverse section. They average 25-50 µm in diameter and could represent phloem (Pl. 3,Figs 5,6).

To sum up, we would like to stress that all Sphenophyllum stems trapped in the calamite's cavity seem to be in a stage prior to decortication. Primary cortex and bounding tissues are still mostly intact and have not been sloughed off. However, periderm formation has already started and resulted in more or less compaction among large-celled cortex parenchyma (Pl. 2, Fig. 4).

Leaves

A few stems show thickened nodes with whorls of attached dichotomously veined leaves (Pl. 1,Fig. 3;Pl. 3,Fig. 4;Pl. 4,. In one transverse section, six lens-shaped bases of initial leaves were counted close to the stem periphery (Pl. 3,Figs 1,4). At this position they are ca. 300 µm thick, vascularised by 3-6 tiny bundles that are embedded in the mesophyll, associated to cells with brownish contents (? fibres). The section figured in Pl. 3, Fig. 4 shows the leaves cut slightly above their departure. Longitudinal sections exhibit the leaves arched upwards and closely spaced against the stem (Pl. 1, Fig. 3; Pl. 4, Fig. 4), according to the limited space available between adjoining Sphenophyllum organs inside the cavity. All leaf remains attached to anatomically preserved Sphenophyllum stems in the present material (Pl. 3,Figs 1,4,5;Pl. 4,Figs 4,6), including those found among the aerial roots of a Tietea singularis trunk (Pl. 6, Figs 4-5) show relatively broad, rapidly widening laminae. No recognisable division of the laminae was observed, which points to rather broad-leaved, entire-margined leaves in contrast to bifid or linear types.

Based on the general organisation of leaves at the node (Pl. 3, Fig. 1), they likely departed in pairs opposite each of the three primary xylem arms (Pl. 3, Fig. 5). Small structures leaving with a slightly downwards orientation below the leaves could correspond to rootlets (Pl. 4, Fig. 4).

Roots

Spaces between Sphenophyllum stems are densely filled by associated roots, which even crowd into the softer rays between wood fascicles of the host plant (Pl. 1,Fig. 4;Pl. 4,Fig. 4;Pl. 5,7). In transverse section, they are of circular outline averaging 550 1958), Angara [START_REF] Meyen | Die Permfloren[END_REF][START_REF] Naugolnykh | Morphology and taxonomy of Sphenophyllum biarmicum ZALESSKY, 1937 from the Lower Permian of the Cis-Urals[END_REF][START_REF] Naugolnykh | Sphenophylls from the Permian deposits of the Pechora Cis-Urals (Russia)[END_REF], and Cathaysia [START_REF] Halle | Palaeozoic plants from Central Shansi. -Palaeontol[END_REF][START_REF] Asama | Evolution and classification of Sphenophyllales in Cathaysia Land[END_REF]. Although the occurrence of sphenophylls in Brazil confines to compression taxa until now, there are several characters of the early Permian "S. thonii group", which would correspond to single features of the new material presented in this study (see Pl. 3, Figs 1, 4, 5; Pl. 4, Fig. 6). Among them are (1) the number of veins (four to five) entering individual leaves, (2) the broad-triangular wedge-shaped leaves without any deep incision of the lamina, (3) the number (six) of leaves attached to every node, (4) the slightly sexangular but not deeply ribbed stems, and (5) the wide intercontinental occurrence of the "S. thonii group" forms. Recently, impressions identified as Sphenophyllum thonii were also illustrated from central-north Brazil. Among callipterids similar to Rhachiphyllum schenkii (HEYER) KERP and a few other pteridophytes they were reported from the Pedra de Fogo Formation (IANNUZZI et al. 2018: figs 4, 5).

Here, we document in-depth the first anatomically preserved Sphenophyllum organs found among the increasing Permian fossil record of the Parnaíba Basin [START_REF] Neregato | New petrified calamitaleans from the Permian of the Parnaíba Basin, central-north Brazil, part II, and phytogeographic implications for Late Paleozoic floras[END_REF]). This material kept a "life snapshot", which reveals an interesting ecological relationship between a tree-sized calamite and its surrounding supposed ground cover or climbers. The unusual habitat, the pith cavity of the calamite, was initially further caved by putative xylophagous animals. Sphenophyllum is usually regarded as a common constituent of the understorey in late Paleozoic swamp environments [START_REF] Taylor | Paleobotany: The Biology and Evolution of Fossil Plants[END_REF]. Although the majority of occurrences seem to confirm this ecological preference and even point to peatforming conditions, our new material enlarges the variety of potential habitats to mineral stands of floodplains accompanying large rivers. Since there is no evidence of peatforming swamps in the Permian of the Parnaíba Basin [START_REF] Capretz | Lower Permian stems as fluvial paleocurrent indicators of the Parnaíba Basin, northern Brazil[END_REF][START_REF] Neregato | New petrified calamitaleans from the Permian of the Parnaíba Basin, central-north Brazil. Part I[END_REF], we would like to interpret the sphenophylls presented here as hygrophilous climbers growing in densely vegetated riparian forests and thus being part of the azonal vegetation of an extended fluvio-lacustrine discharge system (TRÜMPER et al. 2020).

Growth strategies recognised in sphenophyllaleans are manifold and reach from the ground cover to non-self-supporting scramblers or climbers. Among all of them, the latter was certainly more competitive in gaining light. As indicated by the presence of climber hooks attached to Sphenophyllum twigs (BARTHEL 1997) and the presence of Sphenophyllum stems among aerial roots on the surface of usually tall tree ferns [START_REF] Mickle | Taxonomy of specimens of the Pennsylvanian age marattialean fern Psaronius from Ohio and Illinois[END_REF][START_REF] Rößler | The interrelatedness of biota revealed in fossil trees from the Permian fossil forest of northern Tocantins, central-north Brazil[END_REF]), the climbing sphenophyte was documented to reach also higher levels in the forest beyond the ground cover vegetation.

In the Parnaíba Basin of Brazil, Sphenophyllum was evidenced to climb up on different tree fern trunks and, hence, became occasionally trapped among aerial roots (Pl. 6, Figs 1234). As tiny Sphenophyllum roots anchored the emerging axes at the tree fern root mantle, was recognised in Tietea singularis and, likewise, in Grammatopteris freitasii fern trunks [START_REF] Rößler | The interrelatedness of biota revealed in fossil trees from the Permian fossil forest of northern Tocantins, central-north Brazil[END_REF]. As the preservational places on the outer surface or between aerial roots of tree fern trunks suggest, the sclerenchyma in the cortex of the Sphenophyllum stems underlines that our forms could have attained climbing growth. Although relatively abundant in the Permian of the Parnaíba Basin and already illustrated by RÖßLER & NOLL (2002), until now the species of the sphenophylls remained to be identified.

Based [START_REF] Barthel | The Maggot stones from Windberg Ridge[END_REF][START_REF] Galtier | Early Permian silicified floras from the Perdasdefogu Basin (SE Sardinia): comparison and bio-chronostratigraphic correlation with the floras of the Autun Basin (Massif central, France)[END_REF][START_REF] Barthel | Die Rotliegendflora der Döhlen-Formation[END_REF], they represent single petrified or permineralised finds made in cherts or pyroclastics (HILTON et al. 2001;BARTHEL et al. 2001, pl. 1, fig. 5;BARTHEL 2002: fig. 10;GALTIER et al. 2011, fig. 5G;BARTHEL 2016: figs 40-44). However, neither cellular detail nor ontogenetic variation or taphonomic specifics was documented in detail. In some cases, only a few single rubble stones were available (Pl. 8, Fig. 3), in other cases, preservation did not allow closer study (Pl. 8,Figs 5,6). They had mostly been attributed to the forest ground cover to some extent consisting of zygopterid or anachoropterid ferns and sphenophylls [START_REF] Wang | Permian vegetational Pompeii from Inner Mongolia and its implications for landscape paleoecology and paleobiogeography of Cathaysia[END_REF][START_REF] Barthel | Die Rotliegendflora der Döhlen-Formation[END_REF]. Despite their possible identification at the generic level, recognition and delimitation of species seem challenging. This is mostly due to taphonomic limitations, the scarcity of material, or the absence of appropriate anatomical differences. Accordingly, is it noteworthy to emphasise that the Autun specimens (RENAULT 1876) and the new stems described in this study constitute to date the only Permian representatives of Sphenophyllum for which the anatomy is documented in closer detail. Nevertheless, despite their excellent anatomical preservation, any discernible anatomical differences are mostly due to ontogenetic variation.

Sphenophyllum organs compared

The leaves of Sphenophyllum are predominantly wedge-or fan-shaped to bifid, multiveined, and of highly morphological diversity comprising both heterophylly and even considerable intraspecific variability [START_REF] Galtier | Structure and Development of Sphenophyllum oblongifolium from the Upper Carboniferous of France[END_REF][START_REF] Bashforth | Partial reconstruction and palaeoecology of Sphenophyllum costae (Middle Pennsylvanian, Nova Scotia, Canada)[END_REF]. They are borne superposed at thickened nodes of slim, diversely branched, upright axes up to one centimetre in diameter. Accordingly, many taxa have been proposed on the basis of differences in leaf size, shape, and venation characteristics, but hardly represent natural species (SCHABILION & BAXTER 1971). The leaves revealed in different sections of our material (Pl. 3,Figs 1,4,5;Pl. 4,Figs 4,6;Pl. 6, appear to characterise broad-leaved sphenophylls without deep incision of the lamina. In contrast, the leaves of the well-reputed species S. plurifoliatum WILLIAMSON et SCOTT 1895 are described as of the linear type, a significant reason that these leaves have initially been assigned to Asterophyllites (WILLIAMSON 1874). While WILLIAMSON & SCOTT (1895) mention that the number of leaves in their new species from Oldham, England, should not have been less than 18, BAXTER (1948) referring to specimens from the USA summarised the number of leaves to six.

S. stephanense RENAULT 1873 from the Upper Pennsylvanian of Grand-Croix, France, was the first species that provided more insight into the vascular architecture of vegetative axes and confirmed the association with the well-known fan-shaped leaves and ribbed axes (GALTIER 2008). Minor differences between S. stephanense and the later introduced S. quadrifidum RENAULT 1876 could represent variability within the same species, and S. stephanense has priority in terms of taxonomic treatment (DOUBINGER et al. 1995). In our material, the stems are of circular outline and not ribbed with concave emarginations at all, but the appearance of attached leaves resemble those illustrated by [START_REF] Renault | Nouvelles recherches sur la structure des Sphenophyllum et sur leurs affinités botaniques[END_REF].

Other characters such as different types of parenchyma in the stele or the cortex are also very similar to RENAULT's material (compare Pl. 4, Fig. 3 with Pl. 8, Fig. 2). However, probably due to the plane of the section close to the next node, S. stephanense shows leaf traces to six leaves inside the cortex (Pl. 8, Fig. 1). These leaf traces occur as two pairs associated with arm A, as bifurcate and trifurcate traces at arm B or as trifurcate and probably quadrifurcate at arm C (Pl. 8, Fig. 1). Considering a slight obliquity of the stem, the leaf traces divide once or twice, and probably result in four and not "three or four" veins, which was the primary criterion to distinguish S. stephanense from S. quadrifidum. This variation may question the distinction between the two species. 4; Plate 4, Fig. 6) but may also vary according to differences in the plane of the section or as a result of natural variability.

Decorticated Sphenophyllum stems from the Permian of Autun (RENAULT 1873: pl. 2, figs 6, 9) show more homogeneous metaxylem without any parenchyma between the tracheids compared with those from Grand Croix (Pl. 8, Fig. 2) or in the new material from Brazil (Pl. 4, Fig. 3). Otherwise, the appearance of the Autun material, published by RENAULT without any specific epithet, resembles in its triangular protoxylem arms with the decorticated specimen from the Permian of Freital in both relatively homogeneous metaxylem and the very small protoxylem lacunae (Pl. 8, Fig. 3).

In contrast to the leaves, anatomically preserved vegetative axes of the Sphenophyllales show a considerable morphological and anatomical similarity and, therefore, complicate species delimitation since ages [START_REF] Good | Studies of Sphenophyllum shoots: Species delimitation within the taxon Sphenophyllum[END_REF]. Nevertheless, BOUREAU (1964) listed seven species of permineralised Sphenophyllum based on minor cauline anatomical differences.

A triarch actinostele characterises typical stems, such as the differing amount of secondary growth and, especially in juvenile axes, a large portion of extraxylary tissues do.

Due to its differences in secondary growth, compared to other wood-forming plants, Sphenophyllum was several times subjected to detailed study for revealing function and differentiation of its apical and lateral meristems [START_REF] Good | The ontogeny of Carboniferous articulates: The apex of Sphenophyllum[END_REF][START_REF] Cichan | Vascular Cambium development in Sphenophyllum: a Carboniferous arthrophyte[END_REF]. Nevertheless, several workers underlined that internodal anatomy representing the majority of investigated sections does not yield reliable characteristics for species segregation (e.g., BAXTER 1948).

S. plurifoliatum, a common form from the Early to Late Pennsylvanian of Euramerica, is known in hundreds of specimens yielding various stages of branching. It is highly variable and probably comprises the majority of decorticated examples with extensive secondary development and includes several orders of branching [START_REF] Baxter | A study of the vegetative anatomy of the genus Sphenophyllum from American coall balls[END_REF], SCHABILION & BAXTER 1971[START_REF] Good | Studies of Sphenophyllum shoots: Species delimitation within the taxon Sphenophyllum[END_REF]. In contrast, S. constrictum PHILLIPS 1959 and S. multirame [START_REF] Darrah | A remarkable branching Sphenophyllum from the Carboniferous of Illinois. -Palaeontographica Abt[END_REF]) GOOD represent small shoots with little secondary growth. They were reported in organic connection to S. plurifoliatum [START_REF] Darrah | A remarkable branching Sphenophyllum from the Carboniferous of Illinois. -Palaeontographica Abt[END_REF][START_REF] Schabilion | A study of the anatomy and taxonomy of the genus Sphenophyllum[END_REF]. S. constrictum has small bifid leaf tips, whereas S. multirame differs from others in having linear leaves that show lobes with a distinct abaxial furrow and are without superimposed arrangement [START_REF] Good | Studies of Sphenophyllum shoots: Species delimitation within the taxon Sphenophyllum[END_REF]. However, due to the wide leaf shape variation in Sphenophyllum, slight morphological differences seem to be a vague taxonomic feature. S. reedae GOOD 1973 is considered the only species of the genus showing apical cell segmentation in a dextrorse direction [START_REF] Good | Studies of Sphenophyllum shoots: Species delimitation within the taxon Sphenophyllum[END_REF].

One of the characteristics revealing differences in anatomically preserved species is the pitting in the secondary xylem. The characteristic reticulated-scalariform wall structure of the large secondary xylem tracheids was first mentioned, but not illustrated, by DAWSON (1865) from the Pennsylvanian of Nova Scotia, Canada. While the Pennsylvanian/Permian forms seem to share groups of crowded elliptical to circular bordered pits (e.g., [START_REF] Renault | Recherches sur l'organisation des Sphenophyllum et des Annularia[END_REF][START_REF] Williamson | Further observations on the organization of the fossil plants of the coal-measures. Part I. Calamites, Calamostachys, and Sphenophyllum[END_REF][START_REF] Baxter | A study of the vegetative anatomy of the genus Sphenophyllum from American coall balls[END_REF][START_REF] Cichan | Vascular cambium and wood development in Carboniferous plants. II. Sphenophyllum plurifoliatum WILLIAMSON and SCOTT (Sphenophyllales)[END_REF], the Mississippian forms show scalariform pits [START_REF] Galtier | Recherches sur les végétaux à structure conservée du Carbonifère inférieur français[END_REF][START_REF] De | Anatomy, affinities, and evolutionary implications of new silicified stems of Sphenophyllum from the Early Carboniferous of France and Germany[END_REF]). However, the oldest known sphenophyllalean forms with preserved anatomy from the Late Devonian of China, such as Hamatophyton [START_REF] Li | Hamatophyton verticillatum (GHU & ZHI) emend. A primitive plant of Sphenopsida from the Upper Devonian-Lower Carboniferous in China[END_REF], Rotafolia WANG et al. 2005, and Pleurorhizoxylon ZHANG 2018 show various transitions from radially elongated "scalariform" to multiscalariform or elliptical bordered pits [START_REF] Li | Hamatophyton verticillatum (GHU & ZHI) emend. A primitive plant of Sphenopsida from the Upper Devonian-Lower Carboniferous in China[END_REF], DE-MING WANG 2005[START_REF] Zhang | Pleurorhizoxylon yixingense gen. et sp. nov., a Euphyllophyte axis with anatomically preserved adventitious roots from the Late Devonian of South China[END_REF]. In S. plurifoliatum, not only the secondary xylem but also the metaxylem shows elliptical bordered pits [START_REF] Baxter | A study of the vegetative anatomy of the genus Sphenophyllum from American coall balls[END_REF]. In our material, in contrast, the metaxylem seems to exhibit spiral thickenings, but the availability of longitudinal sections was too limited to be sure in that case. Moreover, the stem diameter of S. plurifoliatum identified among North American specimens is reported as not exceeding 4 mm (BAXTER 1948), whereas WILLIAMSON & SCOTT (1895) reported mature stems up to 1 cm.

Notable is also the peculiar system of stelar parenchyma revealed in S. plurifoliatum and even existing in our material. After a long debate, [START_REF] Cichan | Vascular cambium and wood development in Carboniferous plants. II. Sphenophyllum plurifoliatum WILLIAMSON and SCOTT (Sphenophyllales)[END_REF] confirmed the existence of a real ray system in Sphenophyllum wood, although with significant differences compared to other wood-forming plants. Besides, there is axial parenchyma between tracheids of the primary and secondary xylem and within the secondary xylem (Pl. 4, Fig. 3).

S. insigne WILLIAMSON et SCOTT 1895 was first reported from the Mississippian of Scotland and formally differs in having more prominent rays in the interfascicular wood, showing scalariform pits in the radial tracheid walls, the presence of large "sieve cells" in the phloem, and the presence of protoxylem lacunae. The latter is also common in our material and, according to [START_REF] Baxter | A study of the vegetative anatomy of the genus Sphenophyllum from American coall balls[END_REF], even in S. plurifoliatum. Confirming previously described anatomical characteristics, TERREAUX DE FELICE et al. ( 2019) assigned new material from the Montagne Noire, France, and Saalfeld, Germany, to S. insigne. However, the existence of protoxylem lacunae could also depend on the plane of section, the stage of growth extension in the stem, or only preservation rather than representing any specific differences. Specimens representing very early stages of ontogenetic development often lack any lacunae (Pl. 8, Fig. 4) or show the beginning formation of them (Pl. 8, Fig. 2). The new specimens from Brazil display different anatomies of the lacunae.

In some instances, the lacunae are apparently "closed" on the exterior side by a layer of secondary xylem (e.g., Pl. 4, Fig. 3), while in others there seem to be primary xylem all around the lacunae (e.g., Pl. 3, Fig. 6). Regardless of their particular developmental stage, specimens from other occurrences also exhibit differences in manifesting lacunae or not (Pl. 8,. In some of these, the formation of protoxylem lacunae even differs in the same section (Pl. 8, Fig. 2).

In contrast to the primary and secondary vascular tissues, also extraxylary tissues could reveal features of specific value. Nevertheless, the recognition of both similar ontogenetic stages and changes in the latter remains critically. Differences are reported in the sclerotisation of the outer stem cortex. Except for S. constrictum [START_REF] Phillips | A new sphenophyllalean shoot from the Pennsylvanian[END_REF] and S. reedae [START_REF] Good | Studies of Sphenophyllum shoots: Species delimitation within the taxon Sphenophyllum[END_REF] which show an exclusively parenchymatous cortex, many Sphenophyllum stems have an outer cortex made of thick-walled sclerenchymatous cells, so that this character is often linked to mature axes and excluded for younger ones [START_REF] Good | The ontogeny of Carboniferous articulates: The apex of Sphenophyllum[END_REF][START_REF] Batenburg | Compression species" and "petrifaction species" of Sphenophyllum compared[END_REF]. Otherwise, mature axes have already sloughed off their primary cortex and developed an early initiated multi-layered periderm. Although our Sphenophyllum axes represent relatively young shoots, a fibrous outer cortex is already recognisable, as well as a juvenile periderm. This stage of development allows us to view the organisation of the primary cortex and the secondary tissues and shows that the specimen likely could develop further. The epidermis of Sphenophyllum stems is mostly designated thick-walled (RENAULT 1885: Pl. D, 5;[START_REF] Reed | Notes on the anatomy of two Carboniferous plants Sphenophyllum and Psaronius[END_REF][START_REF] Darrah | A remarkable branching Sphenophyllum from the Carboniferous of Illinois. -Palaeontographica Abt[END_REF], except that in S. constrictum which is described as thin-walled parenchymatous (PHILLIPS 1959). In our material, the epidermis is made of small, rather thin-walled cells, but beneath it one to two layers of subepidermal cells are recognisable. Leaf anatomy with vascular bundles and accompanying fibre-like cells mostly resembles those figured by RENAULT (1876).

Due to the lack of reproducible anatomical characters, we refrain from naming the studied specimens keeping in mind that characters relevant for systematics and particular species distinction are hardly recognisable from cauline members alone. Nevertheless, we see some relationships to compressions of the "Sphenophyllum thonii" group, which is nearly globally distributed during the early Permian.

Conclusions

1

We report the first anatomically preserved Sphenophyllum from Permian lowlatitude gondwanan riparian forests of the southwestern Parnaíba Basin, centralnorth Brazil.

2

The material consists of 31 stems, several attached leaves, and many small roots, all of them representing early developmental stages. The various Sphenophyllum tissues were found silica-petrified in excellent cellular detail filling the pith cavity of the arborescent calamite Arthropitys barthelii NEREGATO et al. 2017. 3 Prior to colonisation with Sphenophyllum organs, the pith cavity was asymmetrically enlarged by putative animal boring but, nevertheless, spatially restricted the lifetime of intruding plant organs. Due to small spherical coprolites close to the smooth cut front, the boring is attributed to xylophagous arthropods.

4

Although the Sphenophyllum stems show slightly different stages of secondary growth, they remained corticated. Thus, various tissues surround the xylem, including putative phloem, initial periderm, differentiated cortex, subepidermal layers, and epidermis.

5

Sphenophyllum stems were additionally found as putative climbers on the surface of tree fern stems, trapped mostly among their exposed aerial roots, or floating in a particular type of fossil-rich silicified fluvial sandstone or chert. Besides other plant remains such as fertile pinnae or axes of ferns such fossil assemblages provide more in-depth insight into usually hidden elements of the azonal vegetation bordering extended distal fluvial discharges.

6 Sphenophyllum stems of both the Pennsylvanian and Cisuralian closely resemble in their internal organisation. Despite the lack of adequate stratigraphic control for the Brazilian specimens, unexpected long-term stability of primary cauline anatomical characteristics can be concluded. Accordingly, the taxonomic delimitation of anatomically preserved sphenophylls based on vegetative axes alone remains challenging.

Text-Figure 1 

Plate 6

Sphenophyllum remains preserved on the outer surface or among aerial roots of tree ferns. Permian of northern Tocantins, central-north Brazil. 

Plate 7

Sphenophyllum remains preserved in silica-cemented highly mature quartz sandstone. Permian of northern Tocantins, central-north Brazil.

Fig. 1 Three-dimensionally preserved plant fossil organs entombed in densely silicified fluvial sandstone. Among them a Sphenophyllum stem (arrow) with vascular tissues and a remnant of the primary cortex. F13972f. Scale bar: 1 mm. 

  Finally, most of the figured specimens (BOUREAU 1964: figs 86 A-B; DOUBINGER et al. 1995: fig. 80) show leaves with three lobes. Nonetheless, in our material from Brazil, the number of vein-like strands seem to be four or five (Pl. 3, Figs 1,

Fig. 1 Fig. 3 Fig. 1

 131 Fig. 1 Calamite stem in transverse section showing Sphenophyllum stems, leaves, and roots anatomically preserved in the pith cavity (PC), which was deepened by putative animal boring (arrows). Scale bar: 10 mm.

Fig. 2

 2 Fig. 2 Sphenophyllum stem with less secondary growth in both transverse (above) and longitudinal sections. Preserved tissues show protoxylem (PX) surrounding small lacunae, one central metaxylem arm (MX) surrounded by secondary xylem (SX) and some axial parenchyma (P), periderm (PD), inner parenchymatous cortex (Cp), outer sclerenchymatous cortex (Cs) and epidermal layer (EL). Scale bar: 200 µm.

Fig. 3

 3 Fig. 3 Sphenophyllum stem with most secondary growth in transverse section. Protoxylem lacunae (arrows) lie at the ends of the metaxylem arms (MX), fascicular wood (SXf)shows uni-to biseriate rays (white arrowhead), interfascicular wood (SXi) shows largest tracheids. Interspaces between tracheids are often filled with small-celled parenchyma. External to the xylem there lies the cambial region, ?phloem (Ph), periderm (PD), cortex and epidermal layer (EL). Scale bar: 500 µm.

Fig. 4 Fig. 6 Fig. 1 Fig. 3 Fig. 5

 46135 Fig. 4 Area between one xylem arm with protoxylem lacuna (arrow), periderm arranged in files (PD) and inner parenchymatous cortex (Cp). Scale bar: 100 µm.

Fig. 6

 6 Fig. 6 External to the interfascicular region of the xylem of a Sphenophyllum stem, there is a layer of circular elements representing probable phloem and phloem parenchyma (Ph). Scale bar: 200 µm.

Fig. 7

 7 Fig. 7 Tissues external to the xylem in a more mature stem. SX: secondary xylem, Ph: phloem, PD: periderm, Cp: parenchymatous cortex, Cs: sclerenchymatous cortex, EL: epidermis and subepidermal cell layers. The black arrow points to the subepidermal layer. Scale bar: 100 µm.

Fig. 8 DiverseFig. 1

 81 Fig. 8 Tissues external to the xylem in a less mature stem. SX: secondary xylem, PD: periderm, Cp: parenchymatous cortex, Cs: sclerenchymatous cortex, EL: epidermis and subepidermal cell layers. The white arrow indicates a possible leaf trace crossing the cortex; the black arrow points to the subepidermal layer. Scale bar: 100 µm.
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 312 Fig. 3 Sphenophyllum stele with only two layers of secondary xylem tracheids. Note the axial parenchyma (white arrows) between tracheids of the primary and secondary xylem and within the secondary xylem (black arrows) Scale bar: 100 µm.

Fig. 6

 6 Fig. 6 Root in transverse section showing diarch vascular bundle in the centre, endodermis (arrow) and root cortex (RC). Scale bar: 200 µm.
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 1247 Fig. 1 Juvenile Sphenophyllum stem preserved at the periphery of a Grammatopteris freitasii trunk. The triarch stele (S) in the centre is still without secondary xylem and surrounded by large parenchymatous cortex (Cp) and epidermal layer (arrow), K4969c. Scale bar = 1 mm.

Fig. 2

 2 Fig. 2 Detail of Fig. 1 showing one Sphenophyllum stem with a few layers of secondary xylem tracheids. Scale bar: 500 µm.

Fig. 4

 4 Fig. 4 Sphenophyllum stem with triarch stele (arrow) and only one row of secondary xylem tracheids and a surrounding remnant of the primary cortex (C). Transverse to slightly oblique section. The majority of extraxylary tissues are replaced by sand grains. F13972b. Scale bar: 1 mm.

Fig. 6

 6 Fig. 6 Sphenophyllum stem with triarch stele showing one row of secondary xylem tracheids, an initial layer of internal periderm (PD) and primary cortex (C).Transverse to slightly oblique section. F13972d. Scale bar: 1 mm.

Fig. 1

 1 Fig. 1 Sphenophyllum stephanense from the Upper Pennsylvanian of Grand-Croix, France. The transverse section shows an actinostelic stem with three primary xylem arms (A, B, C), less secondary growth and leaf traces in the cortex (arrows). Grand'Eury Collection GE327, MNHN Paris. Scale bar: 1 mm.

Fig. 2 Fig. 3 Fig. 4 Fig. 5 Fig. 6

 23456 Fig. 2 Detail of Fig. 1 showing the three protoxylem poles (arrows) with only one preserved as a small lacuna. Scale bar: 500 µm.

  -L1 digital camera attached to Nikon Eclipse ME 600 and Nikon SMZ 1500 microscopes. Photomicrographs were processed by NIS-Elements D software version 3.2. Overview images were digitised using an Epson Perfection 4870 Photo scanner. Composite images were created using Corel Draw version X6 and corrected only for contrast and colour. Fossil material described and illustrated in this contribution is stored in the Museum für Naturkunde Chemnitz, Germany, identified with labels K or F and collection number, in the Grand'Eury Collection, MNHN Paris/France, identified with label GE, in the Palaeontological Collection of the Museum für Naturkunde Berlin, identified with label PB, in the Senckenberg Natural History Collection Dresden, identified with label MMG, and in the private collections of SANDRA NIEMIROWSKA, Warsaw/Poland, and HANS-JÜRGEN WEIß, Rabenau/Germany.

3

Description of the material

and growth of Permian Sphenophyllum species from Brazil and other sites

  (270-950) µm in diameter. A central vascular bundle reaching 100 to 200 µm in diameter is diarch and made of up to 20 tracheids(Pl. 5,. The smallest elements, probably representing protoxylem, are 10 µm in diameter; the larger ones measure 20-30 µm in diameter. Tracheid wall structure or pitting was not discernable. A darker coloured welldefined endodermal layer, ca. 20-50 µm wide, separates the vascular bundle from the parenchymatous cortex (Pl. 5, Figs5-7). The latter is made of elliptical to polygonal cells averaging 40-80 µm. Roots in the present material do not show any secondary growth and, thus, may represent only juvenile ones.

	4	Discussion
	4.1	Occurrence, preservation,

The first mention of Sphenophyllum in Brazil was provided by

[START_REF] Rösler | Novas espécies de Sphenophyta na Formação Rio Bonito (Permiano) no Estado do Paraná[END_REF]

, who introduced S. brasiliensis based on compression material from the Permian (Sakmarian/Artinskian) Rio Bonito Formation of Cambuí Coal Mine at Figueira, Paraná State. Later, again from the Paraná Basin,

RÖSLER & ROHN (1985) 

introduced S. paranaensis based on isolated leaves, verticils, and articulated stems from the Permian (Wordian) Rio do Rasto Formation at Dorizon. Moreover,

RÖSLER & ROHN (1985) 

illustrate additional material from the same site identified as Sphenopyllum cf. S. thonii and emphasised its similarity to S. thonii described from the Karoo Basin in southern Zimbabwe, Africa

[START_REF] Lacey | Karroo Floras of Rhodesia and Malawi. Part 2. The Glossopteris in the Wankie District of Southern Rhodesia[END_REF]

, and to S. thonii var. minor STERZEL from the Black Forest, SW Germany (STERZEL 1895). Based on the general outline, size, and venation of the leaves, S. thonii var. minor could be included in Lilpopia raciborski (LILPOP) CONERT et SCHAARSCHMIDT 1970, a heterophyllous sphenophyll with reproductive organs alternating with leaves at the nodes from the early Permian travertine of

Karniowice, Poland (LIPIARSKI 1972), and Sobernheim, SW Germany (KERP 1984)

. Beyond its type locality in the early Permian of Thuringia, central Germany

(MAHR 1868[START_REF] Barthel | Die Rotliegendflora des Thüringer Waldes. Teil 1: Einführung und Keilblattpflanzen (Sphenophyllales)[END_REF]

, Sphenophyllum thonii MAHR 1868 and closely related forms are widely distributed in the late Pennsylvanian and early Permian of several floral realms such as Euramerica (ABBOTT

  on a few transverse coal ball sections fromChina, WANG et al. (2009) erected three new fossil species, S. guizhouense from the upper Permian (Changhsingian) Wangjiazhai Formation of Liupanshui City, Guizhou Province, S. taiyuanense, and S. trunctatum from the lower Permian (Asselian-Sakmarian) Taiyuan Formation in Taiyuan City, Shanxi Province. The first species seems to show a juvenile axis having an unusual enlargement of the distal primary xylem arms apparently forking into two protoxylem strands each. Such character would be noteworthy and is usually not known from Sphenophyllum. However, even the authors were not sure about this feature writing in the species diagnosis "Probably each tip of the arm with two protoxylem strands" but provided only one transverse section photograph at low magnification. Furthermore, the illustrated S. guizhouense axis shows only 50% of the transverse section with adequate cell preservation, excluding the recognition of further detail. The figured specimen shows remnants of a parenchymatous cortex but lacks the striking periderm layer and any secondary growth recognisable in both the classical material of S. stephanense (RENAULT 1873) and our new material from Brazil. Accordingly, it could probably result from a very juvenile stage. S. trunctatum also reflects an early stage of development. However, the "nearly parallel edges" of the primary xylem arms as highlighted in the species diagnosis are rather cone-shaped judging from the provided figs 19C, D and are only recognisable at fig.20Abut contrasting the former figures. Anyway, two xylem arms of the latter specimen are incompletely preserved. As the single S. guizhouense axis, the two figured specimens of S. trunctatum lack both periderm and secondary growth. In contrast, S. taiyuanense represent a more mature axis with several layers of secondary xylem tracheids. Any variation resulting from both the ontogeny and taphonomy was unfortunately not considered or substantiated by any illustration. Judging from the published photographs at low magnification, it remains challenging to approve species-diagnostic characters in the three species. Even though S. guizhouense is not reproducible as a new fossil species, the only figured specimen is probably the youngest anatomically preserved representative of the genus.Compared to the Pennsylvanian coal-ball material, anatomically preserved Sphenophyllum organs from the Permian remain rare. Although figured or touched upon in several publications as a component of fossil floras or prominent fossil assemblages (e.g.,

  and explanation a: Map of Brazil with the position of Tocantins State (TO), Maranhão State (MA) and Piauí State (PI). b: Detailed map showing the municipalities close to the fossil sites. In orange, outcrops of the Pedra de Fogo Formation and in blue, the Motuca Formation (modified from IANNUZZI et al. 2018). c: Stratigraphic column of the Balsas Group of the Parnaíba Basin, northern of Brazil (modified after VAZ et al. 2007 and MENZIES et al. 2018). Diverse Sphenophyllum organs preserved in a cavity inside a calamite stem (Arthropitys barthelii NEREGATO et al. 2017), K6040, Permian of northern Tocantins, central-north Brazil.
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